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REMOVAL OF SURFACE CONTAMINANTS BY IRRADIATION

Background Of The Invention

e

This application claims priority from U.S. Pat. App. Ser. No. 08/045,165 filed

April 12, 1993 which is a Continuation-in-Part of U.S. Pat. App. Ser. No. 07/865,039

5 'filed March 31, 1992 which is a Continuation-in-Part of U.S. Pat. App. Ser. No.
07/611,198, filed November 9, 1990, now U.S. Pat. No. 5,099,557, which is a Divi-
sional of U.S. Pat. App. Ser. No. 07/216,903 filed July 8, 1988, now U.S. Pat. No.
5,024,968. These U.S. applications are incorporated herein by reference.

This invention relates to removing contaminants from a surface. More particu-

10 Ilarly, the invention relates to the removal of contaminants from a substrate surface by
irradiation that does not alter the molecular crystal structure of the treatment surfaces.

As used herein, the term "contaminants” includes particles, films, and unwanted
chemical elements or compounds. Contaminant particles may be discrete pieces of matter
ranging in size from submicrons to granules visible to the unaided eye. Contaminant films

15 may be organic or inorganic, and include such contaminants as human body oil from
fingerprints. Contaminant chemicals include any element or compound which, at the time
at which the cleaning process is performed, is undesirable. For example, hydroxy! groups
(-OH) may be a desired reaction promoter on the surface of a substrate at one stage of a
process and may be an undesired contaminant at another stage.

20 Contaminants may become adhered to a surface by weak covalent bonds, electrostat-
ic forces, van der Waals forces, hydrogen bonding, Coulombic forces, or dipole-dipole
interactions, making removal of the contaminants difficult.

In certain instances, the presence of surface contaminants renders the con
-taminated substrate less efficient or inoperable for the substrate's designated purpose.

25 For example, in certain precise scientific measurement devices, accuracy is lost when
optical lenses or mirrors in the devices become coated with microfine surface
contar'ninants. Similarly in semiconductors, surface defects due to minor molecular

contaminants often render semiconductor masks or chips worthless. Reducing the
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07{ 611,198, filed Novenmber 9, 1990, now U:S. Pat. No. 5,099,557, which is a
Divi- sio@byms4d). S. Pat. App. Ser. No. 07/216,903 fil ed PpetrysBanhgss, now
U"S. Pat. No. 5,024,968. These U.S. applications are incorporated herein by
reference. This invention relates to renoving contam nants from a surface.
More particu- larly, the invention related to the renpval of contaninants
froma substrate surface by irradiation that does not alter the nol ecul ar
crystal st mystber ©f grole¢ilarn justeedplects iw p guadz semiconductor mask by even a small

amount can radically improve semiconductor chip production yields. Similarly,
removing molecular surface contaminants, such as carbon or oxygen, from the surface
of silicon wafers before circuit layers are deposited on the wafer or between depositigr; |
5 of layers significantly improves the quality of the computer chip produced.
. Moreover, a significant portion of the debris that ultimately contaminates silicon
wafers during production emanates from production apparatus such as process chambers
in which the walers are placed and pipes that conduct processing gas o the chambers.
Accordingly, the level of wafer contamination experienced during the course of
10 production can be significantly reduced by the periodic cleaning of such apparatus.
The need for clean surfaces free of even the finest contaminants has led to the
development of a variety ol surface cleaning methods. As described below, these
known methods, Ilé\bever. each have serious drawbacks. The following processes

involve the introduction of outside agents to Lhe substrate surface.

15 Wet chiemical cleaning technology - RCA Process
The RCA cleaning process is currently employed in semiconductor manufacture,
flat panel display manufacture, and disk media manufacture. The RCA process has two
variants -- SC-1 and SC-2 (where SC = Standard Clean). In general, the SC-1 process
is used to remove trace organics and particles. It consists of successive baths of
20 aqueous ammonium hydroxide (NH4OH), hydrogen peroxide (H,0,) and water (H,0).
The SC-2 process is used to remove surface trace metals and to form a passivating thin
oxide to make the silicon of analogous surface hydrophilic. It consists of a series of
baths in aqueous hydrochloric acid (HCI), hydrogen peroxide, and water. In
manufacluring practice, the liquid baths are constantly but slowly refreshed, so that
25 successive lots of wafers, for example, are exposed to particles from earlier lots. These
contaminants are redeposited on surface.
There has been considerable research to extend the capability of the RCA process
to remove particles as small as 0.2 pm. These liquids are near their physical limits in
removing particle sizes below 0.3 um, becéuse even fresh chemicals can have as many

30 as 10,000 particles/l of 0.5 um or less, which corresponds to a probability of 10
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Industry experts also have pointed out that the wet chemical baths can cause - -
oxide formation on the silicon, micro-roughening of the surface, and contamination from
organic compounds and metallic elements (e.g., iron, copper, aluminum, and
n'lagnesium) that become dissolved in the baths. .(See M. Itano,M. Miyashita, and T.
Ohmi, Proceedings, Microcontamination 91, 1991, p.521: and T. Shinono, M'. Tsuji,
M. Morita, and Y. Muramatu. Ibid, p.544.) '

Dilute Hydrofluoric Acid

Dilute hydrofluoric acid (HF) has recently been introduced in the semiconductor

industry for the removal of organic contaminants, trace melals contaminants, and thin

native oxide. However. HF causes micro-etching of the substrate surface, which is
becoming a difficult but critical effect to control. Residual fluorine molecules can also
cause the breakdown of the oxide in gate stacks and adversely affect other electrical
parameters of a chip. Ohmi and others have recently reported that to control the micro-
roughening effects of HF, it is necessary 1o control strictly the pH of the liquid, keep .
ultrapure water under temperature control, and use ultrapure chemicals to prevent the
deposition of unwanted metallics such as Fe and Cu. (See M. Itano,M. Miyashita, and

T. Ohmi, Proceedings, Microcontamination 91, 1991, p.521; and T. Shinono, M.
Tsuji, M. Morita, and Y. Muramatu, Ibid, p.544.)

Megasonic and Ultrasonic Cleaning

Megasonic cleaning technology was developed by RCA in 1979 to complement
the RCA wet chemical process lo remove organic films and particles. In the Megasonic
process, wafers, for example, are immersed in water, alcohols, or dilute SC-1 solutions
and exposed to sonic waves (produced by piezoelectric transducers) in the range of 850-
900 KHz. Particles from several microns down to 0.3 pzm can be efficiently removed
with input power densities of 2-5 W/cm?. (See W. Kem, J. Electrochem. Soc. 137 ©)
1990, p. 1887). It has confirmed that the Megasonic process can remove particles down

to 0.3 pm and has been demonstrated that at 0.5 um line width geometries, metal lines
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(-OH) may be a desired reaction pronoter on the surface of a substrate at
one sta%gfuzasprocess and may be an undesired contam nanpcplussdissster
stage. Contam nants nay becone adhered to a surface by weak coval ent bonds,
electrostat- ic forces, van der Waals forces, hydrogen -bondi ng, Coul onbic
forces, or dipole-di poI e interactions, nmalging renoval of the contam nants
difficult. In certain instances, the presence of surface contam nants

renders theaf®e easily lified at the power levels needed to achieve acceptable cleaning efficiency.
(See A.A. Busnania and 1.1. Kaskkoush. Proceedings, Microcontamination 92, 1992,

p.563). Thus, for smaller geometries, Megasonics destroys the device.

Ultrasonics cleaning works on the same principal as the Megasonic process but
. 5 uses liquid cavitation frequencies in the range of 20-80 KHz and power densities 50
times greater than Megasonics. The ultrasonic method is less effective in the removal of
particles under | pm. (W. 'Kern. J. Electrochem. Soc. 137 (6) 1990, p. 1887.)
Both ultrasonic and Megasonic cleaning operate on the principal of introducing a
cavilating liquid medium beneath the particle so that the hydrostatic forces will free the
10  particle from the surface. The van der Waals and secondary adhesion forces for a 0.1
pin particle are estimated to be 10% dynes: The forces exerted by the Megasonic
cléaning' are on the order of 10* dynes, which explains.its inability to remove particles

of less than 0.3 um. (See M. Ranada. Aerosol. Sci. and Technol. 7 1987, p.161).

Ultraviolet and Ozone Cleaning

15 The ultraviolet/ozone (UV/0O,) cleaning process uses a Hg or a Hg/Xe lamp -
capable of delivery energy in the 185-254 nm region. This method has proved to be
relatively effective in removing residual organic films such as photoresist, but is not
effective with salt, dust, fingerprints, and polymers degraded by ozone. There are
concerns that residual peroxide molecules and volatile hydroxyl groups on the surface

20 can change (he surface from hydrophobic to hydrophilic which can cause downstream
adhesion processing problems and can also attract unwanted contaminants from a
downstream cleaning process. Depending on the surface, ozone may cause unwanted
oxide formation, .which will require another cleaning process to remove. Finally, 1o be
truly effective, UV/O5 requires a pre-clean process to remove inorganics. (See J. R

25 Vig, J. Vac. Sci. Technol. A. 3 (3), 1985, p. 1027).

Brush Cleaning
Brush cleaning with deionized water or alkaline solutions has been found to be an
effective method for removing particles as smali as 1.0 gm from the surface. Brush

cleaning has found specific niches in the semiconductor industry such as a final clean for
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devi ces, accuracy is |ost when optical lenses or mrrors in the devices
becone coated with mcrofine surface contam nants. Simlarly in
seni conductors, surface defects due to mindr nolecul ar contaninants often
render sem conductor masks or chips worthl ess. Reducing the

removing the slurry after chemical mechanical polishing. Careful control of the brush

material and the placement' of the brush on the surface is fequired to prevent surface
damage and shedding of the brush material. (See W. Kern J. Electrochem. Soc. 137
(6) 1990, p.1887) ' -

5 . Vapor Hydrofluoric Acid
The emergence of cluster tool systems has led to the investigation of vapor phase
HF as a cleaning agent, because wet chemical and mechanical systems are virtually
impossible to integrate into cluster tools. Contamination from the process and the tool
requires the wafer 10 be cleaned before and afler each critical process step. Because all
10 current cleaning techniques are either wet chemical or mechanical, the wafer must be
taken out of the cluster environment for cleaning, thus obviating many of the -
advantaées of the cluster system.
Research has been done to integrate vapor HF cleaning into a mbddle that can be
part of a cluster tool. Genus, Inc. has announced a module (originally developed by
15 Advantage Production Technology, Inc.) that can be incorporated into a cluster system.
A report by SEMATECH indicated that the HF vapor etch was not controllable and
caused severe micro-roughening. (See B. Van Eck, S. Bhat, and V. Menon,
Proceedings, Microcontamination 92, 1992, p. 694).
The control of HF has became a critical issue. Genus has investigated the use of
20  the following.vapor reagent combinations: UV/O,; UV/Cl/HY; and UV/CL,/H,.
Results from experiments demonstrated that the etch rates using these particuiar vapor
phase reagents are not controllable as the system is currently configured. Gate oxide -
degradation was also shown from these experiments, which investigated vapor HF's
utility for increasing limited yield from a CMOS gate stack. (See J. deLarios, W.
25 Krusell, D. McKean, G. Smolinsky, S. Bhat, B. Doris, and M. Gordon, Proceedings,
Microcontamination 92, 1992, p.706) There are concerns regarding residual fluoride,
chlorine, and hydride ions on the surface and how these ions could degrade parametric

performance or cause downstream process problems.
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Supercritical Tuid cleaning

g S_'upercritical. fluid technology consists of using particles of frozen gas (such as
argon) in an aerosol. (See W.T. McDermott, R.C. dckovic, J.J. Wu, and R. J. Mil_l“.e!j,-
Microcontamination, October, 1991, p.33, K. S. Schumacher, Proceedings, SEMI
Ultraclean Manufacturing Conference, 1993, p.33., and E. Bok, Solid State
Technology, June, 1992, p.117). The basis of this technology is momentum transfer
from a high velocily gas stream with argon pellets directed at the surface particles.
When the gas is cooled o a temperature of 84 K (-184 °C) at 0.68 atm, argon solidifies
and forms an aerosol. The impact of the argon particles on the surface transfer energy
to the surface particle, which is removed in the stream of cooled gas. Concerns with
the use of this technique include thermal shock to the waler, sub-surface ion migration,
surface structural damage, and electrical parametric damage. To date, no study has
been f)ui)lished on fully processed wafers to investigate whether supercritical media

cause any electrical parametric damage.

Laser-assisted liquid cleaning

Another known process is cleaning with liquids super-heated by a laser. There
are two variations on this technique: the Allen process and the Tam process.

Allen Process-- The Allen process (see U.S. Patent No. 4,987,286 and S.
Allen, Appl. Phys. Lett. 58 (3) 1991, p.203) is a wet cleaning technique using water
and a CO, laser at the 1064.nm wavelength as a heat source. The water must penetrate
into the interstice between the particle and the substrate surface and when it is rapidly
heated by a pulse from the laser, it “explosively vaporizes™ to propel the particle from
the substrate.

Several potential problems have been noted with the Allen process. On a
pétterned wafer, water can penetrate under metal lines and lift them off when it
vaporizes, not only damaging the circuitry but also generating particles on the surface.
Using ai narrowly focused CO, laser at an energy flux of 30 J/cm?, as Allen described ,
can cause ablation effects on a patterned surface because most organic, polymeric, and
metallic films ablate quite readily at 20 J/cm?. To provide a directional bias to carry
the particle away and avoid redeposition, Allen proposes to mount the substrate

vertically or in an inverted position, relying on gravity. Alternatively, she proposes to
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Tam Process -- The Tam process (see W. Zapka, W. Zemlich, and A.C. Tam,
Appl. Phys. Lett. 58 (20) 1991 p.2217 and A.C. Tam et. al. J. Appl. Phys. 7L (7)
5 1992 p. 3515) is very similar lo the Allen process. Tam’s process uses alcohols such
as gthanol and isopropanol as well as water. His process differs from Allen’s in that he
uses a burst of heated nitrogen gas through the chamber to spread the liquid medium;
this is followed immediately by an Ir:YAG laser pulse. The sequence is repeated for
several cycles. Using alcohols, energy densities of 5 J/cm? were required to remove
10 particles but surface damage was observed. Tam has used a ethanol and a pulsed KrF
excimer laser with energy fluxes greater than 350 mJ/cm? to remove 0.35 uni Al,04

spheres, but he was unsuccessful in ambient conditions with no liquid media.

Other Processes _
Pressurized fluid jel cleaning facilitates removal of particulate, but risks
15 damaging treatment surfaces due to the high pressure at which the cleaning fluid is
maintained. Further, this teclinique may electrostatically damage the treatment surface
due to the presence of ions in the cleaning fluid. Similarly, strippable polymer tape may

also contaminale treatment surfaces by depositing a polymer residue thereon.

Other known methods for cleaning substrate surfaces avoid the use of outside

200 agents. These processes include:

Surface Melt
This process requires that the treatment surface be melted to release contaminants
which are then removed by ultra high vacuum. This method has the disadvantage that
the surface being treated must be briefly melted. Such melting may be undesirable, as
25 for example when a semiconductor surface is cleaned between deposition of circuit
layers and it is desired that the Flulegrity of the previously deposited layers not be
disturbed. Further, such an opéra!io'n would be difﬁé\_ﬂt if not impossible to implement

for cleaning expansive, irregular 'surfaces, such as those found in pipes and wafer
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processing chambers. Finally, the ultra high vacuum equipment used in this process is

both expensive and time consuming o operate.

Annealing
Annealing treatment methods suffer similar drawbacks. When a surface is
5 cleaned by annealing methods, the treatment surface of the substrate being cleaned is
heated to a temperature that is generally below the melting point of the material being
treated but high enough to enable rearrangement of the material’s molecular crystal
structure. The surface being treated is held at this elevated temperature for an extended
period during which time the surface molecular crystal structure is rearranged and
10 contaminants are removed by ultra high vacuum. Annealing cleaning methods cannot be
used where it is desired to maintain the molecular crystal structure of the subslrate

surfaces

‘Ablation
An-other currently utilized cleaning method, known as ablation, suffers from its
15 own particular drawbacks. With ablation, a surface or contaminahls on a surface are
heated to the point of vaporization. Depending on the material being ablated, the
material may melt before being vaporized or the material may sublimate directly on
heating. With ablation cleaning techniques. if damage to the treatment surface is (o be
prevented, the ablation energy must be applied accurately to the contaminants only,
20 rather than the surface on which the contaminants lie, a difficult task when the
contaminants are extremely small or randomly spaced, or when the surface being treated
is irregularly shaped. Even where the ablation energy can be successfully applied only

to the contaminant, it is difficult to vaporize the contaminant without also damaging the

underlying treatment surface.

25 ‘Surface cleaning by melting, annealing and ablation can be conducted with a
laser energy source. However, using a laser energy source (o remove contaminants
from a surface by melting, annealing, or ablation does not overcome the inherent
disadvantages of these processes. For’Example, in U.S. Pat: No. 4,292,093, "Method

Using Laser Irradiation For the Production of Atomically Clean Crystalline Silicon and
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conditions and energy levels sufficient to cause rearrangement and melting of the
treatinent surface. Other known laser surface cleaning methods involving melting or
annealing require similar high energy lasing and/or vacuum conditions, as disclosed in* ~

5 U.S. Pat. Nos. 4,181,538 and 4,680,616. Similarly the laser ablation technique

| disclosed in U.S. Pat. No. 3,464,534, "Laser Eraser" suffers the same drawbacks as
oll;er high energy ablation methods. .

One source of the contaminants that end up being deposited on wafer surfaces is
the equipment used in processing the wafer. The principal technique to reducing

10 contamination from processing equipment is the performance of a periodic major
cleaning process on the equipment which typically includes disassembly of the tooling
and labor-intensive inspection of individual parts. However, cleaning methods
conducted interim to the major cleaning process can reduce the frequency of such major
cleaning.

15 One such interim cleaning method is that of purging with inert gas the chamber
that houses the equipment in order to entrain and carry away any surface contaminants.
Such a method is described in Chapler 24 (W.G. Fisher) in the publication Particle
Control in Semiconductor Manufacturing, R.P. Donovan, ed., New York, Marcel
Dekker, 1990, which teaches that it is desirable to maintain purge gas flow rates

20 sufficiently high so that the gas flow through the equipment is in a turbulent flow

. regime, which is purported to enhanc‘e the entrainment of the contaminants into the inert
gas. According to the publication, turbulent flow favors particle entrainment because a
turbulent boundary layer is thinner than a laminar boundary layer and because turbulent
flow has regions where the instantaneous fluid velocity is higher than the average

25 velocity.

In applying such a method to the cleaning of wafers themselves, however, the
use of turbulent flow may prove problematic because turbulent flow has localized
velocity components that are normal to the wafer surface. Those-velocity components
may carry an entrained particle toward and inlo contact with the wafer surface where it

30  can be retained. This is especially true with particles that may have just been liberated

from the wafer surface. Such "just liberated" particles are relatively close to the wafer
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localized velocily components normal to the wafer surface.

Summary Of The Invention
The invention solves the problems and avoids the drawbacks of the prior art by
5 temoving surface contaminants from the surface of a substrate without altering the

molecular cryslal structure or otherwise damaging the surface being treated. Gas is
flowed across the substrate treatment surface and the substrate is continuously irradiated
at an energy density and duration great enough to release surface contaminants from the
substrate treatment surface and small enough not to alter the molecular crystal structure

10 of the substrate treatment surface. Optimally, the gas is inert to the substrate treatment
surface. Moreover, to best avbid the possibility of contaminants entrained in the flow
being de;posiled on the treatment surface, the flow of gas is in the laminar flow regime.
The irradiation source may be any means known in the art such as a pulsed or
continuous wave laser or high-energy lamp. Preferably the radiation is generated-by a

15 pulsed ultraviolet laser. The invention can be beneficially applied for removing surface
contaminants from a generally planar semiconductor substrate before, between and after
deposition of the circuitry layers on the semiconductor substrate. It may also be applied
lo irregularly shaped surfaces or, more speciﬁcally, surfaces lying in non-coincidently
related planes. Sucﬁ planes encompass all possible relationships between the surfaces of

20 a substrate except those occupying the same space or plane. For example, surfaces that
are paralilel or angularly relaled‘, such as opposing interior walls of a pipe or adjacent

walls in a cubical chamber, respectively, occupy non-coincidently related planes.

Brief Description Of The Drawings
Fig. 1 is a schematic diagram of a contaminant removal method and apparatus
25 according to the invention.
.Fig. 2 is a schematic diagram showing how laser radiation is applied in one
embodiment of the invention to remove contaminant from relatively planar treatment

surfaces.
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Fig. 3 is a schematic diagram showing how laser radialion is applied in another

embodiment of the invention lo remove contaminant from relatively planar treatment

“surfaces. -

B

- Fig. 4 is a schematic diagram showing the use of a mask in combination with
radiation and gas applied in accordance with the invention to remove contaminant from
relatively planar treatment surfaces.

Fig. 5 is a schematic diagram of a contaminant removal apparatus for removing
contaminant from irregularly shaped treatment surfaces aécording to the invention.

Figs. 6 through 11 are schematic end views of apparatuses for conveying gas and
radiation to irregularly shaped treatment surfaces according to the principles of the
invention.

Fjgs. 12 and 13 are schematic side views showing how the invention of Fig. 5
may be applied to remove contaminant from the interiors of elongated, enclosed
passages.

Fig. 14 is an schematic end view of an apparatus for conveying gas and radiation
to irregularly shaped treatment surfaces according to the principles of the invention.

Fig. 15 is a partial plan view of the apparatus illustrated in Fig. 14.

Fig. 16 is a partial plan view of another configuration of an apparatus for
conveying gas and radiation to irregularly shaped treatment surfaces according to the
principles of the invention. |

~ Figs. 17 and 17a are schematic side views showing application of the invention
of Fig. 5 with a flexible, porous centering support structure.

Fig. 18 is a schematic side view showing application of the invention with an
oplic diffuser.

Figs. 19 and 20 are schematic side views showing how the invention of Fig. 5

- may be applied to remove contaminant from process chamber interiors.

Figs. 21 and 22 are schemalic side views showing how the invention of Fig. 5
may be applied to remove contaminant from the exteriors of irregularly shaped objects.
Figs. 23 and 24 are schematic side views showing how radiation is applied in

another embodiment of the invention to remove contaminant from ducted interiors.
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Figs. 25 and 26 are schematic end and side views, respectively, showing how
radiation is applied in another embodiment of the invention to remove contaminants from
the exteriors of irregularly.shaped objects.

Figs. 27A and 27B are top views of different levels of an apparatus for conveying

5 gas and radiation to treatment surfaces according to the principles of the invention.
N Fig. 28 is a cross-sectional view of the apparatus of Fig. 27 taken along the lines
28-28 of Fig. 27A.
Fig. 29 is an exploded view of the apparatus of Fig. 27.
Fig. 30 is a diagram depicting a gas flow velocity profile at different stages of a
10 flow channel.

Fig. 31 is a graph providing flow and pressure data for use in selecting filters for
the apparatus of Fig. 27.

Fig. 32 is a schematic diagram of a cluster tool apparatus used for processing certain
substrate articles. |

15 Figs. 33-35 are schematic diagrams of contaminant removal methods and apparati
according to the invention. Q

Fig. 36 illustrates the Rankine oval that describes the shape of part of a process
chamber embodying the principles of the invention.

Fig. 37 shows exemplary velocity profiles for flow in a process chamber. .

20 Figs. 38 and 39 are schematic plan and cross-sectional elevation views of a test cell
used with the method of the invention.

Fig. 40 shows data from a test of the method.

Fig. 41 schematically illustrates a streamline of the inert gas flow through a cavity
in a substrate when a secondary flow of inert gas is introduced.

25 Fig. 42 schematically illustrates another embodiment of an apparatus incorporating
the principles of the invention. '
Detailed Description

Reference will now be made in detail to presently preferred embodiments of the

invention, examples of which are illustrated in the accoxhpanying drawings. Throughout

30 the drawings, like reference characters are used to designate like elements.
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rragne5| um) that becone dissolved in the baths. (See M Itano,M M yashita,
and T. OwM@i9g2s8saceedi ngs, M crocontami nation 91, 1991, p

Shinono, M Tsuji, M Mrita, and Y. Mirainatu. |bid, %}MS%}(EQ@:]
Hydrof luoric Acid Dilute hydrofluoric acid (HF) has rccent |y been
introduced in the sem conductor industry for2 the renmoval of organic
contam ninants, trace nmetals contam nants, and thin

' Figs. 25 and 26 are schematic end and side views, respectively, showing how

radiation is applied in another embodiment of the invention to remove contaminants from
the exteriors (;f irregularly shaped 6bjecf.s.
Figs. 27A and 27B are top views of different levels of an apparatus for conveying
5 gas and radiation to treatment surfaces according to the principles of the invention.
» Fig. 28 is a cross-sectional view of the apparatus of Fig. 27 taken along the lines
28-28 of Fig. 27A.
Fig. 29 is an exploded view of the apparatus of Fig. 27.
Fig. 30 is a diagram depicting a gas flow velocity profile at different stages of a
10 flow channel.
Fig. 31 is a graph providing flow and pressure data for use in selecting filters for
the apparatus of Fig. 27.
Fig. 32 is a schematic diagram of a cluster tool apparatus used for processing certain
substrate articles.
15 Figs. 33-35 are schematic diagrams of contaminant removal methods and apparati
according to the invention. )
Fig. 36 illustrates the Rankine oval that describes the shape of part of a process
chamber embodying the principles of the invention.
Fig. 37 shows exemplary velocity profiles for flow in a process chamber.
20 Fi'gs. 38 and 39 are schematic plan and cross-sectional elevation views of a test cell
used with the method of the invention.

Fig. 40 shows data from a test of the method.

Fig. 41 schematically illustrates a streamline of the inert gas flow through a cavity
in a substrate when a secondary flow of inert gas is introduced.

25 Fig. 42 schematically illustrates another embodiment of an apparatus incorporating

the principles of the invention.
Detailed Description

Reference will now be made in detail to presently preferred embodiments of the
invention, examples of which are illustrated in the accompanyihg drawings. Throughout

30 the drawings, like reference characters are used to designate like elements.
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native oxi de. However. HF causes mcro-etching of the substrate surface,
whi ch weosesssai ng a difficult but critical effect to cowcraisesbR®s dual

fluorine mol'ecul es canal so cause the breakdown of The oxide in gate stacks
and adversely affect other electrical parameters of ahicStieg HaSBeh Raglsdedt her s

have recently reported that to control the micro- rouﬂﬂﬂumuﬁﬂ”mm of HF,
it-is necessary to control strictly the“pH of the Iiqi pure
wat er unld.er tﬁﬁg?@ﬁ%éi{n‘énFmtlﬁ&il andaﬂﬂ zeﬁﬁl‘ﬁsu' trapure chem ent the

A wmethod and apparatus for removiﬁg surface contaminants from the surface of a
substrate without altering the molecular crystal structure or otherwise damaging the
substrate surface is illustrated schematically in Fig. 1. As shown in Fig. 1, an assembly

5 10 holds a substrate 12 from which surface contaminants are to be removed. A gas 18
from gas source 16 is constantly flowed over substrate 12. Gas 18 is inert to substrate
12 and is Mlowed across substrate 12 so as lo bathe substrate 12 in a non-reaclive gas
environment. Preferably, gas 18 is a chemically inert gas such as helium, nitrogen, or
argon. An enclosure 15 for holding substrate 12 communicates with gas source 16
10 through a series of tubes 21, valves 22, and a gas flow meter 20.
| According to the embodiment of the invention shown in Fig. 1, .enclosure 15
comprises a stainless steel sample reaction cell fitted with opposing gas inlet and outlet
ports 23: 25 respectively. Enclosure 15 is fitted with a sealed optical grade quartz
window 17 through which radiation can pass. Inlet and outlet ports 23, 25 may
15 comprise, for example, stainless steel tubing fitted with valves. After sample 12 is
placed in enclosure 15, enclosure 15 is repeatedly flushed and backfilled with gas 18
and is kept at a pressure slightly above ambient atmospheric pressure to prevent inflow
of other gases.' Allllot|gl1 enclosure 15 is shown as a solid chamber, it is anticipated that
a surface being cleaned could be enclosed in any type of enclosure through which a gas
20 ' can be flowed. For example, if the surface being treated is a large fixed object, a large
portable enclosure such as a piastic bag might be utilized. -

Flow of gas 18 may be regulated by a suitable flow meter 20 which may suitably
be a Matheson Model 602 flow meter. Valves 22 are preferably metering, regulating or
bellows valves suitable for high temperature and pressure applications‘ and for use with

25 toxic, hézardous, corrosive or expansive gases or liquids, as for example the Swagelok
$5-4H™ series valves by Swagelok Co. of Solon, Ohio. Valves 22 can be opened or
closed lo isolate enclosure 15, to place enclosure 15 in communication with gas source
16 or to piace enclo.sure 15 in communication with another substance, such as a gas for
depositing on substrate 12, coming from an alternate source 40.

30 According to the method of the invention, high-energy radiation is irradiated
upon the substrate treatment surface at an energy density and duration between that

required to release surface contaminants from the substrate treatment surface and that



deposi tion of unwanted netallics such as Fe and Cu. (See M Itano, M
M yashit a, wemoly2bss<Ohm , Proceedi ngs, M crocont ani | nati on 91, pchPSsbaofve921;:
and T. Shinono, M TSUJ i, M Mrita, and Y. Muramatu, |bid, p.544.)
Megasoni ¢ and Ul trasoni ¢ C eani ng Megasoni ¢ cl eani ng technol ogy was
devel oped by RCA in 1979 to conplenent thel&RCA wet chemical process to
remove or gan\lfvﬁlc{ll“lnwsall%p ?heprztil;)}elcﬁlla?irys{a? sltrlr:(:(atllrl\e/eo al?)g r;Iu;:face According to the
embodiment of the invention shown in Fig. I, a radiation source 14 which may be a
laser or high-energy lamp ge'.nerates radiation 11 directed against the tréalment surface
of substrate 12, In Fig. 1, source 14 is shown as being outside enclosure 15 and ™~
5 irradiating sample 12 thfough quartz window 17. However, il is contemplaled that
source 14 could alternatively be placed within the enclosure 15.
The energy flux and the wavelength of the high-energy irradiation are preferably
selected to be dependent upon the surface contaminants being removed. To this end, a
gas analyzer 27 may be connected to outlet port 25. Analyzer 27 analyzes the contents
10  of exhaust gas from enclosure 15 to facilitate selective energy and wavelength
adjustment of source 14. Gas analyzer 27 may be a mass spectrometer as, for example,
a quadrapole mass spectromeler manufactured by Bruker Instruments, Inc. of Billerica,
Massachusetts or by Perkin Elmer of Eden Prairie. Minnesota.
Selection of the source of irradiation used in the invention depends upon the
15 desired radiation energy and wavelength. The energy level of the radiation in electron
volts/photon (Ev/photon) is preferably at least twice the energy necessary to break the
bonds adhering the contaminants to the surface being cleaned. The bond energies
between common contaminants (such as carbon and oxygen) and common substrate
materials (such as silicon, titanium, germanium, iron, platinum and aluminum) range
20 between 2 and 7 Ev/bond, as disclosed in Handbook of Chemistry and Physics, 68th
ed., pp. F-169 to F-177 (CRC Press 1987). Accordingly, radiation sources emitting
photons with energies in the range of 4 to 14 Ev/photons are desirable. The wavelength
should be below the wavelength that would compromise the integrity of the substrate
surface by the well-known photoelectric effect, as described in G.W. Castellan, Physical
25 Chemistry, 2d ed., 458-459 (Academic Press, 1975) which is hereby incorporated by
reference. The preferred wavelength depends on the molecular species being removed
and the resonance states of such species. -
Any means known in the art for generating radiation of a suitable ehérgy level
may be used in the invention, including high-energy lamps and lasers. Depending upon
30 the application, il is anticipated that light energy from such sources may range from
deep ultraviolet to infrared. with corresponding wavelengths from 193-3000 nm,

respectively.
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prqcess, wafers, for exanple, are imersed in water, alcghol r dilute
SC- 1 soY@E%and expased to sonic waves (produced by p?’éﬂ%"‘g&w?’c
transducers) 'in the range of 850- 900 KHz. Particles fromseveral mcrons
down to 0.3 umcan be efficiently renovgg with input power densities of 2-5
Wcenferr]. (See W Kern, J. Electrochein. Soc. 137 (6) 1990, p. 1887). It
has confirned tiatwivaRnpBidanephéton’ereRss sfannimberve witableclasers deoevisted if. 3

um and has been denonstrated that at 0.5 umline width geonetries, netal
| i nes Table 1, below. _

“  Tablel- Specifications for Suitable Lasers Il -,
Wavelength (nm) EViphoton
5 XeCl, pulsed . 308 4.04
’ argon-ion, comntinuous wave 257 4.83
KrF, pulsed 248 5.01 “
ArF, pulsed 193 6.44
Tunable dye lasers, puised or 200-800 6.22-1.55 Jl
10 continuous wave

These lasers are described in greater detail in the following references: M.J. Webber,
ed.. CRC Handbook of Laser Science, Vols. {-5 (1982-1987); Mitsuo Maeda, Laser
Dyes (Academic Press 1984); and laser product literature from Lambda Physik at 289
Great Road, Acton, Massachusetts, Coherent, Inc. at 3210 Porter.Drive, Palo Alto, ~

15 California, and Spectra-Physics at 1250 West Middlefield Road, Mountain View,
California. It is anticipated that high-energy xenon or mercury lamps or other types of
lasers, including visible, ultraviolel, infrared, x-ray or free electron lasers might be
utilized as appropriate sources of radiation.

According to the invention, the irradiation directed against the sﬁbst_ra,te treatment

20 surface from which contaminants are being removed has a power density less than that-
required to alter the molecular crystal structure of the surface. Preferably, the power
density and duration of the irradiation are selected so as to impart an amount of energy
on the substrate surface that is significantly below the energy required for alteration of
the substrate surface structure. The preferred energy level is dependent on the

25 composition of the substrate being treated. For example, with certain substrate
materials such as plastics, this energy level would be much lower than for other
materials such as high strength carbide steels. The heats of formation for various
materials are Well known and are reported in the Handbook of Chemistry and Physics,
68th ed., pp- D33-D42 (CRC Press 1987). The heat of formation generally corresponds

30 to the amount of heat required to break down various materials and can be used as a
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4 can be |fted at the power |evels needed to achi eve é'cc”éi‘).t.'abl.e
S?é%m

cl eani ng

(See A A. Busnania and 1.1. Kaskkoush.rdmuossmassgs,

M cr.ocont am nat i on 92 1992,
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guideline in selecting an irradiation energy density and duration that will not alter the
molecufar crystal structure of the {reatment surface. The heats of formation of a number

of common substrate materials are summarized in Table II, below.

“ Table Hl -- Heats of Formation of Substrate Materials
. Material . Heat of Formation
16906.7 kJ/mol; 17.52 Ev/imolecule
l Si0, 840.3 k¥/mnol; 9.11 Ev/molecule “
Nb.Og 1528.2 kJ/mol: 13.27 Evhr-lolecule l
NiO 230.6 kJ/mol; 2.50 Ev/molecule |
Tiy05 500.2 k}/mol; 15.63 Ev/inolecule ' “

The irraglialion.energy density and duration used in the present invention is such that the
heat of formation is not approached on the substrate treatment surface. Finding the
maximum energy usable on a given substrate material, however, will require some
experimentation in light of the material’s known heat of formation. Such .
experimentation ensures that annealing, ablation and melting will not occur.

The irradiation is préferably directed perpendicular to the plane of the portion of
the substrate being treated, 1o maximize the en_ergy' flux at the surface for a given power
output from the source of irradiation. However, the irradiation may be directed at an
angle to the substrate as convenient or necessary for implexﬁentalion of the process in a
particular environment. Of course, the energy flux at the surface will vary with the sine
of the incident angle, which must be taken into account in selecting the power output of
the irradiation source and the dwell time.

When a subs_trate surface is irradiated as described above, the bonds and/or
forces holding surface contaminants to the substrate surface are broken and the inert
carrier gas carries conlaminants away from the substrate surface during irradiation. As
long as the cleaned substrate remains in the inert gas environment, new contaminants
will not form on the substrate surface. If necessary, a suilable trapping system may be
connected to enclosure oﬁllet 25 for trapping and neutralizing removed contaminant

species.
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-563)WO'I;I3 4for smaller geonetries, Megasoni cs destro 4 %yce.
U trasonics cﬁ eani ng werks on the same principal as the gasonic process
but uses liquid cavitation frequencies in the range of 20-80 KHz and power
densities 50 tinmes greater than Megasonjgs. The ultrasonic nethod is |ess
effective in the renoval of particles under I um (W Kern, J. Electrochem

Soc. 137 (6) 3990, TheokdftAl DuBRuM DyhdidfeBis foptheMgaeani ¢ cl eaning operate
on the principal of Introducing a

The removal of a contaminant from a surface by irradiation coupled with an inert
gas flow can be described by nonlinear optical theory, a branch of quantum mechanics.~ .
The basis of nonlinear optical theory is derived from Maxwell’s equations in

5 nonlinear media, which are:

¥

1

UXE = —_+ __ )]
c(6B/6r)
1 4x
E=____ + ") (2)
OB | ¢
V.E =4dxp 3)
VB =90 4)

N

where E is the electric field, B is the magnetic field, J is the current density, and p is
the charge density.
With the advent of the laser and other high energy irradiation sources, access to
nonlinear processes that have been theoretically postulated since the 1880s have become
10 accessible. The theory of nonlinear optics is described in N. Bloembergen, Nonlinear
Optics, New York: Benj-amin/Cumt‘r.lins Publishing Company, 1965 (fourth prinling
1982) and Y.R. Shen, The Principles ol Nonlinear Optics, New York: John Wiley
and Sons, 1984.
A laser generates a beam that is coherent and has highly directional properties.
15 This property of the beam is defined as the radiation force, which has unique properties
that can be used to remove adhered contaminants from a surface. The radiation force in
a uniform medium is given by Equation (5), which is also derivable from Maxwell's

equations:

-
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cavilating liquid nedium beneath the particle so that the hydrostatic
forces WOI%R384 the particle fromthe surface. The van decriwelsseand
secondary adhesion forces for a 0. 1 um particle are estimated to be [err]
~dynes. The forces exerted by the Megasonic cleaning are on the order of
[err] dynes, which explains its inability8to renpve particles of |ess than
0.3 um (See M Ranada. Aerosol. Sci. and Technol. 7 1987, p. 161)..

U traviolel and Ozone C eani ng

[ =9p + PO \ysGra (5)
8rVE? '

where p is the density of the medium, p is pressure, and G is the electromagnetic ..
density in a vacuum.
Experiments by Ashkin and Dziedic (A. Ashkin and J.M. Dziedic, Appl. Phys.
Le:lt. 28 (1976) p. 333, 30 (1977, p. 202, an'd 19 (1971) pg. 729) have demonstrated
5 that small particles such as 10 un latex spheres can be removed from a surface in a
laser field of sufficient photon flux. Oncé the laser beam is stopped, the latex sphere
returned to the surface. This nonlinear proceSs is referred to as optical levitation. The
experiments by Ashkin demonstrated that the properties of the irradiation source can be
used to overcome the local adhesion and gravity forces. This phenomenon has been
10 observed in tests of the process described herein with Sum particles. Re-adhesion of the
particle after the radiation field has passed over a location is prevented by the use of the
flowing inert gas.
Another nonlinear process that has been observed in tests of the present pro;:ess
and apparatus is multiphoton dissociation (“MPD"). A high energy irradiation source
15  with a sufficient photon flux interacting with a surface that has on it a contaminant can
remove the contaminant by MPD. (See Y.R. Shen. Principles of Nonlinear Optics,
New York: John Wiley and Sons, 1984, chapter 23, pp. 437-465.) Through this
process, several photons can excile- the vibrational and rotational states that are not
allowed by classical means. These new states-to which the contaminant has access can
20  be described as quasi-metastable. The quasi-metastable state can lead to the dissociation
of the contaminant from the surface or the breakup of the contaminant. The dissociation
_process is further enhanced by (he nonlinear susceptibilities contributed by the surface
and the conlammam Furthermore, MPD process (heory postulates that one can
selecuvely remove bonds based on knowledge of the surface and the chemical species
25 that is to be removed by tuning the photon flux to take advantage of the nonlinear
mechanism.
The nonlinear processes described above appear to be complementary.

Depending on the contaminant and the surface, one nonlinear process may be preferable

to the other or they may work in tandem.
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The ul t¢\wsebgaYy/ ozone [err] cleaning process uses a
.capabl e of delivery energy in the 185-254 nm regi on. Th| s%@ﬁ%@gﬁ?&s proved

to be relatively effective in renoving residual organic filns such as
photoresist, but is not effective with gglt, dust, fingerprints. and
pol ymers degraded by ozone. There are concerns that residual peroxide

nol ecul es and yol at n the surface can change the
¥ m o‘P)@é ic I reMtiienP g
surface from hydrop rophniTrc which can cause downstream
. The appllcatlon of 1he basic treatment method and dpparatus described above
with regard to planar lreatment surfaces are |Iluslrated in the following examples. In
Example 1, various energy densilies of a pulsed KrF excimer laser are applied toa .. .-

5 silicon oxide substrate with varying degrees of success. In Example II, the need for the

invention in the area of oplical components is examined.

I. Example [
The native oxide of silicon is necessary for the promotion of thin film growth on
s-emiconductor surfaces. Unfortunately, when semiconductor surfaces of silicon oxide

10 are exposed to the environment, carbon contaminants adhere weakly to the
semiconductor surface. The presence of these contaminants greatly reduces the
conductivity or the insulating nature of the thin film to be deposited. Therefore, in
semiconductor production, great precautions are taken to minimize environmental
exposure through the use of elaborate vacuum, chemical and mechanical techmques.

15 Vacuum techniques are expensive especially if high or near ultra high vacuum is used to
keep surfaces clean between processing steps. Chemical (wet and dry) and mechanical
techniques can damage the substrate treatment surface and, if the substrate being treated
is a processed integrated circuit, (he underlying structure.

In an attempt to overcome these problems, radiation from a pulsed KrF excimey

20 laser (a model EMG150 from Lambda Physik) whose fundamental wavelength is 248 nm
(UV range) was applied to the surface of a silicon substrate in a sealed chamber through
which argon gas was flowed. To decrease surface carbon contamination and decrease
carbon percentage associated with chemisorbed organometallic (trimethyl aluminum), a
precursor to aluminum thin film formation in semiconductor production, irradiation of

25 35 mi/cm? for 6000 laser shots at a 10 Hz repetition rate was applied for 20 minutes to
a silicon oxide substrate surface with the KrFF excimer laser. The laser treated surfaces
were exposed during a continuous flow of argon gas at a flow rate of 16 1/hr (4.5 ml/s)
under a 1.03 x 1073 torr backing regulator pressure. After treatment, X-ray
Photoelectron Spectroscopy ("XPS") analysis showed the substrate exhibited a significant

30 decrease in surface carbon from a pretreatment average surface carbon covering 30-45%
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adhesi on &rqocessi ng problens and can al so attract unwanted contani nants

froma d¥MA¥EIBEAmM cl eani ng process. Depending on the surfBEBUSHHAIET may
cause unwant ed oxide formation, which will require another cleaning process
to renmove. Finally, to be truly effecti UV/ 03 requires a pre-clean
process to renove inorganics. (See J. R"Vig, J. Vac. Sci. Tedinol. A 3

(3), 1985’of Hie slu%tz%le s%?l‘dé@toqa:?mér'\gealmem average surface carbon covering 19% of
- the substrate surface. The substrate surface itself showed no damage or alteration.
A surface treated by a laser irradiation as described above and then exposed to an
organometallic gas flow showed, by XPS analysis, that 20.8% of the substrate surface.. .
5 was covered with carbon as compared to 40-45% of the substrate surface that was
covered wilh carbon after organometallic gas exposure on a non-laser treated surface.'
W;1en the laser was applied, as described above, both prior to exposure to
organometallic gas and again afler gas exposure, only 8.9% of the surface was covered
with carbon. Areas adjacent to the laser-exposed areas also exhibited some effects of
10 the laser-cleaning treatment. Areas adjacent to the treated area showed a reduced
carbon level of 12.7%. This effect probably is due to the Gaussian nature of the applied
laser pulse.

Transfer of the wafer from the sample cell to the XPS analyzer was via an argon

filled glove box. The silicon wafer was transferred to the XPS through an inert UHV
15 transfer rod. This kept environmental exposure to a minimum.

Another wafer of silicon oxide, while exposed to argon gas as described ab(;ve,
was exposed (o pulsed KrF excimer laser irradiation of 9 mJ/cm? for 6000 shots at a 10
Hz repetition rate. - XPS analysis showed a surface carbon coverage of 40-45% both
before and after laser treatment. Thus, irradiation at 9 mJ)/cm? did not remove adsorbed

20 surface carbon. |

Another wafer or silicon oxide, while exposed to argon gas as described above, -
was exposed to pulsed KrF excimer laser irradiation of 300 mJ/cm? for 6000 shots at a
10 Hz repetition rate. Al the end of treatment, the substrate surface had suffered
significant damage, including a hole through the substrate. Thus, irradiation at 300

25  mJ/cm? altered the molecular crystal structure of the substrate surface.

These examples show laser irradiation at an appropriate energy flux and
wavelength can decrease surface contamination without damaging underlying surface or
adjacent structures.

It is expected, in view of the heat of formation of SiO,, (hat subjecting a silicon

30 oxide substrate surface to pulsed KrF excimer laser irradiation of less than 100 mJ/cm?
for 6000 shots at a 10 Hz repetition rate would not alter the molecular crystal structure

of the substrate. Pulsed KrF excimer laser irradiation of less than 75 mj/cm? for 6000 |
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Brush_cl eani ng wi th dei oni zed water or al kaline sol utlons has been found to
be anY 48 e nethod-for renmoving particles as-smal | BEIYSHO3IN r om t he
surface. Brush cleaning has found specific niches in the sem conductor
imdustry such as a final clean for 2

shots at a 10 Hz repetition rate is not expected to alter a silicon oxide substrate surface

in any way.

ii. Example 11 - e
High energy optical components are difficult to fabricate for such technologies as
5 laser fusion, x-ray lithography and UV excimer laser optics. Laser fusion and x-ray
lithoéraphy technologies are used exclusively in "clean” environments. Excimer laser
optics have a short work life span because with current commercial film deposition
lechnoldgy, it is difficult to fabricate films cap:ible of withstanding prolonged high-
energy fluxes.
10 A perennial problem with high energy optics is optical breakdown. This
phenomena can be described as "the catastrophic evolution of damige inflicted in a
lranspare'nt medium in a strong laser field." Y.R. Shen, Principles of Nonlinear Optics, :
Ist ed 528-540 (W|ley Interscience 1984) This pheriomena occurs in sohds as well as
gases. With a solid, such as a high energy optic, optical breakdown is exacerbated by
I5 the presence of a surface defect such as scratches and pores in the bulk material. In
most cases, optical breakdown is due to surface contamination such as adsorbed dust
particles. The presence of these contaminants lowers the breakdown thresﬁold which in
turn limits the maximum laser power that can be used from a given laser system. This
fact is a very important limitation regarding the pumping of a laser medium (solid state
20 or gaseous) by an external pump energy source. This, in turn, limits the laser power |
that can be used to transmit energy' through optical windows, lenses and other optical
components.
Optical breakdown, for example on a solid, is promoted by the presence of
surface adhered contaminants. The interaction of a laser pulse train with a sufficient
25 energy cross section may deposit enough energy to generate an "avalanche" ionization
on the solid surface. This can form a surface plasma which may disintegrate the solid.
The presence of contaminants effectively decreases the laser’s efficiency and decreases
its use in potential applications.
- To overcome thé above described problems, the contaminant removal method, as '
30 described herein, can be used to remove adhered contaminants such as adsorbed dust.

For example, to treat an optical component, the component is exposed 1o a continuous

i




5-renoving the slurry after chem cal nechanical polishing. Careful control
of the p¥agm2iaderial and the placement of the brush on tier/esyfosse is

r equi red to ‘prevent surface damage and shedding of tile brush material.
(See W Kern .1. Electrochem Soc. 137 (6) 1990, p.1887) Vapor

I'lydrol luoric Acid - 22

flow of argon gas during which time a pulse KrF excimer laser is directed at the surface

of the optical component. The laser is tuned to an appropriate energy flux and

wavelength that is considerably less than the high energy pulse required to promote

ionization and subsequent plasma in high energy optics. The optical component surface® -
5 s irradiated at the selected flux and wavelength for a duration sufficient to remove

adsorbed contaminants.

iii. Example I
Qualitative experiments were conducted with a Potomac Photonics SGX-1000
KrF laser (sold by Potomac Photonics of Lanham, Maryland). The laser was operated
10 - at an average power of 60 ml/s wilh a dwell time of 0.02 s and a 20 um beam spot.
Nllrogen was used at a flow rate of 140 mi/s, while the substrate was mounted on a
Iranslalmg stage with a stage velocnv of I mm/s. Laser power was measured with a
Molectron JD-1000 joulemeter with a J3-09 probe, sold by Molectron Detector, Inc. of
Porlland, Oregon. Visual inspection (at 1,000 X magnification) of the results of the
I5 cleaning showed (hat organic oils (fingerprints) and aluminum flakes were removed from
aluminum, silicon flakes and silicon haze were removed from silicon, and unidentified

foreign material was removed from a 3.0 um CMOS patterned wafer.

c.  Selective Treatment of Substrate
A planar substrate being treated in accordance with the invention may be
20 seleclively irradiated with a laser. As shown in Fig. 2, for example, substrate 12 is
fixed on an XY table 13, which is selectively moved with respect to a fixed beam of
laser pulses 11° that are generated by a laser 14°, directed through a beam splitier 24
. and a focusing lens 28 before contacting selected portions of the surface of substrate 12
over which inert gas 18 flows. Alternatively, as shown in Fig. 3, laser pulses 11" may
25  be split by beam splitters 30, 32 into two sets of pulses which are seleclively moved by
adjusting mirrors 34-37 over the surface of substrate 12 on a fixed table 19. A laser
power meter 26, measuring energy directly from the laser, allows for close monitoring
of the laser power being applied to the substrate. Suitable laser power meters are
available from Digirad of Oriskany, New York and Scientech. Inc. of Boulder,
30 Colorado.
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The enwogmmwf cluster tool systens has led to the my@ﬁ,ggﬁ; b(f“z” of vapor |
al’ s

phase HF as a cl eani nQ"agent because wet chemni cal and nechanic yst ens
are virtually inpossible to i ntegrate into cluster tools. Contam nation

fromthe process and the tool requiregithe wafer to-be cleaned before and
after each critical process step. Because all current cleaning techniques

are either WelirRéiaNore abel@tiveBEBdRIGRbLS a PhAaMSirfice st b@ﬁcﬁlé\l”&nth%ﬂgh()f the
cluster.environnent for_ cleaning, thus obviating many of th
the use of a mask, similar to that used in the semiconductor industry, placed between
the source of radiation and the treated substrate. As shown in Fig. 4, mask 9 facilitates
selective irradiation of substrate 12 secured to fixed table 19 by limiting access of
5 radiation 11 to substrate 12 through mask passages a. As detailed in Fig. |, enclosure
15 comprises a stainless steel sample reaction cell fitted with opposing gas iniet and
oullet‘ ports 23, 25, respectively, and sealed optical grade quartz window 17 through
which radiation can pass.
It is anticipated that high-energy lamps may also be used to irradiate planar
10 surfaces in configurations similar to that disclosed in Figs. 2 through 4.

Another embodiment permitting selective irradiation of a planar surface is shown
schematically in Fig. 42. The output from a suitable laser 110 is directed to a focus
lens 112, is reflected from relay mirrors 113 and 114, and through a Galilean telescope
115. The irradiation from the laser is then reflected from another relay mirror 116, and

15 focus through an adjustable final focusing lens 117 before it reaches the substrate,
mounted on a holder 118 on an x-y translation stage. At least the holder 118 is
disposed within a cell (not shown) through which inert gas flows. A flow meter 119 is
disposed at the outlet of the cell. The arfangement illustrated schematically in Fig. 42

provides a particularly compact apparatus.

20 d.  Laminar Flow Of Inert Gas
To reduce the likelihood that a contaminant which has been liberated from the
substrate surface by irradiation and has been entrained by the gas flow will be |
redeposited downstream on the substrate surface, it is preferred to control the gas flow
so that it'do_es not impart to an entrained contaminant a velocity component normal to
25 the substrate’s surface. Such surface-normal velocity components are, by definition,
inherent in turbulent gas flow and, in either turbulent or laminar flow, in areas of flow
* recirculation. In accordance with the principles of the invention, it is therefore
preferred to maintain the gas flow across the substrate in a laminar flow regime and to
avoid the creation of flow recirculation zones.
30 It is well known that for internal flows (as in pipes or, in the present case, a

process chamber) laminar flow will be maintained for Reynolds numbers of less than
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advant ages of the &usl-e#—syst—eﬁa—Research has been done to integrate vapor

HF cl eani ngoioatbsssa heet asaé g part of a cluster toopcrisanssos! NC.
has announced ‘a nodu l eveI oped by Advant age Production

Technol ogy, Inc.) that orat ed into a cluster system A report.
by SEMATECH i ndi cat ed por etch was not controll able and
caused severe mcro- roughenl ng. (See B. vah Eck, S. Bhat, and V. Menon,

approximately 2000. As shown in Equation (6), below, the Reynolds numbef (Re) is

calculated as:

pVh | (d
&

Re =
where p and p are the densily and absolute viscosity, respectively, of the gas, h is the
half-height of the distance between the walls bounding the flow, and ¥ is thg average

5 velocity of the flow.
It is also well known that the drag force F on a free particle in a gas, such as a
liberated particle entrained in the gas flow, is related to the gas viscosity, the diameter
of the particle d;, and the relative velocity ¥ between the particle and the ga§ flow by '

the following relalionshib:

. Jrp dl’ v ©)
¢

10 where c is a slip correction factor. To ma_ximize the force on a particle, and therefore
to maximize the likelihood that the particle will be entrained into the gas flow and
remain there, the flow velocity should be maximized. However, this is subject to the
constraint that the Reynolds number should be maintained below approximately 2,000 to
maintain laminar flow. It is also apparent that a higher gas velocity can be achieved for

15 a given gas by reducing the half-height of the flow channel, h.

The average velocity P in the flow channel is related to the volumetric flow

rate Q of gas through the channel as follows:

0=V4 (11)
where A is the cross sectional area of the flow channel. Thus, the volumetric flow rate
. of the gas that must be supplied to the flow channel to maintain a given average velocity
20 is less for a flow channel with a smaller cross-sectional area. The width of a flow
channel .is typically driven by the width of the substrate to be treated, but more
flexibility is usuall)} available to control the height of the channel. Therefore, to
minimize the amount of gas required to achieve a desired velocity, it is preferable lo _
minimize the height of the channel. |
25 The artisan will recognize that the gas flow velocity is not uniform across the

width of the flow channel -- the velocity is zero at the wall, and increases monotonically



Pr chedgvn(g%q% roconl am nation 92, 1992, p. 694). The boPﬁﬁég? +—.}F has

becone | ssue— Genus has investigated the use o oW ng
vapor reagent’ conbi nations: [err] [err] and [err] Results from experinents
denonstrated that the etch rates using thgse particul ar vapor:- phase
reagents are not controllable as the syst Is currently configured. Gate
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vapor
the velocity distribution is:

2
wy) =3V {2 -2 (12)
h a2

where ¥ is the distance from the wall of the flow channel. As depicted in Fig. 30, the
veldcity profile is thus parabolic in nature. In the entry region E of the flow channel,

5 i.e., in the region where the boundary layers that develop on each of the opposin.g walls
of the flow channel have not met in the center of the channel, there is a boundary layer
region near the wall and a potential core. Although there is not a closed-form solution
for the velocity, as illustrated in Fig. 30 the flow velocity at a given distance near the
wall is greater in the entry region E than in the region of fully developed fiow F.

10 Other pertinent parameters in contaminant entrainment are the gas properties of .
density and absolute viscosity. These properties are combined in the kinematic viscosity

r, which is the ratio of density and absolute viscosity:
" = _’f . (13)

As is evident from the Reynolds number equation (Equation (6), above), for a given

Reynolds number and flow channel dimension, a higher velocity can be achieved with a
IS higher kinematic viscosity, in a linear relationship. A compeliné consideration is th-e.

boundary layer thickness -- in general. it is desirable to have the highest possible

velocity as near to the wall as possible, which in turn means that it is preferable to have

a thinner boundary layer. However, this is subject to the counstraint that, while a

turbulent boundary layer is generally thinner than a laminar boundary layer for similar
20 conditions, turbulent flow is to be_avoided.

Boundary layer thickness is proportional to the square root of the kinematic
viscosity, and is inversely proportional to the square root of the average velocity in the
flow channel. Thus, for a given velocity in the flow channel, the boundary layer will be
thicker for‘ a gas with a relatively high kinematic viscosity than for one with a relatively

25 low kinemaltic viscosity. However, from the Reynolds number relationship, an increase
in kinematic viscosity allows a proportional increase in velocity while maintaining the

same Reynolds number (and thus maintaining laminar flow). Thus, the undesirable
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utility for increasing lLimted yield froma CMOS gate st.ack. (See J.
delLari o¥Qo¥3sBs usel |, D. McKean, G Snolinsky, S. Bhat, BCT/D8¥03907and M
CGordon, Proceedings, M crocontani nation 92, 1992, p.706) There are concerns
regardi ng residual fluoride, chlorine, and hydride ions on the surface and
how t hese ions coul d degrade paranetric2ferfornance or cause downstream
process pcrl ?et():llset;rlsinc;re?\lsesd {u?wltnglw r‘zﬁgclys?&eoq}e&uniggfefayer thickness can be overcome by

increasing the average flow velocity. Of course, these considerations are pertinent only

in the entrance region -- the boundary layer thickness is equal to the half width of the

flow channel in the fully-developed region and is not affected by the gas properties.

5 The viscosity is a significant parameter in the drag force on a particle, as shown
in‘Equation (9), above -- the higher the gas viscosity, the greater the force on the
particle. Thus gases with higher absolute viscosities are preferred.

As described above, any gas thal is inert to the substrate may be used to carry
out the treatment. The noble gases are particularly suitable, being inert to virtually all
10 substrate materials. Nitrogen is also a suitable gas for most substrates. Of the noble
gases. helium and argon are the most readily available and economically attractive to -
use. Of the three gases -- helium, argon, and nitrogen ---argon is preferred because it
has the highest absolute viscosity. |
Other parameters pertinent to the condition of the flow through the flow channel
IS are the temperature and pressure of the gas. The viscosity (both absolute and kinematic)
of mosl gases increases slightly with temperatures. However, in most commercial
applications of the treatment process, the gas temperature will be approximately room
temperature. In contrast, the gas pressure may be varied significantly. The gas density
is proportional to its static pressure. Thus, referring again to the Reynolds number
20 - equation, shown in Equation (6), above, for a given Reynolds number, gas, and flow
channel height D, an increase in density (through an-increase in pressure) requires a
decrease in average velocity. Thus, lower pressures will allow higher velocities to be
achieved in a laminar flow regime.
Returning to the second aspect of avoiding imparting surface-normal velocity
25 . components 1o an entrained conlaminant -- avoiding recirculation zones -- it is well
known in the art that flow recirculation can be caused by adverse pressure gradients in
the flow such as are produced by streamwise discontinuities or rapid changes in the
profile of the surface over which the gas flows. It is thereforé desired to avoid the
formation of such discontinuities in the surface of the process chamber in which a

30 substrate is to be treated, particularly at or closely upstream of the substrate. Further,

the flow entering the flow channel should have a uniform velocity profile with a velocity

T

veclor parallel to the axis of the flow channel.




6 Su hhégal fluid cleaning Supercritical fdetec on5|sts of
usi n%ﬁ“?% es of frezen gas (such as *}’Pm?s%y,o
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The significance of these flow considerations -- avoiding recirculation and
turbulent flow -- are illustrated by the resuits of tests conducted in a reaction cell that
had a less-than-optimum configuration for maintaining laminar, non-recirculating flow.
This is the same cell conﬁguralion used for the tests described in Examples I and I aid

5 above. The reaction cell 200 is shown schematically in plan view in Fig. 38 and in
cross section in Fig. 39. The cell has an inlet 202 and an exhaust 210 that are even
with‘the floor 201 of the cell and are each 0.25" (.6 cm) in diameter., The substra}e to
be treated is also mounted on the floor 201. The cell is 7.6 cm in diameter and 2.5 cm
in height. .

10 Samples of bare silicon exposed to the room environment were cleaned in the
cell using a low pressure 500 W Hg/Xe Model 6288 lamp, sold by Oriel Corporation of
Stamford, Connecticut, with a 4" diammeter lens coupled o an electronic time controller
Model 84350 (also sold by Oriel), which had an output energy of 40ul/s over the 200-
315 nm region. The lamp delivered a total of 8 mJ/cm? over a 30 minute period.

15 Energy measurements were made with a JL-1400A photometer with a )
JISEL/240/QnDS2/TD detector for the 200-315 nm range and a JXRL140B detector for
the 300-400 nin range, all supplied by Jetlight Company, Inc. of Laguna Hills,
California. Analysis of the sample (before and after treatment) was made with a VG
Instruments Model 310 Auger/XPS spectrometer, now sold by Fisons Instruments of

20 Danvers, Massachusetts.

The gas flow rate through the cell was varied from 9 cc/s to 130 ccfs, controlled
by a L-03217 -series 150 mm variable flow meler sold by Cole-Parmer Instruments, Inc.
of Niles, Illinois, calibrated for argon, nitrogen, and helium. As can be seen in Table
I11 below, and in Fig. 40.

[
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argon) in an aerosol. (See WT. MDcrmott. R .C Ockovic, J.J. Wi, and R
J. MIIwog4msasd ocont ai ni nati on, COctober, 1991, p.33, K BET/BEWIher,

Pr oceedi ngs' SEM ‘U tracl ean Manufacturing Conference, 1993, p.53., and E.
Bok, Solid State Technol ogy,” June, 1992, p. 1 17). The basis of this

t echnol ogy is momentumtransfer froma Hth velocity gas streamw th argon
pellets directed les. W h s is cooled to a
tenperatyre of 84 K (-184 C)r tm argon solidifids

& Q188 pal

Argon Flow Rate Carbon Removal
(ce/s) (%)
5 9 214 - “
1 206 |
“ ) 12 30.9
“ 12 34.6
66 37.9
10 | 66 2.5 ]‘
“ 66 65.4 “
17 20.6 “
“ . 17 19.3 '
“ 130 25.2
15 - It is apparent from the data that the removal efficiency of the process depends on

gas flow rate (and \lhis on flow conditions in the cell). Although Reynolds numbers
calculated based on the half-height of the cell were clearly in the laminar range, it is
believed that at the higher flow rates, the unconstrained expansion of the gas into the
cell from the inlet 202 created areas of recirculation on both sides of the inlet, and
20 probably downstream eddies or vortices. This recirculation effect probably induced
redeposition of contaminants.
A reaction cell that embodies the principles set forth above--creating a non-
recirculating laminar flow over the substrate treatment surface--is depicted in Figs. 27-
_29. This embodiment also provides a uniform flow at the entrance to the flow channel.
25 Such a cell 200 is thereby designed to maximize the removal of contaminants from the
treatent surface and to minimize redeposition.
The reaction cell 200 includes an inlet 202 that is in fluid communication with a
small mixing chamber 206, which, in turn, includes a low momentum plenum 230 and
an adjacent trench 204. The plenum 230 is bounded at its ends by a filter assembly 226
30 and a vertical post 228.
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?pgnfs‘?égg%?%?aerosol. The inpact of the argon particl ei,ggmls%nﬁ?zyrface

gy to the surface particle, which is reno st ream of

cool ed gas.” Concerns with the use of this technique include thermal shock
4o the wafer, sub-surface ion mgration, surface structural damage, and

el ectri cal

paranetric damage. To dateygio study has been published on fully

procesged wafers to investigate whether supercritical media cause any
- electrical PR iRér é_s@erﬁﬁl’ﬁ@% stands at-the inlet to the flow channel 232 and is

10

15

20

25

coristrained in that position by two adjustable positioners 208. A seal (not shown), such |
as a teflon gasket, O-ring, or elastic band, is installed on the periphery of each member
of the filter assembly to prevent bypass flow from the mixing chamber 206 into the ﬂow-
channel 232.

» The flow channel 232 extends downstream of the filter assembly 226 and
includes a recess 214 for receiving a substrate sample (not shown). The recess is "
dimensioned such that the treatment surface of the sample is flush with the channel
surface. To restrain tlie sample during treatment, a vacuum may be applied to the back
of the sample through the vacuum suction port 216 and the vacuum channels 218.

A quartz disk 220 through which radiation can pass in the manner explained
previously is disposed above the recess 214 for receiving the substrate sample. The
quartz disk 220 is fixed and sealed in the cell 200 with a removable plate and a suitably
sized O-ring, respectively.

Downstream of the recess 214, is an exhaust duct 210 which is situated in a part
of the flow channel 232 that is configured (0 have the shape of a "Rankine oval”. Asis
well known to the artisan, a Rankine oval shape takes into consideration the inviscid
flow solution for a uniform stream entering a sink point. In this context, the Rankine
oval configuration serves to conduct the flow to the exhaust duct 210 while avoiding
recirculation of the. flow in the flow channel 232.

The shape of the “Rankine oval” is described in the following equation (in

connection with the diagram in Fig. 36):

R? - g2 .
=_ " (&, -0 (14)
Yy a @, 2)

- where R is the intercept of the Rankine oval with the positive side of the x axis.

The gas flow through the cell 200 originates at the inlet 202. The gas may be
supplied to the inlet from a compressed gas reservoir fitted with a suitable pressure
regulator (not shown) to control the gas pressure and flow rate. The gas supply is
connected to the inlet by suitable piping. From the inlet 202, the gas is directed to
impact the flat surface of the trench 204. Leaving the trench 204, the flow enters the

plenum 230 and then travels to the filter assembly 226.
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Laser-assisted |iquid cleaning Another known process is cleaning with

| i qui ds SWPPR2PRS4t ed by a | aser. There are two -vari ati ons 8aTUSPH03907

techni que: the Allen process and the Tam process. Allen Process-- The Allen
process (see U S. Patent No. 4.987,286 and S. Allen, Appl. Phys. Lelt. 58
(3) 1991, p.203) is a wet cleaning technigge using water and a CO2 | aser at
the 1064 nm wavel ength as a heat source. The water nust penetrate

" It is readily evident that the flow exiting the plenum 230 will be non-uniform--it
will have varying velocities across the exit plane of the plénum and-there will be
velocity components that are not parallel to the flow channel axis. As described above,
it is desired that both of those conditions be eliminated so that the flow entering the flow

5 channel has a uniform velocity profile that is parallel to the axis of the flow channel 232
as, depicted in Fig. 30. This is achieved with the filter assembly 226.
The filter assembly 226 is disposed at the inlet of the flow channel of the cell
200. When the flow is forced through the filter assembly 226, the flow conditions are
changed so as (o produce a uniform and parallel velocity profile across the width and

10 height of the flow channel 232. To keep flow losses within acceplable limits, it is
preferred to limit the pressure drop across the filter to 1-2 psi. Preferably, the filter
assembly includes a porous sinterized metal filter such as those offered by Pall Ultrafine
Filtration Company.

The number and type of filters required are dictated by flow conditions. For

15 example, for a flow of air ranging from 0-500 cc/s, Fig. 31 provides data allowing a
choice of filters to provide the desired 1-2 psi maximum pressure drop. The solid lines,
IF-4F refer to a series of courser mesh Pall filters identified as PSS Grade F. The
dotted lines I|H, 2H, 3H and 4H refer to a series of finer mesh Pall filters identified as
PSS Grade H. .

20 For an initial design condition of 70 cc/s, Fig. 31 indicates that the {H ﬁlter '
would provide the desired 1-2 psi pressure drop. This indication from Fig. 30 has been
experimentél]y verified.

The information provided by Fig. 31 is for air, which, since air is composed
primarily of nitrogen, is periinent to nitrogen as well. Adjustment to this data is

25 | necessary for other inert gases such as argon and helium.

For a cell 200 used for treating a substrate sample having a diameter of about 6
inches, the flow channel 232 has a width of approximately 6.5 in (16.51 cm) and a
height of approximately 0.125 in (0.31 cm), thus resulting in a flow chaﬁnel having a
cross-sectional area of approximately 0.8125 in? (5.24 cm2). The overall cell

30 dimensions are 10 in by 20 in (25.4 cm by 50.8 cm). The cell is supplied with 0.25 in
(0.6 cm) diameter tube fittings at both the inlet 202 and outlet 210, which are adequate
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tnto the nt rstice between the particle and the substrate surface and when
ﬂ?‘ﬁ’ry heat ed-By a pulse fromthe | aser, - "exﬁqsﬁ?é’ﬂ? V/aporr zes"
to propel the particle fromthe substrate Sever al potential problens have
‘been noted with the Allen process. a patterned wafer, water can
penetrate under netal lines and lift t bm of f when it vaporizes, not only

' ce.
ARG NG { A Sale iy (/508 ber8! Lar RiRE! R et eSlif QBpedng™SH g
flow rates.
Using argon, the maximum velocity that can be achieved while maintaining

laminar flow is determined by solving the Reynolds number equation for ¥ . For

5 argon, this is

, .y . 2000 - (0.134 cm¥s) (16)
0.16 cm
or 1,675 cin/s. The flow rate required to achieve this velocity is determined from
Equation (11),
Q = (1,675 cmis)(5.24 cm?) {amn

or 8,777 cm/s
The gas flow within the process chamber can be modeled using well known fluid
10 dynamics principles, including the Navier-Stokes equations, the continuity equations and
the boundary-layer equations, a model of the gas flow within the cell can be formuldted.
Depending on the input of various parameters such as the type of gas and the volume
flow rate, the Reynolds number can be calculated. One can also determine the velocity
profile at a selected distances from the inlet of the flow channel.
15 For example, if argon is used at a flow rate of 1000 cc/s, the average flow
velocity will be 191 cmls: and the Reynolds number will be 233.- The entry length will

be 30 mm. The resulting gas velocity profiles are shown in Fig. 37 for several values
of

=2 18
§ B (18)

where x is axial distance and E is the entrance length for the flow. In this example,
20 the entrance length is approximately 30 mm. The velocity profiles in Fig. 37 shown the
relationship between the ratio of local velocity to average velocity (U/U_m) and distance
y from the surface of the flow channel.
According to the method and apparatus of the invention-, the inert gas is supplied
to the cell 200 in a manner substantially as described previously. Gas is supplied from a

25 gas source and constantly flowed, in the laminar flow regime, over the substrate
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Wsing a narrowy focused CO2 | aser at an energy flux of 30 J/cnferr], as
Al | en desxed4pesd, can cause ablation effects on a patter nedraised/esvar because
.most organic, polymeric, and netallic filnms ablate quite readily at 20
J/cnR2. To provi de a directional bias to carry the particle away and avoid
redeposition, Allen proposes to nount thgasubstrate vertically or in an
.inverted position, relying on gravity. Alternatively, she proposes to This
i s the rephiataeeThe Hé@tmay be regulated and. monitored by any suitable valve regulator and

flow meter.

It is understood that various modifications to this embodiment may be

contemplated in order to implement the treatment apparatus and method in a commc:';c'i'al
5 environment, especially in connection with the use of the treatment method in a
commonly used cluster process tool as shown schematically in Fig. 32.

A typical cluster tool includes a central substrate staging chamber 320 in which
the substrate article 321 is held between processing steps. Various processing tool
enclosures, 302, 304, 306 and 308 are located around the staging chamber 320 and the

10 article 321 is introduced into each enclosure according to a preprogrammed processing
slep.

A cleaning process unit may conveniently be positioned in either or both of an
inload unit 312 and an outload unit 310, and would embody the treatment apparatus and
method using laminar flow. Before the substrate article 321 is introduced into the

15 process chamber 320, cleaning treatinent would take place in the inload unit 312.°
Similarly, cleaning treatment could take place in the outload unit 310 following
completion of processing in the process chamber 320.
The process chamber 320 in cluster units usually is typically configured to
operate at low vacuum conditions (from sub-atmospheric pressure to ! x 103 torr. It is
20 desirable to minimize gas flow between the central process chamber 320 and the
cleaning process unit, which flow may disturb potential contaminants on the walls of
either chamber around the interface between them, introducing another source of
contaminants. Therefore, it may be commercially preferable to operate the cleaning
process unit at the same pressure as the process chamber 320. As noted above, the
25 process described herein may be operated satisfactorily at such pressures.

It is also understood that it may be desirable in various applications to introduce
fluid flow aids to control the gas flow conditions (pressure and flow rate) in the chamber
while maintaining laminar flow across the substrate surface. In general, the flow rate of
gas through the chamber and the static pressure of the gas in the chamber will be

30 governed by the gas pressure and flow rate supplied to the inlet and by the pressure at.

the outlet.
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7 -di r egfo sy3kieam of gas froma gas supply conduit across the surface to
‘carry away t,h‘e particle: PCT/US94/03907

v

33

For example, it is contemplated that gas introduced to the cell inlet 202 from a ;
compressed gas cylinder (as described above) could be supplemented by the use of a gas
compressor at that inlet region. This supplementation would allow for the gas to travél
through the cell either at a higher static pressure at the same relative velocity orata . .
5 higher velocity at the same static pressure than if no supplementation were provided.

Similarly, it is contemplated that exhausting of the gas flow through the exhaust port
210 may be supplemented with a vacuum pump connected to the gas outlet region. This
will be necessary if the chamber is to be maintained at sub-atmospheric pressure. The

outlet and inlet controls could also be combined.

10 2. Treatment of Irregularly Shaped Surfaces
_ The embodiments disclosed in Figs. 2-4 and 27-29 are directed primarily towards
the treatment of planar or flat substrates, such as silicon wafers. Accordingly, their -
application is restricted to those substrate surfaces that may be conveniently secured
within a process chamber and configured lo permit adequate exposure to a source of
15 radiation emanating from a generally fixed location..
Alternatively, Figs. 5 through 26 disclose embodiments of the invention capable
of removing surface contaminants from objects having irregularly shaped internal and
external substrate surfaces or, more specifically, surfaces that lie in non-coincidently
related planes. Such planes encompass all possible relationships between the surfaces of
20  a substrate except those occupying the same space or plane. For example, surfaces that
are parallel or angularly related, such as opposing interior walls of a pipe or adjacent
walls in a cubical chamber, respectively, occupy non-coincidently related planes.
Significantly, the apparatuses disclosed in Figs. 2-4 and 27-29 are incapable of
treating such substrate surfaces. These apparatuses are strictly limited to singularly
25 planar substrates. Conversely, the apparatuses in Figs. 5 through 26 may effectively
treat surfaces occupying non—cdincidently related planes either sequentially or
simullanqously, as discussed more fully below,
Although not shown in these figures, a gas analyzer 27, such as that described
above, and/or particle detector may be incorporated into these embodiments to facilitate

30 selective energy and wavelength adjustment of source 14 as described above. Suitable
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Tam.Process -- The Tam process (see W Zapka, W Zemnli ch and A C. “Tam

Appl . Phygvolserlz18,5458 (20) 1991 p.2217 and A.C. Tamet. al . BCTASPA/039hy s |
71 (7) 1992 p.’ 3515) is very simlar to the Allen process. Tam s process
uses al cohols such as ethanol and isopropanol as well as water. Hs process
differs fromAlen's in that he uses a bur84% of heated nitrogen gas through
the chanber to spread the liquid nmedium this is followed immediately by an
I r: YAG | aserpgublaeietéetms Wobxamsd feme Raditld Measunng Systems, Inc. of Boulder,

Colorado and Tencor Instruments of Mountainview, California.
Fig. 5 schematically illustrates an apparatus 80 for removing contaminants from

elongated enclosed passages, such as pipes 71. Radiation from a radiation source 14 't
5 conducted through a radiation conduit 50, which is an oplical waveguide such as a

bundle of optical fibers or light pipe, while a gas inert to the substrate treatment surface

is conducted from gas source 16 to the treatment surface via gas line 51. Radiation

conduit 50 and gas line 51 merge at or before cable head 53, where they may be

"bundled” into a single cable 52. Cable head 53, connected to the end of cable 52,

10 includes radiation passages 54 (which may be one or more optical fibers) and gas
passages 55. Various configurations of cable head 53 are illustrated in cross section in
Figs. 6-11.

Tie geometric shape and éonﬁguralion of radiation passages 54 and gas passages
55 at the end of cable head 53 may be sclected based upon the intensity and distribution

15 of radiation and/or gas turbulence required for a particular application (i.e., elongated
enclosed passages or more expansive, planar surfaces). For example, Figs. 6 and 7
disclose configurations that are biased toward enhanced radiation exposure and gas
turbulence, respectively. Further, Figs. 6-9 provide geometries that convey an uneven
amount of gas and/or radiation as they repeatedly pass normally over a surface. These

20 are contrasted with the even distribution of gas and radiation provided by Figs. 10 and
11 when direcled normally to a surface. Alternatively, Figs. 8 and 9 provide a
relatively uniform distribution of gas and radiation when applied to surfaces generally
parallel to the axis of cable head 53, as discussed more specifically below. Although
gas and radiation control is enhanced through the use of cable head 53, it is anticipated

25  that in certain applications this element may be eliminated altogether, allowing gas and
radiation to simply emanale directly from the ends of gas conduit 5! and radiation
conduit 50.

In addition to facilitating multiple radiation passages 54 and gas passages 55,
cable head 53 provides means for redirecting the radiation and gas to substrate treatment

30 surface 70. Such redirection is necessary when apparatus 80 is used for cleaning the
interiors of narrow passages such as pipes 71, as shown in Figs. 12 and 13, where the

axis of cable head 53 must be generally parallel to the treatment surface 70.
R AR S
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several cycles. Using al cohols, energy densities of 5 Jlcn2 were required
to remov¥OWBBH es but surface damage was observed. Tam (rcI/ussen3m? et hanol
and a pul sed KrF exci ner Jaser with energy fluxes greater than 350 mJl cn?
to renmove 0.35 um[err] spheres, but he was unsuccessful in anbient
conditions with no liquid nedia. O her Prificesses Pressurized fluid jet
cleaning facilitates renoval of particulate, but risks

: ' As shown in Fig. 15, radiation passage 54 and gas passage 55 flare outwardly

from the centerline of cable head 53, thereby dlrectmg both the radiation and gas flow

toward the inner walls of the passage to be cleaned. The angle of the lﬁre from the

centerline of cable head 53 may range from few degrees to more than 90° as shown in ™"
5 Figs. 15 and 16, respectively. The configuration of cable head 53 is application-

specific, related to gas flow rate and photon delivery requirements for contaminant

removal. More specifically, cable head 53 directs radiation at the appropriate density

and angle of incidence for a particular contaminant and substrate while maintaining a

continuous flow of inert gas across that portion of the substrate being irradiated.

10 In operation, apparatus 80, and more specii;lcally cable 52 and cable head 53,
may traverse an elongated, enclosed passage 71 in either a forward or reverse direction,
as shown in Figs. 12 and 13, respectively. When moving forward, as denoted by arrow
60 in Fié. 12, cable head 53 may be configured as _shoWn in Fig. 15. | Radiation passage
54 and gas passage 55 may be disposed in the inner and outer passages, respectively, of

1§ cable head 53. In this way, the irradiation of substrate surface 70 from energy .
conveyed through radiation passage 54 will occur downstream from the flow of gas
emanating from the discharge end of gas passage 55, and any dislodged contaminants
will be continually pushed ahead of cable head 53 by discharged gas as the cable head
moves forward.

20 Alternatively, cable head 53 may move in a reverse or backward direction
denoted by arrow 61 of Fig. 13. When moving backwardly, cable head 53 ° may be
configured as shown in Fig. 16. Radialion passage 54 and gas passage 55 may be
disposed in the outer and inner passages, respectively, of cable head 53°. Gas
discharged from gas passage 55 flows back along cable 52 in the annular space between

25 the cable and pipe 71. In this way, the portion of substrate surface 70 being irradiated
by energy conducted through radiation passage 54 will be blanketed by the gas, and any
dislodged contaminants will be continually pushed by gas in the direction of movement
of cable head 53 as the cable head moves backwardly along the pipe. To prevent
contaminant-laden gas from passing into the portion of the pipe already treated, a cap

30 may be placed at the end of the pipe nearest the portion first treated. Alternatively, a
_cap 53a°, as illustrated in Fig. 16, may be mounted on the end of the cable head 53 °.

This cap has an outside diameter slightly less than the inside diameter of pipe 71, so that

T




damagi ng treatnent surfaces due to the high pressure at which the cl eaning
fluid WORH?23854i ned. Further, this techni que may el ect r astEUsSaatdoy danage
the treatnment surface due to the presence of ions in the cleaning fluid.

Similarly, strippable polyner tape may also contaninate treatnent surfaces
by depositing a polyner residue thereon. O her known nethods for cleaning

subst r at e yUiinaER W atdd BeiwedaSthie @lp and Riedsipadeniush kB aha MeamPake Tlow
' nel ude: area between pipe 71 and cable 52 or cable head 53°. The gas will therefore flow away
from cap 53a” and toward cable 52.

In both forward and backward moving configurations, the constant flow rate of

5 the inert gas discharged from gas passage 55 is sufficient to move the contaminants |
away from the area of treatment. This flow of gas may also serve as a means for
c'entering cable head 53 within elongated enclosed passages to be cleaned. As shown in
Figs. 14-16, gas passage 55 may be configured as an annular ring direcled outwardly
from the centerline of cable 52. Should sufficient gas pressure be applied, the uniform,

10  outwardly directed 8as from gas passage 55 may center (;able head 53 within an
elongaled enclosed passage.

Altermuvely flexible, porous support structure 56, composed of a stable and
non-parlicle shedding material. may be placed around cable head 53 for centering
purposes. as shown in Figs. 17 and 17a. To avoid contaminating cleaned surfaces,

15 support structure 56 should never contact treated surfaces, whether cable head 53 moves
in a forward (arrow 60) or reverse (arrow 61) direction. Thus, suppo;t structure 36
should pass over the substrate surface ahead of the radiation treatiment. In such an
application, the structure must be sufficiently porous to allow gas and dislodged
contaminant to flow through it as cable head 53 traverses the enclosed passage. In the

20 forward moving embodiment shown in Fig. 17, gas passages 55 and radiation passages
54 (not shown) may exit from the side of cable head 53 rather than from its face as
illustrated in Figs. 14 and 15 to enable installation of support structure 56 downstream
of gas and contaminant {low.

Where the interior of an elongated, enclosed passage is constructed from

25 sufficiently reflective malterial, such as basic annealed 316 stainless steel, a high-energy

. lamp, or radiation conduit 50 with an optical diffuser 57 mounted to its end, may simply
emit radiation 11 at the entrance lo the passage and allow resulting radiation 11 to
reflectively traverse the interior 70°, as shown in Fig. 18. The interior 70° of
elongated passage 71 ° is sufficiently reflective to enable radiation 11 to traverse the

30 intenior witﬁdul moving the source of radiation. Inert gas flow 18, conveyed to the
entrance of passage 71" by any means known in the art, ef\sures particulate is moved

downstream once dislodged from substrate surface 70°. In addition, reflector 58, which
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Surtace Melt This process requires that the treatnent surface be nelted to

met hod has the di sadvant 3ge that the surface being treated nust

rel ease woniasgsaants which are then renoved by ultra hi ghpﬁﬁgw%”{ﬁr N
iefly

nmel ted. Such nelting may be undesirable, as for exanple when a
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sem conductor surface is cleaned between3deposition of circuit

| ayers and

is desired that the integrity of the previously deposited |ayers not be

may also be constructed from 316 stainless steel, is secured to the perimeter of the
entrance of passage 71" to prevent back flow of radiation and gas.

it is also anticipated that a liquid, rather than a gas, may serve as the inert
medium to carry away contaminants dislodged through irradiation from narrow, o
elongated passages. Such a modification would be particularly useful in the removal of
plaque from the interior walls of blood vessels. In such an application, the applied
radiation would be characlerized by an energy density and duration between that
required o release surface contaminants from the treatment surface and that which
would damage or traumatize the composition of the vascular structure. _

Analogous to elongated, enclosed passages, apparatus 80, or more pamcula:ly
cable 52 and cable head 53, may be utilized to clean more expansive interiors such as
those of process chambers. In such instances, cable head 53 may be configured without
a flare, so that radiation and inert gas are directed straight out the end of the cable along
the cable axis. Manual or robotic control may be employed to guide the assembly as it
sweeps across such surfaces.

In Fig. 19, for example, chamber 15" includes a gas inlet embodied in gas
passage 55 of cable head 53, and gas outlet 25. Within the chamber, robotic arm 81
attached to base 83 provides means for moving cable head 53 about the interior walls of
the chamber, identified as substrate treatment surface 70. The arm may spin a complete
360°, and base 83 may move up and down as denoted by arrow 62 providing complete
access o the interior of the cliamber. As radiation and gas are conveyed lo substrate
treatment surface 70 by means of passages 54 and 55 of cable head 53, contaminant is
dislodged from the surface and is drawn to outlet 25 by means of gravity and gas flow.

Alternatively, Fig. 20 illustrates a chamber cleaning arrangement wherein the gas
outlet 25 is positioned at the top of the chamber. As in Fig. 19, robotic arm 81
attached to base 83 provides means for moving cable head 53 about the interior walls of
the chamber. In this instance, however, gravity may not be relied upon to draw
dislodged’ contaminant toward gas outlet 25. As such, a secondary gas flow is provided
as indicated by arrow 55° lo maintain a constant turbulence at the base of chamber
15°°. This secondary flow creates constant movement of gas toward outlet 25
extending the full depth of the chamber. Accordingly, as the substrate surface 70 is

cleaned from bottom to top, contaminant is carried by the upward flowing gas stream
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di-st ur bed.

Further, such.an operation would be difficult if not inpossible

to i npl ewerde/2B884 cl eani ng expansive, irregular surfaces, pgthusagoopse
found in pipes and wafer 8
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~arm 81 as shown in Fig. 24.

38
produced by secondary flow 55 and expelled through outlet 25. 1t is anticipated that

one or more secondary sources of gas may be added to chamber 15°° to accommmodate
different chamber geometries and gas outlet positions (i.e., side mounting).

In addition to interiors, cable 52 and cable head 53 may be used to remove - -
contaminant from exteriors of irregularly shaped objects. For example, in Fig. 21,
chamber 157 is fitted with gas inlets 23 and outlets 25 to enable a bulk gas flow 18 to
'lraverse the chamber. Within the chamber, robotic arm 81 altached to base 82 provides
means for moving cable head 53 about object 72, which includes substrate treatment
surface 70. Access to the entire surface 70 of object 72 is facilitated by turntable 84.
Passages 54 and 55 within cable head 53 convey radiation and sufficient gas flow to the
specific area being treated so to dislodge contaminant from substrate surface 70. Once
dislodged from the treatment area, contaminant enters the bulk flow gas stream 18 and
is removéd from chamber 15 via gas outlet 25. As mentioned above, this exiting gas
may be monitored through the use of a gas analyzer and/or particle detector to facilitate
selective energy and wavelength adjustment of radiation source 14 (not shown).

The principles in Fig. 21 apply equally to Fig. 22 wherein object 73 includes a
more planar substrate treatment surface 70 such as that found on a painting.

It is anticipated that the exteriors of irregularly shaped objects may be
successfully treated through the foregoing process without the use of a chamber,. relying
solely on gas supplied by conduit 51. Such an apparatus may be in the form of a hand-
held device wherein sufficient decontamination is measured by visual inspection rather
than through a gas analyzer and/or particle detector.

~ In some irregularly shaped surface applications, it may be advantageous 1o alter
apparatus 80 by separating the gas from the radiation transmission means altogether.
For example, when removing contaminants from the interior of a process chamber, one
or more radiation sources, such as an ultraviolet lamp, may be placed within the
chamber via supbort 85 as shown in Fig. 23. As the ultraviolet lamp irradiates the
chamber interior 70 (subslraie treatment sur_faée), gas 18 may be provided from one or
more inlets 23 fo expel dislodged contaminant from the chamber 15~ via outlet 25.

Gas flow 18 may be controlled bsr valves 22 as described above. Alternatively,

radiation may be conveyed to the interior of chamber 15°°° via conduit 50 and robotic
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.proce55| ng chanbers. Finally, the ultra high vacuum equi rrent used in this
proc®2%ME8¥ht h expensive and tine consuning to opera?%cp’ﬁm% ng

Anneal i ng ‘'t reat nent net hods suffer sim|lar drawbacks. When a surface is
- ¢l eaned by anneal i ng methods, the treat¥ent surface of the substrate being

cleaned is heated to a tenperature that is generally below the nelting
poi nt of the Kinadly; & 1%&% in Figs. 25 and 26, radiation may be generated by means

of a bank of high-energy lamps 59 which essentially bathe the substrate treatment
surface 70 of object. 74 with a sufficient level of radiation to dislodge contaminant.
' Objeét 74, which may be an armored vehicle, is exposed to lamps 59 within "Quonsel”
5 hut 85, while inert gas 18, accelerated by fan 86, flows over the substrate surface 70.'. ’
Where geometrically shielded areas may escape the gas turbulence created by fan 86 or
radiation generated by bank 59, one or more apparatuses 80 (not shown) may be

employed to access these areas.

3. Treatment Supplemented by Forces of Gravity

10 In another embodiment of the apparatus and method of the invention, it is
contemplated that certain advantages are gained by providing structure that allows the
substrate article to be retained in an inverted position during treatment. In general,
when a contaminant is dislodged from a substrate surface, the inert gés flow will tend to
carry the contaminant away, and avoiding gas flow conditions that would impart a

15  velocity component to the contaminant that is normal to the substrate surface will reduce
the chance that the contaminant will be redeposited on the substrate. However, if the
substrate is disposed with the surface to be treated being uppermost, the force exerted
by gravity on a dislodged contaminant will be toward the substrate surface, tending to
promote redepo.sition Thus, it will generally be preferable to mount the substrate so

20 that a dislodged contaminant will tend lo fall away from the substrate rather than toward
it. However, it is understood that mountlng the substrate in an inverted position may be
undesirable when manufacturing or other process factors are considered.

Referring to Fig. 33, it is commonly understood that a substrate article 301 may

often include a number of wells or cavities 305 in which contaminants 303 may be

25 lodged. Such substrates are particularly suited to mounting in an inverted position so
that gravity will act to avoid redeposition. In the same manner as previously discussed,
a flow 307 of inert gas is provided to the treatment surface along with irradiation 309
from the radiation source 313. The irradiation passes through a quartz window 311. Of
course, soime means must be provided to retain the sub-strate in the inverted position,

30 such as the vacuum channel 216 illustrated in Fig. 27.
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treated but high enough to enable rearrangenent of the material's nolecul ar

crystal st_rw?)'s#}'zgssﬁhe surface being treated is held at~thi Sf”%@%ﬁ&%l ar

t enperature

an ext ended period during which tine the sur

crystal structure is rearranged and contam nants are renoved by ultra high
vacuum Anneal i ng cl eani ng met hods cannot be u¥kd where it is desired to
mai ntai n the nol ecul ar crystal structure of the substrate surfaces

10

15

20

It will be apparent that as the aspect ratio (depth to width) of a cavity 305 is
increéscd, less of the inert gas flow will penetrate to the floor of the cavily to aid in
removing contaminants. Thus, it is also contemplated to iniroduce a secondary inert gas
315 flow to the primary inert gas flow 307 during treatment of the article 301 when® |
mounted inverted as depicted in Figs. 34 and 35. The secondary inert gas flow 315
may be introduced substantially perpendicularly to the plane of the substrate article 301
such that the additional fluid flow aids the irradiation effect and the primary gas flow
307 to dislodge the contaminants 303 from the wells or cavities 305. The flow is not to
reach a flow velocity that would disrupt the primary flow 307 to such a degree as to
create a non-laminar (i.e., iurbulent) flow condition. As shown in Fig. 41, it is
anticipated that the secondary flow 315 will induce a streamiine 325 of the flow through
the cévi_ty 305 that will generally follow the walls of the cavity. Although this could be
considered to involve recirculation, and the flow has a velocity component normal to the
plane of the overall substrate, when viewed locally it should in fact have a relatively
small component normal to the walls and floor of the cavity. Thus, the flow should aid
removal of contaminants and not promole redeposition.

The secondary flow 315 can be introduced at any angle optimally determined to
best aid in dislodging the contaminants 303. Similarly, as described above, it may be

preferred to orient the incident radiation 309 at an angle to the plane of the substrate so

-as to illuminate the walls of the cavily at an angle as near to normal as possible, thus

enhancing the removal of contaminants from the walls. Of course, the incident angle

will be dictated by the aspect ratio of the cavity.
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ADbl at mednodamgener currently utilized cl eani ng nmet hod, k”Pi’."f’m@ @Pbﬁt I on,
suffers fromits own particul ar drawbacks. Wth abl ation, a surface or
contam nants on a surface are heated to lpe point of vaporization.

Dependi ng on the material being ablated, the material may nelt before being

vapori zed or thWhﬁﬂglaﬁh ed®y sublimate directly on heating. Wth ablation
cl eani ng technl ques. anage to the treatnent surface is to be
o LA method for removing surfacc contaminants from a treatment surface of a
subslrale while preservmg the crystal structure of the surface bemg treated, comprising
the steps of:
introducing a laminar gas flow across said treatment surface, said gas being ineft

to the treatment surface; and,

2

3

4

5

6 irradiating said treatment surface with high-energy irradiation, said irradiation
7 having an energy density and duration sufficient to release surface contaminants from
8 the treatment surface and insufficient to aiter the crystal structure of the treatiment

9 .

surface.

10 2. A method according to claim I, wherein said laminar gas flow originates
1 from a gas flow that is forced through a filter located upstream of said treatment

12 surface.

13 3. A method according to claim 2, wherein said laminar gas flow originates
14  from a gas flow that is introduced into a mixing chamber disposed upstream of said
15 filter. |

16 4. A method according to claim 1, wherein prior to said step of introducing
17 laminar flow, said treatment surface is plaged flush to a surface of.a flow channel which

18 is configured to provide said laminar flow.

19 5. A method according to claim 4, wherein said substrate surface is restrained

20 on said surface of a flow channel by a vacuum.

21 6. A method according to claim 1, wherein prior lo introducing said laminar
22  flow, said treatment surface is placed in a flow channel in a manner such that said

23 treatment surface is upside down relative to gravitational forces.

24 - 7. A method according to claim 6, wherein a secondary inert gas flow is

25 introduced to said treatment surface at an angle to said laminar flow.
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pr event the abl ation-~energy must be applied accurately to the _

cont am ‘,'_é”gﬁ’fly, rather than the surface on which the ®awessdnsgsrs [ie, a
difficult task when the contam nants are extrenely small or randomy
spaced, or when the surface being treated is43rregul arly shaped. Even where

t he abl atipn ener an he successful Ly appljed.onlLy.to the contam nant, it
is diffi cuft to Vg%O?\I PA: eehloﬁeacg%rﬁf%oncé%f" gﬂ ‘f’h?‘fﬁ’t" %ﬂ‘%@'ﬁ'&ﬁﬁ@f’ﬁf‘?ﬁ@am from 2 ga
‘under t yi ng2 t rftaw nipntis suppliemted by the effect of a compressor located upstream of said treatment

3 surface.
4 9. A method according to claim 1, wherein said laminar flow originates from a gas
flow that is supplemented by the effect of a pump located upstream of said treament
6 surface. | i
|
7 10. A method according tc claim I, wherein said laminar flow is drawn to an outle

by a draw pump located downstream of said treatment surface.

9 11. A method according to claim 1, wherein said laminar gas flow is a laminar

10 argon gas flow.

11 12. A method according to claim 1, wherein in said laminar flow across the

12 treatment surface as a velocity profile that is substantially uniform and subtantially parallel

13 to the treatment surface.

14 13. An apparatus for removing surface contaminants from a treatment surface of a
15  substrate while preserving the crystal structure of the surface being treated, comprising:

16 a reservoir of gas inert to the treatment surface;

17 a housing for supporting said treatment surface of said substrate and for conducting
18 a laminar flow of said inert gas from said reservoir over said treatment surface; and,

19 an irradiating device for irradiating said treatment surface with high-energy

20 irradiation at an-energy density and duration sufficient to release surface contaminants fron

- 21 the treatment surface and insufficient to alter the crystal structure of the treatment surface.

22 14. An apparatus according to claim 13, wherein said housing includes a flow

23 channel having a recess for receiving said treatment surface.
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Sur f agkp §4/8384 Nng by nel ting, annealing and abl ation can be conduct ed W|th a
| aser energy source. -However, using a Iaser ener gy souf&dUPBBv e

contam nants froma surface by mel ting, aling, or ablation does not
over cone the |nherent di sadvant ages of the e processes. For exanple, in

U S. Pat . ctjon
of Atom {:al |y CI an ’%?gpsﬂa&#yﬁ E(gzggjﬂfé Bg‘#@ngj fklﬁé’ggﬂsaa{ihgpef&ﬁgwﬁecﬁ{p%gﬁ Z
2 mlet regton of said flow channel for generating within said lammar flow a velocity prox le
3 . thatis substannally uniform and substantially parallel to said treatment surface.
4 16. An apparatus according to claim 14, wherein said housing includes a mi?ci'l'lg

5 chamber for mixing said gas flow t'rom said gas reservoir, said mixing chamber being

6 .disposed upstream of said filter assembiy.

7 17. An apparatus ztccording to claim 13, wherein said housing includes a vacuum
mechanism for retaining said treatment surface in said recess.

9 . 18. An apparatus according to claim 13, wherein said housing includes a recess for

10 holding said treatment surface upside down relative to gravitational forces.

11 19. An apparatus according to claim 17, wherein said housing includes means for
12 conducting a secondary inert gas flow to said treatment surface, said secondary inert gas

13 flow being directed to said treatment surface at an angle to said treatment surface.

14 20. An apparatus for removing surface contaminants from a treatment surface of a
15  substrate while preserving the crystal structure of the surface being treated, comprising:

16 a reservoir of gas inert to the treatment surface;

17 a housing for supporting said treatment surface upside down relative to gravttationai
18 forces and for conducting a flow of said inert gas from said reservoir over said treatment
19 surface; and, |

20 an irradiating device for irradiating said treatment surface with high-energy

21 irradiation at an energy density and duration sufficient to release surface contaminants fron

22  the treatment surface and insufficient to alter the crystal structure of the treatment surface.
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9 Germani um Surfaces" the | aser annealing nethod discl osed reqUires bot h
vacuum condi tions and energy |evels sufficient | o cause rearrangenent and
melting of the

44

ABSTRACT

An apparatus and method for removing surface
contaminants from a surface of.a substrate provide a
laminar flow_of inert gas (18) over the substrate
surface (12) while irradiating the substrate. The
invention enables removal of surface contaminants
without altering the underlying ﬁolecular crystal
structure of the substrate. The source of high-
energy irradiation includes a pulsed or continuous

wave laser or high-energy lamp. (Fig. 2)
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neltlng or annealing require simlar
condi ti 423854di sclosed in U S Pat.
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hi gh e
Nos.

nergy | asing and/ or vacuum
4,181, 538 and 4, 680, 616.

Simlarly e aser ablation techni que disclosed i# U. S. PSA{USING3907
3,464,534, "Laser Eraser" suffers the aag§$

abl ati on net hods. One source of the c
deposited on wafer surfaces is
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dr awbacks as ot her high energy
nants that end up being
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reduci ng .contam nation from processing equi pment is the performance of a
peri odi g, | eani ng process on the equi pnment which typically includes
dlsassenb| ?‘fhe t ool ing and | abor-intensive inspectio %3 ﬁ%#W?dual
parts. Fbmever cl eani ng nmet hods conducted interimto the najor_cleaning
process can reduce t he frequency of sugh | or cl eaning.
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chanber that houses the equipnent in order to entrain and carry away any
surface contam nants. Such a nmethod is described in Chapter 24 (WG
Fi she™P ¥¥#3¥¥e publication Particle Control in Seni condIVey4MER0Af act uri ng,
R P. Donovan, ed., New York, Marcel Dekker, 1990, which teaches that it is
desirable to nmaintain purge gas flgvy@?es sufficiently high so that the
gas flow through the equipnment is in a tTurbulent flow
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into the inert gas. According to the publication, turbulent flow favors
particle entrai nnent because a turbul ent boundary |layer is thinner than a
| ani AP M@ Mary | ayer. and because turbul ent flow has PEHUSAYOIRPEere t he
~instantaneous fluid velocity is higlpy 2i8in the average velocity. In

applying such a method to the cleaning of wafers thenselves, however, the
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use of turbulent flow nay prove problematic -because t-ur btdentFHOifFgeseesairots
| ocal i zed velocity conponents that are normal to the wafer surface. Those

vel oci t yys@fRgEeNts may carry an entrained particle toward and into contact
with the wafer surface-where it can be retained. This is ESRERPPY true

with particles that may have just been |iberated fromthe wafer surface.

Such "just liberated" particles are reSayigg y close to the wafer
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“10"surface and hence“are-nore-susceptibl e-to being re-deposited onto the
surface due to the localized velocity conponents normal to the wafer

sur f 94/53 ry Of The Invention
. ave 94/gsaar y | PCT/US94/03907

6/28
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3 ds t he- drawbacks-“ef+the-pri-or-arpss
by renoving surface contam nants fromthe surface of a substrate w thout |
al t erwo@4kksssnol ecul ar crystal structure or otherw se SRS LSS P e surface
"being treated. Gas is-flowed across the substrate treatnment surface and the
substrate is continuously irradiated at an energy density and duration

great enough to rel ease surface co?[t[i@%ants fromthe substrate treatnent
surface and small enough not to alter the nol ecular crystal structure
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substrate treatnent surface. Mreover, to best avoid the possibility of

cont awioanisgssentrai ned in the fl ow bei ng deposited on &J&%ﬂ}é{gf?’@ nt
“surface, the flowof gas is in the |lamnar flow regi ne. 48i ati on
source may be any means known in t81¢2 such as a pul sed or continuous
wave | aser or high-energy lanp. Preferably the radiation is generated by a
pul sed ultraviolet |laser. The invention can be beneficially applied for
removi ng surface
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cohtam nant S Trom & GEREFAT T PIrafdr - sEnteonductor-substrate-tet ore:
betvveenwbq gshgr deposition of the circuitry layers on the sem conduct or
substra fz? y also.be applied to irregularly shaped soriesyesssmy, nore
specifically, surfaces Iylng in non-coincidently related planes. Such

pl anes enconpass all possible rel ationshi ps between the surfaces of -a
substrate except those occupying the @Qah@8pace or plane. For exanple,
surfaces that are parallel or angularly related such as opposing interior
wal I s of a pipe or adjacent

FIG. 19
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Wwal s in a cubical chanber, Tespectivelry,  oceupy fon-coincidentty related
pl anes. Bri;ef Description O The Drawings Fig. | is a schematic di agram of
.a convara3\se renoval nethod and apparatus according t PerRBodiyenti on. Fig.
2 is a schematic di agTam showi ng how | aser radiation is app?l ed in one
enbodi nent of the invention to renove contam nant fromrelatively planar

treat ment 10/28

FIG. 20
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“surfaces.  Fi'g..37i's"a schemati'c”di agram showi'ng how | aser radiation is
appl i ed I n_anot her enbodi ment of the invention to renove contam nant from
rel at YW 73 %‘anar treat ment - PCT/US94/03907

11/28
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surfaces. Fig. 4 is a schematic di agram showi ng the use of a mask in

combi nation with radiation and gas applied in accordance wi th the invention
to [ eNOWe 93088sdni nant from rel ati vel y planar treatnent sudgg®o3dirg. 5 i
a schematic di agram of “a cont am nant Z%gn apparatus for renoving

contam nant fromirregularly shaped 12 t surfaces according to the

I nventi on.
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"Figs. 6 through Il are schematic end views of apparatuses for conveying gas
and radiatjion-to irregularly shaped treatnent surfaces according to tile

12 and 13 are schempéfmseinddcnsVi eWs

_prinovebgmssf the invention. Fi
showi ng how the invention of Fi
fromtile interiors of elongate
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be applied to renove contan1nant
ed passages.

85
fzs
/\—ls."
—70 1 |
|
59 |
18
18 18
23 23—l 22 23 22
22 £ \f
\\_E (
NI




“‘Fig. 14 is an schematic end view of an apparatus for conveying gas and
radiation to irregularly shaped treatnment surfaces according to the
princHA VLB the invention. Fig. 15 is a partial plan pdTeussafsgohe
apparatus illustrated”in Fig. 14. Fig. 16 is a partial plan view of another
configuration of an apparatus fqr conveying gas and radiation to

irregul arly shaped treatnent suﬁfée’eg&ccordi ng.-to the principles of the

i nvention. ‘

FIG. 24
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Figs. 17 and 17a are schematic side views show ng application of the
invention of Fig. 5 with a flexible, porous centering support structure.
Fig. YPM2385Echematic side view showi ng application of PChseansett i on with
an optic diffuser. Figs. 19 and giﬂe schematic Side views showi ng how t he
i nvention of Fig. 5 may be appl i1 teBenove cont ani nant from process
chanber interiors.
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Figs. 21 and 22 are SChEITB.tIC Si de vi ews showi ng how the invention of Fig.

5 may be awplde@dsd40 renove contam nant fromthe exteriors of |h)r&g ul a_’rly

shaped “obj ects. Figs. 23 and 24 are sc%gp%& side views sh&GT
radi ation is applied in another enbodi the invention to renove

contaminant fromducted interiors. This is the replacenent sheet Date: 2
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12 Figs. 25 and 26 are schematic end and side views, respectively, show ng
how r adi WoifaR3sss applied in another enbodi nent of the invention to renove

cont am nants from "~ PCT/US94/03907
' 17/28
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‘the exteriors of irregularly shaped objects. Figs. 27A and 27B are top

vi ews_.of di,fferent |evels of an apparatus for conveyin as and radi ation
to tr¥R°A& S ¥surfaces_according to the principles of tﬂg%fq‘f%‘wp'bn. Fig. 28
is a cross-sectional view of the apparatus of Fig. 27 taken along the |ines
28-28 of Fig. 27A Fig. 29 is an exp@®gde@dg/iew of the apparatus of Fig. 27.

7

210

724 772

SN

.2(24
%
V270707 e s R L
- M.

L)
218

220
\

NN
216

F1G.28

N

_

222

24

r
226

N

138
-

¥

206
SN

202

SN
204 228

N

This Sheet Has Been Replaced

~
20— / 7.
203~

N




stages of a f,low channel. Fig. 31 is a graph providing flow and pressure
data for use in selecting filters for the apparatus of Fig. 27. . 32 1is
a scherrﬁﬂ%”é?ségram of .a cluster tooJ’ gppﬁrg'lt us used for Wé@i’%’g certain

substrate articles.
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apparati according to the invention. Fig. 36 illustrates the Ranki ne oval
that dggfdalb t he shape of part of a process chanber enbo t he i
principles of the invention. Fig. 37 shows exenplary vel 6?6( B198Ti 1 es for |

flowin a process chanber. Figs. 38 and 39 are schematic plan _and _
cross-sectional elevation views 02Q@ 4 @8 cell
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used wi.th the nethod of the invention. Fig. 40 shows.data.fr0m-aet st -Ofuisuniai
the method. Fig. 41 schematically illustrates a streanline of the inert gas

flow throl vity in a substrate when a secondary flo jnert gas is
[ nt?oduc&g‘?p@&g‘aﬂ schewmtically illustrates another emmwﬁ’a%"an
apparatus incorporating the princi p@ﬁ szshe I nventi on. _

FIG. 3|
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...‘Det ai 1 ed-.Deseri-pti.on.-Ref.erengewi-kiks Fowbesrade-i-n- det att ~to- prefsem ly
preferred enbodi nents of the invention, exanples of which are illustrated
Jn thegeaLgpanyi ng draw ngs. Throughout t he draw ngs, CLIJ(;@ Lekamence
characters are used te-designate |ike elenments. This ist e9:ep acenent
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; ; Appasatiscisoetiingd . and appar at us.:Lofi i i
renovi ngjsurfiace contami nants from t he surface of a substrate w thout
altering the nolecular crystal structure or otherw se damaging the .
WO 94/23854 ' PCT/US94/03907

N 23/28

FIG. 33
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sebsrpatessuehacesberddy & G R AT R 1 S s
1, an assenbly 10 holds a substrate 12 fromwhich surface contam nants are

to be rermoved.” A gas 18 from gas source 16 is constantly WRY4/6266F
subst r at WOP23%4s 18 is @nert to SUZ&[\ 12 and is~fl owed across

substrate 12 so as to bathe substra I a non-reactive gas environment.
Preferably, gas 18 is a chemcally inert gas such as helium nitrogen, or
argon. An enclosure 15 for hol ding substrate 12 comruni cates with gas

source 16

This Sheet Has Been Replaced
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to the enbodi nent of the invention shown in Fig. 1, enclosure 15 conprises

. a st steel sanple reacti fitted with opp05| as inlet and
out | g‘{&%@:’& 23. 25 respectivel &.‘]552885ure 15 is fittBgr 3¥7seal ed
optical grade quartz wi ndow 17 through which radiati on can pass. I nl et and
outlet ports 23, 25 may conprise, for exanple, stainless steel tubing

fitted with val ves. After s&[]pée 123i65
_ - P

FIG. 37
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Y3 tne . SEE TT3 S e o S s BEERI e
W th gas 18 and S kept at a pressure sI | ghtly above anbi ent at nospheric
pressure "to prevent inflow of other gases. Al though enclosure 15 is shown

as a solVA%Mber, it is anticipat e&jéhat a surface bei nBCEUS2E0 oul d be
encl osed in any type of enclosure th ich a gas can be flowed. For
exanple, if the surface being treated is a large fixed object, a large

portabl e encl osure such as a plastic bag mght be utilized. '

FIG. 38
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Erppignsst-igas 18 may e g R R R R R R s
sui t ahl,y- be_,a Mat heson Model 602 flow neter. Valves 22 are preferably \_{
greteri ng requl ating or bell ows valves suitable for high tenperature and
pressuY 84 ﬂ%l cations and for use with toxic, hazardous PCIGSEINE or

expansi ve gases or liquids, as ftzjze}(?rrg e the Swagel ok SS-4HTM seri es

val ves by Swagel ok Co. of Sol on, ' al ves 22 can be opened or closed to

i sol ate encl osure 15, to place enclosure 15 in comruni cation with gas

source
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=16 or to place enclosure 157 conmuni cation w th another substance, such

as a,;gas for depositing on substrate 12, comng froman alternate source
.40, A @Gﬂé?ﬁﬁ to the nethod of the invention, high-enePgyr/usa¢den? on is
i rradi.ated upon the substrate treatnent surface at an energy density and
duration between that reqUiredégghygégpse surface contam nants fromthe
a

substrate treatnent surface an

FIG. 42
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'REMOVAL OF SURFACE CONTAMINANTS BY IRRADIATION

Background Of The Invention

This application claims priority from U.S. Pat. App. Ser. No. 08/045,165 filed
April 12, 1993 which is a Continuation-in-Part of U.S. Pat. App. Ser. No. 07/865,039
'filed March 31, 1992 which is a Continuation-in-Part of U.S. Pat. App. Ser. No.
07/611,198, filed November 9, 1990, now U.S. Pat. No. 5,099,557, which i$ a Divi-
sional of U.S. Pat. App. Ser. No. 07/216,903 filed July 8, 1988, now U.S. Pat. No.
5,024,968. These U.S. applications are incorporated herein by reference.

This invention relates to removing contaminants from a surface. More particu-
larly, the invention relates to the removal of contaminants from a substrate surface by
irradiation that does not alter the molecufar crystal ‘structure of the treatment surfaces.

As used herein, the term “contaminants” includés particles, films, and unwanted -
chemical elements or compounds. Contaminant particles may be discrete pieces of matter
ranging in size from submicrons to granules visible to the unaided eye. Contaminant films
may be organic or inorganic, and include such contaminants as human body oil from
fingerprints. Contaminant chemicals include any element or compound which, at the time

- at which the cleaning process is performed, is undesirable. For example, hydroxyl groups
(-OH) may be a desired reaction promoter on the surface of a substrate at one stage of a
process and may be an undesired contaminant at another stage.

Conlz;mi'ﬁants may become adhered to a surface by weak covalent bonds, electrostat-
ic forces, van der Waals forces, hydrogen bonding, Cdulombic forces, or dipole-dipole
interéctié)ns, making reniox;g_'él of '.thie.- contaminants difficult.

In certain instances, the presence of surface contaminants renders the con
~taminated substrate less efﬁcrem or inoperable for the substrate’s designated purpose.

For example, in certain precise scientific measurement devices, accuracy is lost when
optical lenses or mirrors in the devices become coated with microfine surface |
contaminants. Similarly in semiconductors, surface defects due to minor molecular

contaminants often render semiconductor masks or chiips worthiess  Reducing i
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of ,substrate %¥2. .lp Fig. 1, source 14 is shown as being outside enclosure
I5s-andx rradi ati ng sanpl e-12 through quartz wi ndow 14 However, it is
contenpl ated that source 14 could alternatively be placed within'the

encl osure 15. The energy flux and the wavel ength of the high-energy
irradiation are preferably selected to be ?ependent upon the surface

contam nants being renoved. To this end, a gas anal yzer 27 may be connected

to outlet pQityerof WRENAG suffhcPBALNE fita u}fﬂf i dictor mask by even a small

amount can radically improve semiconductor chip production yields. Similarly,
removing molecular surface contaminants, such as carbon or oxygen, from the surface
of silicon wafers before circuit layers are deposited on the wafer or between depositi;r;
of layers significantly improves the quality of the computer chip produced.

. Moreover, a significant portion of the debris that ultimately contaminates silicon
wafers during production emanates from production apparatus such as process chambers
in which the wafers are placed and pipés that conduct processing gas to the chambers.
Accordingly, the level of wafer contamination experienced during the course of
production can be significantly reduced by the periodic cleaning of such apparatus.

The need for clean surfaces free of even the finest contaminants has led to the

development of a variely of surface cleaning methods. As described below, these
known methods, however, each have serious drawbacks. The following processes

involve the introduction of outside agents to the substrate surface.

Wet chemical cleaning technology - RCA Process

The RCA cleaning process is currently employed in semiconductor manufacture,
flat panel display manufacture, and disk media manufacture. The RCA process has two
variants -- SC-1 and SC-2 (where SC = Standard Clean). In general, the SC-1 process
is used to remove trace organics and particles. It consists of successive baths of
aqueous ammonium hydroxide (NH,OH), hydrogen peroxide (H,0,) and water (H,0).
The SC-2 process is used to remove surface trace metals and to form a passivating thin
oxide to make the silicon or analogous surface hydrophilic. It consists of a series of
baths in aqueous hydrochloric acid (HCI), hydrogen peroxide, and water. In
manufacturing practice, the liquid baths are constantly but slowly refreshed, so that

successive lots of walers, for example, are exposed o particles {rom earlier lots. These

contaminants are redeposited on surface.

cova

There has been considerable research to extend the capability of the RCA process
to remove particles as small as 0.2 um. These liquids are near their physical Jimits in
removing particle sizes below 0.3 um, because even fresh chemicals can have as many

as 10,000 particles/l of 0.5 um or less. which corresponds to a probability of 10
This is the replacement sheet
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of exhaust ga§ from encl osure 15 to faci I itate selective energy and

wayel epgt h adj ustmént of source 14. Gas anal yzer 27 may be a nmss.
spectrometer as, for exanple, a quadrapol e nass spectrometer nanufactured
by Bruker Instrunents, Inc. of Billerica, Mssachusetts or by Perkin El nmer
of Eden Prairie. Mnnesota. Selection of Bhe source of irradiation used in
the invention depends upon the desired radiation energy and wavel ength. The
ener gy | evehrticlestpges 125dihawwaler. 1iSed €ddr ©sburn, R.P. Donovan, H. Berger, and G.

Jones, J. Environ. Sci., March/April 1988, p.45.)

lndustfy experts also have pointed out that the wet chemical baths can cause -
oxide formation on the silicon, micro-roughening of the surface, and contamination from
organic compounds and metallic elements (e.g., iron, copper, aluminum, and
n,lagnesium) that become dissolved in the baths. (See M. Itano,M. Miyashita, and T.
Ohmii, E[gceeding§, Microcontamination 91, 1991, p.5?.li and T. Shinono, M.. Tsuji,
M. Morita, and Y. Muramatu. /bid, p.'544.)

Dilute I1 };droﬂuoric Acid

Dilute hydrofluoric acid (HF) has recently been introduced in the semiconductor

-indu-slry' for the removal of organic contaminants, trace melals contaminants, and thin
nalive oxide. However. HF causes micro-elching of the substrate surface, which is
becoming a difficult but critical effect to conirol. Residual fluorine molecules can also
cause the breakdown of the oxide in gate stacks and adversely affect other electrical
parameters of a chip. Ohmi and others have recently reported that to control the micro-
roughening effects of HF, it is necessary o control strictly the pH of the liquid, keep
ultrapure water under temperature control, and use ultrapure chemicals to prevent the
deposiliou of unwanted metallics such as [Fe and Cu. (See M. Itano,M. Miyashita, and

~T. Ohmi, Proceedings, Microcontamination 91, 1991, p.521; and T. Shinono, M.

= Tsuji, M. Morita, and Y. Muramatu, Ibid, p.544.)

Megasbnic and Ultrasonic Cleaning *

Megasonic cleaning technology was developed by RCA in 1979 to complement

the RCA wet chemical process lo remove organic films and particles. In the Megasonic

process, wafers, for example, are immersed in water, alcohols, or dilute SC-1 solutions

and exposed to sonic waves (produced by piezoelectric transducers) in the range of 850-
900 KHz. Particles from several microns down to 0.3 um can be efficiently removed

with input power densities of 2-5 W/cmZ. (See W. Kem, J. Electrochem. Soc. 137 6

1990, p. 1887). It has confirmed that the Megasonic brocess can remove particles down
______‘;_’Mgnd has been demonstrated that at 0.5 um line width geometries, metal lines

cet Has Been Re;ilaced This is the replacement shaet
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volts/photon (Ev/photon) S preferably at Ieast tmnce the energy necessa
to byeak it he bonds adhering. the contamninants to the surf $b€ emg

The bond energi es between conmon contam nants (such as ca

and common substrate materials (such as silicon, titanium on
pl ati num and al um num) range between 2 and 7 Ev/bond as dISC ose

Handbook of Chem stry and PhyS|cs 68th ed., 4pp. F-169 to F-177 (CRC Press

1987). Accordingly, radiation sources em tti n(?
can be easily lifted at the power levels needed to achieve acceptable cleaning eflficiency.

(See A.A. Busnania and 1.1. Kaskkoush, Proceedings, Microcontamination 92, {992,

p.563). Thus, for smaller geometries, Megasonics destroys the device.

Ultrasonics cleaning works on the same principal as the Megasonic process but
uses liquid cavitation frequencies in the range of 20-80 KHz and power densities 50
times grealer than Megasonics. The ultrasonic method is less effective in the removal of

| particles under 1 pum. (W. Kern, J. Electrochem. Soc. 137 (6) 1990, p. 1887.)

Both uitrasonic and Megasonic cleaning operate on the principal of introducing a
cavitating liquid medium beneath the particle so that the hydrostatic forces will free the
particle from the surface. The van der Waals and secondary adhesion forces for a 0.1
pim particle are estimated to be 10® dynes. The forces exerted by the Megasonic
cle'aning' are on the order of 10* dynes, which explains its inability to remove particles

of less than 0.3 um. (See M. Ranada. Aerosol. Sci. and Teclmql. 7 1987, p.161).

Ultraviolet and Ozone Cleaning

The ultraviolet/ozone (UV/O,) cleaning process uses a Hg or a Hg/Xe lamp
capable of delivery energy in the 185-254 nm region. This method has proved to be
relatively effective in removing residual organic films such as photoresist, but is not
effective with salt, dust, fingerprints, and polymers degraded by ozone. There are
concerns that residual peroxide molecules and volatile hydroxyl groups on the surface
can change the surface from hydrophobic to hydrophilic which can cause downstream
adhesion processing problems and can also attract unwanted contaminants from a
downstream cleaning process. bepending on the surface, .ozone may cause unwanted
oxide formation, .wl\ich will require another cleaning process to remove. Finally, 1o be
truly effective, UV/O; requires a pre-clean process to remove inorganics. (See J. R.
Vig, J. Vac. Sci. Technol. A. 3 (3), 1985, p. 1027).

w

Brush Cleaning

Brush cleaning with deionized water or alkaline solulions has been found to be an
effective method for removing particles as small as 1.0 um from the surface. Brush

cleaning has found specific niches in the senuconducios industry such as a jinal clean o
This is the replacement shest
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photons W|th enejgl es in the range of 4 to 14 Ev/photons are desirable.

=wavel engt h shoul d be bel ow t he wavel ength that woul d conproni se the
integrity of the subStrate surface by the well-known photoelectric effect,
as described in GW Castellan, Physical Chem stry, 2d ed., 458-459

(Academ c Press, 1975) which is hereby incorporated by reference. The
preferred wavel ength depends on the nol ecul ar species being renoved and the

resonangg,§ViRg v Slirr§ YeBr SRGSitASnechanical polishing. Careful control of the brush

material and the placement of the brush on the surface is required to prevent surface

damage and shedding of the brush material. (See W. Kern J. Electrochem. Soc. 137
(6) 1990, p.1887)

Vapor Hydrofluoric Acid

The emergence of cluster. tool systems has led to the investigation of vapor phase
HF as a cleaning agent, because wet chemical and mechanical systems are virtually
impossible to integrate into cluster tools. Contamination from the process and the tool
requires the wafer to be cleaned before and after each critical process step. Because all
current cleaning techniques are either wet chemical or mechanical, the wafer must be
taken out of the cluster environment for cleaning, thus obviating many of the -
advéuuaées of the cluster system.

Research has been done to integrate vapor HF cleaning into a module that can be
part of a cluster tool. Genus, inc. has announced a module (originally developed by
Advantage Production Technology, Inc.) that can be incorporated into a cluster system.
A report by SEMATECH indicated that the HF vapor etch was not controllable and
caused severe micro-roughening. (See B. Van Eck, S. Bhat, and V. Menon,
Proceedings, Microcontaminaliml 92, 1992, p. 694). _

The control of HF has become a critical issue. Genus has investigated the use of
the following vapor reagent combinations: UV/O,; UV/CL,/H*; and UVICL,Z/HZ..
Results from experiments demonstrated that the etch rates using these particular vapor
phase reagents are not controllable as the system is curtently configured. Gate oxide -
degradation was also shown from these experiments, which investigated vapor HF's
utility for increasing limited yield from a CMOS gate stack. (See J. deLarios, W.
Krusell, D. McKean, G. Smolinsky, S. Bhat, B. Doris, and M. Gordon, Proceedings,
Microcontamination 92, 1992, p.706) There are concemns regarding residual fluoride,
chlorine, and hydride ions on the surface and how these ions could degrade parametric

performance or cause downstream process problems.

i
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Any means known in. the art for generating radiation of a suitable energy

| evel fray be used in the-invention, includi ng hi gh- ener@'bl 845
Dependi ng upon the application, it is anticipated that H

such sources may range from deep ultraviolet to |nfrared
- Supercritical fluid technology consists of using particles of frozen gas (such as

correspondi ng wavel engths from 193-3000 nm respectively.
This is the replacenment sheet 6

Supercritical Muid cleaning

argon) in. an aerosol. (See W.T. McDermott, R.C. Ockovic, J.J. Wu, and R. J. Mi!_Leg,
Microcontamination, October, 1991, p.33, K. S. Schumacher, Proceedinés, SEMI
Ultraclean Manufacturing Conference, 1993, p.53., and E. Bok, Solid State
Technology, June, 1992, p.117). The basis of this technology is momentum transfer
from a high velocity gas stream with argon pellets directed at the surface particles.
When the gas is cooled toa temperature of 84 K (-184 °C) at 0.68 atm, argon solidifies
and forms an aerosol. The impact of the argon particles on the surface transfer energy
to the surface particle, which is removed in the stream of cooled gas. Concerus with
the use of this technique include thermal shock to the wafer, sub-surface ion migration,
surface structural damage, and electrical parametric damage. -To date, no study has

been published on fully processed wafers to investigate whether supercritical media

cause any electrical parametric damage.

Laser-assisted liquid cleaning

Another known process is cleaning with liquids super-heated by a laser. There
are two variations on this technique: the Allen process and the Tam process.

Allen Process-- The Allen process (see U.S. Patent No. 4,987,286 and S.
Allen, Appl. Phys. Lett. 58 (3) 1991, p.203) is a wet cleaning technique using water
and a CO, laser at the' {064.nm wavelength as a heat source. The water must penetrate
into the interstice between the particle and the substrate surface and when it is rapidly
heated by a pulse from the laser, it “explosively vaporizes” to propel the particle from
the substrate. .

Several potential problems have been noted with the Allen process. On a
patterned wafer, water can penetrate under metal lines and lift them off when it
vaporizes, not only damaging the circuitry but also generating particles on the surface.
Using a narrowly focused CO, laser at an energy flux of 30 J/cm?, as Allen described .
can cause ablation effects on a patterned surface because most organic. polymeric, arid
metallic films ablate quite readily at 20 J/cm?. To provide a directional bias to carry
the particle away and avoid redeposition, Allen proposes to mount the substrate

vertically or in an inverled position. relying on gravitv. Allernatively she proposes it
This is the replacement sheet
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“15 The wavel engt hs, and photon energi es of a nunber of suitable |asers are
li.sted:in. Tabl e 17 below, Table | -- Specifications for Suitable Lasers

.

7

direct a stream of gas from a gas supply conduit across the surface to carry away the
particle.

Tam Process -- The Tam process (see W. Zapka, W. Zemlich, and A.C. Tam,
Appl. Phys. Lett. 58 (20) 1991 p.2217 and A.C. Tam et. al. J. Appl. Phyﬁ. 1 (N
1992 p. 3515) is very similar to the Allen process. Tam’s process uses alcohols such
as gthanol and isopropanol as well as water. His process differs from Allen's in that he
uses a burst of heated nitrogen gas through the chamber to spread the liquid medium;
this is followed immedialely by an Ir: YAG laser pulse. The sequence is repeated for
several cycles. Using alcohols, energy densities of 5 Jicm? were required to remove
particles but surface damage was observed. Tam has used a ethanol and a pulsed KrF
excimer laser with energy fluxes greater than 350 mi/cm? to remove 0.35 pm Al,04

spheres, but he was unsuccessful in ambient conditions with no liquid media.

Other Processes
Pressurized fluid jet cleaning facilitates removal of particulate, but risks
damaging treatment surfaces due to the high pressure at which the cleaning fluid is
maintained. Further, this technique may electrostatically damage the treatment surface

due 1o the presence of ions in the cleaning fluid. -Similarly, strippable polymer tape may

also contaminate treatment surfaces by depositing a polymer residue thereon.

Other known methods for cleaning substrate surfaces avoid the use of outside

agents. These processes include:

Surface Melt )

This process requires that the treatiment surface be melted to release contaminants
which are then removed by ultra high vacuum. This method has the disadvantage that
the surface being treated must be briefly melted. Such melting may--be undesirable, as
for example when a semiconductor surface is cleaned between deposition of circuit
layers and it is desired that the i.ntegrity of the previously deposited layers not be
disturbed. Fu.rthe'r, such an operation would be difficult if not impossible to implement

for cleaning expansive, irregular surfaces, such as those found in pipes and wafer
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308 . 4.G4 argon-ion. continuous wave eplaced
4.83 KrF, pul sed 248 - Aummmn H’F.
pul sed 193 6.

| asérs, pul sed or 200- 800 2 6.22-1.55

processing chambers. [inally, the ultra high vacuum equipment used in this process is

both expensive and tiine consuming to operate.

Annealing

Annealing treatment methods suffer similar drawbacks. When a surface is
cleaned by annealing methods, the treatment surface of the substrate being cleaned is
heated to a temperature that is generally below the melting point of the material being =~
treated but high enough to-enable rearrangement of the material’s molecular crystal
structure. The surface bei,hg treated is held at this elevated temperature for an ',exlended.
period during which time the surface molecular crystal structure is rearranged and
contaminants are removed by ultra high vacuum. Annealing .cleaning methods cannot be

used where it is desired (o maintain the molecular crystal structure of the substrate
surfaces.

Ablation

Another currently utilized cleaning method, known as ablation, suffers from its
own particular drawbacks. With ablation, a surface or contaminants on a surface are
heated to the point of vaborizalion. l')-épendil'lg'bh the material being ablated, the
material may melt before beihg. vaporized or the material may sublimate directly on
heating. With ablation cleaning techniques, if damage to the treatment surface is to be
prevented, the ablation energy must be applied accurately to the contaminants only,
rather than the surface on which the contaminants lie, a difficull task when the
contaminants are extremely small or randomly spaced, or when -t.he surface being treated
is irregularly shaped. Even where the ablation energy can be Successfully "applied only

to the contaminant, it is difficull to vaporize the contaminant without also damaging the

underlying treatment surface.

Lk -

Surface cleaning by m_e!(ing, annealing and ablation can be- conducted with a
laser energy source. However, using a laser energy source lo remove contaminants
from a surface by melling, annealing, or ablation does not overcome the inherent
disadvantages of these processes.' , For example, in U.S. Pat. No. 4,292,093, "Method
Using Laser [rradiation For the Production of Atomically Clean Crystalline Silicon and
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conti nuous waye These Iasers are described in greater detail in the

f ol Lowi ng r.eferences M J. Webber, ed.. CRC Handbook of -Laser Sci ence,
Vols. 1-5 °(1982-1987) ~Mtsuo l\/aeda, Laser Dyes (Academ c Press 1984); and
| aser product literature from Lanbda Physi k at 289 G eat Road, Acton,
Massachusetts, Coherent, Inc. at 3210 PoPter Drive, Palo Alto, Califonia,

and Spectra- PhyS| cs at 1250 West M ddl efield Road, Muntain View,
Germanium Surfaces” the laser annealing method disclosed requires both vacuum

conditions and energy levels sufficient to cause rearrange_.mem and melting of the
ireattnent surface. - Other known laser surface cleaning methods involving melting or
annealing requi.re simifar high energy lasing and/or vacuum conditions, as disclosed in"°
U.S. Pat. Nos. 4,181,538 and 4,680,616. Similarly the laser ablation technique
disc!osed in U.S. Pat. No. 3,464,534, "Laser Eraser” suffers the same drawbacks as
olher high energy ablation methods.

One source of the contaminants that end up being deposited on wafer surfaces is
the equipment used in processing the waler. The principal technique to reducing
contamination from processing equipment is the performance of a periodic major
cleaning process on the equipment which typically includes disassembly of the tooling
and labor-intensive inspection of individual parts. However, cleaning methods
conducted interim to the major cleaning process can reduce the frequency of such major
cleaning.

One such interim cleaning method is that of purging with inert gas the chamber
that houses the equipment in order o entrain and carry away any surface contaminants.
Such a method is described in Chapler 24 (W.G. Fisher) in the publication Particle
Control in Semiconductor Manufacturing, R.P. Donovan, ed., New York, Marcel

Dekker, 1990, which teaches that it is desirable to maintain purge gas flow rates

sufficiently high so that the gas -flow throﬁgh the equipment is in a turbulent flow
regime, which is purported to enhance the entrainment of the contaminants into the inert
gas. According to the publication, turbulent flow favors particle entrainment because a
turbulent boundary layer is thinner than a laminar boundary layer and because turbulent
flow has regions where the instantaneous fluid velocity is higher than the average k
velocity.

In applying such a method to the cleaning of wafers themselves, however, the
use of turbulent flow may prove problematic because turbulent ﬂow has localized
velocily components that are normal o the wafer surface. Those velocuy cor;lponenls
may carry an entrained particle toward and into contact with the wafer surface where it
can be retained. This is especially true with particles that may have just been liberated

from the wafer surface. Such "just liberated" particles are relatively close to the wafes
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California. It is anticipated that high-energy xenon or nercury |anps or
otther types of lasers, including visible, ultraviolet, infrared, x-ray or
free electron lasers mght be utilized as appropriate sources of radiation.
According to the invention, the irradiation directed against the substrate
treatnment surface from which contam nants l@re being renoved has a power
density less than that requi.red to alter the nol ecular crystal structure of
t he surf ace.suffacef andabénce ard eroposusceptible to being re-deposited onto the surface due to the

localized velocity components normal to the wafer surface.

Sumary Of The Invention

The invention solves the problems and avoids the drawbacks of the prior art by
emoving surface contaminants from the surface of a substrate without altering the
molecular crystal structure or otherwise damaging the surface being treated. Gas is
flowed across the substrate treatment surface and the substrate is continuously irradiated
at an energy density and duration great enough to release surface contaminants from the
substrate treatment surface and small enough not to alter the molecular crystal structure
of the substrate treatment surf#ce. Optimally, the gas is inert to the substrate treatment
surface. Moreover, 1o best avoid the possibility of contaminants entrained in the flow
being deposiléd on the treatment surface, the flow of gas is in the laminar flow regime.
The irradiation source may be any means known in the art such as a pulsed or
continuous wave laser or high-energy lamp. Preferably the radiation is generated-by a . .
pulsed ultraviolet laser. The invention can be beneficially applied for removing surface
contaminants from a generally planar semiconductor substrate before, between and after
deposition of the circuitry layers on the semiconductor substrate. It may also be applied
to irregularly shaped surfaces or, more specifically, surfaces lying in non-coincidently
related planes. Such planes encompass all possible relationships between the surfaces of
a substrate except those occupying the same space or plane. For example, surfaces that
are parallel or angularly related, such as opposing interior walls of a pipe or adjacent

walls in a cubical chamber, respectively, occupy non-coincidently related planes.

1Y

Brief Description Of The Drawings

Fig. 1 is a schematic diagram of a contaminant removal method and apparatus

according to the invention.

Fig. 2 is a schemalic diagrain showing how laser radiation is applied in one

embodiment of the invention lo remove contaminant from relatively planar treatment

surfaces.
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density and dyratipon of the irradiation are selected so as to inpart an
anmpbunt iof energy on the substrate surface that is significantly below the
energy required for alteration of the substrate surface structure. The
preferred energy |level is dependent on the conposition of the substrate
being treated. For exanple, with certainjsubstrate nmaterials such as

pl astics, this energy |evel would be nuch I ower than for other materials

such as high sengid, caehiatie diigtshShollh} RARISseP fadifidils! pIiEPTn YRGHEAUS

embodiment of the invention to remove contaminant from relatively planar treatment
surfaces. | '

Fig. 4 is a schematic diagram showing the use of a mask in combination with
radiation and gas applied in accordance with the invention to remove contaminant from
relatively planar treatment surfaces.

Fig. 5 is a schematic diagram of a contaminant removal apparatus for removing
contaminant from irregularly shaped treatment surfaces according to the invention.

Figs. 6 through 11 are schematic end views of apparatuses for conveying gas and
radiation to irregularly shaped treatment surfaces accordihg lo the principles of the
invention.

Figs. 12 and 13 are schematic side views showing how tlie invention of Fig. S
may be applied to remove contaminant from the interiors of élongaled. enclosed
passages. _

Fig. 14 is an schematic end view of an apparatus for conveying gas and radiation
to irregularly- shaped treatment surfaces according to the principles of the invention.

Fig. 15 is a partial plan view of the apparatus illustrated in Fig. 14.

Fig. 16 is a partial plan view of another configuration of an apparatus for

conveying gas and radiation lo irregularly shaped treatment surfaces according to the

principles of the invention.

Figs. 17 and 17a are schematic side views showing application of the invention
of Fig. 5 with a flexible, porous centering support structure.

Fig. 18 is a schematic side view showing application of the invention with an
optic diffuser. ' )

Figs. 19 and 20 are schematic side views showing how the invention of Fig. 5
may be applied to remove contaminant from process chamber interiors.

‘Figs. 21 and 22 are schematic side views showing how the invention of Fig. 5
may be applied to remove contaminant from the exteriors of irregularly shaped objects.

Figs. 23 and 24 are schematic side views showing how radiation is applied in

another embodiment of the invention to remove contaminant from ducled interiors
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materials are well knovvn and are reported in the Handbook of Chem stry and
Phvsics, +68th ed., pp. D33-D42 (CRC Press 1987). The heat of formation

general |y corresponds | o the anpbunt of heat required to break down ‘vari ous
materials and can be used as a

12

Figs. 25 and 26 are schematic end and side views, respectively, showing how
rediétion is applied in another embodiment of the invention to remove contaminants from
the exteriors of irregularly shaped objects.

Figs. 27A and 27B are top views of different levels of an apparatus for conveying
gas and radiation to treatment surfaces according to the principles of the invention.

Fig. 28 is a cross-sectional view of the apparatus of Fig. 27 taken aloﬁg the lines
28-28 of Fig. 27A.

Fig. 29 is an exploded view of the apparatus of Fig. 27.

Fig. 30 is a diagram depicting a gas flow velocity profile at different stages of a
flow channel.

Fig. 31 is a graph providing flow and pressure data for use in selecting filters for

_ the apparatus of Fig. 27. |

Fig. 32 is a schematic diagram of a cluster tool apparatus used for processing certain
substrate articles.

Figs. 33-35 are schematic diagrams of contaminant removal methods and apparati
according to the invention. ’

Fig. 36 illustrates the Rankine oval that describes the shape of part of a process
chamber embodying the principles of the invention.

. Fig. 37 shows exemplary velocity profiles for flow in a process chamber.

Figs. 38 and 39 are schemalic plan and cross-sectional elevation views of a test cell
used with the method of the invention.

Fig. 40 shows data from a test of the method.

Fig. 41 schematically illustrates a streamline of the inert gas flow through a cavity

in a substrate when a secondary flow of inert gas is introduced.

[

Fig. 42 schematically illustrates another embodiment of an apparatus incorporating
the principles of the invention.
Detailed Description '
Reference will now be made in detail to presently preférred embodiments of the
invention, examples of which are illustrated in the accompanying drawings. Throughout

the drawings, like reference characters are used to designate like elements.

-
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16 gU|deI|ne in selectlng an irradi ati on energy den5|ty and duration that
wi,l 1 npt al ter the nol ecul ar crystal structure of the-mmsh&etmmemkeﬁl

The heats of formation~of a nunber of conron substratenH“ﬁHI“uﬂI;m

summari zed in Table 11. below Table 11 - Heats of For
Materials Materi al Heat of Formati on

rate

1. Basic Treatment Method and Apparatus

A method and apparatus for removing surface contaminants from the surface of a
substrate without altering the molecular crystal structure or otherwise damaging the _
substrate surface is llluslrated schematically in Fig. 1. As showu in Fig. I, an assembly'
10 holds a substrate 12 {rom which surface contaminants are to be removed. A gas I8
from gas source 16 is constantly flowed over substrate 12. Gas 18 is inert to substrate
12 and is flowed across substrate 12 so as o bathe substrate 12 in a non-reaclive gas
environment., Preferably, gas 18 is a chemically inert gas suéh as helium, nitrogen, or
argon. An enclosure 15 for holdihg substrate 12 communicates with gas source 16
through a series of tubes 21, valves 22, and a gas flow meter 20.

According to the embodiment of the invention shown in Fig. 1, enclosure 15
comprises a stainless steel sample reaction cell fitted with opposing gas inlet ind outlet
ports 23: 25 respectively. Enclosure 15 is fitted with a sealed optical grade quartz
window |7 through which radiation can pass. Inlet and outlet ports 23, 25 may’
comprise, for example, stainless steel tubing fitted with valves. After sample 12 is
placed in enclosure 15, enclosure 15 is repeatedly flushed and backfilled with gas 18
and is kept at a pressure slightly above ambient atmospheric pressure to prevent inflow
of other gases. Although enclosure 15 is shown as a solid chamber, it is anticipated that
a surface being cleaned could be enclosed in any type of enclosure through which a gas
can be flowed. For example, if the surface being treated is a large fixed object, a large
portable enclosure such as a piastic bag might be utilized.

Flow of gas I8 may be regulated by a suitable flow meter 20 which may suitably
be a Matheson Model 602 flow meter. Valves 22 are preferably metering, regulating or
bellows valves suitable for high temperature and pressure applications and for ‘'use with
toxic, hazardous, corrosive or expansive gases or liquids, as for example Lhe Swagelok
SS-4H™ series valves by Swagelok Co. of Solon, Ohio. Valves 22 can be opened or
closed to isolate enclosure 15, to place'en'closure 15 in commuﬁicatigti._wil_h_gas__ source
16 or 1o place enclosure 15 in cominunication with another substance,r:suc':h:'as. a pas for
depositing on substrate 12, coming from an alternate source 40. _ |

According to the method of the invention, high-en,‘ergy radiation is irradiated
upon the substrate treatment surface at an energy density and duration between that

required lo release surface contaminants from the substrate treatinent surface and that
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err . ; . 16906. 7 kJ/ nol; 17.52 Ev/ nol ecul e [err] ; o
[840 ]3 k3/ mol ; 9.11 Evlnolecule [err] . 1528 2 kJ/ nol : 0(1)3227
Evl nol ecul e [err] kJl mol ;2. 50 Ev/nolecule Ti203 _ 5 |
k/ nmol ; 15.63 Ev/nol ecule The irradiation energy density and duration use
in the present invention is such that thg

S

which will alter the molecular crystal structure of the surface. According to the
embodiment of the invention shown in Fig. |, a radiation source 14 which may be a
laser or high-energy lamp generales radiation 11 directed against the treatment surface
of substrate 12. In Fig. I, source 14 is shown as being outside enclosure [5 and T

. irradiating sample 12 through quartz window 17. However, it is contemplated that
sQurce 14 could alternatively be placed within the enclosure 15.

The energy flux and the wavelength of the high-energy irradiation are preferably
selected to be dependent upon rlwe surface contaminants being removed. To this end, a’
gas analyzer 27 may be connected (o outlet port 25. Analyzer 27 analyzes the contents
of exhaust gas from enclosure 15 to facilitate selective energy and wavelenglh
adjustment -of source 14. -Gas analyzer 27 may be a mass speclrometer as, for example
a quadrapole mass spectrometer manufaclured by Bruker Instruments, Inc. of Blllenca
Massachusells or by Perkin Elmer of Eden Prairie. anesoLa

Selecuon of the source of lrradlalron used m the invention depends upon lhe
~ desired radiation energy and wavelength. The energy level of the :adrauon in elecrron
volls/pholon (Ev/pholon) is preferabiy at least twice the energy necessary to break the
bonds adhering the contamrnams to the surface bemg cleaned The bond energles o
between common contammanls (such as carbon and oxygen) and common subslrate-
materials (such as silicon, titanium, germanium, iron, platinum and alummum) _ra,nge'
between 2 and 7 Ev/bond, as disclosed in Handbook of Chemistry and Physics, 68th
ed., pp. F-169 to F-177 (CRC Press 1987). _Accordingly, radration sources emitling
photons with energiee in the ;r_a_.ig'__e of 41to 14 Ev/ol;_dt_ons are desirable. The wavelength
should be below the wavelength that \_{gonld compromise the integrity of the substrate _
surface by the well-known photoelectric effect, as described in G.W. Castellan, Physical
~ Chemistry, 2d ed., 458-459 (Acaderrrre Press, 1975) which is hereby incorporated by
reference. The preferred wavelength depends on the molecular species being removed
and the resonance states of such specres
. Any means known in the art for generalmg radranon of a suitable energy level
may be used in the invention, including high-energy lamps and lasers. Depending upor

the application, it is anticipated that light energy from such sources may range from

deep ultraviolet to infrared. with corresponding wavelengtiis from 193-3080 ¥in

B ————
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heat of formation |s not approached on the substrate treatnent surface.
Fi ndi ng t he maxi mum energy usable on a given substrate material, however,
will require sone experinentation in light of the material's known heat of
formati on. Such experinentation ensures that annealing, ablation and
melting will not occur. The irradiatiohdis preferably directed
perpendi cular_to the plane of -the portion of the substrate being treated,
to maxim ze tThbe areelgpeths and photomenergies 6@ fusnbes ofisuitablgdessrs are listed in

Table [, below.

ll Table 1 -- Specifications for Suitable Lasers -,
Laser Wavelength (nm) EV/photon
XeCl, pulsed . 308 4.04
‘ argon-ion, continuous wave 257 - 4.83
KrF, pulsed . 248 : 5.01
ArF, pulsed 193 6.44
Tunable dye iasers. pulsed or 200-800 6.22-1.55
continuous wave

These lasers are described in greater detail in the following references: M.J. Webber,
ed.. CRC Handbook of Laser Scierce, Vofs. I-5 (1982-1987); Mitsuo Maeda, Laser
Dyes (Academic Press- 1984); and laser product literature. from Lambda Physik at 289 -
~ Great Road, Acton, Massachusetts, Coherent, Inc. at 3210 Porter Drive, Palo Alto, ~
- Cﬁ.lifornia-,' and S[iectraiﬁllysics at 1250 West Middleﬁeld Road, Mountain Viéw,'
California. It is anticipated that high-energy xenon or mercury..lamps or -other-types of- - -
- _. lasers, including visible,-ultraviolet, infrared, x-ray or free electron lasers might be
utilized as appropriate sources of radiation. |
According to the invention, the.irradiation directed against the substrate treatment
surface from which contaminants are being removed has a power density less than-that -
- required to aller the molecular crystal structure of the surface. Preferably, the power
density and duration of the irradiation are selected -so as to impart an amount of energy
. on the substrate surface that is significantly below the energy required for alteration of
the substrate surface structure. The preferred energy level is dependent on the
composition of the substrate being treated. For example, with certain substrate
materials such as plastics, this energy level would be much lower than for other
materials such as high strength carbide steels. " The heats of formation for various
malterials are well known and are reported in the Handbook of Chemistry and Physics.

68th ed., pp D33-D42 (CRC Press 1987). The heat of formation generally cemﬁs{mndﬁ. _

{o the amount of heat required to break down various materials and cne e nsedias
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out put fromthe source of irradiation. However, the irradiation my be.
di rected at- an angle to the substrate as convenient' or necessary for

i npl enent ati on of the process in a particular environnent. or course, the
energy flux at the surface will vary with the sine of the incident angle,
whi ch nust be taken into account ih selsgting t he power output of the

I rradi ati on source and the dwell tine. en a substrate surface is

i rradi at ed afelfeSh skieGithgaavidiafidiCelpgld8erdiiflafd duration that will not alter the

molecufar crystal structure of the Areatment surface. The heats of formation of a number

of common substrate materials are summarized in Table II, below.

“ Table Il -- Heals of Formation of Substrate Materials ' "
, Material ' ] Heat of Formation
16906.7 kJ/mol: 17.52 Evimolecule
" Si0, 840.3 kl/inol; 9.11 Ev/molecule
“ Nb,Og4 1528.2 kJ/mol: 13.27 Evln.lolecule
“ NiO 230.6 kifinol; 2.50 Ev/imolecule
“ Ti,04 500.2 kJ/mol; 15.63 Ev/molecule

The irradiation energy density and duration used in the present invention is such that the
heat of formation is not approached on the substrate treatment surface. Finding the
maximum energy usable on a given substrate material, however, will require some
experunenlauon in hghl of the material's known heat of formation. Such -
experunemallon ensures that annealing, ablation and melting will not occur.
The irradiation is preferably directed perpendicular to the plane of the portion of
the substrate being treated, to maximize the energy flux at the surface for a given power
~ output from the source-of irradiation.. However, the irradiation may be directed aldn
angle to the substrate as convenient or necessary for implementation of the process in a
. particular environment. Of c¢ourse, the enér‘gy flux at the surface will vary with the sine
of the incident angle, which must be taker ‘into account in’ selecting the power output of
the irradiation source and the dwell-time. |
When a substrate surface is irradiated as described above, the bonds and/or
forces holding surface contaminants to the substrate surface are broken and the inert
carrier gas carries contaminants away from the substrate surface during irradiation. As
long as the cleaned substrate remains in the inert gas environment, new contaminants
will not form on the substrate surface. If necessary, a suitable trapping system may be
connected to enclosure outlet 25 for trapping and neutralizing removed contaminant

species.
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forces hol di ng, surface contam nants to the substrate surface are broken and
the inert carrier gas carries contam nants away fromthe substrate surface
during irradiation. As Iong as the cleaned substrate remains in the inert
gas environment, new contaminants will pot formon the substrate surface.

| f necessary, a suitable trapping system nmay be connected to encl osure

outlet 25 for trappj and utral j.zi ng renoved t am nant speci es.
a. ppll'Rgoreucal Ib%amum bvuan%c B%sxs for theqprocess P

The removal of a contaminant from a surface by irradiation coupled with.an inert
gas -flow can be described by nonlinear optical theory, a branch of quantum mechanics.- .
The basis of nonlinear optical theory i.’derived from Maxwell's equations in

nonlinear media, which are:

¥

XE = oo W

c(6B/dr) :

UxE = _ L+ 47, 2)
c(SEIo1) c '

| V.E = 4mp &)

V.B =0 )

‘witere ‘E is-the electric field, B is the magnetic field, J is the current dénsity, and p is”
the charge density. _ | | o
With the advent of the laser and other high energy irradiation seurces, access to

nonlinear processes that have been lhedrelically postulated since-the -:18805 have become
accessible. The theory of nonlinear oplics'is 'described-in N. Bloembergen Nonlmear
Optics, New York: BemammlCummms Publishing Company, 1965 (fourth printing -
1982) and Y.R.-Shen, The Principles of Nonlinear Optics, New York: .John Wiley
and Sons, 1984. | . . o

_ A laser generates a beam that is coherent and has highly directional properties.
This property of the beam is defined as the radiation force, which has unique properties
that can be used to remove adhered contaminants from a surface. The radiation force in
a uniform medium is given by Equalion (5), which is also derivable from leixwell‘s

equations:
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17 a. . Theoretical Quantum Dynam'-'c Basis for the Process The renoval of a
contam nant. from a surface by irradiation coupled with an inert

I8

[ =vp + PO 1yeGren 5)
8xVE? .

where p is the density of the medium, p is pressure, and G is the electromagnetic -
density in a vacuum.
Experiments by Ashkin and Dziedic (A. Ashkin and J.M. Dziedic, Appl. Phys.
- Lél(. 28 (1976) p. 333, 30 (1977), p. 202, and 19 (1971) pg. 729) have demonstrated
that small particles such as.10 pm latex sphéfes can be removed from a surface in a
laser field of sufficient photon flux. Once the laser beam is stopped, the latex sphere
returned to the surface. This nonlinear process is referred to as optical levitation. The
experiments by Ashkin demonstrated that the properties of the irradiation source can be
used to overcome the local adhesion and gravity forces. This phenomenon has been
observed in tests of the process described herein with Sum particles. Re-adhesion of the
“particle after the radiation field has passed over a location is prevented by the use of the
' ﬂowmg inert gas. |
- Another nionlinear process that has been observed in tests of the present process e
and apparatus is mulupholon dissociation (“MPD™). A high energy irradiation source J
with a sufficient photon flux interacting with a surface that has on it-a contaminant can "
remove the contaminant by MPD. " (Sec Y.R. Shen. Principles of Nonlinear Optics,
' New York: John Wiley and Sons, 1984, chapter 23, pp. 437-465.) Tfirough this
| process, several photons can excile. the Vipralional and rotational states that are ot
allowed by classical means. These fiew states to which the contaminant hds access can
be described as quasi-metastable. The quasi-metastable state can lead (o the dissociation
of the contaminant from the surface or the breakup of the contaminant. The dissociation
process is further enhanced by the nonlinear susceptibilities contributed by the surface
and the contaminant. Furthermore, MPD pfbééss theory postulates that one can
selectively remove bonds based on knowledge of the surface and the chemical species
that is 1o be removed by tuning the photon flux to take advantage of the nonlinear
mechanism.
The nonlinear processes described above appear {0 be compiementéry.
Depending on the contaminant and the surface, one nonlinear process may-be preferable L

lo the other or thev may work in. tandem.
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gas flow.can_bge described by nonlinear optical theory, a branch of quantum
mechani ¢s.” Thé basi s of\..nonl I near optical theory is derived from Maxwel|l's
equations in nonlinear media, which are: [err] where E is the electric
field, [err] is the magnetic field, J |s19the current density, and p is the
charge density. _

b.  Examples of Basic Treatment

The application of the basic treatment method .and apparatus described above
with regard to pl;mar lre:;llllentlsurféxées are illustrated in the following examples. In
Example I, various energy densities of a pulsed KrF excimer laser are applied to a
silicon oxide substrate with \}arying degrees of success. In Example Il, the need for the

invention in the area of optical components is examined.

i Example 1

The native oxide of silicon is necessary for the promotion of thin filim growth on
semiconductor surfaces. Unfortunately, when semiconductor surfaces of silicon oxide
are exposed to the environment, carbon contaminants adhere weakly to the

- - semiconductor surface. The presence of these contaminants greatly reduces the
conducli\'r-ity or the insulating nature 6f the thin film to be deposited. Therefore, in
semiconductor production, great precautions are taken to minimize environmental-
exposure through the use of elaborate vacuum, chemical and mechanical techniques.
Vacuum techniques are expensive. especially if high or near ultra high vacuum is_uséd_._to
keep surfaces clean between processing steps. Chemical (wet and dry). and mechanical
techniques can damage the substrate treatment surface and, if the substrate being treated
is a processed integrated circuit, the underlying structure.

In an attempt to overcome these problems, radiation from a pulsed KrF excimer. .
laser (a model EMGI150 from Lambda Physik) whose fundamental wavelength is 248 nm

- (UV range) was applied to the surface of a silicon substrate in a sealed chamber through
which argon gas was flowed. To decrease surface carbon contamination and decrease
carbon percentage associated with chemisorbed organometallic (trimethyl alumiﬁum). a
precursor lo aluminum thin film formation in semiconductor production, irradiation of
35 mJ/cm? for 6000 laser shots at a [0 Hz repetition rate was applied for 20 mmutes to
a silicon oxide substrate surface with the Krl* excimer laser. The laser treated surfaces
were exposed during a continuous flow of argon gas at a flow rate of 16 1/hr (4.5 mi/s)
under a 1.03 x 1073 torr backing regulator pressure. After treatient, X-ray
Photoelectron Spectroscopy (".)-(PS") analysis showed the substrate exhibifed a significan

decrease in surface carbon from a pretreatment :wverage surface carbon covering 30:45%
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Wth the advent ofi the laser and other high emmigied i

Sfiation sources,
accesstto-nonlinear processes that have been th - eyl at ed since
tile 1880s have becone accessible. The theory omﬂw& .f tics is
described in N Bl oenbergen, Nonlinear Optics, j am n/ Cumm ns

Publ i shi ng Conpany, 1965 (fourth print3ng 1982) and Y.R Shen, The
Princi ples of Nonlinear Optics, New York: John Wley and Sons, 1984.-
of the substrate surface to an after treatment average surface: carbon covering 19% of

the substrate surface. The substrate surface itself showed no damage or alteration.

A surface treated by a laser irradiatiou as described above and then exposed (o an
organomelallic gas flow showed, by XPS analysis, that 20.8% of the substrate surface..
was covered with carbon as compared to 40-45% of the substrate surface that was
covered with carbon after organometallic gas exposure on a non-laser treated surface.
W;\en the laser was applied, as described above, both prior (o exposure to _
organometallic gas and again after gas exposure, only 8.9% of the surface was govered .
with carbon. Areas adjacent to the laser-exposed areas also exhibited some effects of
the laser-cleaning treatment. Areas adjacent to the treated area showed a reduced
carbon level of 12.7%. This.effect probably is due to the Gaussian nature of the applied
laser pulse.

Transfer of the wafer from the sample cell to the XPS analyzer was via an argon
filled glove box. The silicon wafer was transferred to the XPS through an inert UHV
transfer rod. This kept environmental exposure to a minimum. | .

- “Another wafer of silicon oxide, while exposed to argon gas as described .abc;v.c, .
~ was exposed to pulsed KrF eXcimer laser irradiation of 9 mi/cm? for GGOO shots at a 10
Hz repetition rate.- XPS analysis showed a surface carbon coverage of 40-45% both
before and after laser treatment. Thus, irradiation at 9 mJ/cm? did not remove adsorbed
surface carbon. |

Another wafer or silicon oxide, while exposed to argon gas as described above,
was exposed to pulsed KrlF excimer laser irradiation of 300 mJ/cm? for 6000 shots at a

- 10 Hz repetition rate. At the end of treatment, the substrate surface had suffered
significant damage, including a hole through t{he substrate. Thus, irradiation at 300
mJ/cm? altered the molecular crystal structure of the substrate surface.

These examples show laser irradiation at an appropriate energy flux and
wavelength can decrease surface contamination without damaging underlying surface or
adjacent structures.

It is expected, in view of the heat of formation of SiO,, that subjecting a silicon

oxide substrate surface to pulsed KrF excimer laser irradiation of less ihan 100 ml/cm*

for 6000 shots at a 10 Hz repetition rate would not alter the:mplecular crysial-

of the substrate. Pulsed KrF exc_:_i'_mer-lasér_.--;-_i:"r.é_(jj.ia"téme of .iaés--..;_i'-ﬁan- T8 miviems - (oF
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.properties. This property of the beamis defined as
whi ch has uni que preperties that can be used to reno
froma surface. The radiation force in a uniform ned

Equation (5), which is also derlvabhe -from Maxwel | ' s equati ons: ThIS Is the
repl acenent sheet

force,
tam nant s

A laser generates a beamthat is coherent and has iil&t mhg&,tﬂe

shots at a 10 Hz repetition rate is not expected (o alter a silicon oxide substrale surface

in any way.

ii. Example 11 A

High energy optical components are difficult to fabricate for such technologies as
laser fusion, x-ray lithography and UV excimer laser optics. Laser fusion and x-ray
lilho'graphy technologies are used exclusively in “clean” environments. Excimer laser
optics have a short work life span because with current commercial film deposition
technology, it is difficult to fabricate films capable of w:thstandmg prolonged high-
energy fluxes.

A perennial problem with high energy optics is optical breakdown. This
phenomena can be described .as “the catastrophic evolution of damage inflicted in a
lranspare'nt medium in a strong laser field.” - Y:R. Shen, Principles of Nonlinear Oplics,
Ist ed., 528-540 (Wiley Interscience 1984). This phenomena occurs in solids as well as
gases. With a solid, such as a high energy optic, optical breakdown is exacerbated by

- the presence of a surface defect such as scratches and porés in the bulk material. In
most cases, optical breakdown is due lo surface contamination such' as adsorbed dust -
particles. The presence of these contaminants lowers the breakdown thresﬁold which in
turn limits the maximum laser power that can be used from a given laser system. This
fact is.a very important limitation regarding the pumping of a laser medium (solid state
or gaseous) by an external pump energy source. This, in turn, limits the laser power
that can be used to transmit energy5 through optical windows, lenses and other optical-
‘components. ]

Optical breakdown, for example on a solid, is promoted by the presence of -
surface adhered contaminants. The interaction of a laser pulse train with a sufficient
energy cross section may deposit enough energy to generate an “avalanche" ionization
on the solid surface. This can form a surface plasma which may disintegrate the solid.
The presence of contaminants effectively decreases the laser’s efficiency and decreases
its use in potential applications.

To overcome lhé above described problems, the contaminant removal methoc. -

described herein, can be used (o remove adhere:

For example, {0 treat an optical compenent. .t I CTiete
This is the replacemsnt sheet
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flow of argon gas during which time a pulse KrF excimer laser is directed at the surface

‘of the optical component. The la'ser‘i_s tuned to an appropriate energy -flux and

~ wavelength that is considerably less than the high energy pulse required to promote

ionization and subsequent plasma in high energy optics. The optical component surface” -
is irradiated at the selected flux and wavelength for a duration sufficient to remove

adsorbed contaminants.

iii. Example 111 _
Qualitative experiments were conducted with a Polomac Photonics SGX-1000

KrF laser (sold by Potomac Photonics of Lanham, Maryland). The laser was operated

- at an average power of 60 ml/s with a dwell time of 0.02 s and a 20 um beam spot.

Nitrogen was used at a flow rate of 140 ml/s, while the substrate was mounted on a

translating stage with a stage velocity of | mwn/s. Laser power was measured with a

* Molectron JD-1000 joulemeter with a J3-09 probe, sold by Molectron: Petector, Inc. of ~
. Portland, Oregon. Visual inspection (at 1,000 X magnification) of l,he,f_esults of the
~ cleaning-showed that organic oils (fingerprints) and aluminum flakes were removed from.

_.aluminum, silicon flakes and snhcon haze were removed from sﬂxcon and umdenuﬁed

forelgn malenal was removed from a 3.0 pum CMOS patterned wafer.
A planar substrate being treated in accordance with the invention may be
selectively irradiated with a laser. As shown in Fig. 2, for example, substrate 12 is

fixed on an XY table 13, which is selectively moved with respect to a fixed beam of

laser pulses 117 that are generated by a laser 14 °, directed through a b_earr{ splitter 24

. and a-focusing lens 28 before contacting selected portions of the surface of substrate 12.

over which inert gas I8 flows. Alternatively, as shown in Fig. 3, laser pulses 11 may
be split by beam splitters 30, 32 into two sets of pulses which are selectively moved by
adjusting mirrors 34-37 over the surface of substrate 12 on a fixed table 19. A laser

power meter 26, measuring energy directly from the laser, allows for close monitoring

~of the laser power being applied to the substrate. Suilable laser power meters ar

available from Digirad of Oriskany, New York and:Scientech. Inc. of Bouider.
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where p is the, densi'ty of the medium p is pressure, -and

el ectromagneti c densi ty in a vacuum Experinents by Ashkl ISéhee Bee Repla
Ashkin and- J.M Dziedic, Appl. Phys. Lelt. 28 (1976) p. 3
202, and 19 (1971) pg. 729) have denonstrated that snall as
10 um | atex spheres can be renoved fr2ma surface in a Iaser flel d of
sufficient photon flux. Once the | aser beami.s stopped, the | atex sphere

Furthermore, selective irradiation of a planar surface may be achieved through =
the use of a mask similar to that used in the semiconductor industry, placed between .
the source of radnahon and the treated- substrate: *As shown in Fig. 4, mask 9 facnhtates :
selective irradiation of substrate 12 secured (o fixed table 19 by limiting access of ..
radiation 11 to substrate [2 through mask passages a. As detailed in Fig. I, enclosure ..
15 comprises a stainless steel sample reaction cell fitted with opposing ‘gas inlet and . .-

outlet'ports 23, 25, respectively, and-sealed optical grade quartz window 17 through -

which radiation can pass. : : -
It is anticipated that high-energy lamps may also be used to irradiate planar :
surfaces in confi igurations similar to that disclosed in Figs. 2 through 4. - - ;—
Another embodiment permitting selective irradiation of a planar surface is shown §
schemaucally in Fxg 42. The output from a suitable-laser {10 is directed to a focus - =
lens 112, is reﬂected from relay mirrors 113 and 114 and through a Gahlean {elhe-soo;;e‘
115, The xrradtatlon from the laser is then reflected from another relay mirror-t16; an%i

focus through ah adjustable final focusing.lens 117 before it reaches the substrate;- - '

mounted on a holder 118 on an x- y translatlon stage. At ledst the holder 118 is h

dlSpOSCd wuhm a cell (not shown) through which mert gas flows. A flow meler It9 xs :
disposed at the outlet of the cell The: arrangemenl iltustrated. schemancally in Fig 42 |
provides a parucularly compact apparatus. R L3
" d.; " Liminar Flow Of Inert Gas - R e

To reduce the likelihood that a contaminant which has been-liberated from the .-

substrate surface b-y irradiation and has been entrained by the gas ﬂow wiil. be o -

so that it does not impart to an entrained contaminant-a velocnly component normal to

the substrate's surface. Such surfoce-normal velocity components are, by definition,

inherent in turbulent gas flow and, in either wrbulent or laminar flow, in areas of flow = -
recirculation. In accordance with the principles of the invention, it is-therefore e
preferred to maintain the gas flow across the substrate in a laminar flow regime and tee

avoid the creation of flow recirculation. zones. .

1t is welt known that for internal flows {as in- p:pes or. in the: presen‘ cgse,

M’_dh-it’:.,;:i v

process chambe?r) laminzar Tow wwh be maintairied: for: Rew u%ds mrmber\ af lese m_-n
3 This is the replacement shea?; '
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returned to,the,surface. This nonlinear process is referred to as |ca
:levitation. The experinents by Ashkin denonstrated t of
the irradiation source can be used to overcone the Io "ﬁ M
gravity forces. This phenonenon has been observed in ocess

described herein with 5Sum particles. Re-adhesion of the particle after the

radi ation field has passed over a location is prevented by the use of the
flow ng inert gas. 24

approximately 2000. As shown in Equauon (6), below, the Reynolds number (Re) is

calculated as:

p Vh (d
M

Re =

where p and g are the density and absolute viscosity, respectively, of the gas, h is the
half-height of the distan-ce between the walls bounding the flow, and VP is lhe average
velocity of the flow. | |
It is also well known that the drag force F on a frce particle in a gas, such as a
_ liberatee particle entrained m the gas flow, is related to the gas viscosity, the diameter
of the particle dp, and the relative velocity ¥ between the particle and the gas flow by

the following relationshi[;:

. Jxp dp v 9)
. ¢ P R .
where ¢ is a slip correction factor. To maximize the force on a particle, and therefore
to maximize the likelihood .llra.t“tﬁebértiele will be entrained into the gas flow and '
remain.there,_th_e flow velocity should be maximized. However, this is subject to the
. constraint that the Reynolds number should be maintained belo“r approximately 2,000 to
maintain laminar flow. It is also apparent that a higher gas velocity can be achieved for
a given gas by reducing the half-height of the flow channel, h.
The average velocity F. in the flow channel is related 1o the volumetric flow
rate Q of gas through the channel as follows:
0 =74 Coan-
where A is the cross sectional area of the flow channel. Thus, the volumetric flow rate
| of the gas that must be supplied {o the flow channel to maintain a given average velocily
‘is less for a flow channel with a smaller cross-sectional area. The width of a flow
channel is typically driven by the width of the substrate to be treated, but more
flexibility is usually available to control ihe height of the channel. Therefore. tc
minimize the amount of gas required lo achieve a desired velocity. it is preferahic -
minimize the height of the channel.

The artisan will recognize:that: the g W, vekc)(, by e xm phtform orn

{ ‘3; & __v.vai-‘."an(i INCreass: ONOIGNIE
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Anot her nonl inear process that has been observed in téhltsSheetfHaﬁbé‘enRE ;eg(pt
process and appar atus is multi phot on di ssoci ati on ("I\/P rgy

i rradi ati on source with a sufficient photon fl ux |nter urface
that has on it a contam nant can renove the contam nant

Shen. Principles of Nonlinear Optics, w York: John WI ey and Sons 1984
chapter 23, pp. 437-465.) Through t hi s“process. several photons can excite

_ t he vi brtoa tal l%gﬁtnu%]%afu%taqttilé) Qﬁ?lnnﬁlt ?etn?eﬂiﬁg.'ai:oﬁhﬁlyn&\/eloped laminar pipe flow,

the velocity distribution is:

2
"(y) = 3 V %’_ - y (12)
1

2 Ih?

where y is the distance from the wall of the flow channel. As depicted in Fig. 30, the
veldcity profile is thus parabolic in nature. In the entry region E of the flow channel.

e., in the region where the boundary layers that develop on each of the opposin.g walls
of the flow channel have not met in the center of the channel, there is a boundary layer
region near the wall -and a potential core. Although there is not a closed-form solution
for the velocity, as illustrated in Fig. 30 the flow velocity at a given distance near the
wall is greater in the entry. region E than in the region of -fully developed flow F.

Other pertinent parameters in contaminant entrainment are the gas properties of

density and absolute viscosity. These properties are combined in the kinématic viscosity

», which is the ratio of density and absolute viscosity:

As is evident from the Reynolds number equation (Equation (6). -above), for a given
Reynolds number and {low channel dimension, a higher velocity can be achieved with a
higher kinematic viscosily, in a linear relationship. A compeling consideration is the
bmmdary layer thickness -- in geneml it is desirable to have the highest possible

.velocily as near to the wall as possible, which in turn means that it is preferable to have
a thinner boundary layer. However, this is subject to the constraint that, while a
turbulent boundary layer is generally thinner than a faminar boundary layer for similar
conditions, turbulent flow is to be avoided.

Boundary layer thickness is proportional to the square root of the kinematic
viscosity, and is inversely proportional to the square root of the average velocily in the
flow channel. Thus, for a given velocity in the flow channel, the boundary layer will be
thicker {or a gas with a relatively high kinematic viscosity than for one with a relativeix
low kinematic viscosily. However, from the Reynolds number relationship. an increasc
in kinematic viscosity allows a proportional increase in velocity. while maiptaining the

same Reynolds number (and thus maintaining lamindr-flow:  Thus. ihe undesirabie
This is the replacement sheet
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al l oned by ¢l assical nmeans. These new states to whi ch {li&sHeQRasBdeh REHiackPS
;access can be described as quasi-netastable. The quasi - e can
| ead t'o"the -di ssociation of the contam nant fromthe sumﬂﬁumumg eakup
of the contam nant. The dissociation process is further e

nonl i near susceptibilities contributed by the surface and the contam nant.
Furthernore, MPlI) process theory post diates that one can sel ectively renove

bonds baggd; qp iM&‘%& %ﬂ\eenpaflictﬁseco?xw In?ﬁgun%gpy far)]'gr l(flri]&megsaéans&eg\je?csolile by

increasing the average flow velocity. Of coiirse, these consideralions are pertinent only
in the entrance region -- the boimdary layer thickness is equal to the half width of the
flow channel in the fully-developed region and is not affected by the gas properties.

i The viscosity is a significant parameter in the drag force on a particle, as shown
in‘Equation (9), above -- the higher the gas viseosity, the greater the force on the
particle. Thus gases with higher absolute viscosities are preferred.

As described above, any gas that is inert to the substrate may be used to carry _
out the treatment. The noble gases are particularly suitable, being inert to virtually all

- substrate materials. Nitrogen is also a suitable gas for most substrates. Of the noble
| gases. helium and argon are the most readily available and economically attractive to
use. Of the three gases -- hielium, argon, and nitrogen -- argon is preferred because it
has the highest absolute viscosity.

Other parameters pertinent to the condition-of the flow ilirough thie flow channel
are the temperature and pressure of the gas. - The viscosity (both absolute and kineratic)
of most gases increases slightly with temperatures. However, in most commercial
applications of the treatment process, the gas temperature will be approximately room
lemperature. In contrast, the'gas pressure may be varied significantly. The gas density
is proportional to its static pressufé. Thus, referring again to the Reynolds number -

.equ‘atiOn, shown in Equation (6), above, for a given Reynolds number, gas, and flow
channel height D, an increase in density (through an increase in pressure) requires a
decrease in average velocity. Thus, lower pressures will allow higher velocities to be
achieved in a laminar flow regime. _

Returning to the second aspect of avoiding imparting surface-normal velocity

. components (o an entrained contaminant -- avoiding recirculation zones -- it is well
known in the art that flow recirculation can be caused by adverse pressure gradients in
the flow such as are produced by streamwise discontinuities or rapid changes in (he
profile of the surface over which the gas flows. It is therefore desired to avoid the

formation of such discontinuities in the surface of the process chamber in whisi

substrate is to be treated, particularly at or closely upstream of the substrate. - urine: .
the flow entering the flow channel should have a- u_r_-l_'i'lfb,jrm::.véic'gai'g'yfi profiie it « vetoeity

vector parallel to the axis of the flow chainei.
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that is to be remoyed by tining the photon flux to take advantage of the
nonl i near mechani sm The nonlinear processes described above appear to be
conpl ementary. Dependirg on ‘the contam nant and the surface, one nonlinear
process may be preferable to the other or they may work in tandem This is
t he repl acenent sheet 27
The significance of these flow considerations -- avoiding recirculation and
turbulent flow -- are illustrated by the lr_esulls of tests conducted in a reaction cell that
had a less-than-optimum configuration for maintaining laminar, non-recirculating flow.
This is the same cell conﬁguralion used for the tests described in Examples [ and [l
above. The reaction cell 200 is shown schematically in plan view in Fig. 38 and in
cross section in Fig. 39. The cell has an inlet 202 and an exhaust 210 that are even
wilh’the floor 201 of the cell and are each 0.25" (.6 cm) in diameter. The substra_te to
be treated is also mounted on the floor 201. The cell is 7.6 cm in diameter an(i 25 cm
in height.. |
Samples of bare silicon exposed to the room environment were cleaned in the
cell using a low pressure 500 W Hg/Xe -Model 6288 lamp, _sold by Oriel Corporation of
. 'Slamford; Connecticut, with a 4_" diameter lens coupled to an electronic time controller
Model 84350 (also sold by Oriel), which had an output energy of 40ul/s over the 200- . . |
315 nm region. Thel lamp delivered a total -of 8 mJ/cm? over a-30 minute period.
Energy measurements were made with-a JL-1400A photometer witha .~ .-+ -
JSEL/240/QnDS2/TD detector for the 200-315 nm range and.a JXRL140B detector for
. the 300-400 nm range, all supplied by Jetlight Company,. Inc.' of Laguna Hilis,
California. Analysis of the sample (before and after treatment) was made with a VG
Instruments Model 310 Auger/XPS spectrometer, now sold by Fisons Instruments of
Danvers, Massachusetts. |
The gas flow rate through the cell was varied from 9 cc/s to 130.cc/s, controlled
by a L-03217 series 150 mm variable flow meter sold by Cole-Parmer Instruments, [nc.
of Niles, Illinois, calibrated for argon, nitrogen, and helium. As can be seen in Table
HI below, and in Fig. 40.
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19 b. Exanpl es of Basic Tr eat ment The application of the basic treatment
nmet had and appar at us descrl bed above

28
Table 1T - Test Data “
Argon Flow Rate - Carbon Removal
(ce/s) (%)
9 | _ 18.9 -
- 9 21.4
12 20.6
j_ 12 - 30.9
12 34.6
66 379
66 X
66 65.4
7 S 206 -
17 _ ‘ ' 19.3
130 o 25.2

It is apparent from the data that the removal efﬁcieﬁcy of the process depends on
gas flow rate (and lhls on flow conditions in the cell) Although Reynolds numbers
calculated based on the half-height of the cell were clea:ly in the lammar range, it is
believed that at the higher flow rates, the unconstrained expansion of the gas into the
cell from the inlet 202 created areas of recirculatioﬁ on both sides of the inlet, and
probably downstream eddies or vortices. This recirculation effect probably induced
redeposition of contaminants.

A reaction cell that embodies the principles set forth above--creating a non-
recirculating laminar flow over the substrate treatment surface--is depicted in Figs. 27-

~29. This embodiment also provides a uniform flow at the entrance to the flow channel.

Such a cell 200 is thereby designed to maximize the removal of contaminants from the
treatment surface and (o minimize redeposition.

' The reaction cell 200 includes an inlet 202 that is in ﬁuid éoanmuniéalion with a

small mixing chamber 206, which, in turn, includes a low momentum plenum 230 and

‘an adjacent trench 204. The plenum 230 is bounded at its ends by a {ilter assembiv 2o

and a vertical post 228.
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‘with regard to planar treatnent surfaces are illustrated in the follow ng
exanplies. In Exanple 1, various energy densities of a pulsed KrF -exciner
| aser are applied to-a silicon oxide substrate with varying degrees of
success. In Exanple 11, the need for the invention in the area of optical
conponents is examned. i. - Exanple | The native oxide of silicon is
necessary for the pronotion of thin fjl mgrowh on

" The filter assembly.226 stands at'the inlet to the flow channel 232 and is
constrained in that position by two adjiistable positioners 208. A seal (not shown), such
as a teflon gasket, O-ring, or elastic band, is installed on the periphery of each member
of the filter assembly to prevent bypass flow from the mixing chamber 206 into the ﬂowﬂr '

. channel 232.

. The flow channel 232 extends downstream of the filter assembly 226 and
includes a recess 214 for receiving a substrate sampie (not shown). The recess is-
dimensioned such that the treatment surface of the sample i§ flush with the channel
surface. To restrain the sample during treatment, a vacuum  may be applied to the back
of the sample through the vacuum suction port 216 and the vacuum channels 218.

A quartz disk-220 through which radiation can pass in the manner explained
previously is disposed above the recess 214 for receiving the substrate sample. "The
quartz disk 220 is fixed and sealed in the cell 200 with a removable plate and a suitably
sized O-ring, respectively. '

Downstream of the recess-214, is an exhaust duct 210" which is situated in a part
of the flow channel 232 that is configured to have theshape of a "Rankine oval”. ‘Asis - .
well known to the artisan, a Rankine oval shape takes into consideration the inviscid

_ ﬁow- solution for a uniform stream entering a sink point.. In this context, the Rankine
oval configuration serves io conduct the flow to the exhaust duct 2[0 while avoiding
recirculation of the.flow in the flow channel 232.
The shape of the “Rankine oval” is described. in. the following-equation (in

connection with the diagram in Fig. 36):

y = 5_2_2;7"_2 @ - 6y (14
where R is the intercept of the Rankine oval with the positive side of the x axis.
The gas {low through the cell 200 originates at the inlet 202. The gas may be
supplied to the inlet from a compressed gas reservoir fitted with a suitable pressure
- regulator (not shown) to control the gas pressure and flow rate. The gas supply is
connected te the inlet by suitable piping. From the inlet 202, the gpas is directed ic
impact the flat surface of the trench 204. Leaving the french 204. the flow entets. the

plenum 230 and then travels 1o the filter assembly 226.
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sem conductqr surfaces. Unfortunately, when sem conductor surfaces of
silicon oxide are exposed to the environment, carbon contaninants adhere
weakly to the sem conductor surface. The presence of these contam nants
greatly reduces the conductivity or the insulating nature of the thin film
to be deposited. Therefore, in sem conductor production, great precautions
are taken to mnimze environnental exjosure through the use of el aborate
vacuum chem cal and nechani cal techni ques.

" It is readily evident that the flow exiting the plenum 230 will be non-uniform--it

will have varying velocities across:the exit plane of the plenum and-there will be
velocily components that are not parallel to the flow channel axis. As described above,
it -is desired that both of those conditions be eliminated so that the flow entering the flow
channel has a uniform velocity profile that is parallel to the axis of the flow channel 232
as, depicted in Fig. 30. This is achieved with the filter assembly 226.
The filter assembly 226 is disposed at the-inlet of the flow channel of the cell
200. When the flow is forced through the filter assembly 226, the flow conditions are
changed so as lo produce a uniform and parallel velocity profile across the width and
height of the flow channel 232. To keep flow losses within acceptable limits, it is
preferred to limit the pressure drop across the filter to 1-2 psi. Preferably, the filter
assembly includes a porous sinterized: metal filter such as those offered by Pall Ultraﬁné
Filtration Company. _ _ . _
The number and type of ﬁIterir_cquir_ed are dictated by 'ﬂ.ow.condi'lions._ For .
example, for a flow of air ranging from U-500 cc/s, Fig. 31 provides data allowinga
-~ choice of fillers to provide.the desired !_-ZIpsi__ maximum pressure drop. . The solid lines,
- 1F-4F refer -to a series of gox:;;ér mesh Pall filters identified as PSS Grade F The
~ dotted lines 1H, 2H, 3H and 4H refer lo a series of finer mesh Pall filters identified as
. PSS Grade H. _ _
~ For an initial desngn condmon of 70 cc/s, Fig. 31 1ndlcates that the IH filter
~would provide the desired 1-2 psi pressure drop. This indication from Fig. _3_0 has been
experimentally verified. | |
The information provided :b.y Fig. 31 is for air, whid1, since air is composed
primarily of nitrogen, is pertinent to nitrogen as well. Adjustment to this data is
_ necessary for other inert gases such as argon and helium. o
For a cell 200 used for treating a substrate sample having a diameter of about.6
inches, the flow channel 232 has a width of approximately 6.5 in (16.51 cm) and a
height of approximately 0.125 in (0.31 cm), thus resulting in a flow channel having a
cross-sectional area of approximately 0.8125 in2 (5.24 cm?). The overall cell
dimensions are 10 in by 20 in (25.4 cm by 50.8 cm). The cell is supplied- with 0.25 in

(0.6 cm) diameter tube ﬁumgs at both the inlet 202 and outlet 210" Whlch are adgRiate
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Vacuum t echni gues are expensive espeC|aIIy i f high or near ultra high
vacuumi s used to keep surfaces clean between processing steps. Cheni cal
(et and dry) and nechani cal- techni ques can damage the substrate treatnent
surface'and, if the substrate being treated is a processed integrated
circuit, the under|lying structure. In attenpt to overcone these

pr obl ens, radiation froma pulsed KrF eXcinmer |aser (a nodel EM3L50 from

Lanbda PP&%OQ rates up lo% 7s! ?mgvél?\f'?lu?gg%ughi Be rzeﬁgirggn depending on larger

flow rates.
Using argon, the maximum velocity that can be achieved while maintaining
laminar flow is determined by solving the Reynolds number equation for ¥ . For

argon, this is

; , 7 - 2000 - (0.134 c_n;z/s) (16)
0.16 cm
or 1,675 cm/s. The flow rate required lo achieve this velocity is determined from
Equation (11),
Q = (1,675 cmfs)(5.24 cm?) : . 1D

or 8,777 cm¥s.
The gas flow within the process chamber can be modeled using well known fluid
dynamics principles, including the Navier-Stokes equations; the <':on'ﬁ|'1uit)'j equations and
the boundary-layer equations, a model of the gas flow within the cell can be formuldted.
Depending on the input of various parameters such as the type of gas and the volume
flow rate, the Reyholds number can be calculated. -One can also determine thie velocity
_-profile at a-selected distances from the inlet of the flow channel.
_ | For example, if argon is used at a flow rate 6f 1000 cc/s, the average flow
velocity will be 191 cm/s. and the Reynolds number will be 233.- The enti‘y length will

. be 30-mm. The resulting gas velocity profiles-are shown in'Fig: 37 for several values

of

¢ = E | (18)
where x is axial distance and E is the entrance length for the flow. In this example,
the entrance length is approximately 30 mm. The velocity profiles in Fig. 37 shown the
- relationship between the ratio of local velocity to averege velocity (U/U_m) and distance
y from the surface of the flow channel.

According to the method and apparatus of the invention, the inert gas is supplied

to the cell 200 in a manner subslantially as described. previousiy. Gas'is:supplied froma -

gas source and constaritly flowed. in the laminarflow regime. over the si
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(W range) was applied to the surface of a silicon substrate in a seal ed
. Chantber through which argon gas was flowed. To decrease surface carbon
contam nati on and decrease carbon percentage associated wi th chem sorbed
organometal lic (trinethyl alumnum, a precursor to alumnumthin film
formation in sem conductor production, irradiation of 35 mi/cnferr] for
6000 | aser shots at a 10 Hz repetitiomrate was applied for. 20 mnutes to
a silicon oxide substrate surface with the KrF excinmer |aser. The |aser

“treat edsgihdedCqRe flow may be regulated and-monitored by any suitable valve regulator and
flow meter.

It is understood that various modifications to this embodiment may be
contemplated in order to implement the treatment apparatus and method in a comme-;c'i'al
environment, especially in connection with the use of the treatment method in a
commonly used cluster process tool as shown schematically in Fig. 32.

A typical cluster tool includes a central subStrate staging chamber 320 in which
the substrate article 321 is held between processing sleps Various processing ool

enclosures, 302, 304, 306 and 308 are located around the staging chamber 320 and the
article 321 is introduced into each enclosure according to a preprogrammed processing
step. '

A cleaning process unit may conveniently be positioned in either or both of an
inload unit 312 and an oulload unit 310, and would embody the treatment apparalus and
method using laminar flow. Before the substrale amcle 321 is mtroduced into the
process -chamber 320, cleaning treatment would take place in the inload unit 312.~
‘Similarly, cleaning treatment could take pface m lhe oquoad”unil 310 following
éomple;itm of processing in the process chamber.320.

The process chamber 320 in cluster units usually is typically configured to .
operate at low vacuum conditions (from sub-atmospheric pressure to | x 107 torr. s
. . - desirable to minimize gas flow between the central process chamber 320 and the

cleaning process unit, which flow may disturb potential contaminants on the walls of
either chamber around the inter{ace between them, introducing another source of .
contaminants. Therefore, it fnay be commercially preferable to operate the cleaning
~process unit at the same pressure as (he process chamber 320. As noted above, the
process described herein may be operaled satisfactorily at such pressures.
It is also understood that it may be desirable in various applications to introduce

fluid flow aids to control the gas flow conditions (pressure and flow rate) in the chamber
while inain(aiﬁing laminar flow across the substrate surface. In general, the flow rate of

gas through the chamber and the static pressure of the gas in the chamber will be

governed by the gas pressure and flow rate supplied to the inlet'__a-n_;d}'-st})_* the pressure a

the -ouilet.
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wer e exposed during a continuous flow of argon gas at a flowrate of 16
1/hr (4.5 m/s) under a 1.03 x 10[err] torr backing regul-ator pressure.
After treatnent, X-ray~Photoel ectron Spectroscopy ("XPS') analysis showed
the substrate exhibited a significant decrease in surface carbon froma
pretreatnent average surface carbon cove&ting 30-45%

For example, it is contemplated that gas introduced to ihe cell inlet 202 from a
compressed gas cylinder (as described -above) could be supplemented by lhé use of a gas
compressor at that inlet region. 'l"'l'lié'supplementation would allow for the gas to travél
through the cell either at a higher static pressure at the same relative velocity or at a
higher velocity at the same static pressurc than if no supplementation were provided.

- Similarly, it is contemplated that exhausting of the gas flow through the exhaust port
. 210 may be silpplemetited. with a vacuum pump connected to the gas outlet region. This
will be necessary if the chamber is to be maintained at sub-atmospheric pressure. The

outlet and inlet controls could also be combined.

2. Treatment of lrregularly Shaped Surfac _

The embodiments disclosed in Figs. 2-4 and-27-29 are direcled primarily towards
the treatment of planar or flat substrates, such as silicon wafers. Accordingly, their
application is restricted to those substrate surfaces that may be conveniently secured

within a process chamber and configured to permit adequate exposure to a source of

radiation emanating from a generally {ixed location.

- - Alternatively, Figs. § lhrough 26 disclose embodiments_of the inven.lion cg_pable.
| of removing. su.rfacé contaminants from-objects having irregularly shaped internal and
external substrate surfaces or, more specifically, surfaces that.-lie in non-coincidently
related planes. Such planes encompass-all possible relationships between the surfaces 6f
‘a substrate except those occupying the same space or plane. For example, surfaces that-
are parallel or angularly related, such as opposing interior walls of a pipe or adjacent
walls in a cubical chamber, respectively, occupy non-coincidently related planes.-
Significantly, the apparatuses disclosed in Figs. 2-4 and 27-29 are incapable of
treating such substrate surfaces. These apparatuses are strictly limited to singularly
planar substrates. Conversely, the apparatuses in Figs. 5 through 26 may effectively
treat surfaces occupying non-coincidently related planes either sequentially or
simultaneously, as discussed more fully below,
Although not shown in these figures, a pas analyzer 27, such as that described
above, and/or particle detector may be incorporated into these efnbodiments_.to facilitate

selective energy and wavelength adjustment of source 14 as d_f:s'ci'ri.b_ed=-abp;\'?_t;.:3._.$fu;i;j£a.ﬁifé"_'
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20 of the substrate surface to an after treat rrent. I " f AeS6 _rmbon
. covering 19% of the substrate surface. The substraﬁaﬁﬁsﬁ& il 2 aped

ring . : showed
no damage or alteration. A surface treated by a | asem l‘ mnﬂll]ﬁ S
descri bed above and then exposed to an organonetalli d, by
XPS anal ysis, that 20.8% of the substrate surface - '

particle detectors may be obtained from Particle Measuring Systems, Inc. of Boulder,
Colorado and Tencor .lnstr.urﬁénls of Mountainview, California. '

Fig. 5 schematically illustrates an apparatus 80 for removing contaminants from
elongated enclosed passages, such as pipes 71. Radiation from a radiation source 14 i3’
conducted through a radiation conduit 50, which is an optical waveguide such as a
bundle of optical fibers or light pipe, while a gas inert to the substrate treatment surface
is conducted from gas source 16 ta the treatment surface via gas line 51. Radiation
conduit 50 and gas line 51 merge at or before cable head 53, where they may be
"bundled” into a single cable 52. Cable head 53, connected to the end of cable 52,
includes radiation passages 54 (which may be one or more optical fibers) and gas
passages 55. Various configurations of eable head 53 are illustrated in cross section in
Figs. 6-11.

Tie geometric shape and éonﬁguratiou of radiation passages 54 and gas passages
55.at the end of cable head 53 may be sclected based upon the intensity-and distribution
of radiation and/or gas turbulence required for a particular-application (i.e., elorigated

“enclosed passages or more exparisive, planar surfaces).: For example, Figs. 6 and 7
disclose configurations that are biased toward enhanced radiation exposure and gas
turbulence, respectively. Further, Figs. 6-9 provide geometries that convey anuneven °
amount of gas and/or radiation as they repeatedly pass normally over a surface. These
are contrasted with the even distribution of gas and radiation provided by Figs. 10 and
11 when directed normally to a surface. Alternatively, Figs. 8 and 9 provide a.
relatively uniform distribution of gas and radiation when applied to surfaces generally
parallel to the axis of cable head 53, as discussed more specifically below. Although
gas and radiation control is enhanced lhrough.lhe use of cable head 53, it is anticipaled

. that in certain applications this element may be eliminated altogether, allowing gas and
radiation to simply emanate directly from the ends of gas conduit 5! and radiation
conduit 50. |

In addition to facili(aliﬁg multiple radiation passages 54 and gas passages 33,
cable head 53 provides means for redirecting the radiation and -gas to substrate treatment
surface 70. Such redirection is necessary when apparatus 80 is used for cleaning: the

interiors. of narrow passages such as pipes 71, as shown in Figs. {2 afd 13, wiligre

axis of cable head 53 must be generally parallel io ihe rreayment s
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treated surface. Whenh the-laser was applied, as descri h prior
to exposure to organonetallic gas and again after gas 8. 9%
of the surface was covered with carkgn. Areas adjacent |lo the |aser-exposed
areas al so exhibited sone effects of the |aser-cleaning treatnent. Areas

adj acent _t \d fifovhi RAFR 18] AJIZHOR WRttage SEUNE 8ES passage 55 flare outwardly

from the centerline of cable head 53, thereby directing both the radiation and gas flow

was covered:«w i h carbon as conpared to 40-45% of the ;guRst ;s S facg t hat
‘was covered with carbon after organonetallic gas exposH ;B?ﬁtﬁil‘ﬁ er

toward the inner walls of the passage to be cleaned. The angle of the flare from the
centerline of cable head 53 may range from few degrees to more than 90° as shown in "
Figs. 15 and 16, respectively. The configuration of cable head 53 is application-
specific, related to gas flow rate and photon delivery requirements for contaminant
removal. . More specifically, cable head 53 directs radiation at the appropriate density
and angle of incidence for a particular contaminant and substrate  while maintaining a -
continuous flow of inert gas across that portion of the substrate being irradiated.

In operation, apparatus 80, and more specifically cable 52 and cable head 53,
may traverse an elongated. enclosed passage 71 in either a forward or reverse direction,
as shown in Figs. 12 and 13, respeclively. When moving forward, as denoted by arrow
60 in Fié. 12, cable head 53 may be configured as shown in Fig. 15. Radiation passage
54 and gas passage 55 may be disposed in the inner and outer passages, respectively, of
cable head 53. In this way, the irradiation of substrate surface 70 from energy
conveyed through radiation passage 54 will occur downsiream fro.m the flow of gas
emanating from the discharge end of gas passage 55, and any dislodged contaminants
will be continually pushed ahead of cable head 53 by discharged gas as the cable head
moves forward. |

Alternatively, cable head 53 may move in a reverse or backward direction
denoted by arrow 61 of Fig. 13. When moving backwardly, cable head 53~ inay be
configured as shown in Fig. 16. Radiation passage 54 and gas passage 55 may be
disposed in the outer and inner passages, respectively, of cable head 53°. Gas
discharged from gas passage 55 flows back aloﬁg cable 52 in the annular space between
the cable and pipe 71. In this wéy, the portion of substrate surface 70 being irradiated
by energy conducted through radiation passage 54 will be blanketed by the gas, and any
dislodged contaminants will be continually pushed by gas in the direction of movement
of cable head 53" as the cable head moves backwardly along the pipe. To prevent
contaminant-laden gas from passing into the portion of the p.ipe already treated. a cap

may be placed at the end of the pipe nearest the portion first treated. Alternatively. -

cap 33a’, as illustrated in Fig. 16. may be mounted on the end. 6 e cabile-tigad: 53
This cap has an outside diameter siighisis less than the “uside Jiameter of pins T Lo ;fha%
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carbon level of 12. 7% This effect probably I's due to tms&btlﬁﬁlg’gg},ﬁ éJere

of ‘the .appl.ied | aser pul-se. Transfer of the wafer fronlt
the XPS anal yzer was via an argon filled glove box. The @!ﬂ;
transferred to the XPS through an inert UHV transfer rod.

envi ronment al exposure to a mni num - Anogéer wafer of 5|I|con oxi de, while
exposed to argon gas as descri bed above,

the annular flow area between the cap and the pipe is much less than the annular flow
area between pipe 71 and cable 52 or cable head 53°. The gas will therefore flow away
from cap 53a” and toward cable’ 52. _ .

In both forward and backward moving configurations, the constant flow rate of
the inert gas discharged from gas passage 53 is sufficient to move the conlarhinams
away from the area of treaunent. . This flow of gas may also serve as a means for
centenng cable head 53 wuhm elongated enclosed passages to be cleaned. As shown in
Figs. 14-16, gas passage 55 may be configured as an annular ring directed outwardly
from the centerline of cable 52. Should sufficient gas pressure be applied, the uniform,
outwardly directed gas (rom gas passage 55 may center cable head .53 within an
elongaled enclosed passage.

Allermtlvely flexible. porous support structure 56, composed of a stable and
non-particle shedding material. may be placed around cable head 53 for centering
purposes. as shown in Figs. |7 and 17a. To avoid contaminating cleaned surfaces,
support structure 56 should never contact treated surfaces, whether cable head 53 moves
ina forward (arrow 60) or reverse (arrow 61) direction. Thus, support structure 56
should pass over the substrate surface ahead of the radiation treatment. In such an
application, the structure must be sufficiently porous lo allow gas and dislodged
contaminant to flow through it as cable head 53 traverses the enclosed passage. In the
{orward moving embodiment shown in Fig. 17, gas passages S5 and radiation passages-

- 54 (not shown) may exit from the side of cable head 53 rather than from its face as
illustrated in Figs. I4 and lS to enable installation of support structure 56 downstream
of gas and contaminant flow.

Where the interior of an elongated. enelosed passage is constructed from
sufficiently reflective material, such as basic annealed 316 stainless steel, a high-energy
lamp, or radiation conduit 50 with an optical diffuser 57 mounted to its end, may simply
emit radiation 11 at the entrance to the passage and allow resulting radiation 11 to
reflectively traverse the interior 707, as shown in Fig. 18. The interior 70" of
elongated passage 71~ is sufficiently reflective to enable radiation 11 1o traverse the
interior without moving the source of radiation. Inert gas flow 18, conveyed to ihe

entrance of passage 71 * by any means known in the art; _e-n,sur.es-..;.-pa?r-:tleul:éle--?is.=.x-l;1_"_(->.-.=\?f€.i:--.= I

downstream oncejdislodge_d'- fr__m_n substrate .'-_s_t_'i'r-.-f_a_ce_-?Ci' ‘z;.\,-aodmon reflé 10
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was exposed to p.ul sed KrF excimer laser irradiation ceiior

6000 'shots at a 10 Hz repetition rate. XPS analysis s car bon
coverage of 40-45% hoth before and after | aser treat d| ation
at 9 m)/cn? did noL renove adsorbed surface carbon. Another wafer or

silicon oxide, while exposed to argckinl gas as descri bed above, was exposed
to pulsed KrF excimer laser irradi-ation of 300 m)/cn2 for 6000 shots at a

m.ay also be constructed from 316 stainless steel, is secured (o the perimeter of the
entrance of passage 71 to-prevent back flow of radiation and gas.

It is also anticipated that a liqﬁid, ralI{er-than a gas, may serve as the inert
medium to carry away contaminants dislodged through irradiation from narrow,
elongated passages. Such a modification would be particularly useful in the removal of
plaque from the interior walls of blood vessels. In such an application, the applied
radiation would be characterized by an energy density and duration between that -
required to release surface contaminants from the treatment surface and that which:
would damage or traumatize the composition of the vascular structure.

Analogous to clongated. enclosed passages, apparatus 80, or more particularly
cable 52 and cable head 53, may be utilized to clean more exbansive interiors such as
those of process chambers. In such instances, cable head 53 may be configured without
a flare, S0 thai radiation and inert gas are directed straight out the end of the cable along
the cable axis. Manual or robotic control may be employed to guide the assembly as it
sweeps across such surfaces. | .

In Fig. 19, for example, chamber 15" includes a gas inlet embodied in gas
passage 55 of cable head 53, and gas outlet 25. Within the chamber, robotic arm 81
altached to base 83 provides means for moving cable head 53 about the interior walls of
the chamber, identified as substrate treatment surface 70. The arm may spin a complete
360°, and base 83 may move up and down as-denoted by arrow 62 providing complete
access 1o the interior of the chamber, As radiation and gas are conveyed (o .substrate
treatment surface 70 by means of passages 54 and 55 of cable head 53, contaminant is
dislodged from the surface and is drawn to outlet 25 by means of gravity and gas flow.

Alternatively, Fig. 20 illustrates a chamber cleaning arrangement wherein the gas
outlet 25 is positioned at the top of the chamber. As in Fig. 19, robotic arm 81
attached to base 83 provides means for moving cable head 53 about the interior walls of
the chamber. In this instance, however, gravity may not be relied upon to draw
dislodged contaminant toward gas outlet 25. As such, a secondary gas flow is provided
as indicated by arrow 55 to maintain a constant turbulence at the base of chambe:
15°°. This secondary flow creates constant movement of gas toward outlet 2*

extending- the full depth of the chamber. Acc "”!as_'-the-suﬁs.triale -surfdce 7 is

he URWATG UOWIny L ke

cleaned from bottom to top, c_qng;;i:rr_i}rjaru_.'i-s__.cﬂ_
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10 Hz repetdition rate. At the end of treatnent, the subsirate syriace had
*suf fiered significant- damage, including a hole throbghne : f e. Thus,
irradiation at 300 mi/cn® altered the nol ecul ar cr “

of the
substrate surface. These exanpl es show | aser irradi propriate

energy flux and wavel ength can decreas3 surface contam nation w thout
damagi ng underlying surface or adjacent structures.

produced by secondary flow 55° and expelled through outlet 25. It is anticipated that
one or more secondary sources of gas may be added to chamber 15 to accommodate
different chamber geometries an'd-':gas outlet positions (i.e., side mounting).

In addition 10 interiofs, cable 52 and cable head 53 may be used to remove .
contaminant from exteriors of irregularly shaped objects. For example, in Fig. 21,
chamber 157 is fitted with gas inlets 23 and outlets 25 to enable a bulk gas flow 18 to

- ‘(ravcrsc the chamber. Within the cliamber, robotic arm 81 attached to base 82 provides
means for moving cable head 53 about object 72, which includes substrate treatment
surface 70. Access to the entire surface 70 of object 72 is facilitated by turntable 84.
Passages 54 and 55 within cable head 53 convey radiation and sufficient gas flow to the
specific area being treated so to dislodge conléminant from substrate surface 70. Once
dislodged from the treatment area, contaminant enters the bulk flow gas stream 18 and
is removed from chamber 15° via gas outlet 25. As mentioned above, this exiting gas
may be monitored through the use of a gas analyzer and/or particle detector to facilitate
selective energy and wavelength adjustment of radiation source 14 (not shown).

The principles in Fig. 21 apply equally to Fig. 22 wherein object 73 includes a
more planar substrate treatment surface 70 such as that found on a painting.

[t is anticipated that the exteriors of irregularly shaped objects may be
successfully treated through the foregoing process without the use of a chamber, relying

 solely on gas supplied by conduit 51. Such an apparatus may be in the form of a hand-
heid device wherein sufficient decontamination is measured by visual inspection rather
than through a gas analyzer and/or particle detector.

In some irregularly shaped surface applications, it may be advantageous to alter
apparatus 80 by separating the gas from the radiation transinission means altogether.
For example, when removing contaminants from the interior of a process chamber, one
or more radiation sources, such as an ultraviolet lamp, may be placed within the
chamber via support 85 as shown in Fig. 23. As the ultraviolet lamp irradiates the
chamber interior 70 (substrate treatment surface), gas 18 may be provided from one or
more inlets 23 lo expél_ dislodged contaminant from the chamber 15" via outiet 2°

Gas flow 18 may be controlled by valves 22 as described above. Alternativels .

radiation may be conveyed to the interior of chamber 15" via condiit 56 snd rabou

arm 8! as shown in F.ig_. 24,
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It i's expected, in view of the heat of formation of Si 2, that subjecting a
siJlicoh oxide substrate surface to pul sed KrF exciner |aser irradiation of

| ess t han "100 mJ/cnferr] for 6000 shots at a 10 Hz repetition rate would
not- alter the nol ecular crystal structure of the substrate. Pul sed KrF

exci mer laser irradiation of less than 3 m/cnjerr] for 6000 This is the

repl acement Shﬁﬁ:tan%, ’]llustr}t%(? in Figs. 25 and 26, radiation may be generated by means
of a bank of high-energy lamps 59 which essentially bathe the substrate treatment
surface 70 o.f object 74 with a sufficient level of radiation to dislodge contaminant.
Object 74, which may be an armored vehicle, is exposed to lamps 59 within "Quonset"
hut 85, while inert gas 18, accelerated by fan 86, flows over the substrate surface 70...-‘
Where geometrically shielded areas may escape the gas turbulence created by fan 86 or
radiation generated by bank 59, one or more apparatuses 80 (not shown) may be

employed to access these areas.

3. Treatment Supplemented by Forces of Gravity

In another embodiment of the apparatus and method of the invention, it is
contemplated that certain ad\_/anlzig'es are gained by providing structure that allows the
substrate "articlé to be retained in an inverted position during treatment. In general,
when a contaminant is dislodged from a substrate surface, the inert gas flow will tend to
carry the contaminant away, and avoiding gas flow conditions that would impart a
velocity component to the contaminant that is normal to the substrate surface will reduce

.the chance that the contaminant will be redeposited on the substrate. However, if the
substrate is disposed with the surface to be treated being uppermost, the force exerted
by gravity on a dislodged contaminant will be toward the substrate surface, ténding to
promote redeposition: ThUS',-il-wiﬁ generally be preferablé to mount the substrate so
that a dislodged contaminant will tend to fall away from the substrate rather than toward
it. However, it is understood that mdunling the substrate in an inverted position may be
undesirable when manufacturing or other process factors are considered.

Referring to Fig. 33, it is commonly understood that a-.substrale article 301 may
often include a number of wells or cavities 305 in which contaminants 303 may be
lodged. Such substrates are particularly suited to mounting in an inverted position so
that gravity will act to avoid redeposition. In the same manner as previously discussed,
a flow 307 of inert gas is provided to the treatment surface along with irradiation 309
from the radiation source 313. The irradiation passes through a quartz window 311 ¥
course, some means must be provided 1o retain the substrate in the inverted posilict:

such as the vacuum channel 216 illustrated in Fig. 27.
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21 shots at a <10 Hz repetition rate is not expected to alter a S|I|con
oxi*de subst.rate surface in any way.

me—

40

It will be apparent that as the aspect ratio (depth to width) of a cavity 305 is
increased, less of the inert gas flow will penetrate to the floor of the cavity to aid in
removing contaminants. Thus, it is also contemplated to introduce a secondary inert gas

315 flow to the primary inert gas flow 307 during treatment of the article 301 when |
mounted inverted as depicted in Figs. 34 and 35. The secondary inert gas flow 315
may be introduced substantially perpendicularly to the plane of the substrate article 301
such that the additional fluid flow aids the irradiation effect and the primary gas flow
307 to dislodge the contaminants 303 from the wells or cavities 30S. The flow is not to
reach a flow velocity that would disrupt the primary flow 307 to such a degree as to
create a non-laminar (i.e., turbulent) flow condition. As shown in Fig. 41, it is
anticipated that the secondary flow 315 will induce a streamline 325 of the flow through
the cavity 305 that will generally follow the walls of the cavily. Although this could be
considered to involve recirculation, and the flow has a velocily component normal to the
plane of the overall substrale,' when viewed locally it should in fact have a relatively
small component normal to the walls and floor of the cavitly. Thus, the flow should. aid
removal of contaminants and not promote redeposition.

The secondary flow 315 can be introduced at any angle oplimally determined to
best aid in dislodging the contaminants 303. Sifnilarly, as described above, it may be
preferred to orient the incident radiation 309 at an angle to the plane of the substrate so

- as to illuminate the walls of the cavity at an angle as near to normal as possible, thus
enhancing the removal of contaminants from the walls.. Of course, the incident angle

will be dictated by the aspect ratio of the cavity.
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i Exanpl e 11 Hi gh energy optical conponents | ff| cuI t to fabricate

for such t echnol ogies as |aser fusion, x-ray I|thog I mer
| aser -optics. Laser fusion and x-ray I|thography te used
exclusively in "clean" environnents. Bdciner |aser short work

life span because with current comercial filmdeposition technology, it is
difficult to 5 N6G 1Shs capabl e of withstandi ng prol onged hi gh-

l.. A_ method for rémpving surface contaminants from a treatment surface of a
substrate while prcseﬁing the 'c_r'ys__@al structure of the surface being treated, comprising
the steps of: | _ |

introducing a laminar gas ﬂau}.acr"o"s; said treatment surface, said gas being inet
to the treatment surface; and, | |

: irradiating said treatment surface with high-energy irradiation, said irradiation
having an energy density and duration sufficient to release surface contaminants from

the treatment surface and insufficient to alter the crystal structure of the treatment

surface.

2. A method according to claim I, wherein said laminar gas flow originates
.. from a gas flow that is forced through a filter located upstream of said treatment

surface.

. 3. A method according (o claim 2, wherein said laminar gas flow originates
from a gas flow that is introduced into a mixing chamber disposed upstream of said
filter.

4. A method according to claim [, wherein prior to said step of introducing
laminar flow, said treatment surface is placed flush to a surface of.a flow channel which -

is configured (o provide said laminar flow.

5. A method according to claim 4, wherein said substrale surface is rcstramed

on sald surface of a flow channel by a vacuum.

6. A method according to claim 1, wherein prior to introducing said laminar
flow, said treatment surface is placed in a flow channel in a manner such that said

- lreatment surface is upside down relative 10 gravitational forces.

7. A method according to claim 6, wherein a secondary inert gas iigw

.. introduced to said treatment surface at an angle-to _s'ai_'qg-,:_i'anlin'ari fow-

Th th rep!acement sheul . |
siate RCE R ) 0




energy fluxes. A perennial problemwth high energy optics is optical

br eakdown. Thi s phenonena-can be described as "the catastrophic evol ution
of damage inflicted in a transparent nediumin a strong laser field.” Y.R
Shen, Principles of Nonlinear Optics, 1st ed., 2528- 540 (Wl ey Interscience
1984). Thi s phenonmena occurs in solids as wel_f‘ as gases. Wth a solid, such

as a high energy opgi cs pRhLEGbcAEiRRHSEMIM 1S wikAGR SRAUSHiAY flow originates from a ga
flow that is supplmented by the effect of a compressor located upstream of said treatment

~surface.

9. A method according to claim 1, wherein said laminar flow originates from a gas
flow that is supplemented by the effect of a pump located upstream of said treament
surface.

10. A method according tc claim 1, wherein said laminar flow is drawn to an outle

by a draw pump located downstream of said treatment surface.

11. A method according to claim 1, wherein said laminar gas flow is a laminar

argon gas flow.

12. A method according to claim 1, wherein in said laminar flow across the
treatment surface as a velocity profile that is substantially uniform and subtantially parallel

to the treatment surface.

s 13. An apparatus for removing surface contaminants from a treatment surface of a
- substrate while preserving the crystal structure of the surface being treated, comprising:
a reservoir of gas inert to the treatment surface; h
a housidg for supp_otting__ said treatment surface of said substrate and for conducting
a laminar flow of said inert gas from said reservoir over said treatment surface; and, -
.- an irradiating device for irradiating said treatment surface with high-energy
irradiation at an energy density and dura.tion sufficient to release surface contaminants fron

the treatment surface and insufficient to alter the crystal structure of the treatment surface.

14, An apparatus according to claim 13, wherein said housing includes a flow

channel having a recess for receiving said treatment surface.
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the presence. of a surface defect such as scratches and pores in the bulk
material. In nost cases, optical breakdown is due to surface contam nation
such as-adsor bed dust partlcl es. The presence of these contam nants | owers
t he breakdown threshold which in turn i ggts the maxi mum | aser power t hat
can be used froma given |aser system. This fact is a very inportant

limtation regasdi Ag dppgrapisraetatdingfio 2lai@sIS; wieekin & flltep|dssbriiptie dBpogRs @ QYS)
by an external punp_ energy source. This, in turn, limts the |aser power
inlet region of said flow channel for generatmg w1thm said laminar flow a velocity proi‘le
that is substanually- uniform and substantially parallel to said treatment surface.
16. An apparatus according to claim 14, wherein said housing includes a mi';ci'hg
. chamber for mixing said gas flow from said gas reservoir, said mixing chamber being
~ , disposed upstream of said filter assembly.
17. An apparatus according to claim 13, wherein said housing includes a vacuum

mechanism for retaining said treatment surface in said recess.

18. An apparatus according to claim 13, wherein said housing includes a recess for

holding said treatment surface upside down relative to gravitational forces.

19. An apparatus according to claim 17, wherein said housing includes means for
conducting a secondary inert gas flow to said treatment surface, said secondary inert gas

flow being directed to said treatment surface at an angle to said treatment surface.

20. An apparatus for removing surface contaminants from a treatment surface of a

substrate while preserving the crystal structure of the surface being treated, comprising:
) a reservoir of gas inert to the treatment surface;

a housing for supporting said treatment surface upside down relative to gravitationa'
forces and for conducting a flow of said inert gas from said reservoir over said treatment
surface; and, _

an irradiating device for irradiating said treatment surface with high-energy
irradiation at an energy density and duration sufficient to release surface contaminants fron

the treatment surface and insufficient to alter the crystal structure of the treatment surface.
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canbiateeansherused- 1o transiity enengyskhrough:optdieaksutnd OWe S eans b antha

,othér optical conponents. Optical breakdown, for exanple on a solid, is
pronoted by the presence of surface adhered contam nants. The interaction

of arhis®bet HpBeaReplagdin with a sufficient energy_cross section may deposit
enoug WHnerate an "aval av% I oni zation on the solid surface.
Thi s face plasma whi disintegrate the solid.
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Jhespresensqiatagontaninants.ebiesk wﬁ g;;slggga@gses,,hbg,imﬁ&«&z&t&;@ S HE RO S
and de¢reases its use in potentlal applications. To overcone the above
descri bed probl ens, the contam nant renoval nethod, as described herein,
can be used to renove_adhered contam nants such as adsorbed dust. For
exanple, to treat an optlcal conponent, the conponent is exposed to a
continuous This is the repl acenent s&eet
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d,| rect ed at the surface of the optlcal corrponent The Iaser S tuned to an
appropriate energy flux and

3/28
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- wavel-ehgth-«t hatui:se-consi derabky: 1288400 L08Fg Pt Le0uULLed 1O
-pronot e ionization and subsequent plasma in high energy optics. The optical”
conponent surface is irradiated at the selected flux and wavel ength for a
duration sufficient to renove adsorbed contam nants. iii. . Exanple Il
Qualitative experinents were conduc&e}ig\gth a Pot omac Phot oni cs SGX- 1000
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KrF | aser (sold by Potomac Photonics of Lanham Mar yl-and)s-FiresfemsopapgSeass:
operated at an average power of 60 ml/s with a dwell tinme of 0.02 s and a
20 um beam spot. Nitrogen was used at a flowrate of 140 n/s, while the
substrate was nounted on a translating stage with a stage velocity of |
mms. Laser power was neasured with a Ml ectron JD- 1000 jouleneter with a
13- 09 probe, sold by Ml ectron Detgﬁ %é Inc. of Portland, Oregon. Visual

i nspection (at 1,000 X nagnlflcatl Bithe results of the

i FIG. 12
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cl eani ng showed t hat.. or.gani.c oils.(fingerprints) and al um num fl akes were
renoved from al uminum silicon flakes and silicon haze were renoved from
silicon, and unidentified foreign material was renmoved froma 3.0 um CMOS
patterned wafer. c. .Sel ective Treatnent of Substrate A planar substrate
being treated in accordance with the® /2@ ion may be sel ectively
irradiated with a laser. As shown in Fig. 2, for exanple, substrate 12 is
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=fioxedsEsn an XY table 13, which .is.sel.egtively noved with respect .to a fixed .
beam.of laser pulses Il ' that are generated by a |laser 14', directed

through a beamsplitter 24 and a focusing |lens 28 before contacting

sel ected portions of .the surface of substrate 12 over which inert gas 18

flows. Alternatively, as shown in Fig. 3, laser pulses 11 ' may be split by

beam splitters 30, 32 into two seqp/o% ul ses which are selectively noved

by adjusting mrrors 34-37 over tHe'sUrface of substrate 12 on a fixed
table 19. A | aser
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NOVeL: IRt 28:saBasuing anetaySirestiyde-omdhohasersabbousalntnclose
moni toring of the |aser power being applied to the substrate. Suitable
| aser power neters are available fromDigirad of Oiskany, New York and
Sci entech. Inc. of Boulder, Colorado. This is the replacenent sheet
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- 23-kurt-her-mar.e;...sel.ecti:ve- i rradi at+on-of..a. pl.anat.-surf-ace-may-pe-aehi-eved.
through the use of a mask, sinmilar to that used in the seniconductor

i ndustry, placed between the source of radiation and the treated substrate.
As shown in Fig. 4, fmask 9 facilitates -
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agcess: of radiation 11 to substr_ate 12 through mask passages a. As detailed
in Fig. 1, enclosure 15 conprises a stainless steel sanple reaction cell
fitted wth opposing gas inlet and outlet ports 23; 25, respectively, and
seal ed optical grade quartz wi ndow 17 through which radiation can pass. It

I s anticipated that high-energy #wsz@y al so be used to irradi ate planar
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surfaces 'i'neonfi-gurations simlar to that disclosed in Figs. 2 through 4.
Anot her enbodi nent permtting selective irradiation of a planar surface is
shown schematically in Fig. 42. The output froma suitable laser 110 is
directed to a focus I'éns 112, is reflected fromielay mrrors 113 and 114,
and through a Galilean tel escopg JMS he irradiation fromthe |aser is
then reflected from anot her rel ay g’ 116, and focus through an

adj ustabl e final focusing lens 117 before it reaches the substrate,
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nounted on a holder 118 on an x-y translation stage. At |east the hol der
118 i s disposed within a cell- (not shown) through which inert gas flows. A
flow nmeter 119 is disposed at the outlet of the cell. The arrangenent
illustrated schematicaHy in Fig. 4_£aor ovides a particularly conpact
apparatus. d. Lamnar Flow O In /@8 To reduce the Iikelihood that a
cont am nant which has been |iberated fromthe
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substrate surface by irradiation and has been entrained by the gas flow

w Il be redeposited downstreamon the substrate surface, it is preferred to
control the gas flow so that it does not inpart to an entrai ned contan nant
a velocity conponent nornmal to the substrate's surface. Such surface-normal
vel ocity conponents are, by defifi®i/oR.8inherent in turbulent gas flow and,
ineither turbulent or lamnar flow, in areas of flow recirculation. In
accordance with the principles of the invention, it is therefore

/\"5"!
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preferred to maintain the gas flow across the substrate in a |amnar flow
Jeginme and to avoid the creation of now recirculation zones. It is well
known that for internal flows (as in pipes or, in the present case, a
process chanber) lammnar flow will be maintained for Reynol ds nunbers of

| ess t han '
14/28
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-~ 24 approxi mately 2000. As shown in Equation (6), below, the Reynolds
nunber (Re) is calculated as: Re = [err] (6)

where p and u are the density and absol ute VISCOSIty, respectively, of tile

gas, his tile ~
15/28
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hal f - hel ght of the distance between the walls bounding the flow, and V is
the average velocity of the flow It is also well known that the drag force
Fon afree particle |n a gas, such as a.liberated particle entrained in
the gas flow, is related to the gh® fi28osity, the dianmeter of the particle
[err] and the relative velocity [err] between the particle and the gas flow

by the follow ng rel ati onshi p:
o]
N<——
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[erk] ‘ . : (9) Cwhere cis a slip correction factor. To
maxi*m ze' the force on a particle, and therefore to naxi mze the |ikelihood
that the particle will be entrained into the gas flow and remain there, the
fl ow vel ocity shoul d be nmaxi m zed. q \F:«egg this is subject to the
constraint that the Reynol ds nunber S d be maintai ned bel ow
approximately 2,000 to
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maintain |lam,nar . flow it is also apparent that a higher gas velocity can
be aclii eved for a given gas by reducing the half-height of the flow
channel, h. Tile average velocity [err] in tile flow channel is related to
the volunetric flowrate Q of gas through the channel as follows: [err]

(11) where Ais the cross sectional f:\éeﬁéaé the flow channel. Thus, tile

vol unetric now rate
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of . t:he..gas..t.hat.qust...he .suppli.ed. .- the=tlon:chanpebaowmairrtaiemaangiaremuus
javerage velocity is less for a flow channel with a smaller cross-sectional
area. The width of a flow channel is typically driven by the width of the
substrate to be treated, but nore flexibility is usually available to

control the height of-the channel .18hér28re, to nininize the anbunt of gas
required to achieve a desired velocity, it is preferable to mnimze the

hei ght of the channel.
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The artisan, wi |l recogawze thatkhecgas: fLow.velochtVahasnotounhbhormasress:
ithe 7 width of the fiow channel -- the vel ocity is zero at the wall, and
i ncreases nmonotonically This is the replacenent sheet
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25 to a maxi mnum val ue at the channel centerline. For._.fully..devel oped iw..  wims
tlamnar pipe flow, the velocity distribution is: [err] wherey is the

di stance fromthe wall of the flow channel. As depicted in Fig. 30, the

velocity profile iswthus parabolic in nature. In the entry region E of the

fl ow channel . 21728

FIG. 3l
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\i.e.i in the_region where the boundary.l.ayers. that develop on each of the
.opposing walls of the flow channel have not nmet in the center of the
channel ,” there is a boundary | ayer region near the wall and a potenti al
core. Although there.is not a closed-formsolution for the velocity, as
illustrated in Fig. 30 the flow velocity at a given di stance near the wall
Is greater in the entry region E than in the region of fully devel oped fl ow

F. O her pertinent paraneters id 242 8ninant entrainnent are the gas
properties of
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denstty -and-absektite vi scosi ty. These.propelti®es.ate.combined in the .
ki nemat:i ¢ viscosity r, which is the ratio of denS| ty and absol ute
viscosity: [err] (13) As is evident from
the Reynol ds nunber equation (Equation (6), above), for a given Reynolds
nunber and fl ow channel™ di nensi on, %ezl her velocity can be achieved with a
hi gher ki nematic viscosity, in a I2 Bel ati onshi p. A conpeting
consideration is the
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cboundar yabasessihieikaessSrrsekle@8Rekabendd s desi rabl e Lo .haveLhe Nl ghest
possibl ¢ velocity as near to the wall as possible, which in turn means at
it is preferable to.have a thinner boundary |ayer. However. this is subject
to the ¢onstraint that, while a tur buI%éat/qundary | ayer is generally
thinner:than a | am nar boundary |ayer for Srmlar conditions, turbulent
flowisito be avoi ded. Boundary | ayer thickness is proportional to the

square root of the kinematic
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CRSEHEF ty, dstsasieisiudrerostaalethiesanetage s
velockty in the fl ow channel. Thus, for a given velocity in the flow

channel , the boundary |ayer will E?EhthICker for a gas with a relatively

hi gh ki nematic viscosity than for 248h a relatively | ow kinematic
viscosity. However, fromthe Reynol ds nunber relationship, an increase in
kinematic viscosity allows a proportional increase in velocity while

mai nt ai ni ng the sanme Reynol nunber (and thus maintaining |am nar flow).
Thus, the undesirable d[i' . 36 P
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HPereasi ng €he avelragetfil oW s eI s e s SIS BRI E s enERHSRR R R RN
pertinent only in the entrance region -- the boundary |layer thickness is
equal to the half width of the flow channel in the fully-devel oped region
and -is not affected by the gas properties. The viscosity is a significant
paranmeter in the drag force on z?ar/ &l e, as shown in Equation (9), above
-- the higher the gas viscosity/ e eater the force on the particle.
Thus gases with hi gher absolute viscosities are preferred.
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As, described above. any gas that s inert to the SUbETf?ﬁ “HEY Do U8 S s mes:

carry out the treatnment. The noble gases are particularly SU|tabIe bei ng
inert to virtually all substrate materials. Nitrogen is also a suitable gas
for nost substrates. O the noble gases. heliumand argon are the nost
readily avail abl e and econonlcalkggﬁy?égctive to use. O the three gases --

hel i um argon. and nitrogen -- preferred because it has the
hi ghest absol ute viscosity.
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it

Qt her paraneters pertinent to the condition of the flow through the flow
cHannel” are the tenperature and pressure of the gas. The viscosity (both
absol ut e -and ki nematic) of npst gases increases slightly with tenperatures.
However, in nost commercial applications of the treatnent process. the gas
tenperature will be approxi mately roomtenpgrature. In contrast, t he gas
pressure may be varied significantly. The gas density is proportional to
its static pressure. Thus, referring again to the Reynol ds nunber

REMOVAL OF SURFACE CONTAMINANTS BY IRRADIATION

ABSTRACT

An apparatus aﬁd method for removing surface
contaminants from a surface of a substrate provide a
laminar flow of inert gas (18) over the substrate
surface (12) while irradiating the substrate. The
invention enables removal of surface contaminants
without altering the underlying molecular crystal
structure of the substrate. The source of high-
energy irradiation includes a pulsed or continuous

wave laser or high-energy lamp. (Fig. 2)
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o Buat+ 6n; "sHown " |"‘ri""Eéi'U'é't'i""c'i"r'i"’"'tﬁ)”' ~above, T Cgiven© Réynol ds nunber _
~and fd ow channel hei ght D, an |ncrease n de S|ty (£ hrough an increase in

'-pres@u’r g) "requires a. deprea OCI tyTh-B‘%sthel ?ﬁceﬁfe%?%"léﬁs
wi [T af 'ow hi gher veTOC|t|es in a |lam nar
Returnl ng to the second aspe rrpartl ng surface normal

vel oci'ty corrponent g to an entrai ned cont am nant --Datepi ding MAYi1698! at | on
zones -- it is‘well

REMOVAL OF SURFACE CONTAMINANTS BY IRRADIATION

gackgr;)'und Of The Invention

This application claims priority from U.S. Pat. App. Ser. No. 08/045,165 filed
April 12, 1993 which is a Continuation-in-Part of U.S. Pat. App. Ser. No. 07/865,039
filed March 31, 1992 which is a Continuation-in-Part of U.S. Pat. App. Ser. No.
07/611,198, filed November 9, 1990, now U.S. Pat. No. 5,099,557, which i$ a Divi-
sional of U.S. Pat. App. Ser. No. 07/216,903 filed July 8, 1988, now U.S. Pat. No.
5,024,968. These U.S. applications are incorporated herein by reference.

This invention relates to removing contaminants from a surface. More particu-
larly, the invention relates to the removal of contaminants from a substrate surface by
irradiation that does not aﬁer the molecular crystal structure of the treatment surfaces.

As used herein, the term ™ contaminants” includes particles, films, and unwanted
chemical elements or compounds. Contaminant particles may be discrete pieces of matter
ranging in size from submicrons to granules visible to the unaided eye. Contaminant films
may be organic or inorganic, and include such contaminants as human body oil from
fingerprints. Contaminant chemicals include any element or compound which, at the time
at which the cleaning process is performed, is undesirable. For example, hydroxyl groups
(-OH) may be a desired reaction promoter on the surface of a substrate at one stage of a
process and may be an undesired contaminant at another stage.

Contaminants may become adhered to a surface by weak covalent bonds, electrostat-
ic forces, van der Waals forces, hydrogen bonding, Coulombic forces, or dipole-dipole
interactions, making removal of the contaminants difficult.

In certain instances, the presence of surface contaminants renders the con
-taminated substrate less efficient or inoperable for the substrate's designated purpose.

For example, in certain precise scientific measurement devices, accuracy is lost when
optical lenses or mirrors in the devices become coated with microfine surface
contaminants S:mﬂarly in semlconductors surface defects due to minor molecular

‘contaminants.often render sem!conductor masks or chips warthless Reducmg the
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knovvn in the art 't hat flow recuculatron can be- eaused by adverse pressure
gradients insthe flow such as are produced by streamim Se di'scontimnuities or
: rapi‘d- chariges in the profile of the surface overTh\hSltﬁEtHahBeegR idcbOWs. It is
therefofe desired to avoid the formation of such | in the
surface of the process chanber in which a substrat at ed,
particularly at or closely upstream of the substrate he fl ow

entering the fl ow channel shoul d have a duni for m vel ocity profrle with a
velocity ' :

number of molecular surface defects in a quartz semiconductor mask by even a smal
amount can radically improve semiconductor chip production yields. Similarly,
removing molecular surface contaminants, such as carbon or oxygen, from the surface
of silicon wafers before circuit layers are deposited on the wafer or between depositigrt
of layers significantly improves the quality of the computer chip produced.
, Moreover, a significant portion of the debris that ultimately contaminates silicon
wafers during production emanates from production apparatus such as process chambers
in which the wafers are placed and pipes that conduct processing gas to the chambers.
Accordingly, the level of wafer contamination experienced during the course of
production can be significantly reduced by the periodic cleaning of such apparatus.

The need for clean surfaces {ree of even the finest contaminants has led to the
development of a variety of surface cleaning methods. As described below, these
known methods, however, each have serious drawbacks. The following processes

involve the introduction of outside agents to the substrate surface.

Wet chemical cleaning technology - RCA Process

The RCA cleaning process is currently employed in semiconductor manufacture,
fat panel display manufacture, and disk media manufacture. The RCA process has two
variants -- SC-1 and SC-2 (where SC = Standard Clean). In generali, the SC-I process
is used to remove trace organics and pacticles. [t consists of successive baths of
aqueous ammonium hydroxide (NH,OH), hydrogen peroxide (H,0,) and water (H,0).
The SC-2 process is used to remove surface trace metals and to {orm a passivating thin
oxide to make the silicon or analogous surface hydrophilic. 1t consists of a series of
baths in aqueous hydrochloric acid (HCI), hydrogen peroxide, and water. In
manufacturing practice, the liquid baths are constantly but slowly refreshed, so that
successive lots of wafers, for example, are exposed to particles (rom earlier lots. These
contaminants are redeposited on surface.

There has been considerable research lo extend the capability of the RCA process
to remove particles zts small as 0.2 gm. These liquids are near their physical limits in
removing particle sizes below 0.3 um. because even fresh chemicals can have s man+

as 10,000 particles/l of 0.5 pm or iess. which corresponds .o & wrobability of
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particles per 125 mm/waler. (See C.M. Osburn, R.P. Donovan, H. Berger, and G.
Jones, J. Environ, Sci., Marclﬂ/\pril 1988, p.45.)

Industry experts also have pointed out that the wet chemical baths can cause -
oxide formation on the silicon, micro-roughening of the surface, and contamination from
organic compounds and metallic elements (e.g., iron, copper, aluminum, and
nylagnesium) that become dissolved in the baths. (See M. Itano,M. Miyashita, and T.
Ohmi, Proceedings, Microcon(amination 91, 1991, p.521: and T. Shinono, M-. Tsuji,
M. Morita, and Y. Muramatu, Ihid, p.544.)

Dilute Hydrofluoric Acid

Dilute hydrofuoric ac:d (HF) has recently been introduced in the semiconductor
| mdustry for the removal of organic contaminants, trace metals contaminants, and thin
native oxide. However, HF causes micro-elching of the substrate surface, which is
becoming a difficult but critical effect to conirul. Residual fluorine molecules can also
cause the breakdown of the oxide in pate stacks and adversely affect other electrical
parameters of a chip. Ohmi and others have recently reported that to control the micro-
roughening effects of HF, il is necessary to control strictly the pH of the liquid, keep
ultrapure water under temperature control, and use uitrapure chemicals to prevent the
deposition of unwanted metallics such as Fe and Cu. (See M. ltano,M. Miyashita, and

~T. Ohmi, Proceedings, Microcontamination 91, 1991, p:521; and T. Shinono, M.
Tsuji, M. Morita, and Y. Muramatu, /hid, p.544.)

Megasonic and Ultrasonic Cleaning

Megasonic cleaning technology was developed by RCA in 1979 (o complement
the RCA wet chemical process lo remove organic films and particles. In the Megasonic
process, wafers, for example, are immersed in water, alcohols, or dilute SC-1 solutions
and exposed to sonic waves (produced by piezoelectric transducers) in the range of 850-
900 KHz. Particles from several microns down t0 0.3 um can be efficiently removed
with input power deasities of 2-5 Wicm?. (See W. Kem, J. Electrochem. Soc. 137 (6:
1990, p. 1887). 1t has confirmed that the Megasonic process can remove particles dows:
to 0.3 pm and has been demonstrated that at 0.5 um line widlh peomeiries, metat hines
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I s showmn schematically in plan viewin Fig. 38 and nin Fig.
39. The cell has an inlet 202 and an exhqust 210 th h t he
floor 201 of the cell and are each 0.25" (.6 cnm) in dlaneter. The substrate

t0 - - canbe easily lifted at the power levels needed lo achieve acceplable cleaning efficiency.
(See A.A. Busnania and 1.I. Kaskkoush. Proceedings, Microcontamination 92, 1992,

p.563). Thus, for smaller geometries, Megasonics destroys the device.

Ultrasonics cleaning works on the same principal as the Megasonic process but
uses liquid cavitation frequencies in the range of 20-80 KHz and power densities 50
times greater than Megasonics. The ultrasonic method is less effective in the removal of
particles under | pm. (W. Kern, J. Electrochem. Soc. 137 (6) 1990, p. 1887.)

Both ultrasonic and Megasonic cleaning operate on the principal of introducing a
cavitating liquid medium beneath the particle so that the hydrostatic forces will free the
particle from the surface. The van der Waals and secondary adhesion forces for a 0.1
pin particle are estimated to be 10% dynes. The forces exerted by the Megasonic
cléaning'are on the order of 10 dynes, which explains its inability to remove particles

of less than 0.3 um. (See M. Ranada. Aerosol. Sci. and Technol. 7 1987, p.161).

Ultraviolet and Ozone Cleaning

The ultraviolet/ozone (UV/Oj5) cleaning process uses a Hg or a Hg/Xe lamp
capable of delivery energy in the 185-254 nm region. This method has proved to be
relatively effective in removing residual organic films such as photoresist, but is not
effective with salt, dust, fingerprints, and polymers degraded by ozone. There are
concerns that residual peroxide molecules and volatile hydroxyl groups on the surface
can change the surface from hydrophobic 10 hydrophilic which can cause downstream
adhesion processing problems and can also attract unwanted contaminants from a
downstream cleaning process. Depending on the surface, ozone may cause unwanted
oxide formalion,.which will require anolher cleaning process to remove. Finally, to be
truly effective, UV/O, requires a pre-clean process to remove inorganics. (See J. R.
Vig, J. Vac. Sci. Technol. A."3 (3), 1985, p. 1027)..

Brush Cleaning
Brush cleaning with deionized water or alkaiine solutions has been round i be .-
effective method for removing particles as siali as {0 um from the surface. Brusi:

cleaming has found specitic nches «u e o e BGUSITY SECP e sl ciear oo
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removing the slurry after chemical mechanical polishing. Careful control of the brush
material and the placement of the brush on the surface is required to prevent surface

damage and shedding of the brush material. (See W. Kern J. Electrochem. Soc. 137
(6) 1990, p.1887)

Vapor Hydrofluoric Acid

The emergence of cluster tool systems has led to the investigation of vapor phase
HF as a cleaning agent. because wet chemical and mechanical systems are virtually
impossible to integrate into cluster tools. Contamination from the process and the (ool
requires the wafer to be cleaned before and after each critical process step. Because all
current cleaning techniques are either wet chemical or mechanical, the wafer must be
taken out of the cluster environment for cleaning, thus obviating many of the
advantaées of the cluster system.

Research has been done to integrate vapor HF cleaning into a module that can be
part of a cluster tool. Genus, Inc. has announced a module (originally developed by
Advantage Production Technology, Inc.) that can be incorporated into a cluster system.
A report by SEMATECH indicated that the HF vapor etch was not controllable and
caused severe micro-roughening. (See B. Van Eck, S. Bhat, and V. Menon,
Proceedings, Microconfamination 92, 1992, p. 694). _

The control of HF has become a critical issue. Genus has investigated the use of
the following vapor reagent combinations: UV/O,; UV/Cl,/H?Y; and UWCLQIHZ-.
Results from experiments demonstrated that the etch rates using these particular vapor
phase reagents are not controllable as the system is currently configured. Gate oxide -
degradation was also shown from these experiments, which investigated vapor HF's
utility for increasing limited yield from a CMOS gate stack. (See J. deLarios, W.
Krusell, D. McKean, G. Smolinsky, S. Bhat, B. Doris, and M. Gordon, Proceedings,
Microcontamination 92, 1992, p.706) There are concerns regarding residual fluoride,
chlorine, and hydride ions on the surface and how these ions could degrade parametric

performance or cause downstream process problems.
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Supercritical fluid cleaning

' Supercritical fluid technology consists of using particles of frozen gas (such as
argon) in an aerosol. (See W.T. McDcrmotl, R.C. Cckovic, JJ. Wu, and R. I, Miller,
Microcontamination, October, 1991, p-33, K. S. Schumacher, Proceedings, SEMI
Ultraclean Manufacturing Conference, 1993, p.53., and E. Bok, Solid State
Technology, June, 1992, p.117). The basis of this technology is momentum transfer
from a high velocity gas stream with argon pellets directed at the surface particles.
When the gas is cooled to a temperature of 84 K (-184 °C) at 0.68 atm, argon solidifies
and forms an aerosol. The ixﬁpacl of the argon particles on the surface transfer energy
to the surface particle, which is removed in the stream of cooled gas. Concerns with
the use of this technique include thermal shock to the waier, sub-surface ion migration,
surface structural damage, and electrical parametric damage. To date, no study has
been plli)lislled on fully processed wafers to investigate whether supercritical media

cause any electrical parametric damage.

Laser-assisted liquid cleaning

Another known procesé is cleaning with liquids super-heated by a laser. There
are (wo variations on this technique: the Allen process and the Tam process.

Allen Process-- The Allen process (see U.S. Patent No. 4,987,286 and S.
Allen, Appl. Phys. Lett. 58 (3) (991, p.203) is a wet cleaning technique using water
and a CO, laser at the 1064.nm wavelength as a heat source. The waler must penetrate
into the interstice between the particle and the substrate surface and when it is rapidly
heated by a pulse from the laser, it “explosively vaporizes™ to propel the particle from
the substrate.

Several potential problems have been noted with the Allen process. On a
patterned wafer, waler can penetrate under metal lines and lift them off when it
vaporizes, not only damaging the circuitry but also generating particles on the surface.
Using a narrowly focused CO, laser al an energy flux of 30 J/cm?, as Allen described
can cause ablation effects on a patterned surface because most organic. polymeric wand
metallic films ablate quite readily at 20 J/em?. To provide a directional bias i car: v
the particle away and avoid redeposition. Allen proposes (o mount the substraic
vertically or in an mverted position. reiving on graviis . Allernaiiveis She oronoses
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direct a stream of gas from a gas supply conduit across the surface to carry away the
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particle.

Tam Process -- The Tam pfocess (see W. Zapka, W. Zemlich, and A.C. Tam,
Appl. Phys. Lett. 58 (20) 1991 p.2217 and A.C. Tam et. al. J. Appl. Phys. 71 (7)
1992 p. 3515) is very similar to the Allen process. Tam’s process uses alcohols such
as gthanol and isopropanol as well as water. His process differs from Allen’s in that he
uses a burst of heated nitrogen gas through the chamber to spread the liquid medium;
this is followed immediately by an Ir:YAG laser pulse. The sequence is repeated for
several cycles. Using alcohols, energy densities of 5 Jicm? were required to remove
particles but surface damage was observed. Tam has used a ethanol and a pulsed KrF
excimer laser with energy fluxes greater than 350 mj/cm? to remove 0.35 pm Al, O,

spheres, but he was unsuccessful in ambient conditions with no liquid media.

Other Processes
Pressurized fluid jel cleaning [acilitates removal of particulate, but risks
damaging treatment surfaces due to the high pressure at which the cleaning fluid is
maintained. Further, this technique may electrostatically damage the treatment surface
due 1o the presence of ions in the cleaning fluid. Similarly, strippable polymer tape may

also contaminate treatment surfaces by depositing-a polymer residue thereon.

Other known methods for cleaning substrate surfaces avoid the use of outside

agents. These processes include:

Surface Melt

This process requires that the treatment surface be melted to release contaminants
which are then removed by ultra high vacuum. This method has the disadvantage that
the surface being treated must be briefly melted. Such melting may be undesirable, as
for example when a semiconductor surface is cleaned between deposition of circuit
layers and it is desired that the integrity of the previously deposited layers not be
disturbed. Further, such an operation would be difficult if not impossible to impleme:

for cleaning expansive, irregular surfaces, such as those found in pipes and waler
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both expensive and lime consuming o operate.

Annealing |

Annealing treatment methods suffer similar drawbacks. When a surface is
cleaned by annealing methods, the treatment surface of the substrate being cleaned is
heated 1o a temperature that is generally below the melting point of the material being
treated but high enough to enable rearrangement of the material’s molecular crystal
structure. The surface being treated is held at this elevated temperature for an extended
period during which time the surface molecular crystal structure is rearranged and
contaminants are removed by ultra high vacuum. Annealing cleaning methods cannot be
used where it is desired to maintain the molecular crystal structure of the substrate

surfaces.

Abiation

Another currently utilized cleaning method, known as ablation, suffers from its
own particuiar drawbacks. With ablation, a surface or contaminants ona sﬁrface are
heated to the point of vaporization. D'ependil.\g'é.n the material being ablated, the
maleriai may melt before being vaporized or the material may sublimate directly on
heating. With ablation cleaning techniques. if damage to the treaument surface is to be
prevented, the ablation energy must be applied accurately to the contaminants only,
rather than the surface on which the contaminants lie, a difficult task when the
contaminants are extremely small or randomly spaced, or when the surface being trealed
is irregularly shaped. Even where the ablation energy can be successfully'applied only
to the contaminant, it is difficult to vaporize the contaminant without also damaging the

underlying treatment surface.

Surface cleaning by melting, annealing and ablation can be conducted with a
laser energy source. However, using a laser energy souice (0 remove contaminants
from a surface by melting, annealing, or ablation does not avercome the inherent
(.Jisadvantages of these processes. For example, in U.S. Pal. No. +4.297 09% “Methoo
Using Laser Irradiation b the Production of Atomicaiiv Ciear < vsiabiine Stlicon anc
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Germanium Surfaces” the laser annealing method disclosed requires both vacuum
conditions and energy levels sufficient to cause rearrangement and melting of the
ireatinent surface. - Other known laser surface cleaning methods involving melting or
annealing requi're similar high energy lasing and/or vacuum conditions, as disclosed iri” -
U.S. Pat. Nos. 4,181,538 and 4,680,616. Similarly the laser ablation technique
disclosed in U.S. Pat. No. 3,464,534, "Laser Eraser" suffers the same drawbacks as
oll'ler high energy ablation methods. .

One source of the contaminants that end up being deposited on wafer surfaces is
the equipment used in processing the wafer. The principal technique to reducing
contamination from processing equipment is the performance of a periodic major
cleaning process on the equipment which typically includes disassembly of the tooling
and labor-intensive inspection of individual parts. However. cleaning methods
conducted interim 1o the major cleaning process can reduce the frequency of such major
cleaning.

One such interitn cleaning method is that of purging with inert gas the chamber
that houses the equipment in order to entrain and carry away any surface contaminants.
Such a method is described in Chapter 24 (W.G. Fisher) in the publication Particle
Control in Semiconductor Manufacturing, R.P. Donovan, ed., New York, Marcel
Dekker, 1990, which teaches that it is desirable to maintain purge gas flow rates
sufficiently high so that the gas flow through the equipment is in a turbulent flow
regime, which is purported to enhance the entrainment of the contaminants into the inert
gas. According to the publication, turbulent flow favors particle entrainment because a
turbulent boundary layer is thinner than a laminar boundary layer and because turbulent
flow has regions where the instantaneous fluid velocity is higher than the average |
velocity.

In applying such a method to the cleaning of wafers themselves, however, the
use of turbulent flow may prove problematic because turbulent flow has localized
velocity components that are normal to the wafer surface. Those velocity components
may carry an entrained particle toward and into contact with the wafer surface where
can be retained. This is especially true with particles that may have just been !iheraie:

from the wafer surface. Such "just liberated" particles are relatively close 1o the wafe.
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localized velocity components normal lo the wafer surface.

Summary Of The Invention

The invention solves the problems and avoids the drawbacks of the prior art by
removing surface contaminants from the surface of a substrate without altering the
molecular crystal structure or otherwise damaging the surface being treated. Gas is
flowed across the substrate treatment surface and the substrate is continuously irradiated
at an energy density and duration great enough to release surface contaminants from the
substrate treatment surface and small enough not to alter the molecular crystal structure
of the substrate treatment surface. Optimally, the gas is inert to the substrate treatment
surface. Moreover, 1o best avoid the possibility of contaminants entrained in the flow
being deposited on the treatment surface, the flow of gas is in the laminar flow regime.
The irradiation source niay be any means known in the art such as a pulsed or
continuous wave laser or high-energy lamp. Preferably the radiation is generated by a
pulsed ultraviolet laser. The invention can be beneficially applied for removing surface
contaminants from a generally planar semiconductor substrate before, between and after
deposition of the circuitry layers on the semiconductor substrate. It may also be applied
to irregularly shaped surfaces or, more specifically, surfaces lying in non-coincidently
related planes. Such planes encompass all possible relationships between the surfaces of
a substrate except those occupying the samme space or plane. [For example, surfaces that
are parallel or angularly 'relaled, such as opposing interior walls of a pipe or adjacent

walls in a cubical chamber, respectively, occupy non-coincidently related planes.

Brief Description Of The Drawings

Fig. 1 is a schematic diagram of a contaminant removal method and apparatus
according to the invention.

Fig. 2 is a schematic diagram showing how laser radiation is applied in one
embodiment of the invention to remove conlaminant from relatively planar treatmen:

surfaces.

This is the replacement sheet

.17 MAY 9%

Daie:

i e T e e et T Tl 1 LR 2 S NN L R R i e

ST



R PRSPPI

gas flow rate (and thls on roW"cond"tlons in the cell) Arttough r\cy'rr0| ds
nunbers cal cul ated based on the hal f-hei ght of the cEhil She& Hes BdeSR)

a¥eqd N the
{am mar range, it is believed that at the higher flow
unconstrai ned expanston of the:gas into the cell from HM ujm m%ﬁcreat ed
areas of recirculation on both sides of the inlet, and stream

eddies or vortices. This recircul ati opjeffect probably induced redeposi tion
of contam nants.

Fig. 3 is a schematic diagram showing how laser radiation is applied in another

embodiment of the invention to remove contaminant from relatively planar treatment
surfaces. .

Fig. 4 is a schematic diagram showing the use of a mask in combination with
radiation and pas applied in accordance with the invention to remove contaminant from
relatively planar treatment surfaces.

Fig. 5 is a schematic diagram of a contaminant removal apparatus for remnoving
contaminant from irregularly shaped treatment surfaces according to the invention.

Figs. 6 through 11 are schematic end views of épparatuses for conveying gas and
radiation to irregularly shaped treatment surfaces according lo the principles of the
invention.

| Figs. 12 and 13 are schematic side views showing how tlie invention of Fig. 5
may be applied to remove contaminant from the interiors of élongated, enclosed
passages.

Fig. 14 is an schematic end view of an apparatus for conveying gas and radiation
to irregularly- shaped treatment surfaces according to the principles of the invention.

Fig. 15 is a partial plan view of the apparatus illustrated in Fig. 14,

Fig. 16 is a partial plan view of another configuration of an apparatus for
conveying gas and radiation to irregularly shaped treatment surfaces according to the
principles of the invention. -

Figs. 17 and 17a are schematic side views showing application of the invention
of Fig. 5 with a flexible, porous centering support structure.

Fig. 18 is a schematic side view showing application of the invention with an
optic diffuser.

Figs. 19 and 20 are schematic side views showing how the invention of Fig. 5
may be applied to remove contaminant from process chamber interiors.

Figs. 21 and 22 are schemalic side views showing how the invention of Fig. 5
may be applied to remove contaminant from the exteriors of irregularly shaped objects

Figs. 23 and 24 are schematic side views showing how radiauon s appited o

another embodiment of the invention (o remove contaminant from deoied smerios
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Figs. 25 and 26 are schematic end and side views, respectively, showing how

non- recirculating lamnar flow over the substrate treatﬂgrghee ﬁ ﬂ:ce--l S

rgdiétion is applied in another embodiment of the invention to remove contaminants from
the exteriors of irregularly shaped objects.

Figs. 27A and 27B are top views of different levels of an apparatus for conveying
gas and radiation to treatment surfaces according to the principles of the invention.

Fig. 28 is a cross-sectional view of the apparatus of Fig. 27 taken alohg the lines
28-28 of Fig. 27A.

Fig. 29 is an exploded view of the apparatus of Fig. 27.

Fig. 30 is a diagram depicting a gas flow velocity profile at different stages of a
flow channel.

Fig. 31 is a graph providing flow and pressure data for use in selecting filters for

_ the apparatus of Fig. 27.

Fig. 32 is a schematic diagram of a cluster tool apparatus used for processing certain

substrate articles.

Figs. 33-35 are schematic diagrams of contaminant removal methods and apparati
according to the invention. .'

Fig. 36 illustrates the Rankine oval that describes the shape of part of a process
chamber embodying the principles of the invention.

- Fig. 37 shows exeniplary velocity profiles for flow in a process chamber.

Figs. 38 and 39 are schematic plan and cross-sectional elevation views of a test cell
used with the method of the invention.

Fig. 40 shows data from a test of the method.

Fig. 41 schematically illustrates a streamline of the inert gas flow through a cavity
in a substrate when a secondary flow of inert gas is introduced.

Fig. 42 schematically iflustrates another embodiment of an apparatus incorporating
the principles of the invention.
Detailed Description

Reference will now be made in detail to presently preferred embodiments of the
invention, examples of which are illustrated in the accompanying drawings. Throughout

the drawings, like reference characters are used to designate like elemenis
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13
l. Basic_Treatment Method and Apparatus

A method and apparatus for removing surface contaminants from the surface of a
substrate without altering the molecular crystal structure or otherwise damaging the .
substrate surface is illustrated schematically in Fig. 1. As shown in Fig. I, an assembl).( '
10 holds a substrate 12 from which surface contaminants are to be removed. A gas 18
from gas source 16 is consténlly flowed over substrate 12. Gas 18 is inert to substrate
[2 and is flowed across substrate [2 so as to bathe substrate 12 in a non-reaclive gas
environment, Preferably, gas 18 is a chemically inert gas such as helium, nitrogen, or
argon. An enclosure 15 for holdii\g substrate 12 communicates with gas source 16
through a series of tubes 21. valves 22, and a gas flow meter 20.

According to the embodiment of the invention shown in Fig. 1, enclosure 15
comprises a stainless steel sample reaction cell fitted with opposing gas inlet and outlet
ports 23: 25 respectively. Enclosure 15 is fitted with a sealed optical grade quartz
window 17 through which radiation can pass. Inlet and outlet ports 23, 25 may’
comprise, for example, stainless steel tubing fitted with valves. After sample 12 is
placed in enclosure 15, enclosure I'S is repeatedly flushed and backfilled with gas 18
and is kept at a pressure slightly above ambient atmospheric pressure to prevent inflow
of other gases. Although enclosure [5 is shown as a solid chamber, it is anticipated that
a surface being cleaned could be enclosed in any type of enclosure through which a gas
can be flowed. For example, if the surface being treated is a large fixed object, a large
portable enclosure such as a piastic bag might be utilized.

Flow of gas 18 may be regulated by a suitable flow meter 20 which may suitably
be a Matheson Model 602 flow meter. Valves 22 are preferably metering, regulating or
bellows valves suitable for high temperature and pressure applications and for use with
toxic, hazardous, corrasive or expansive gases or liquids, as for example the Swagelok
$S-4H™ series valves by Swagelok Co. of Solon, Ohio. Valves 22 can be opened or
closed 10 isolate enclosure 15, to place enclosure 15 in communication with gas source
16 or to place enclosure 15 in communication with another substance, such as a gas for
depositing on substrate 12, coming from an alternate source 4.

According to the method of the invention, high-energy radiation is irradiatee
upon the substrate treatment surface at an energy density anc duration betwees: *ha

required to release surface contaminants from the subsii-

. [T R
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which will alter the molecular crystal structure of the surface. According to the
embodiment of the invention shown in Fig. 1, a radiation source 14 which may be a
laser or high-energy lamp géherates radiation 1! direct-ed against the treatment surface
of substrate 12. In Fig. I, source 14 is shown as being outside enclosure 15 and
irradiating sample 12 through quartz window 17. However, it is contemplated that
squrce 14 could alternatively be placed within the enclosure 15.

The energy flux and the wavelength of the high-energy irradiation are preferably
selected to be dependent upon the surface contaminants being removed. To this end, a
gas analyzer 27 may be connected to outlet port 25. Analyzer 27 analyzes the contents

of exhaust gas from enclosure 13 to facilitale selective energy and wavelength

adjustment of source 14. Gas analyzer 27 may be a mass spectromeler as, for example,

a quadrapole mass spectrometer manufactured by Bruker Instruments, Inc. of Billerica,
Massachuselts or by Perkin Elmer of Eden Prairie. Minnesota. _

Selection of the source of irradiation used in the invention depends upon the
desired radiation energy and wavelength. The energy level of the radiation in electron
volts/photon (Ev/photon) is preferably at least twice the energy necessary to break the
bonds adhering the contaminants to the surface being cleaned. The bond energies
between common contaminants (such as carbon and oxygen) and common substrate
materials (such as silicon, titanium, germanium, iron, platinum and aluminum) range
between 2 and 7 Ev/bond, as disclosed in Handbook of Chemistry and Physics, 68th
ed., pp. F-169 1o F-177 (CRC Press 1987). Accordingly, radiation sources emitting
photons with energies in the range of 4 to 14 Ev/photons are desirable. The wavelength
should be below the wavelength that would compromise the inlegrity of the substrate

surface by the well-known photoelectric effect, as described in G.W. Castellan, Physical

~ Chemistry, 2d ed., 458-459 (Academic Press, 1975) which is hereby incorporated by

reference. The preferred wavelength depends on the molecular species being removed
and the resonance states of such species.

Any means known in the art for generating radiation of a suitable energy level
may be used in the invention, including high-energy lamps and lasers. Depending upos
the application, il is anticipated that light energy from such sources may range froun:
deep ultraviolet to infrared. with corresponding wavelengths iron: 1933000 nir

respectively. -
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“The fl ow channel 232 extends downstream of the filter assembly 226 and |
includes a recess 214 for receiving a substrate sanpl e (mhis SkebHamBeen Repaced
reces$ i s.di nensi oned-such that the treatment surface of t ;

flush with the channel surface. To restrain the sanple durj a
vacuum nay be applied to the back of thg sanple through the vacuum suction
port 216 and the vacuum channels 218. A quartz di sk 220 through which

radi ati on canTphasavelengthe andipheton engrigisdc number of suitable lasers are listed in

Table 1, below.

Table 1 -- Specifications for Suitable Lasers

Wavelength (nm) EV/photon
XeCl, pulsed _ . 308 4.04
argon-ion, contimious wave 257 4.83
KrF, pulsed ' 248 5.01
ArF, pulsed ) 193 6.44
Tunable dye lasers, puised or 200-800 6.22-1.55
continuous wave

These Igsers are described in greater detail in the following references: M.J. Webber,
ed.. CRC Handbook of Laser Science, VolS. 1-5 (1982-1987); Milsuo Maeda, Laser
Dyes (Academic Press 1984); and laser 'product literature from Lambda Physik at 289
Great Road, Acton, Massachusetts, Coherent, Inc. at 3210 Porter Drive, Palo Alto, -
California, and Specfra-l’hysics at 1250 West Middlefield Road, Mountain View,
California. [t is anticipated that high-energy xenon or mercury lamps or other types of
lasers, including visible, ultraviolet, infrared, x-ray or free electron lasers might be
utilized as appropriate sources of radiation. )

According o the invention, the irradiation directed against the substrate treatment
surface from which contaminants are being removed has a power density less than that
required to alter the molecular crystal structure of the surface. Preferably, the power
density and duration of the irradiation are selecled so as to impart an amount of energy
on the substrate surface that is significantly below the energy required for alteration of
the substrate surface structure. The preferred energy level is dependent on the
composilion of the substrate being' treated. For example, with centain substrate
materials such as plastics, this energy level would be much lower than for other
materials such as high strength carbide steels. The heats of formation for various
materials are well known and are reported in the Handbook of Chewmisiiy and Plysics.

68th ed., pp. D33-D42 (CRC Press 1987). The heat of formation gencrally corresponds

to the amount of heat required to break down various materials ane x5 ne ased as =
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previously is disposed above the recess 214 for receivimg—the—substrate -

'sample. The quartz disk 220 is fixed and sealed in the cep;,,gShgg

renovabl e plate and a suitably sized O-ring, respectivel y

the recess 214, is an exhaust duct 210 which is situated

fl ow channel 232 that is configured to ({mve t he shape of

As is well known to the artisan, a Ranl( ne oval shape takes into

consi der @Ll(ﬁﬂn& r?x? sél@éﬁnﬁ%hqrradialion energy density and duration that will not alter the

molecufar crystal structure of the treatment surface. The heats of formation of a number

of common substrate materials are summarized i Table 11, below.

" Table l1.-- Heats of Formation of Substrate Materials II
, Material ' ) Heat of Formation
AlO, 16906.7 kJ/mol; 17.52 Ev/molecule
Si0, 840.3 ki/inol; 9.11 Ev/imolecule
Nb,0s 1528.2 k)/mol: 13.27 Ev/x;lolecule
NiO ) 230.6 kifinol; 2.50 Ev/molecule
Ti,0, 500.2 kJ/mol; 15.63 Ev/mnolecule

The irradiation energy density and duration used in the present invention is such that the
heat of {ormation is not approached on the substrate treatment surface. Finding the
maximum energy usable on a given substrate material, however, will require some
experimentation in light of the material’s known heat of formation. Such -
experimentation ensures that annealing, ablation and melting will not occur.

The irradiation is preferably directed perpendicular to the plane of the portion of
the substrate being treated, to maximize the energy flux at the surface for a given power
output from the source-of irradiation.. However, the irradiation may be directed at an
angle to the substrate as convenient or necessary for implememalion. of the process in a
particular environment. Of course, the energy flux at the surface will vary with the sine
of the incident angle, which must be taken into account in selecting the power output of
the irradiation source and the dwell time.

When a substrate surface is irradiated as described above, the bonds and/or
forces holding surface contaminants to the substrate surface are broken and the inert
carrier gas carries contaminants away from the substrate surface during irradiation. As
fong as the cleaned substrate remains in the inert gas environment, new conta-minanls
will not form on the substrate surface. If necessary, a suitable trapping system may be

connecled to enclosure outlet 25 for trapping and neutralizing removed contaminant

species.
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flow solution for a uniformstreamentering a sink point. In this context
t he. Ranki ne .oval configuration serves to conduct the fl o%xsﬁletthbsmma

" duct: 210:whi |l e avoi di-ng recircul-ation of theflbwmthef m;’ma ‘
in

The shape of the "Rankine oval" is described in the foll o
connection with the diagramin Fig. 3@): [err]

a. Theoretical Quantum Dynamic Basis for the Process

The removal of a contaminant from a surface by irradiation coupled with an inert
gas flow can be described by nonlinear optical theory, a branch of quantum mechanics. .
The basis of nonlinear optical theory i, derived from Maxwell’s equations in

nonlinear media, which are:

S Y
c(8B/én)
UXE =1+ 47, 2)
c(6E/81) c
V:E =4=p &)
V-8 =0 | | @

where E is the electric field, B is the magnelic field, J is the current densily, and p is

the charge density. _ i
With the advent of the laser and other high energy irradiation sources, access to

nonlinear processes that have been lhedrelically postulated since the 1880s have become

accessible. The theory of nonlinear optics is described in N. Bloembergen, Nounlinear

Optics, New York: Benjamin/Cummins Publishing Company, 1965 (fourth printing |

1982) and Y.R. Shen, The Principles of Nonlinear Optics, New York: John Wiley

and Sons, 1984. ' T |
A laser generates a beam that is coherent and has highly directional properties. |

This property of the beam is defined as the radiation force, which has unique properties

that can be used to remove adhered contaminants from a surface. The radiation force in

a uniform medium is given by Equation (5), which is also derivable from Maxwell's

equations:
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where Ris the intercept of the Rankine oval with the - the

X axi's. The gas flow through the cell 200 originates at hgéahggtge&{)&ﬁaélde
re

gas rhy be supplied to the inlet froma conpressed gas re
with a suitable pressure regulator (not shown) to control jmm
and flow rate. The gas supply is connected to the inlet b p| pI ng.

Fromthe inlet 202, the gas is directed8to inpact the flat surface of the
trench 204. Leaving the trench 204, the flow enters the

[=Vp+ ’;(5*’;”) (€ - 1)(6G/51) )
7r

where p is the density of the medium, p is pressure, and G is the electromagnetic
density in a vacuum.

Experiments by Ashkin and Dziedic (A. Ashkin and J.M. Dziedic, Appl. Phys.
Le(! 28 (1976) p. 333, 30 (1977), p. 202. and 19 (1971) pg. 729) have demonstrated
that small particles such as 10 pm latex spheres can be removed from a surface in a
laser field of sufficient photon flux. Once the laser beam is stopped, the latex sphere
returned to the surface. This nonlinear process is referred to as optical levitation. The
experiments by Ashkin demonstrated that the properties of the irradiation source can be
used to overcome the local adhesion and gravity forces. This phenomenon has been
observed in tests of the process described herein with Sum particles. Re-adhesion of the
particle after the radiation field has passed over a location is prevented by the use of the
flowing inert gas.

Another nonlinear process that has been observed in tests of the present pro;:ess
and apparatus is multiphoton dissociation (“MPD"). A high energy irradiation source
with a sufficient photon flux interacting with a surface that has on it a contaminant can
remove the contaminant by MPD. (See Y.R. Shen. Principles of Nonlinear Optics,
New York: John Wiley and Sons, 1984, chapter 23, pp. 437-465.) Through this
pracess, several photons can excite- the vibrational and rotational states that are not
allowed by classical means. These new states to which the contaminant has access can
be described as quasi-metastable. The quasi-metastable state can lead to the dissociation
of the contaminant from the surface or the breakup of the contaminant. The dissociation
process is further enhanced by the nonlinear susceptibilities contributed by the surface
and the contaminant. Furthermore, MPD process theory postulates that one can
selectively remove bonds based on knowledge of the surface and the chemical species
that is to be removed by tuning the photon flux to take advantage of the nonlinear
mechanism.

The nonlinear processes described above appear lo be complementary.
Depending on the contaminant and the surface, one nonlinear brocess may be preferabie

to the other or thev may work w iandem
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pl enum 230 and then travels to the filter assenbly 226. 30 It is readily.

‘evident that .the flow exiting the plenum 230 will_ be n"o‘hﬁ“iliii]tm“&mﬁlnliﬁiw
19 _

b. Examples of Basic Treatment

The application of .the basic treatment method .and apparatus described above
with regard to pl;mar treatment surfaces are illustrated in the following examples. In
Example 1, various energy densities of a pulsed KrF excimer laser are applied to a
silicon oxide substrate with varying degrees of success. In Example 11, the need for the

invention in the area of optical components is examined.

A

i. Example |

The native oxide of silicon is necessary for the promotion of thin film growth on
semiconductor surfaces. Unfortunately, when semiconductor surfaces of silicon oxide
are exposed to the environment, carbon contaminants adhere weakly to the
semiconductor surface, The presence of these contaminants greatly reduces the
conductivity or the insulating nature of the thin film to be deposited. Therefore, in
semiconductor production, great precautions are taken to minimize environmental
exposure through the use of elaborate vacuum, chemical and mechanical techniques.
Vacuum techniques are expensive especially if high or near uitra high vacuum is use& to
keep surfaces clean between processing steps. Chemical (wet and dry) and mechanical
techniques can damage the substrate treatment surface and, if the substrate being treated
is a processed integrated circuit, the underlying structure.

In an attempt to overcome these problems, radiation from a pulsed KrF excimer
laser (a model EMGISO from Lambda Physik) whose fundamental wavelength is 248 nm
{UV range) was applied to the surface of a silicon substrate in a sealed chamber through
which argon gas was flowed. To decrease surface carbon contamination and decrease
carbon percentage associated with chemisorbed organometallic (trimethyl aluminum), a
precursor to aluminum thin film formation in semiconductor production, irradiation of
35 mJ/cm? for 6000 laser shots at a 10 Hz repelition rate was applied for 20 minutes to
a silicon oxide substrate surface with the KrfF excimer laser. The laser treated surfaces
were exposed during a continuous flow of argon gas at a flow rate of 16 1/hr (4.5 ml/s)
under a 1.03 x 107 torr backing regulator pressure. After treatment, X-ray
Photoelectron Spectroscopy (“XPS") anaiysis showed the substrate exhibited a significan:

decrease in surface carbon from a pretreatment average surface carbon covering 30-45%
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have varying velocities across'the exit plane of t s Ble@MANBAR R LISl ©

wil |

"Wl be wvelocity conponents that are not parallel to the g s.
As descri'bed above, it is desired that both of those condi EM"T
elimnated so that the flow entering the flow channel ha

velocity profile that is parallel to20he axis of the flow channel 232
as,depicted in Fig. 30. This is achieved with the filter assenbly 226. The
filter vigbesisyra@2diriase th spefiadretmefiaverdgetsudface harbbhaovetiagrié% of t he
cell the substrate surface. The substrate surface itself showed no damage or alteration.

A surface treated by a laser irradiation as described above and then exposed to an
organometallic gas flow showed, by XPS analysis, that 20.8% of the substrate surface .
was covered with carbon as'compared to 40-45% of the substrate surface that was
covered with carbon after organometallic gas exposure on a non-laser treated surface.
W;1en the laser was applied, as described above, both prior to exposure to
organomeltallic gas and again after gas exposure, only 8.9% of the surface was covered
with carbon. Areas adjacent to the laser-exposed areas also exhibited some effects of

. the laser-cleaning treatment. Areas adjacent to the treated area showed a reduced
carbon level of 12.7%. This effect probably is due to the Gaussian nature of the applied
laser pulse. '

Transfer of the wafer from the sample cell to the XPS analyzer was via an argon
filled glove box. The silicon waler was transferred to the XPS through an inert UHV
transfer rod. This kept environmental exposure to a minimum.

Another wafer of silicon oxide, while exposed to argon gas as described a_b&ve,
was exposed Lo pulsed KrF excimer laser irradiation of 9 mJ/cm? for 6000 shots at a 10
Hz repetition rate. XPS énalysis showed a surface carbon coverage of 40-45% both
before and after laser treatment. Thus, irradiation at 9 mj/cm? did not remove adsorbed
surface carbon.

Another wafer or silicon oxide, while exposed to argon gas as described above,
was exposed to pulsed KrF excimer laser irradiation of 300 mi/cm? for 6000 shots at a
10 Hz repetition rate. At the end of treatmment, the substrate surface had suffered
significant damage, including a hole through the substrate. Thus, irradiation at 300
mi/cm? altered the molecular crystal structure of the substrale surface.

These examples show laser irradiation at an appropriate energy flux and
wavelength can decrease surface contamination without damaging underlying surface or
adjacent structures.

It is expected, in view of the heat of formation of Si0,, that subjecting a silicon
oxide substrate surface to pulsed KrF excimer laser irradiation of less than 100 mJicm*
for 6000 shots at a 10 Hz repetition rate would not alter the molecular crystal structure

of the substrate. Pulsed KrF* excimer laser irradiation of iess than S mijem?® for 6000
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200. When the flowis forced through the filter asserrblyT cetl Bem lacd

condi t.i ons are changed so as to produce a uniform and para ©

profile.across the wi dth and height of the flow channel’ m w
op

| osses within acceptable limts, it is preferred to I|mt t
across the filter to 1-2 psi. Preferabjly, the filter assenbly includes a
porous sinterized netal filter such as those offered by Pall Utrafine

Fi l tratispis GREPRN Kz repetition rate is not expected {o alter a silicon oxide substrate surface

in any way.

it. Example Il i

High energy optical components are difficult to fabricate for such technologies as
laser fusion, x-ray lithography and UV excimer laser optics. Laser fusion and x-ray
[ilho‘graphy technologies are used exclusively in "clean” environmenls. Excimer laser
optics have a short work life span because with current commercial film deposition
technology, it is difficult to fabricate films capable of withstanding prolonged high-
energy fluxes.

A perennial problem with high energy optics is optical breakdown. This
phenomena can be described as “the catastrophic evolution of damage inflicted in a
transparent medium in a strong laser field.* Y.R. Shen, Principles of Nonlinear Optics,
Ist ed., 528-540 (Wiley Interscience 1984). This phenomena occurs in solids as well as
gases. With a solid, such as a high energy optic, optical breakdown is exacerbated by
the presence of a surface defect such as scratches and pores in the bulk material. In
most cases, oplical breakdown is due to surface contamination such as adsorbed dust
particles. The presence of these contaminants lowers the breakdown thresﬁold which in
turn limits the maximum laser power that can be used from a given laser system. This
fact is a very important limitation regafding the pumping of a laser medium (solid state
or gaseous) by an external pump energy source. This, in turn, limits the laser power
that can be used (o transmit energy through oplical windows, lenses and other optical
‘components.

Optical breakdown, for example on a solid, is promoted by the presence of
surface adhered contaminants. The interaction of a laser pulse train with a sufficient
energy cross section may deposit enough energy to generate an "avalanche" ionization
on the solid surface. This can form a surface plasma which may disintegrate the solid.
The presence of contaminants effectively decreases the laser’s efficiency and decreases
its use in potential applications.

To overcome thé above described problems, the contaminant removal method. as
described herein, can be used to remove adhered contaminants such as adsorbed dust.
For example, to treat an optical component, the component is exposed i z =ontinuous
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The nunber and type of filters required are dictated by f|OM/COﬂdItI0nS
‘For exanple, for a flow of air ranging from0-500 cc/sThifp

data ‘al l owinga choice of filters to provi de the de5|red

pressure drop. The solid lines, IF-4F refer to a serles

Pall filters identified as PSS Grade FE._. The dotted |ines 1H 211 3H and

refer to a series of finer mesh Pall fdters identified as PSS G ade H. l'
flow of argon gas during which time a pulse KrF excimer laser is directed at the surface

of the optical component. The laser is tuned to an appropriate energy flux and

wavelength that is considerably less than the high energy pulse required to promote

ionization and subsequent plasma in high energy optics. The optical component surface” -

is irradiated at the selected flux and wavelength for a duration sufficient to remove

adsorbed contaminants.

ii.  Example 1i1 _
Qualitative experiments were conducted with a Potomac Photonics SGX-1000

KrF laser (sold by Potomac Photonics of Lanham, Maryland). The laser was operated

* al an average pbwer of 60 ml/s with a dwell time of 0.02 s and a 20 pm beam spot.
Nitrogen was .u,sed at a flow rate of 140 ml/s, while the substrate was mounied on a
(ranslalin'g stage with a stage velocity of | mm/s. Laser power was measured with a
Molectron JD-1000 joulemeter with a J3-09 probe, sold by Molectron Detector, Inc. of
Portland, Oregon. Visual inspection (at 1,000 X magnification) of the results of the
cieaning showed that organic oils (fingerprints) and aluminum flakes were removed from
aluminum, silicon flakes and silicon haze were removed from silicon, and unidentified

foreign material was removed from a 3.0 um CMOS patterned wafer.

c. Selective Treaunent of Substrate

A planar substrate being treated in accordance with the invention may be
selectively irradiated with a laser. As shown in Fig. 2, for example, substrate 12_is
fixed on an XY table 13, which is selectively moved with respect to a fixed beam of
laser pulses [ that are generated by a laser 14", directed through a beam splitter 24

. and a focusing lens 28 before contacting selected portions of the surface of substrate 12

over which inert gas 18 flows. Alternatively, as shown in Fig. 3, laser pulses 11" may
be split by beam splitters 30, 32 into two sets of pulses which are selectively moved by
adjusting mirrors 34-37 over the surface of substrate 12 on a fixed table 19. A laser
power meter 26, measuring energy directly from the laser, allows for close monitoring
of the laser power being applied to the substrate. Suitable laser power meters are
available from Digirad of Oriskany, New York and Scientech. Inc. of Boulder,

Colorado.
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fr'om Fi‘g, 30 has been &xperinentally verified. The infor
Fig. 31 is for air, which, since air is conposed primaril
pertinent to nitrogen as well. Adjustngnt to this data is necessary f

firlter-woul-d provide the desired 1-2 psi pressure drop. Tﬂhlsbeeﬂi@lBsaltRﬁlm

ot her

I nert gases such as argon and helium
Furthermore, selective irradiation of a planar surface may be achieved through

the use of a mask, similar to that used in the semiconductor industry, placed between
the source of radiation and the treated substrate. As shown in Fig. 4, mask 9 facilitates
selective irradiation of substrate 12 secured to fixed table 19 by limiting access of
radiatioh 11 to substrate 12 through mask passages a. As detailed in Fig. 1, enclosure
15 comprises a stainless steel sample reaction cell fitted with opposing gas inlet and
oullel‘ports 23, 25, respeclively, and sealed optical grade quartz window 17 through
which radiation can pass.

It is anticipated that high-energy lamps may also be used to irradiate planar
surfaces in configurations similar to that disclosed in Figs. 2 through 4.

Another embodiment permitting selective irradiation of a planar surface is shown
schematically in Fig. 42. The output from a suitable laser {10 is directed to a focus
lens 112, is reflected from relay mirrors 113 and 114, and through a Galilean telescope
115. The irradiation from the laser is then reflected from another relay mirror 116, and
focus through an adjustable final focusing lens 117 before it reaches the substrate,
mounted on a holder 118 on an x-y translation stage. At least the holder 118 is
disposed within a cell (not shown) thro-ugh which inert gas flows. A flow meter 119 is
disposed at the outlet of the cel.l. The arrangement illustrated schematically in Fig. 42

provides a particularly compact apparatus.

d. Laminar Fl.gw Of Inert Gas

To reduce the likelihood that a contaminant which has been liberated from the
substrate surface by irradiation and has been entrained by the gas flow will be
redeposited downstream on the substrate surface, it is preferred to control the gas flow
so that it does not impart to an entrained contaminant a velocily component normal {o
the substrate’s surface. Such surface-normal velocity components are, by definition,
inherent in turbulent gas flow and, in either turbulent or laminar flow, in areas of flow
recirculation. In accordance with the principles of the invention, it is therefore
preferred to maintain the gas flow across the substrate in a laminar flow regime and to
avoid the creation of flow recirculation zones.

It is well known that for internal flows (as in pipes vi. in the present case, a

process chamber) laminar flow will be maintained for Reynolds numbers of iess than
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For a cell 200 used for treating a substrate sanple having a d| anet er of

*about 6 i'nches, the now channel 232 has a width of a &edi n
(16 51- cnj and a height of approxi mately 0.125 in (O. esul ting
in a flow channel having a cross-sectional area of ap 8125 in2
(5.24 cnferr]). The overall cell dinmensions are 10 in by 20 I n .4 cm by
50.8 cm. The cell is supplied with 0.25 in (0.6 cnm) dianeter tube Fittings
at both the inlet 202 and outlet 210, i ch are adequate

approximately 2000. As shown in Equation (6), below, the Reynolds number (Re) is

calculated as:

Vi : Y

Re = 2 6)
u

where p and g are the density and absolute viscosity, respectively, of the gas, h is the
half-height of the distance between the walls bounding the flow, and ¥ is thg average
velocity of the flow.

It is also well known that the drag force F on a free particle in a gas, such as a
liberated particle entrained in the gas flow, is related to the gas viscosity, the diameter
of the particle dp, and the relative velocity ¥ between the particle and the gas flow by

the following r'elationshi[;:

. Jrp dp v )
¢

where ¢ is a slip correction factor. To maximize the force on a particle, and therefore
to maximize the likelihood that the particle will be entrained into the gas flow and
remain there, the flow velocity should be maximized. However, this is subject to the
constraint that the Reynolds number should be maintained below approximately 2,000 to
maintain laminar flow. It is-also apparent thal a higher gas velocity can be achieved for
a given gas by reducing the half-height of the flow channel, h.

The averagé velocity ¥ in the flow channel is related 10 the volumetric flow

rate Q of gas through the channel as follows:

Q0=V4 (11
where A is the cross sectional area of the flow channel. Thus, ihe volumetric flow rate
of the gas that must be supplied to the flow channel lo maintain a given average velocity
is less for a flow channel with a smaller cross-sectional area. The width of a flow
channel is typically driven by the width of the substrate to be treated, but more
flexibility is usually available to control the height of the channel. Therefore, to
minimize the amount of gas required to achieve a desired velocity. it is preferable 1
minimize the height of the channel. _

The artisan will recognize that the gas flow velocily is not uniform across the

width of the flow channrel -- the velocity is zero at tie wail, and increases monotonically
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25
{o a maximum value at the channel centerline. For fully developed laminar pipe flow,

the velocity distribution is:

2
uy) =3V % - (12)

2 h?

where y is the distance from the wali of the flow channel. As depicted in Fig. 30, the
veldcity profile is thus parabolic in nature. In the entry region E of the flow channel.
i.e., in the region where the boundary layers that develop on each of the opposi:;g walls
of the flow channel have not nxef in the center of the channel, there is a boundary layer
region near the wall and a potential core. Although there is not a closed-form solution
for the velocity, as illustrated in Fig. 30 the flow velocity at a given distance near the
wall is greater in the entry region E than in the region of fully developed flow F.

QOther pértinent parameters in contaminant entrainment are the gas properties of
density and absolute viscosity. These properties are combined in the kinematic viscosity

r, which is the ratio of density and absolute viscosity:
v=£b ' ) (13)

As is evident from the Reynolds number equation (Equation (6). above), for a given
Reynolds number and flow channel dimension, a higher velocity can be achieved with a
higher kinematic viscosity, in a linear relationship. A competing consideration is the
boundary layer thickness -- in general. it is desirable to have the highest possible
velocity as near to the wall as possible, which in turn means that it is preferable to have
a thinner boundary layer. However, this is subject to the counstraint that, while a
turbulent boundary layer is generally thinner than a laminar boundary layer for similar
conditions, turbulent ﬂow is lo be avoided.

Boundary layer thickness is proportional to the square root of the kinematic
viscosity, and is inversely propquional to the square root of the avefage velocitly in the
flow channel. Thus, for a given velocity in the flow channel, the boundary layer will be
thicker for a gas with a relatively high kinematic viscosity than {or one with a relatively
low kinemaltic viscosity. Howevér, from the Reynolds number relationship, an increase
in kinematic viscosity allows a proportional increase in velocity while maintaining the

same Reynolds number (and thus maintaining laminar flow). Thus. the undesirable
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Usi ng argon, the maxi mum velocity that can be achi‘eved while ITB.I nt a| n| ng
| am nar .fl ow i s determ ned by solving the Reynol ds rmmsmet
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veI ocity

effects of increased kinematic viscosity on boundary layer thickness can be overcome by
increasing the average flow velocuy Of course, these considerations are pertinent only
in the entrance region -- the boundary layer thickness is equal to the half widlh of the
flow channel in the fully-developed region and is not affected by the gas properties.

The viscosity is a significant parameler in the drag force on a particle, as shown
in,Equation (9), above -- the higher the gas viscosity, the greater the force on the
particle. Thus gases with higher absolute viscosities are preferred.

As described above, any gas that is inert to the substrate may be used to carry
out the treatment. The noble gases are particularly suitable, being inert to virtually all
substrate materials. Nitrogen is also a suitable gas for most substrates. Of the noble
gases. helium and argon are the most readily available and economically attractive to
use. Of the three gases -- helium, argon, and nitrogen -- argon is preferred because it
has the highest absolute viscosity.

Other parameters pertinent to the condition of the flow through the flow channel
are the temperature and pressure of the gas. The viscosity (both absolute and kinernatic)
of most gases increases slightly with temperatures. However, in most commercial
applications of the treatment process, the gas temperature will be approximately room
temperature. In contrast, the gas pressure may be varied significantly. The gas density
is proportional to its static pressure. Thus, referring again to the Reynolds number
equation, shown in Equation (6), above, for a given Reynolds number, gas, and flow
channel height D, an increase in density (through an increase in pressure) requires a
decrease in average velocity. Thus, lower pressures will allow higher velocities to be
achieved in a laminar flow regime.. . |

Returning (o the second aspect of avoiding imparting surface-norinal velocity

. components {0 an entrained contaminant -- avoiding recirculation zones -- it is well
known in the art that flow recirculation can be caused by adverse pressure gradients in
the flow such as are produced by streamwise discontinuities or rapid changes in the
profile of the surface over which the gas flows. It is thereforé desired to avoid the
formation of such discontinuities in the surface of the process chamber in which »
substrate is to be treated, particularly at or closely upstream .of the substrate  Furtie:
the flow entering the flow channel should have a uniform velocity profile wit: : velocity
vector parallel to the axis of the {low channel.
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'Equatlon (11) Q= (1."675 crﬂs)(5 24 cn{err])

8, 777.cmerr]/s. The gas flow within the process chanber laced
usi ng-vel [. known fl ui< dynami cs principles, including the
equations, the continuity equations and the boundary- | ayer

nodel of the gas flow within the cellzgan be formul at ed.

The significance of these flow consideralions -- avoiding recirculation and
turbulent flow -- are illustrated by the fesulls of tests conducted in a reaction cell that
had a less-than-optimum configuration for maintaining laminar, non-recirculating flow.
This is the same cell conﬁguration used for the tests described in Examples [ aﬁd i1
above. The reaction cell 200 is shown schematically in plan view in Fig. 38 and in
cross section in Fig. 39. The cell has an inlet 202 and an exhaust 210 that are even
with'me floor 201 of the cell and are each 0.25" (.6 cm) in diameter. The substra}e to
be treated is also mounted on the floor 201. The cell is 7.6 cm in diameter anci 25 cm
in height.

Samples of bare silicon exposed to the room environment were cleaned in the
cell using a low pressure 500 W Hg/Xe Model 6288 lamp, sold by Oriel Corporation of
‘Stamford, Connecticut, with a 4" diameter lens coupled to an electronic time controller
Model 84350 (also sold by Oriel), which had an output energy. of 40uJ/s over the 200-
315 nm region. The lamp delivered a total of 8 mJ/cm? over a 30 minute period.
Energy measurements were made with a JL-1400A photometer with a _
JSEL/240/QnDS2/TD detector for the 200-315 nm range and a JXRL140B detector for
the 300-400 nm range, all supplied by Jetlight Company, Inc. of Laguna Hills,
California. Analysis of the sample (before and after treatment) was made with a VG
Instruments Model 310 Auger/XPS spectrometer, now sold by Fisons Instruments of
Danvers, Massachusetts.’

The gas flow rate through the cell was varied from 9 cc/s to 130 cc/s, controlled
by a L-03217 series 150 mm variable flow meter sold by Cole-Parmer Instruments, Inc.
of Niles, Iliinois, calibrated for argon, nitrogen, and helium. As can be seen in Table

I11 below, and in Fig. 40.
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Dependi ng on the input of various paranmeters such as the*TyrpF—D‘f—’gHs—and—
the vol.une flow rate, the Reynol ds nunber can be cal cul atygg.shéBasBh BbiSR

.defefm.ne the velocity profile at a selected distances fro
the flow channel. For exanple, if argon is used at a now rgmnamg ml
the average now velocity wi .l be 191 cm's. and the Reynol d

233. The entry length will be 30 mm e resulting gas velocity proflles

are Shﬁwrj in Fig 37 for several values
Table IIf - Test Data
Argon Flow Rate . Carbon Removal

{ccls) (%)

I ———

| 9 _ 18.9 N
B 9 _ 21.4
12 ) 20.6
) 12 30.9
12 34.6
66 37.9 _

66 X f
66 65.4
17 20.6
Sz o : 19.3
130 25.2

It is apparent from the data that the removai efficiency of the process depends on
gas flow rate (and this on flow conditions in the cell). Although Reynolds numbers
calculated based on the half-height of the cell were clearly in the laminar range, it is
believed that at the higher flow rates, the unconstrained expansion of the gas into the
cell from the inlet 202 created areas of recirculation on both sides of the inlet, and
probably downstream eddies or vortices. This recirculation effect probably induced
redeposition of contaminants.

A reaction cell that embodies the principles set forth above--creating a non-
recirculating laminar flow over the substrate treatment surface--is depicted in Figs. 27-

29. This embodiment also provides a uniform flow at the entrance to the flow channel.
Such a cell 200 is thereby designed to maximize the removal of contaminants from the
treatinent surface and to minimize redeposition.

The reaction cell 200 includes an inlet 202 that is in fluid communication with a
small mixing chamber 206, which, in turn, includes a low momentum plenum 23(} and
an adjacent trench 204. The plenum 230 is bounded at its ends by a filter assembiv 226
and a vertical post 228.
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”c')f (18) where x is axial distance and E is the entrance tength—for—the
flow :I'n this exanple, the entrance length is approxi mat ehyis ket Tihs B Replaced

vel.oci'ty profiles in Frg.. 37 shown the rel ationship betwee
| ocal velocity to average velocity (WU nm) and distance vy FH e
of the flow channel. .
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" The filter assembly.226 stands at:the inlet to the flow channel 232 and is
constrained in that position by iwo adjustable positioners 208. A seal (not shown), such-
as a teflon gasket, O-ring, or elastic band, is installed on the periphery of each member
of the filter assembly to prevent bypass flow from the mixing chamber 206 into the ﬂow-?

- channel 232.

. The flow channel 232 extends downstream of the filter assembly 226 and
includes a recess 214 for receiving a substrate sample (not shown). The recess is
dimensioned such that the treatment surface of the sample ié flush with the channel
surface. To restrain the sample during treatment, a vacuum- may be applied to the back

- of the sample through the vacuum suction port 216 and the vacuum channels 218.

A quartz disk 220 through which radiation can pass in the manner explained
previously is disposed above the recess 214 for receiving the substrate sample. The
quartz disk 220 is fixed and sealed in the cell 200 with a removable plate and a suitably
sized O-ring, respectively.

Downstream of the recess 2_[4, is an exhaust duct 210 which is situated in a part
of the flow channel 232 that is configured to have the shape of a "Rankine oval”. As is
well known to the artisan, a Rankine oval shape takes into consideration the inviscid
flow solution for a uniform stream entering a sink point. In this context, the Rankine
oval configuration serves lo conduct the flow to the exhaust duct 210 while avoiding

- recirculation of the-flow in the flow channel 232.
The shape of the “Rankine oval” is described in the following equation (in

connection with the diagram in Fig. 36):

"R? - 42 |
y = “_i'&‘a_ @, - 6,) (14)

where R is the intercept of the Rankine oval with the positive side of the x axis.

The gas flow through the cell 200 originates at the inlet 202. The gas may be
supplied to the inlet from a compressed gas reservoir fitted with a suitable pressure
regulator (not shown) to control the gas pressure and flow rate. The gas supply is
connected to the inlet by suitable piping. From the inlet 202, the gas is directed to
impact the flat surface of the trench 204. Leaving the trench 204, the flow enters the

plenum 230 and then travels to the ﬁller assembly 226.
This is the repiacemsnt shaet
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According to the nmethod and apparatus of the invention, theinert gas is
supplied to the cell 200 in a manner substantially as descrnhm Has/BeemKélniu

Gds.i s 'supptied froma gas source and constantly flowed, in tmmm“ “nl

flow regi me, over the substrate-
" It is readily evident that the flow exiting the plenum 230 will be non-uniform--it
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will have varying velocities across the exit plane of the plenum and-there will be
velocity components that are not parallel to the flow channel axis. As described above,
it is desired that both of those conditions be eliminated so that the flow entering the flow
channel has a uniform velocity profile that is parallel to the axis of the flow channel 232
as, depicted in Fig. 30. This is achieved with the filter assembly 226.

The filter assembly 226 is disposed at the-inlet of the flow channel of the cell
200. When the flow is forced through the filter assembly 226, the flow conditions are
changed so as lo produce a uniform and parallel velocity profile across the width and
height of the flow channel 232. To keep flow losses within acceptable limits, il is
preferred to limit the pressure drop across the filter to 1-2 psi. Preferably, the filter
assembly includes a porous sinterized metal filter such as those offered Ly.Pall Ultrafine
Filtration Company.

The number and type of filters required are dictated by flow conditions. For
example, for a flow of air ranging from 0-500 cc/s, Fig. 31 provides data allowing a
choice of filters to provide.the desired 1-2 psi maximum pressure drop. The solid lines,
1F-4F refer to a series of courser mesh Pall filters identified as PSS Grade F. The
dotted lines 1H, 2H, 3H and 4H refer to a scries of finer mesh Pall filters identified as
PSS Grade H. | |

For an initial design condition of 70 cc/s, Fig. 31 indica-les that the IH filter
would provide the desired 1-2 psi pressure drop. This indication from Fig. 30 has been
experimentally verified. -

The information provided by Fig. 31 is for air, which, since air is composed
primarily of nitrogen, is pertinent (o nitrogen as well. Adjustment to this data is

. necessary for other inert gases.such as argon and helium.

For a cell 200 used for treating a substrate sample having a diameter of about 6
inches, the flow channel 232 has a width of approximately 6.5 in (16.51 cm) and a
height of approximately 0.125 in (0.31 cm), thus resulting in a flow channel having a
cross-sectional area of approximately 0.8125 in? (5.24 cm?). The overall celi
dimensions are 10 in by 20 in (25.4 cm by 50.8 cm). The cell is supplied with 0.25 in

(0.6 cm) diameter tube fittings at both the inlet 202 and outlet 210, which are adequate
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32 surface. The flow may be regul ated and noni t or ed - by, 28Neeths BadalR@piRd Ve
+regulator and flow nmeter. It is understood that various [ ; to
"thi s’ enbodi nent nay be contenplated in order to -npl emeH nt
apparatus and nethod in a comrercial environnment, espec ction
with the use of the treatnent nethod iﬂa '

for flow rates up to 500 cc/s. Larger fittings might be required depending on larger

flow rates.

Using argon, the maximum 'velocity that can be achieved while maintaining
laminar flow is determined by solving the Reynolds number equation for ¥ . For

argon, this is

X 7 - 2000 - (0.134 cm?s) (16)
0.16 cm .

or 1,675 cn/s. The flow rate required to achieve this velocily is determined from
Equation (11),

Q = (1,675 cmfs)(5.24 cm?) an

or 8,777 cm¥s.

The gas flow within the process chamber can be modeled using well known fluid
dynamics principles, including the Navier-Stokes equations, the continuity equations and
thé boundary-layer equations, a model of the gas flow within the cell can be formuldted.
Depending on the input of various parameters such as the type of gas and the volume
flow rate, the Reynolds number can be calculated. One can also determine the velocity
profile at a selected distances from the inlet of the flow channel.

For example, if argon is used at a flow rate of 1000 cc/s, the average flow
velocity will be 191 c'ni/s.. and the Reynolds number will be 233.- The entry length will

be 30 mm. The resulting gas velocity profiles are shown in Fig. 37 for several values

of

x
= (18)
{ E

where x is axial distance and E is the entrance length for the flow. In this example,
the entrance length is approximately 30 mm. The velocity profiles in Fig. 37 shown the
relationship between the ratio of local velocity to average velocity (U/U_m) and distance
y from the surface of the flow channel.

According to the method and apparatus of the invention, the inert gas is supplied
to the cell 200 in a manner subslantially as described previously. Gas is supplied from a

pas source and constantly flowed. in the laminar flow regime. over the substrate
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comonl y used cluster process tool as shown schematical | y—n—Fg—32_A

‘typi ¢al cluster tool includes a central substrate staging fﬁyi el 20 in
whi cH 4¢.he*substrate article 321 is held bétween processing = e
processi ng tool enclosures, 302, 304, 306 and 308 are IocatB

stagi ng chanber 320 and the article 321 is introduced into

according to a preprogramed processing 3t ep.

surface. The flow may be regulated and- monitored by any s_uilgble valve regulator and
flow meter.

It is understood that various modifications to this embodiment may be
contemplated in order to implement the treatment apparatus and method in a comme.r"c'i.al
environment, especially in connection with the use of the treatment method in a
commonly used cluster process tool as shown schematically in Fig. 32.

A typical cluster tool incl.udes a-central substrate staging chamber 320 in which
the substrate article 321 is held between processing steps. Various processing tool
enclosures, 302, 304, 306 and 308 are localed around the staging chamber 320 and the
article 321 is introduced into each enclosure accofding to a preprogrammed processing
step.

A cleaning process unit may conveniently be positioned in either or both of an
inload unit 312 and an outload unit 310, and would embody the treatment apparatus and
method uéing laminar flow. Before the substrate article 321 is introduced into the
process chamber 320, cleaning treatinent would take place in the inload unit 312."
Similarly, cleaning treatment could take place in the outload unit 310 following
completion of processing in the process chamber 320.

The process chamber 320 in cluster units usually is typically configured to
operate at low vacuum conditions. (from sub-atmospheric pressure to 1 x 107 torr. It is
desirable to minimize gas flow between the central process chamber 320 and the
cleaning process unit, which flow may disturb potential .contaminants on the walls of
either chamber around the inter{ace belween them, introducing another source of
contaminants. Therefore, it may be commercially preferable to operate the cleaning
process unit at the same pressure as the process chamber 320. As noted above, the
process described herein may be operated satisfactorily at such pressures.

It is also understood that it may be desirable in various applications to introduce
fluid flow aids to control the gas flow conditions (pressure and flow rate) in the chamber
while maintaining laminar flow across the substrate surface. In general, the flow rate of
gas through the chamber and the static pressure of the gas in the chamber will be

governed by the gas pressure and flow rale supplied to the inlet and by the pressure at

the outlet.
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A cl eaning process unit may conveniently be positioned in e ther or both of

an |nI oad uni:.t 312 and an outload unit 310, and woul d enbmi;)shsehgastgeaﬂt
appar at us' and net hod~usi.ng | am nar flow..Before the substrFﬂ Tle

is introduced into the process chamber 320, cleaning treat

place in the inload unit 312. SimlarBy, cleaning treatnen

place in the outload unit 310 foll ow ng conpl etion of processing i n the
process chanbar exd@iple, it is contemplated that gas introduced to the cell inlet 202 from a

compressed gas cylinder (as described above) could be supplemented by the use of a gas
compressor at that inlet region. This supplementation would allow for the gas to travél
through the cell either at a higher static pressure at the same relative velocity or at a
highef velocily at the same static pressurc than if no supplementation were provided.
Similarly, it is contemplated that exhausting of the gas flow through the exhaust port
210 lriay be supplemented with a vacuum pump connected to the gas outlet region. This
will be necessary if the chamber is to be maintained at sub-atmospheric pressure. The

oullet and inlet controls could also be combined.

2. Treatment of Irregularly Shaped Surfaces

The embodiments disclosed in Figs. 2-4 and 27-29 are directed primarily towards
the treatrient of planar or flat substrates, such as silicon wafers. Accordingly, their
applicalion is restricted to those subslrate surfaces that may be conveniently secured
within a process chamber and configured to permit adequate exposure to a source of
radiation emanating from 2 generally fixed location. '

Alternatively, Figs. 5 llirough 26 disclose embodiments of the invention capable
of removing surface contaminants from objects having irregularly shaped internal and
external substrate surfaces or, more specifically, surfaces that lie in non-coincidently
relaled planes. Such planes encompass all possible relationships between the surfaces 6(
a substrate except those occupying the same space or plane. For example, surfaces that
are parallel or angularly related, such as opposing interior walls of a pipe or adjacent
walls in a cubical chamber, respectively, occupy non-coincidently related planes.

Significantly, the apparatuses disclosed in Figs. 2-4 and 27-29 are incapable of
treating such substrate surfaces. These apparatuses are strictly limited to singularly
planar substrates. Conversely, the apparatuses in Figs. 5 through 26 may effectively
treat surfaces occupying non-coincidently related planes either sequentially or
simultaneously, as discussed more fully below,

Although not shown in these figures, a gas analyzer 27, such as that described
above, and/or particle detector may be incorporated into these émbodiments to facilitate

selective energy and wavelength adjustment of source 14 as described above. Suitable
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The process chanber 320 in cluster units usually is typl_c;aJ_J_y—geni—l—guLed-J—e
operate at |ow vacuum conditions (from sub-atnospheric p Rplaced
[err] torr. It is desirable to mnimze gas fl ow between

process chanber 320 and the cl eani ng process unit, which f mﬁ ﬁ]ﬂ
potential contam nants on the walls of _either chanber arou ce .

bet ween them introduci ng anot her sourcd of contaninants. Therefore, it may

be Commrp%}ﬁcllle%e[[%{:%frselrn%? Ibee otb?an?e%etrrom .a%tpc?e eggunrllnggS){slems, Inc. of Boulder,

Colorado and Tencor [nslrumems of Mountainview, California.

Fig. 5 schematically illustrates an apparatus 80 for removing contaminants from
elongated enclosed passages, such as pipes 71. Radiation from a radiation source 14 i§"
conducted through a radiation conduit 50, which is an optical waveguide such as a
bundle of optical fibers or light pipe, while a gas inert to the substrate treatment surface
is conducted from gas source (6 to the treatment surface via gas line 51. Radiation
conduit 50 and gas line.Sl merge at or before cable head 53, where they may be
"bundled” into a single cable 52. Cable head 53, connected to the end of cable 52,
includes radiation passages 54 (which may be one or more optical fibers) and gas
passages 55. Various configurations of cable head 53 are illustrated in cross section in
Figs. 6-t1.

The geometric shape and configuration of radiation passages 54 and gas passages
35 at the end of cable head 53 may be sclected based upon the intensity-and distribution
of radiation and/or gas turbulence required for a particular application (i.e., elongated
enclosed passages or more expansive, planar surfaces). For example, Figs. 6 and 7
disclose configurations that are biased toward enhanced radiation exposure and gas
turbulence, respectively. Further, Figs. 6-9 provide geometries that convey an uneven
amount of gas and/or radiation as they repeatedly pass normally over a surface. These
are contrasted with the even distribution of gas and radiation provided by Figs. 10 and
11 when directed normally to a surface. Alternatively, Figs. 8 and 9 provide a
relatively uniform distribution of gas and radiation when applied to surfaces geneﬁlly
parallel to the axis of cable head 53, as discussed more specifically below. Although
gas and radiation control is enhanced through.lhe use of cable head 53, it is anticipated

. that in certain applications this element may be eliminated altogether, allowing gas and
radialion to simply emanate direclly from the ends of gas conduit 51 and radiation
conduit 50.

In addition to facilitating muitiple radiation passages 54 and gas passages 55,
cable head 53 provides means for redirecting the radiation and gas to substrate treatment
surface 70. Such redirection is necessary when apparatus 80 is used for cleaning the
interiors of narrow passages such as pipes 71. as shown in Figs. 12 and 13, where the

axis of cable head 53 must be generally parallel to the treatment surface 7C
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- process unit at the same pressure as the process chanber 320. As noted

dbove,” the process descri bed herein may be operated satig?‘i. e
pressur.es.’ It is al so.understood that it rmay be desirabl eJl “
applications to introduce fluid flow aids to control the

conditions (pressure and flow rate) in_the chanber while maintaining

| ani nar now across the substrate surfate. In general, the flow rate of gas
anper and,t static pressure qf the gas _in_the chanmber wl|

Lgr_ough t _he_ C}\]s shown ?n gxg.hl%, a{ﬁauon |Elssage %4 a118 gas passgge 35 flare outwardly

from the certerline of cable head 53, thereby directing both the radiation and gas flow
toward the inner walls of the passage to be cleaned. The angle of the tlﬁre from the
centerline of cable head 53 may range from few degrees to more than 90° as shown in "
Figs. 15 and 16, respectively. The configuration of cable head 53 is application-
specific, related to gas flow rate and photon delivery requirements for contaminant
removal. More specifically, cable head 53 directs radiation at the appropriate density
and angle of incidence for a particular contaminant and substrate while maintaining a
continuous flow of inert gas across (hat portion of the substrate being irradiated.

In operation, apparatus 80, and more specifically cable 52 and cable head 53,
may traverse an elongated, enclosed passage 71 in either a forward or reverse direction,
as shown in Figs. 12 and 13, respectively. When moving forward, as denoted by arrow
60 in Fig.. 12, cable head 53 may be configured as shown in Fig. 15. Radiation passage
54 and gas passage 55 may be disposed in the inner and outer passages, respectively, of
cable head 53. In this way, the irradiation of substrate surface 70 from energy
conveyed through radiation passage 54 will occur downstream from the flow of gas
emanating from the discharge end of gas passage 55, and any dislodged contaminants
will be continually pushed ahead of cable head 53 by discharged gas as the cable head
moves forward.

Alternatively, cable head 53 may move in a reverse or backward direction
denoted by arrow 61 of Fig. 13. When moving backwardly, cable head 53 may be
configured as shown in Fig. 16. Radiation passage 54 and gas passage 55 may be
disposed in the outer and inner passages, respectively, of cable head 53°. Gas
discharged from gas passage 55 flows back aloﬁg cable 52 in the annular space between
the cable and pipe 71. In this way, the portion of substrate surface 70 being irradiated
by energy conducted through radiation passage 54 will be blanketed by the gas, and any
dislodged contaminants will be continually pushed by gas in the direction of movement
of cable head 53" as the cable head moves backwardly along the pipe. To prevent
contaminant-laden gas from passing into the portion .of the p.ipe alfeady treated, a cap
may be placed at the end of the pipe nearest the portion ﬁrst lreated. Alternatively. a
cap 53a’, as illustrated in Fig. [6. may be mounted on the end of the cable head 53 .

This cap has an outside diameter slightlv iess than the inside diameter of pine 71, so thai
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the annular flow area between the cap and the pipe is much less than the annular flow
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area between pipe 71 and cable:52 or cable head 53°. The gas will therefore flow away
from cap 53a” and toward cable 52. _

In both forward and backward moving configurations, the constant flow rate of
the inert gas discharged from gas passage 55 is sufficient to move the contaminants
away from the area of treatment. This flow of gas may also serve as a means for
centenng cable head 53 wrllun elongated enclosed passages to be cleaned. As shown in
Figs. 14-16, gas passage 55 may be configured as an annular ring directed outwardly
from the centerline of cable 52. Should sufficient gas pressure be applied, the uniform,
outwardly directed gas from gas passage 55 may center cable head .53 within an
elongaled enclosed passage.

/\Itermuvely flexible. porous support structure 56, composed of a stable and
non-parlicle shedding material. may be placed around cable head 53 for centering
purposes. as shown in Figs. 17 and 17a. To avoid contaminating cleaned surfaces,
support structure 56 should never contact trealed surfaces, whether cable head 53 moves
ina forward (arrow 60) or reverse (arrow 61) direction. Thus, support structure 56
should pass over the substrate surface ahead of the radiation treatment. In such an
application, the structure must be sufficiently porous to allow gas and dislodged
contaminant to flow through it as cable head 53 traverses the enclosed passage. In the
forward moving embodiment shown in Fig. 17, gas passages 55 and radiation passages
54 (not shown) may exit from the side of cable head 53 rather than from its face as
illustrated in Figs. [4 and |5 to enable installation of support structure 56 downstream
of gas and contaminant flow.

Where the interior of an elongated, enclosed passage is constructed from
sufficiently reflective material, such as basic annealed 316 stainless steel, a high-energy
lamp, or radiation conduit 50 with an optical diffuser 57 mounted to its end, may simply
emit radiation 11 at the entrance to the passage and allow resulting radiation 11 to
reflectively traverse the interior 70°, as shown in Fig. 18. The interior 70" of
elongated passage 71 is sufficiently reflective to enable radiation |1 o traverse the
interior without moving the source of radiation. Inert gas flow 18, conveyed 1o the
entrance of passage 71~ by any means known in the art, ensures particulate is moveo

downstream once dislodged from substrate surface 70°. in addition. reflector 58. whict:
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For exlarrﬁ'li--em,‘ |t|scont érrpl ated t hat gas int roduced t o the cell inlet 202
froma conpressed gas cylinder (as described above) coulThisBeee
by -t he" use“of -a gas cagpressor at that inlet region. Thi s\\mmi on:
woul d allow for the gas to travel through the cell either
static pressure at the sane relative velocity or at a higher velocity at
the same static pressure than if no sidpl enentation were provided.
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exhaust "W/ so
entrance of passage 71 to prevent'back flow of radiation and gas.
1t is also anticipated that a liquid, rather than a gas, may serve as the inert
medium to carry away contaminants dislodged through irradiation from narrow,
elongaled passages. Such a modification would be particularly useful in the removal of
plaque from the interior walls of blood vessels. In such an application, the applied
radiation would be characterized by an energy density and duralion between that
required to release surface contaminants from the treatment surface and that which
would damage or traumatize the composition of the vascular structure.
Analogous to elongated, enclosed passages, apparatus 80, or more particularly
cable 52 and cable head 53, may be utilized to clean more expansive interiors such as
those of process chambers. In such instances, cable head 53 may be configured without
a flare, so that radiation and inert gas are directed straight out the end of the cable along
the cable axis. Manual or robotic control may be employed to guide the assembly as it
sweeps across such surfaces.
In Fig. 19, for example, chamber 15" includes a gas inlet embodied in gas
passage 55 of cable head 53, and gas outlet 25. Within the chamber, robotic arm 8!
attached to base 83 provides means for moving cable head 53 about the interior walls of
the chamber, identified as substrate treatment surface 70. The arm may spin a complele
360°, and base 83 may move up and down as denoied by arrow 62 providing complete
access to the interior of the chamber. As radiation and gas are conveyed (o substrate
treatment surface 70 by means of passages 54 and 55 of cable head 53, contaminant is
dislodged from the surface and is drawn to outlet 25 by means of gravily and gas flow.
Alternatively, l;'ig. 20 illustrates a chamber cleaning arrangement wherein the gas
outlet 25 is positioned at the top of the chamber. As in Fig. 19, robotic arm 81
attached to base 83 provides means for moving cable head 53 about the interior walls of
the chamber. In this instance, however, gravity may not be relied upon to draw
dislodged contaminant toward gas outlet 25. As such, a secondary gas flow is provided
as indicated by arrow 55° (o maintain a constant turbulence at the base of chamber
15°°. This secondary flow creates constant movement of gas toward outlet 25
extending the full depth of the éhamber. Accordingly, as the substrate surface 70 is

cleaned from bottom to fop. contaminant is carried by the upward flowing gas strean:
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conbi ned. 2. Treatment of Irregul arly Shaped Surfaces

disclosed in Figs. 2-4 and 27-29 are direcigd primarily towards the
treatnent of planar or flat substrates. such as silicon wafers.

Accor di ngly prdd@kd by secondary flow 55 and expelled through outlet 25. 1t is anticipated that
one or more secondary sources of gas may be added to chamber 15°° to accommmodate
different chambér geometries and gas outlet positions (i.e., side mounting).

In addition 1o interiors, cable 52 and cable head 53 may be used to remove .
contaminant from exteriors of irregularly shaped objects. For example, in Fig. 21,
chamber 157 is fitted with gas inlets 23 and outlets 25 o enable a bulk gas flow 18 to
'lraverse the chamber. Within the chamber, robotic arm 81 attached to base 82 provides
means for moving cable head 53 about object 72, which includes substrale treatiment
surface 70. Access to the entire surface 70-of object 72 is facilitated by turntable 84.
Passages 54 and 55 within cable head 53 convey radiation and sufficient gas flow to the
specific area being treated so to dislodge conléminant from substrate surface 70. Once
dislodged from the treatment."'area. contaminant enters the bulk flow gas stream 18 and
is removéd f\rom chamber 15° via gas outlet 25. As mentioned above, this exiting gas
inay be monitored through the use of a gas analyzer and/or particle detector to facilitate
selective energy and wavelength adjusiment of radiation source 14 (not shown).

The principles in Fig. 21 apply equally to Fig. 22 wherein object 73 includes a
more planar substrate treatment surface 70 such as that found on a painting.

It is anticipated that the exteriors of irregularly shaped objects may be
successfully treated through the foregoing process without the use of a chamber, relying
solely on gas supplied by conduit 51. Such an apparatus may be in the form of a hand-
held device wherein sufficient decontamination is measured by visual inspection rather
than through a gas analyzer and/or particle detector.

In some irregularly shaped surface applications, it may be advantageous to alter
apparatus 80 by separating the pas from the radiation transmission means altogether.
For example, when removing contaminants from the interior of a process chamber, one
or more radiation sources, such as an uitraviolet lamp, may be placed within the
chamber via support 85 as shown in Fig. 23. As the ultraviolet lamp irradiates the
chamber interior 70 (substrate treatment surface), gas 18 may be provided from one or
more inlets 23 to expel dislodged contaminant from the chamber 15° " via outlet 25
Gas flow [8 may be controlled b.y valves 22 as described above. Alternatively.
radiation may be conveyed to the interior of chamber 15"~ via conduit 50 sn¢ roboiw

arm 81 as shown in Fig. 24.
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application is restricted to those substrate surfaces T}l 8keetHaY B& Replaced

conveniently secured within a process chanber and confi t
ddequat.e exposure to a-.source of radiatiaon enmanating fm fixed
| ocation. Alternatively, Figs. 5 through,26 disclose e S 0 he

I nventi on capabl e of renoving surface contam nants from objects having

oneautanty S R AT B30k RORHERER Y s s
of a bank of high-energy lamps 59 which essentially bathe the substrate treatment
surface 70 of object 74 with a sufficient level of radiation to dislodge contaminant.
Object 74, which may be an armored vehicle, is exposed to lamps 59 within "Quonset”
hut 85, while inert gas 18, accelerated by fan 86, flows over the substraie surface 70..“
Where geometrically shielded areas may escape the gas turbulence created by fan 86 or
radiation generated by bank 59, one or more apparatuses 80 (not shown) may be

employed 10 access these areas.

3. Treatment Supplemented by Forces of Gravity

In another embodiment of the apparatus and method of the invention, it is
contemplated that certain .ad\_ranlages are gained by providing structure that allows the
substrate asticle to be retained in an inverted position during treatment. In general,
when a contaminant is dislodged from a substrate surface, the inert gés flow will tend to
carry the contaminant away, and avoiding gas flow conditions that would impart a
velocity component to the contaminant that is normal to the substrate surface will reduce
the chance that the contaminant will be redeposited on the substrate. However, if the -
substrate is disposed with the surface to be treated being uppermost, the force exerted
by gravity on a dislodged contaminant will be toward, the substrate surface, ténding to
promote redeposition: Thus-,-il.wiii generally be preferable to mount the substrate so
that a dislodged contaminant will tend to fall away from the substrate rather than toward
it. However, it is understood that méuniing the substrate in an inverted position may be
undesirable when manufacturing or other process factors are considered.

Referring to Fig. 33, it is commonly understood that a substrate article 301 may
often include a number of wells or cavities 305 in which contaminants 303 may be
lodged. Such substrates are particularly suited to mounting in an inverted position so
that gravity will act to avoid redeposition. In the same manner as previously discussed,
a flow 307 of inert gas is provided to the treatment surface along with irradiation 309
from the radiation source 313. The irradiation passes through a quartz window 311. Of
course, soime means must be provided (o retain the substrate in the inveried position.

such as the vacuum channel 216 illustrated in Fig. 27.
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.related planes. Such planes enconpass all possible relationships ge ween

+the 'surf.aces. of a substrate except those occupying-t héhi acfﬂ ane.
For ekxanple, surfaces that are parallel ‘6r angularly reil
opposing interior walls of a pipe or adjacent walls in er,
respectively, occupy non-coincidently reléted planes. Significantly, the
apparatuses disclosed in Figs. 2-4 and 27-29 are incapable of treating such
substrate surfadewill Peappampptinbautliesaspect ratia {depthyta width)eef a cadiyndfif ar | y

increased, less of the inert gas' flow will penetrate to the floor of the cavity (o aid in
removing contaminants.. Thus, it is also contemplated to introduce a secondary inert gas
315 flow to the primary inert gas flow 307 during treatment of the article 301 whén
mounted inverted as depicted in Figs. 34 and 35. The secondary inert gas flow 315
may be introduced substantially perpendicularly to the plane of the substrate article 301
such that the additional fluid flow aids the irradiation effect and the primary gas flow
307 to dislodge the contaminants 303 from the wells or cavities 305. The flow is not to-
reach a flow velocity that would disrupt the primary flow 307 to such a degree as to
create a non-laminar (i.e., turbulent) flow condition. As shown in Fig. 41, it is
anticipated that the secondary flow 315 will induce a streamline 325 of the flow through
the cavity 305 that will generally follow the walls of the cavity. Although this could be
considered to involve recirculation, and the flow has a velocity component normal to the
plane of the overall substrate, when viewed locally it should in fact have a relatively
small component normal to the walls and floor of the cavity. Thus, the flow should aid
removal of contaminants and not promote redeposition. |
The secondary flow 315 can be introduced at any angle optimally determined to
best aid in dislodging the contaminants 303. Similarly, as described above, it may be
preferred to orient the incident radiation 309 at an angle to the plane of the substrate so
_ as to illuminate the walls of the cavily at an angle as near to normal as possible, thus
enhancing the rembval of contaminants from the walls. Of course, the incident angle

will be dictated by the aspect ratio of the cavity.
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pl anar substrates. Conversely, the apparat uses in Fi gs—5—through-26 nay

effectively treat surfaces occupyi ng non-coincidently ‘Iﬁ eetq{ag anes eléher
sequenflally or simultaneously, as discussed nore fuIIy not
shown in these figures, a gas analyzer 27,4 ;such as that Hﬁﬁmﬁ
and/or particle detector nmay be incorporated into these

facilitate sel ecwgﬁ l?@ﬂlﬁﬁédqu wavel engt h adj ust nent of source 14 as

descri bed above
- A method for removmg surfac:e contaminants from a treatment surface of a

substrate while preservmg the crysial structure of the surface being treated, comprising
the steps of:

introducing a laminar gas flow across said treatmeat surface, said gas being inert
to the treatment surface; and,
) irradiating said treatment surface with high-energy irradiation, said irradiation
having an energy density and duration sufficient to release surface contaminants from
the treatment surface and insufficient to alter the crystal structure of the treatment

surface.

2. A method according to claim 1, wherein said laminar gas flow originates
from a gas flow that is forced through a filter located upstream of said treatment

surface.

. 3. A method according to claim 2, wherein said laminar gas flow originates
from a gas flow that is introduced into a mixing chamber disposed upstream of said

filter.

4. A method according to claim I, wherein prior to said step of introducing
lam’ina: flow, said treatment surface is placed flush to a surface of.a flow channel which

is configured to provide said laminar flow.

5. A method according to claim 4, wherein said substrate surface is restrained

on said surface of a flow channel by a vacuum.

6. A method according to claim 1, wherein prior o introducing said laminar
flow, said treatment surface is placed in a flow channel in a manner such that said

_ treatment surface is upside down relative to gravitational forces.

7. A method according to claim 6, wherein a secondary inert gas flow is

.. introduced to said treatment surface al an angle to said laminar flow.
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34 particle detectors nay be obta| ned fromParticle |ve
of Boulder, Colorado and-Tencor Instrunments of Muntai ‘ﬁm‘gﬁ‘ri

ace!i nc.

e e

8. A method according to claim 1, wherein said laminar flow originates from a ga.
flow that is supplmented by the effect of a compressor located upstream of said treatment

surface.

9. A method according to claim 1, wherein said laminar flow originates from a gas
flow that is supplemented by the effect of a pump located upstream of said treament

surface.

10. A method according tc claim I, wherein said laminar flow is drawn to an outle

by a draw pump located downstream of said treatment surface.

11. A method according to claim 1, wherein said laminar gas flow is a laminar

argon gas flow.

12. A method according to claim 1, wherein in said laminar flow across the
treatment surface as a velocity profile that is substantially uniform and subtantially parallel

to the treatment surface.

¢ 13. An apparatus for removing surface contaminants from a treatment surface of a
substrate while preserving ihe crystal structure of the surface being treated, comprising:
a reservoir of gas inert to the treatment surface; .
a housing for supporting said treatment surface of said substrate and for conducting
a laminar flow of said inert gas from said reservoir over said treatment surface; and,
an irradiating device for irradiating said treatment surface with high-energy
irradiation at an energy density and dura-tion sufficient to release surface contaminants fron

the treatment surface and insufficient to alter the crystal structure of the treatment surface.

14, An apparatus according to claim 13, wherein said housing includes a flow

channel having a recess for receiving said treatment surface.

., ,!Il"c, mIlL, "qu "'lsl " ,!l, . This is the replacement sheet
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Fig. 5 schematically illustrates an apparatus 80 for rmghegﬂ{agﬁ&h%&&@d‘ts

fromel ongat ed -encl osed passages, such as pipes 71. Rad
radi at’i on .source 14 is-conducted through a Tadi ati-on co Mﬂ”ﬂu Mﬂ S
an optical wavegui de such as a bundl e of opji cal fibers
while a gas inert to the substrate treatnent surface is conducted from gas
source 16 to the {5 el Bparatiy 5&6@1% ® dam l3 n@h@r@m Bﬁﬂbﬁhés@ﬂbﬁpﬂdd&ﬁoséo 4 a
and gas line SI nerge at "or before cable head where th ez be

mlet reglon of said flow channel for generating w1thm said lammar ow a veloc:ty prot:le

that is substanually uniform arid sibstantially parallcl to said treatment surface.
16. An apparatus according (o claim 14, wherein said housing includes a mi';ni'hg
_ chamber for mixing said gas flow from said gas reservoir, said mixing chamber being

”~

,disposed upstream of said filter assembly.

17. An apparatus according to claim 13, wherein said housing includes a vacuum

‘mechanism for retaining said treatment surface in said recess.

18. An apparatus according to claim 13, wherein said housing includes a recess for

holding said treatment surface upside down relative to gravitational forces.

19. An apparatus according to claim 17, wherein said housing includes means for
conducting a secondary inert gas flow to said treatment surface, said secondary inert gas

flow being directed to said treatment surface at an angle to said treatment surface.

20. An apparatus for removing surface contaminants from a treatment surface of a
substrate while preserving the crystal structure of the surface being treated, comprising:

a reservoir of gas inert to the treatment surface;

a housing for supporting said treatment surface upside down relative to gravitationa:
forces and for conducting a flow of said inert gas from said .reservoir over said treatment
surface; and,

an irradiating device for irradiating said treatment surface with high-energy
irradiation at an energy density and duration sufficient to release surface contaminants fron

the treatment surface and insufficient to alter the crystal structure of the treatment surface.
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~“pundl ed"

into a single cable 52. Cable head 53, cd

d to the end of

cablke 52, includes radiation passages 54 (which nay one or nore optical
fibers)-and gas passages 55. Various configurations “ RePadedir €
“illustrated in cross section in Figs. 6-11. The geone

configuration of radiation passages 54 angly gas passag d of

cabl e head 53 may bc sel ected based upon the intensity and dlstrlbu I on

REMOVAL OF SURFACE CONTAMINANTS BY IRRADIATION

ABSTRACT

An apparatus and method for remdving surface
contaminants from a surface of a substrate provide a
laminar flow of inert gas (18) over the substrate
surface (12) while irradiating the substrate. The
invention enables removal of surface contaminants
without altering the underlying molecular crystal
structure of the substrate. The source of high-
energy irradiation includes a pulsed or continuous

wave laser or high-energy lamp. (Fig. 2)
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of . tedgatlon and/or gas turbulence reqU|red for a partlcular appllcatlon

( | o 4 '; w m@-ﬁ-i et 2 3 BT
exanple Fi.gs. 6 and 7 dlsclose conflguratlons that are ased t oward

enhanced +-adi ati on exposure and gas turbul ence, respecti et ® Replaced

Figs. 6-9 provide geonetries that convey an uneven-anount "ﬂﬁg

contrasted with the even distribution
Figs. 10 and

radi ati on as they repeatedly pass norqg#t%goverda sgrf?ce i
s and radiation prOV| e

FIG. |
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II_mhen di rected nornally to a surface. Alternatlvely, Flgs 8 and 9

BE S E R A S U TR e SES s i e S s L PR EIER

'to surfaces generally parallel to the axis of cable head 53, as dlscussed
nore specifically below. Although gas and radiation C orffhis@heet Hasdee
t hrough the use of able head 53, it is anticipated that ;
applications this elenment nmay be elimnated altogether,

radiation to sinply emanate direct f the ends of gas condwt ' 51 and
radi ati on Q//égn

e

FI1G. 3

32 30y ¢ -

zs\O Lt |4)<l
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////////////////////
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to facilitating nultlple radlatlon passages 54 and

- EEEIEE R 2R TR A e e SRS S T T T sa AR
and. gas .to. substrate treatnent surface 70. Such redlrect|on I S necessary

when apparatus .80 is used for cleaning the interiors of naﬂsmm

laced
such as pipes 71, as shoewn in Figs. 12 and 13, where the axi d
53 nust be general |y parallel to the treatnent surface 70.

FIG. 4

14

15)
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35 As shown in Fig. 15, radiation passage 54 and gas passage—55-ft+are

out.yakdigpedeom tharcentetdlney m@ GBS BB eI R Gl d.NG l%?én*k R

R Stron and e 11 ow i
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FIG. 8
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FIG. 7
FIG. IO
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toward the inner walls of the passage to be cl eaned. The angte—of—the ftare
‘fromthe: centerline of cable head 53 may range from f&W" degr—[ggghgeg{ggeﬁlze laced
*thar'90 a5 shown in Figs. 15 and 16, respectively. The conflg

cabl e head 53 is application- specific, related to gas flowr lHHm !mﬁ
del i very requirenents for contam nant renoval. Mre specifica

head 53 directs radiation at the appropriate density and angl e of incidence
for a particular contam nant and suBsyrage while maintaining a

o FIG. 12

% 52 |
{ : 1-53 70
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continuous flow of inert gas across that portion of the substrate being
i.rradiated. |n operation;:apparatus 80, and nore specifically cable 52 and

cabl e head 53, may traverse an el ongated, .encl osed passage 71 in elther a
forward or reverse direction,

as shown in Figs. 12 andTmslwﬂ
VWhen noving forward, .as denot ed by arrow 60 in Fig. 12.
be configured as shown in Fig. 15. ORAAE & e 55

| on passage 54
may be disposed in the inner and outer passages, respectlvely, o

FIG. 14

54

s FIG. 16

Jv (53a
/F/ 4
7
., : gl S
53'—1 |
FIG. 15 1 o
T 54 542 —55\7 ]
1 2 f 53 j
s \ 11754 N\ S
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g N >
1 N 1
g N A
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gable head 53. In this way, the irradiation of substratewrh_
Ehergy ’é’ohveyed t hr ough - radiat’ r'orr*TJ%rs"s“afg‘e"* 54 will occur downstream from it
fow of .gas emanating fromthe discharge end of gas passag Iaced

di sl odged contami nants will be continually pushed ahead of “

di scharged gas as the™cable head noves forward. Alternativ

53 may nove in a reverse or backward direction

Nl FIG. |7

. .

VL/‘SS t
™ }-53 - 70
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denoted by arrow 61 of Fig. 137 Wen novi ng backwardl y, cabl e head 53
iese it BiS S 2SS R S @,--@:iﬁwwé% S R SRt 0]
may be. di sposed in the outer and inner passages, respecti EEIY ﬁﬁ cabl e

hedd 53" . ‘Gas discharged from gas passage 55 flows back a vm, Wﬁvir"ﬁd
t

t he annul ar space between the cable and pipe 71. In this
of substrate surface 70 being |rrad|&V@83y ener gy conduc
radi ati on passage 54 will be bl anketed by the gas, and any
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di.sl odged contaninants will be continually pushed by gas in.ihe.direction
of “novenent of. cabl'e head 53 as the cabl e head noves backwardly al ong the

gi pe. "To prevent contam nant-|aden gas from passing inte—the—portionof the

pi pe already treated, -.a cap may be placed at the end of t Jikbd Bad 1A Replaced %

the portion first treated. Alternatively, a cap 53a', as | :

Fig. 16, nmay be nounted on the end oé Eﬁe cabl e head 53%““}“%““@}: j
H\ , at

outside diameter slightly less than hsi de di ameter of

FIG. I9

//f 53 \\\
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<
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—A-la—

This is the replacement sheet

T T WAV
Date: LRy i‘{zgg



This is. the. repI acerrent sheet 36.the annular _flow area between the cap
and the pl pe is nuch Tess than the annular fl ow

I
- ' heet Has Been Reilaced
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area. between .pipe 71. and cable 52 or cable head 53'. The gas will therefore
fl ow away ‘from cap 53a’ and toward cable 52. In both forvvar and backvvard

novi ng conf i gurations, the constant flow rate of the in
from gas- passage 55 is sufficient to nove the contam nant
area of treatnent. This flow of gas nmay al so serve as a r|ng
cabl e head 53 within elongal ed ehd o8 passages to be cl eaned As shown
il
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Figs.'14-16, gas passégé 55 may be configured as an annular ring directed
outwardly frgmthe centerline of cable 52. Should sufficient gas pressure—
‘be applied, the uniform_ outwardly directed gas fron1gasTma$ﬁa

1K

center ‘cable head 53 within an el ongated, encl osed passag
fl exi bl e. porous support structurelga/zgsnposed of a stab
non-particle shedding materi al aced around cabl e
centering
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pur poses. as shown in Figs. 17 and 17a. To avoid cont aminmatingcteaned
surfaces, ,support structure 56 shoul d never contact treamﬂs&&ﬁ@g@eﬁm a
whet her, cabl e head 53 noves in a forward (arrow 60) or re

direction. Thus, support structure 56 shoul d pass over th WHHHUﬁF
surface ahead of the radiation tggg&n@g%. I n such an appli

structure nmust be sufficiently por al l ow gas and di sl odged

contam nant to flow through it as cable head 53 traverses the encl osed
passage. In the

FIG. 23
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forward noving enbodi nrent shown in Fig. 17, gas passages 55 and radiation
passages, 54 (not shown) nay exit fromthe srde of cabl e head 53 rather than
from.ists face as illustrated in Figs. 14 and 15 to enabl§h$ﬁyw
support-'structure 56 -downstream of gas and contam nant fI

interior of an el ongated, enclosed passage S constructed tIy

reflective material, such as bagi al ed 316 stainless stee
hi gh- ener gy ?f/aé%e

AV
— 25
\_70 83 —_ Islu
50
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‘tanp;; or radi-ation conduit 50 w t-h -an -opti-cal—di-ffuser 57 nmounted to its
end, ;ray.sinply emt radiation 11 at the entrance to the passa e and aIIow
resultﬂng radiation 11 to reflectively traverse the i Thi een R

in Fig. 18. The inter~ or 70" of elongated passage 71 ' \ﬂii MIM
reflective to enable radiation{l§g /t%g raverse the i nter vi ng

the source of radiation. Inert gas flow 18, 'conveyed to the entrance of
passage 71' by any nmeans known in the art, ensures particulate is noved
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“downstr'eam orice di sl odged from substrate surface 70'. In addition,
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may al so be constructed from 316 stainless steel, is secured to tile

peri neter .of the entrance of passage 71 ' to prevent bacKk ftrow of Tadrattom
and"gas*® It' is also anticipated that a liquid, rather thantis9asHadBeén RENNE
as the inert mediumto carry avvayh?o ggn nants di sl odged th;

i rradiation fromnarrow, elongate [!;. ges. Such a nodific ﬂ'ﬂ HM"H'
particularly useful in the renoval of plaque fromthe interi

bl ood vessels. In such an application, the applied
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radi ati on woul d be characterized by an energy density and duration between

,that, required to rel ease surface contam nants fromthe I_Lea,t_ne-nx——&&r—f—ace——-
"and that -whi ch woul d darmage or traunati ze the conpositio

of
structure. Anal ogous~to el ongated, encl osed passages, B%‘ re
particularly cable 52 and cabl e hejcé?’s gray be uti Ilzed t H “ﬂm UD
expansi ve interiors such as those df rg ss chanbers.

cabl e head 53 nay be configured w thout
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of the cable along the cabli e axis. Manual or robotic: control

eimpl oyed .t o guide the assenbly as it sweeps across such surf l
19, for exanple; chanber 15" includes a gas inlet enbodied in gas pas

55 of cable head 53, and gas outlet £9./@8hin the chanber, robotic arm 81
attached to base 83 provides neans for noving cable head 53 about the

interior walls of

a_flare.. 59 that.radiati-on. a.nd A NSF: thas,ﬁhﬂ,gdgi\gg@;ﬁadw%wl @1 hoetHad Been R
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t he chanber, ideptifigds g?@gg@_ﬁl’@iﬁﬁ{&&t DBOL..S
a.conphete 360 and base 83 nmay nove up ) and down as denot ed byTrTﬁwﬁ

provi di ng oorrpl ete access to the interior of the chanber. 'ﬂm&he&iH%tge%e
gas are-conveyed to substrate treatnent surface 70 by rreans m

UL ACe. L0 The. a0 m;ym p o

_..-..n\¢- :, Rt

and 55 of cable head 53, contam nant is dislodged fromthe
drawn to outlet 25 by neans of graglg 2 gas fl ow. Alternatlv
illustrates a chanber cleaning arrangenen wherein the gas

FIG. 30
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outlet 25 is positioned at the top of the chanber. AsThmFio- ; ko SR
arm 81 attached to base 83 provides neans for noving caplgnel§ads23

out
the interior walls of the chanber. In this instance, ho ’m ﬁ"?f’ay
As
nt ai n

a
not be relied upon tq_draw di sl odged contam nant toward F(
such, a secondary gas flowis p_révjl)g/eélés I ndi cat ed by
~a constant turbul ence at the bas nmber 15 ". This secondary now
creates constant novenent of gas toward outlet 25
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extending the full

depth of the chanber. Accordingly, “as the subW
surfacg 70 i & crearied trom bottom o top

upward £ 1 owi ng gas stream 38
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traverse” e Lhanhete.. é@ﬁm@%@@(i@@g%‘%”# otic arm 8l attached to base =,
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bERgrs exanpley  Whed i e HevER Rt asnnmesshpmesisalErssior - of a proc ess
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surface), gas 18 may be provi deéhz%zgne or noré inlets 23 to expe

di sl odged contam nant fromthe 15"'" via outlet 25. Gas flow 18 nmay
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Finally, as illustrated in Figs. 25 and 26, “radi ation may be generated by
means .of- a. bank of hi gh-energy | anps 59 whi ch essd&hisilalthg replabemehesheet
substrate treatnent surface 70 of object 74 with a sufficient |evel of

radi ation t.o di sl odge contam nant. Cbject 74, whi |
vehicle, is exposed to |anps 59 within "Quonset" #&Pﬂg mr@ﬁ ﬁgst gas
18, accelerated by fan 86, flows over the substrate surface 70. Were

ggometrl cal ly shielded areas may escape the gas turbulence created by fan
or '

REMOVAL OF SURFACE CONTAMINANTS BY IRRADIATION

Background Of The Invention

This application claims priority from U.S. Pat. App. Ser. No. 08/045,165 filed
April 12, 1993 which is a Continuation-in-Part of U.S. Pat. App. Ser. No. 07/865,039
'filed March 31, 1992 which is a Continuation-in-Part of U.S. Pat. App. Ser. No.
07/611,198, filed November 9, 1990, now U.S. Pat. No. 5,099,557, which is a Divi-
sional of U.S. Pat. App. Ser. No. 07/216,963 filed July 8, 1988, nowf U.S. Pat. No.
5,024,968. These U.S. applications are incorporated herein by reference.

This invention relates to removing contaminants from a surface. More particu-
larly, the invention relates to the removal of contaminants from a substrate surface by
irradiation that does not alter lhé molecular crystal structure of the treatment surfaces.

As used herein, the term '_'contaminants" includes particles, films, and unwanted
chemical elements or compounds. Contaminant particles may be discrete pieces of matter
ranging in size from submicrons to granules visible to the unaided eye. Contaminant films
may be organic or inorganic, and include such contaminants as human body oil from
fingerprints. Contaminant chemicals include any element or compound which, at the time
at which the cleaning process is performed, is undesirable. For example, hydroxyl groups
(-OH) may be a desired reaction promoter on the surface of a substrate at one stage of a
process and may be an undesired contaminant at another stage.

Contaminants may become adhered to a surface by weak covalent bonds, electrostat-
ic forces, van der Waals forces, hydrogen bonding, Coulombic forces, or dipole-dipole
interactions, making removal of the contaminants difficult.

In certain instances, the presence of surface contaminants renders the con
-taminated substrate less efficient or inoperable for the substrate’s designated purpose.

For example, in certain precise scientific measurement devices, accuracy is lost when
optical lenses or mirrors in the devices become coated with microfine surface
contaminants. Similarly in semiconductors, surface defects due to minor molecular

contaminants often render semiconductor masks or chips worthless. Reducing the
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radi ati on generated by bank 59, one or nore apparatuses 80 (not shown) may
be énployed to access these areas. 3. Treat ment Suppl emented by Forces
of Gravity I n another enbodi ment of the apparatus and-+et hod of the
invention, it is contenplated that certain advantages are gai ned-by
providing structure that allows the substrate article to*be retained in an
-|nverted position during treatnment. In general,

' 2
number of molecular surface defects ina quartz semiconductor mask by even a small
amount can radically improve semiconductor chip production yields. Similarly, .
'removmg molecular surface contaminants, such as carbon or oxygen, from the surface
of silicon wafers before circuit layers are deposued on the wafer or between deposmon
of layers significantly improves the quality of the computer chip produced.

Moreover, a significant portion of the debris that ultimately contaminates silicon
wafers during production emanales from produclion apparatus such as process chambers
in which the walers are placed and pipes that conduct processing gas to the chambers.
Accordingly, the level of wafer contamination experienced during the course of
production can be significantly reduced By the periodic cleaning of such abparalus.

The need for clean surfaces free of even the finest contaminants has led to the
development of a variely of surface cleaning methods. As described below, these
known methods, however, each have serious drawbacks. The following processes

involve the introduction of outside agents to the substrate surface.

Wet chemical cleaning technology - RCA Process . :

The RCA cleaning process is currently employed in semiconductor manufacture,
flat panel display manufacture, and disk media manufacture. The RCA process has two
variants -- SC-1 and SC-2 (where SC = Standard Clean). In general, the SC-1 process
is used o remove trace organics and particles. It consists of successive baths of
aqueous ammonium hydroxide (NH,OH), hydrogen peroxide (H,0,) and water (H,0).
The SC-2 process is used to remove surface trace metals and lo form a passivaling thin
oxide to make the silicon or analogous surface hydrophilic. 1t consists of a series of
baths in aqueous hydrochloric acid (HCl), hydrogen peroxide, and walter. In |
manufacturing practice, the liquid baths are constantly but slowly refreshed, so that
successive lots of walers, for example, are exposed to particles from earlier lots. These
contaminants are redeposited on surface.

There has been considerable research to extend the capability of the RCA process
to remove particles as smail as 0.2 pm. These liquids are near their physical limits in .
removing particle sizes below 0.3 pm, because even fresh chemicals can have as many

as 10,000 particles/l of 0.5 pm or less, which corresponds to a probability of 10
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when a contam nant is dislodged froma substrate surface, the inert gas
floww || tend to carry the contam nant away, and avoi ding gas flow
conditions that would inpart a velocity conponent to the contani nant that
is normal to the substrate surface will reduce the chance that the .

contam nant will be redeposited on the substrate. However, if the substrate
is disposed with the surface to be treated being uppernost, .the force :

exerted -by gravity on a dislodged contadinant will be toward, the substrate
surface, tending to :

particles per 125 mm/wafer. (See C:M. Osburn, R.P. Donovan, H. Berger, and G.
Jones, J. Environ. Sci., March/April 1988, p.45.)

Industry experts also have poinled out that the wet"chemical baths can cause -
oxide formatioh on the silicon, micro-roughening of the surface, and contamination from
~ organic compounds and metallic elements (e.g., iron, copper, aluminum, and
ll;agnesilun) that become dissolved in the baths. (See M. Itano,M. Miyashita, and T.
Ohmi, Proceedings, Microcontamination 91, 1991, p.521: and T. Shinono, M-. Tsuji,
M. Morita, and Y. Muramatu, Jbid, p.544.)

Dilute Hydrofluoric Acid

Dilute hydrofluoric acid (HF) has rccently been introduced in the semiconductor
' imluistry' for the removal of organic contaminants, trace metals contaminants, and thin
nalive oxide. However. HF causes micro-elching of the substrate surface, which is
becoming a difficult but critical effect to control. Residual fluorine molecules can also
cause the breakdown of the oxide in gate stacks and adversely affect other electrical
paramelers of a chif). Ohmi and others have récently reporied that to control the micro-
roughening effects of HF, it is necessary to control su_icily the pH of the liquid, keep '
ultrapure water under temperature control, and use ultrapure chemicals to prevent the
depositiot_\ of unwanted metallics such as FFe and Cu. (See M. ltano,M. Miyashila, and
T. Ohmi, Prggegin'gg, Microcontamination 91, 1991, p.521; and T. Shinono, M.
Tsuji, M. Morita, and Y. Muramatu, Ibid, p.544.)

Megasonic and Ultrasonic Cleaning

Megasonic cleaning technology was developed by RCA in 1979 to compicmént
the RCA wet chemical procesﬁ lo remove organic films and particles. In the Megasonic
process, wafers, for example, are immersed in water, alcohols, or dilute SC-1 solutions
and exposed to sonic waves (produced by piezoelectric transducers) in the range of 850-
900 KHz. Particles from several microns down to 0.3 um can be efficiently removed
with input power densities of 2-5 Wicm?. (See W. Kem, J. Electrochem. Soc. 137 (6)
1990, p. 1887). It has confirmed that the Megasonic process can remove particles down

to 0.3 um and has been demonstrated that at 0.5 um line width geometries, metal lines
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pronote redeposition. Thus, it wll gerierally be preferable to nmount the
substrate go that a disl odged contamnant will tend to fall away fromthe
substrate rather than toward it. However, it is understood that nounting

the substrate in an inverted position may be undesirabl e when manuf.act uri ng
or other process factors are considered. Referring to Fig. 33, it is
corfmonl y understood that a substrate article 301 nay often include a nunber
of -wells or cavities 305 in which cont agi nants 303 may be

can be easily lifted al the power levels needed to achieve acceptable cleaning eflficiency.

(See A.A. Busnania and [.1. Kaskkoush. Proceedings,-Microcontamination 92, 1992,

p.363). Thus, for smaller geometries, Megasonics destroys the device.

Ultrasonics cleaning works o the same principal as the Megasonic process but
uses liquid cavitation frequencies in the range of 20-80 KHz and power densities 50
times grealer than Megasonics. The ultrasonic method is less effective in the removal of
particles under 1 pm. (W. Kern, J. Electrochem. Soc. 137 (6) 1990, p. 1887.)

Both ultrasonic and Megasonic cleaning operate on the principal of introducing a
cavilaling liquid medium beneath the particle so that the hydrostatic forces will free the
particle from the surface. The van der Waals and secondary adhesion forces_fér a 0.1
pim particle are estimated to be 10® dynes. The forces exerted by the Megasonic
cleamng are on the order of l{}1 dynes, which explains its inabilily lo remove particles

of less than 0.3 pm. (See M. Ranada Aerosol. Sci. and Technol. 7 1987, p.161).

Ultraviolet and Ozone Cleaning

The ultraviolet/ozone (UV/O,) cleaning process uses a Hg or a Hg/Xe lamp
capable of delivery energy in the 185-254 nm region. This method has proved to be
'relalively effective in removing residual organic films such as photoresist, but is not
effective with salt, dust, fingerprints, and polymers degraded by ozone. There are
concerns thal residual peroxide molecules and volatile hydroxyl groups on the surface
can change the surface from hydrophobic to hydrophilic which can cause downstream
adhesion processing problems and can also attract unwanted contaminants from a
downstream cleaning procéss. Depending on the surface, ozone may cause unwanted
oxide formation,.which will require another cleaning process to remove. Finally, to bé
truly effective, UV/O, requires a pre-clean process to remove inorganics. (See J. R.
Vig, J. Vac. Sci. Technol. A. 3 (3), 1985, p. 1027).

. Brush Cleaning
Brush cleaning with deionized waler or alkaline solutions has been found to be an
effective method for removing particles as small as 1.0 um from the surface. Bm$I1
cleaning has found specific niches in the semiconductor industry such as a final clean for
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| odged. Such substrates are particularly suited to nmounting in an inverted
position sqg,that gravity will act to avoid redeposition. In the sanme manner
as previously discussed, a flow 307 of inert gas is provided to the
treatment surface along with irradiation 309 fromthe radi ati on source 313.
The irradi ati on passes through a quartz wi ndow 31 1. OF. course, some neans

must be provided to retain the substrate in the inverted p05|t|on ‘such as
t hee vacuum channel 216 illustrated in El g. 27.

removing the slurry after chemical mechanical polishing. Careful control of the brush
material and the placement of the brush on the surface is required to prevent surface

damage and shedding of the brush material. (See W. Kern J. Electrochem. Soc. 137
(6) 1990, p.1887) T

Vapor Hydrofluoric Acid

The emergence of cluster lool systems has led to the investigation of vapor phase
HF as a cleaning agent. because wet chemical and mechanical systems are virtually

" impossible to integrate into cluster tools. Contamination from the process and the tool
requires the wafer 1o be cleaned before and afler each critical process step. Because all
current cleaning techniques are either wet chemical or mechanical, the wafer must be
taken out of the cluster environment for cleaning, thus obviating many of the
advanlaées of the cluster system.

Research has been done 1o integrate vapor HF cleaning into a module that can be
part of a cluster tool. Genus, Inc. has announced a module (originally developed by
Advantage Production Technology, Inc.) that can be incorporated into a cluster system.
A reporl-by SEMATECH indicated that the HF vapor etch was not controllable and
caused severe micro-roughening. (See B. Van Eck, S. Bhat, and V. Menon,
Proceedings, Microconiamination 92, 1992, p. 694).

The control of HF has become a critical issue. Genus has investigated the use of
the following vapor reagent combinations: UV/O,; UV/CL/H*; and UV/CL/H,.
Results from experiments demonétrated that the etch rates using these particular vapor
phase reagents are not controllable as the system is currently configured. Gate oxide -
degradation was also shown from these experiments, which investigated vapor HF's
utility for increasing limited yield from a CMOS gate stack. (See J. deLarios, W.

. Krusell, D. McKean, G. Smolinsky, S. Bhat, B. Doris, and M. Gordon, Proceedings,
Microcontamination 92, 19_92, p.706) There are concerns regarding residual fluoride,
chlorine, and hydride ions on the surface and how these ions could degrade parametric

performance or cause downstream process problems.
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It wll be apparent that as the aspect ratio (depth to width) of a cavity
305 istvincregased, |ess of the inert gas floww ||l penetrate to the floor of

the cavity to aid in renoving contanminants. Thus, it is also cont enpl at ed
to introduce a secondary inert gas

Supercritical fluid cleaning
-' S'upercrilicél fluid lechnok;éy consists of using particles of frozen gas (such as

argon) in an aerosol. (See W.T. McDermott. R..C.'(.)ckov_ic, J.J. Wu, and R. J. Miller,
Microcontamination, October, 1991, p.33, K. S. Schumacher, Proceedings, SEMI
Ultraclean Manufacturing Conference, 1993, p.53..- and E. Bok, Solid State
'Teclmology., June, 1992, p.117). The basis of this technology is nomenium transfer
from a high velocity gas stream with ai'gon pellets directed at the surface particles.
When the gas is cooled to a temperature of 84 K (-184 °C) al 0.68 atm, argon solidifies
and forms an aerosol. The impact of the argon particles on the surface transfer energy
to the surface particle, which is removed in the stream of cooled gas. Concerns with
the use of this technique include thermal shock to the wafer, sub-surface ion migration,
surface structural damage, and electrical ‘parametric damage. To date, no study has

been published on fully processed wafers to investigate whether supercritical media

cause any electrical parametric damage.

Laser-assisted liquid cleaning

Another known process is cleaning wilh liquids super-lleéled by a laser. There
are two variations on this technique: the Allen process and the Tam process.

Allen Process-- The Allen process (see U.S. Patent No. 4,987,286 and S.

Allen, Appl. Phys. Lelt. 58 (3) 1991, p.203) is a wet cleaning technique using water
and a CO, laser at the 1064.nm wavelength as a heat source. The water must penetrale
into the interstice between the particle and the substrate surface and when it is rapidly
heated by a pulse from the laser, it “explosively vaporizes™ to propel the particle from
the substrate. |

Several potential problems have been noted with the Alien process. On a
patterned wafe;. waler can penetrate under metal lines and lift them off when it
vaporizes, not only damaging the circuitry but also geﬁerating particles on the surface.
Using a narrowly focused CO, laser at an energy flux of 30 J/cm?, as Allen described , )
can cause ablation effects on a patterned surface because most organic, polymeric, and
metallic films ablale quite readily at 20 Jem?. To provide a directional bias to carry
the parlicle away and avoid redeposition, Allen proposes to mount the substrate *

verlically or in an inverted position, relying on gravity. Allernatively, she proposes to
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315 flowto the primary inert gas flow 307 during treatnent of the article
301 when npunted inverted as depicted in Figs. 34 and 35. The secondary
inert gas flow 315 may be introduced substantially perpendicularly to the
pl ane of the substrate article 301 such that the additional fluid flow aids
the irradiation effect and the primary gas flow 307 to dislodge the
contaminants 303 fromthe wells or cavities 305. The flowis-not to reach a
flow velocity that would di srupt the ernary flow 307 to such a degree as
to :

direct a stream of gas from a gas supply condu:l across the surface to carry away the
particle. '

-

Tam Process -- The Tam process (see W. Zapka, W. Zemlich, and A.C. Tam,
Appl. Phys. Lelt. 58 (20) 1991 p.2217 and A.C. “Tam et. al. J. Appl. Phys. 71 (7)
1992 p- 3515) is very similar to the Allen process. Tam’s process uses alcohols such
as gthanol and isopropanol as well as water. His process differs from Allen’s in that he
uses a burst of heated nitrogen gas through the chamber to spread the liquid medium;

this is followed immedialel'y by an Ir:YAG laser pulse. The sequence is repeated for

™o

several cycles. Using alcohols, energy densities of 5 Jlcm? were required to remove
particles but surface damage was observed. Tam has used a ethanol and a puised KrF
excimer laser with energy fluxes greater than 350 mi/cm? to remove 0.35 pm Al,04

spheres, but he was unsuccessful in ambient conditions with no liquid media.

Other Processes _
Pressurized fluid jet cleaning facilitates removal of particulate, but risks
damaging trehtmenl surfaces due to the high pressure at which the cleaning fluid is
maintained. Further, this technique may electrbstatimlly damage the treatment surface

due to the presence of ions in the cleaning fluid. Similarly, strippable polymer tape may

also contaminate treatment surfaces by depositing a polymer residue thereon.

Other known methods for cleaning substrate surfaces avoid the use of outside
agents. These processes include:

Surface Melt B

This process requires that the treatment surface be melted to release contaminants
which are then removed by ultra high vacuum. This method has the disadvantage that
the surface being treated must be briefly melted. Such !ﬁelting may be undesirable, as
for example when a semiconductor surface is cleaned between deposition of circuit
layers and it is desired that the integrity of the previously deposiled layers not be
disturbed. Further, such an operation would be difficult if not impossible to implement

for cleaning expansive, irregular surfaces, such as those found in pipes and wafer
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create a non-lamnar (i.e., turbulent) flow condition. As shown in Fig. 41,
It iis anticipated that the secondary flow 315 wll induce a streanline 325
of the flow through the cavity 305 that will generally follow the walls of
the cavity. Although this could be considered to involve recircul.ation, and
the flow has a velocity conponent nornmal to the plane of the overall
substrate, when viewed locally it should in fact have a relatively small

conponent norrmal to the walls and floor of the cavity. Thus, the flow
should aid o 8

processing chambers. Finally, the ultra high vacuum equipment used in this process is

both expensive and time consuming to operale. -

Annealing

Annealing treatinent methods suffer similar drawbacks. When a surface is
cleaned by annealing methods, the treatment surface of the substrate being cleaned is
heated 1o a temperature that is generally below the melting point of the material being
treated but high enough to enable rearrangement of the material’s molecular crystal
structure. The surface being treated is held at this elevated temperature for an extended
period during which time the surface molecular crystal structure is rearranged and
contaminants are removed by ultra high vacuum. Annealing cleaning methods cannot be

used where it is desired to maintain the molecular crystal structure of the substrate
surfaces.

Ablation

Another currently utilized cleaning method, known as ablaﬁon, suffers from its
own particular drawbacks. With ablation, a surface or contaminants on a surface are
heated to the point of vaporization. Depending on the material being ablaléd, the
material may melt before being vaporized or the material may sublimate directly on
heating. With ablation cleaning techniques. if damage to the treatment surface is to be
prevented, the ablation energy must be applied accurately to the contaminants only,
rather than the surface on which the contaminants lie, a difficult task when the
conlaminants are extremely small or randomly spaced, or when the surface being trealed
is irregularly shaped. Even where the ablation energy can be successfully applied only

to the contaminant, it is difficult to vaporize the contaminant without also damaging the
underlying treatment surface.

Surface cleaning by melting, annealing and ablation can be conducted with a
laser energy source. However, using a laser energy source (o remove contaminants
from a'surface by melting, annealing, or ablation does not overcome the inherent
disadvantages of these processes.  For example, in U.S. Pat. No. 4,292,093, "Method

Using Laser lrradiation For the Production of Atomically Clean Crystalline Silicon and -
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renoval of contam nants and not pronote redeposition. The secondary flow

315 can be.introduced at any angle optimally determned to best aid in

di sl odgi ng the contam nants 303. Simlarly, as described above, it nay be
preferred to orient the incident radiation 309 at an angle to the .pl ane of
the substrate so as<to illumnate the walls of the cavity at an angle as

near to normal as possible, thus enhancing the renoval of contaminants from.
the walls. O course, the incident angle ' :

Germanium Surfaces” the laser annealing method disclosed requires both vacuum
conditions and energy levels sufficient 10 cause rearrangement and melting of the
treatinent surface. Other known laser surface cleaning methods involving melting or
annealing require similar high energy lasing and/or vacuum conditions, as disclosed in” -
U.S. Pat. Nos. 4,181,538 and 4,680,616. Similarly the laser ablation technique
disclosed in U.S. Pat. No. 3,464,534, "Laser Eraser” suffers the same drawbacks as
oll'\er high energy ablation methods. )

One source of the contaminants that end vp being deposited on wafer surfaces is
the equipment used in processing the waler. The principal technique to reducing
contamination from processing equipment is the performance of a periodic major
cleaning process on the equipment which typically includes disassembly of the tooling
and labor-intensive inspection of individual parls. However. cleaning methods
conducted interim to the major cleaning process can reduce the frequency of such major
cleaning. | | | .

One such interim cleaning method is that of purging. with inert gas the chamber

“that houses the equipment in order 1o entrain and carry away any surface contaminants.
Such a method is described in Chapter 24 (W.G. Fisher) in the publication Particle
Control in Semiconductor Manufacturing, R.P. Donovan, ed., New York, Marcel
De_kker.' 1990, which teaches that it is desirable to maintain purge gas flow rates
sufficiently high so that the gas flow tlirodgh the equipment is in a turbulent flow -
regime, which is purported to enhance the entrainment of the contaminants into the inert
gas. According to the publication, turbulent flow favors particle entrainment because a
turbulent boundary layer is thinner than a lJaminar boundary layer and because turbulent
flow has regions where the instantaneous fluid velocity is higher than the average:
velocity.

In applying such a method to the cleaning of wafers themiselves, however, the
use of turbulent flow may prove problematic because lurbulent flow has Iocilized
velocity components that are normal to the wafer surface. Those velocity components
may carry an entrained particle toward and into contact with the wafer surface where il

3t can be retained. This is especially true with particles that may have just been liberated

from the wafer surface. Such "just liberated” particles are relatively close to the wafer
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will be dictated by the aspect ratio of the cavity. CLAIMS 1. A nethod
for removing surface contam nants from a treatnent surface of a

10 )
surface and hence are more susceptible to being re-deposited onto the surface dug to the

localized velocity components normal-to the waler surface.

Summary Of The Invention ! N
The invention solves the problems and avoids the drawbacks of the prior art by

removing surface contaminants from the surface of a substrate without altering the
molecular crystal structure or otherwise damaging the surface being treated. Gas is
flowed across the substrale treatment surface and the substrate is continuously irradiated
at an energy density and duration great enough to release surface contaminants from the
substrate treatment surface and small enough not to alter the molecular crystal structure
of the substrate treatinent surface. Optimally, the gas is inert to the substrate treatment
surface. Moreover, 1o best avoid the possibility of contaminants entrained in the flow
being de:posiled on the treatment surface, the flow of gas is in the laminar flow regime.
The irradiation source may be any means known in the art such as a pulsed or
continuous wave laser or high-energy lamp. Preferably the radiation is generated -by a

- pulsed ultraviolet laser. The invention can be beneficially applied for removing surface
contaminants from a generally planar semiconductor substrate before, between and after
deposition of the circuitry layers on the semiconductor substrate. It may also be applied
to irregularly shaped Surfaces or, more specifically, surfaces lying in non-coincidently
relaled planes. Such planes encompass all possible relationships belween the surfaces of
a substrale excep! those occupying the same space or plane. For example, surfaces that
are parallel or angularly related', such as opposing interior walls of a pipe or adjacent

walls in a cubical chamber, respectively, occupy non-coincidently related planes.

Briel Description Of The Drawings

Fig. 1 is a schematic diagram of a contaminant removal method and apparatus
according to the invention.

Fig. 2 is a schematic diagram showing how laser radiation is applied in one

embodiment of the invention lo remove contaminant from relalively planar treatment

surfaces.
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substrate while preserving the crystal structure of the surface being
treated, conprising the steps of: introducing a gas flow across said

treatment surface, said gas being inert to the treatnent surface; and
irradiating said treatnent surface with high-energy irradiation, said

i rradiation having an -energy density and duration sufficient to release
surface contam nants fromthe

' i
Fig. 3 is a schematic diagram showing how laser radiation is applied in another

embodiment of the invention lo reinove contaminant from relatively planar treatment

surfaces.

>,

Fig. 4 is a schematic diagram showing the use of a mask in combination with
radiation and gas applied in accordance with the invention 1o remove contaminant from
relatively planér treatment surfaces.

| Fig. 5 is a schematic diagram of a contaminant removal apparatus for removing
contaminant from irregularly shaped treatment surfaces according lo the invention.

Figs. 6 through 11 are schematic end views of apparatuses for conveying gas and
radiation 1o irregularly shaped treatment surfaces according to the principles of the
invention. '

Figs. 12 and 13 are schematic side views showing how tlie invention of Fig. 5
may be ;pplied 1o remove contaminant from the interiors of elongaied, enclosed
passages. .

Fig. 14 is an schematic end view of an apparatus for conveying gas and radiation
to irregularly shaped treatment surfaces according to the principles of the invention.

Fig. 15 is a partial plan view of the apparatus illustrated in Fig. 14.

Fig. 16 is a partial plan view of another configuration of an apparatus for
conveying gas and radiation to irregularly shaped treatment surfaces according to the

"~ principles of the invention.

Figs. 17 and 17a are schematic side views showing application of the invention
of Fig. 5 with a flexible, porou$ centering support structure.

Fig. 18 is a schematic side view showing applicalion of the invention with an
optic diffuser.

Figs. 19 and 20 are schematic side views showing how the invention of Fig. 5

~ may be applied to remove contaminant from process chamber interiors.

Figs. 21 and 22 are schematic side views showing how the invention of Fig. 5
may be applied to remove contaminant from the exteriors of irregularly shaped objects.

Figs. 23 and 24 are schematic side views showing how radiation is applied in

another embodiment of the invention to remove contaminant from ducted interiors.
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treatment surface and insufficient to alter the crystal structure of the
treat ment surface; wherein said step of introducing a gas flow across said
treatment surface involves introducing a | am nar flow of gas having a

vel ocity vector substantially parallel to said treatnent surface at _
substantially all points over said treatnent surface. 2. A nethod according
to claim1, wherein said |lamnar gas flow originates froma

12
Figs. 25 and 26 are schemﬁtic end and side views, respectively, showing how
radiation is ap_plied in another embodiment of the invention to remove contaminants from
the exteriors of irregularly shaped objects. i
, Figs. 27A and 27B are top views of differént levels of an apparatus for conveying
gas and ra'di;uion.to treatment surfaces according to the principles of the invention.
. Fig. 28 is a cross-sectional view of the apparatus of Fig. 27 taken along the lines
28-28 of Fig. 27A.
Fig. 29 is an exploded view of the apparatus of Fig. 27.
Fig. 30 is a diagram depicting a gas flow velocity profile at different stages of a

flow channel,

Fig. 31 is a graph providing flow and pressure data for use in selecting filters for
the apparatus of Fig. 27. . -

Fig. 32 is a schematic diagram of a cluster tool apparatus used for processing certain
substrate articles.

.Figs. 33-35 are schematic diagrams of contaminant removal methods and apparati
according to the invention. '

Fig. 36 illustrates the Rankine oval that describes the shape of part of a process
chamber embodying the principles of the invention.

Fig. 37 shows exemplary velocity profiles for flow in a process chamber.

Figs. 38 and 39 are schematic plan and cross-sectional elevation views of a test cell
used with the method of the invention.

Fig. 40 shows data from a test of the method.

Fig. 41 schematically illustrates a streamline of the inert gas flow through a cavity
in a substrate when a secondary flow of inert gas is introduced.

Fig. 42 schematically"_illustrates another embodiment of an apparatus incorporating
the principles of the invention. '

Detailed Description
Reference will now be made in detail (o presently preferred embodiments of the
invention, examples of which are illustrated in the accompanying drawings. Throughout

the drawings, like reference characters are used to designate like elements.
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gas flowthat is forced through a flow strai ghtener |ocated upstream of
said treat.nent surface to generate a velocity profile that is substantially
uni form across the exit plane of said flow strai ghtener. 3. A nethod
according to claim2, wherein said |lam nar gas flow originates froma gas

flow that is introduced into a m xi ng chanber disposed upstream of said

fl Ow strai ghtener, which flow straightener is in the formof .a filter
assenbl vy. -

3
1. Basic Treatment Method and Apparalus

A method and apparatus for "relhbving_ surface contaminants from the surface of a
substrate without altering the molecular crystal structure or otherwise damaging the
substrate surface is illustrated schematically in Fig. l... As shown in Fig. 1, an assembl'y..
10 holds a substrate 12 from which surface contaminants are to be removed. A gas 18
from gas source 16 is conslantly flowed over substrate 12. Gas 18 is inert to substrate
12 and is flowed across substrate 12 so as to bathe substrate 12 in a non-reactive gas
environment. Preferably, gas 18 is a chemically inert gas such as helium, nitrogen, or
argon. An enclosure 15 for holding substrate 12 communicates with gas source 16
through a series of tubes 21, valves 22, and a gas flow meter 20.

| According to the embodiment of the invention shown in Fig. 1, enclosure 15
comprises a stainless steel sample reaction cell fitled with opposing gas inlet and outlet
ports 23: 25 respectively. Enclosure 15 is fitted with a sealed oplicél grade quartz - .
window 17 'through which radiation can pass. Inlet and outlet ports 23, 25 may
comprise, for example, stainless steel tubing fitted with valves. After sample 12 is
placed in enclosure 15, enclosure 15 is repeatedly flushed and backfilled with gas 18
and is kept at a pressure slightly above ambient atmospheric pressure to prevent inflow
of other gases. Although enclosure 15 is shown as a solid chamber, it is anticipatéd that
a surface being cleaned could be enclosed in any type of enclosure through which a gas
can be flowed. For example, if the surface being treated is a large fixed object, a large
portable enclosure such as a piastic bag might be utilized.

Flow of gas 18 may be regulated by a suitable flow meter 20 which may suitably
be a Matheson Model 602 flow meter. Valves 22 are preferébly metering, regulating or
bellows valves suitable for high lemperature and pressure applications and for use with
toxic, hazardous, corrosive or expansive gases or liquids, as for example the Swagelok
SS-4H™ series valves by Swagelok Co. of Solon, Ohio. Valves 22 can be opened or
closed to isolate enclosure 15, to place enclosure 15 in communication with gas source
16 or to place encld'sure 15 in communication with another substance, such as a gas for
deposiling on substrate 12, coming from an alternate source 40.

According to the method of the invention, high-energy radiation is irradiated
upon the lsubstr'ale treatment surface at an energy density and duration between that

required to release surface contaminants from the substrate treatment surface and that
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4. A nethod according to claim1, wherein said treatment surface is placed
flush to a surface of a flow channel which is configured to provide said

|l am nar flow. 5. A nmethod according to claim4, wherein said substrate
surface is restrained on said surface of a flow channel by a vacuum 6. A
met hod .according to claim1l, wherein said treatnent surface is placed in a
fl ow channel in a manner such that said treatnent surface is. upside down =

relative 14
which will alter the molecular crystél ;lrllctllre of the surface. According to the
embodiment of the invention shown in Fig. 1, a radiation source 14 which may be a
laser or high-energy lamp gehemles radiation’ [ 1 directed against the treatment surface
of substrate 12. In Fig. 1, source 14 is shown as béing outside enclosure 15 and
irradiating samble 12 through quartz window 17. However, it is contemplaled that

source 14 could allernatively be placed within the enclosure 15.

The energy flux and the wavelength of the high-energy irradiation are preferably

o
St

selected to be dependent upon the surface contaminants being removed. To this end, a
gas analyzer 27 may be connected to outlet port 25. Analyzer 27 analyzes the contents
of exhaust gas from enclosure 15 to facilitate selective energy and wavelength
adjustment of source 14. Gas analyzer 27 may be a mass spectromeler as, for example,
a quadrapole mass spectrometer manufactured by Bruker Instruments, Inc. of Billerica,
Massachusetts or by Perkin Elmer of Eden Prairie. Minnésota.

Selection of the source of irradiation used in the invention depends upon the '
desired radiation energy and wavelength. The energy level of the radiation in electron
volts/photon (Ev/photon) is preferably at Jeast twice the energy necessary to break the
bonds adhering the contaminants to the surface being cleaned. The bond energies
belween common contaminants (such as carbon and oxygen) and common substrate
materials (such as silicon, titanium, germanium, iron, platinum and aluminum) range
between 2 and 7 Ev/bond, as disclosed in Handbook of Chemistry and Physics, 68th
ed., pp. F-169 to F-177 (CRC Press 1987). Accordingly, radiation sources emitting
photons with energies in the range of 4 to 14 Ev/photons are desirable. The wavelength
should be below the wavelength that would compromise the integrity of the substrate
surface by the well-known photoelectric effect, as described in G.W. Castellan, Physical

- Chemislry, 2d ed., 458-459 (Academic Press, 1975) which is hereby incofpomled by
reference. The preferred wavelength depends on the molecular species being removed
and the resonance states of such species. . '

Any means known in the art for generating radiation of a suitable energy level
may be used in the invention, including high-energy lamps and lasers. Depending upon’
the application, it is anticipaled that light energy from such sources may range from

deep ultraviolet to infrared. with corresponding wavelengths from 193-3000 nm,

respectively. Is is th |
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to gravitational forces. 7. A nethod according to claim®6, wherein a

secondar.y inert gas flowis-introduced to said treatnent surface at an
angle to said | am nar fl ow '

. . ' 15

The wavelengths and photon energies of a number of suitable lasers are listed in
Table I, below,

“ Table | -- Specifications for Suitable Lasers -~

Laser Wavelength (nm) EViphoton

XeCl, pulsed . 308 4.04

argon-ion. continuous wave 257 4.83

KrF, pulsed | 248 5.01

ArF, pulsed 193 6.44

Tunable cdye lasers. pulsed or 260-800 6.22-1.55

cantinuous wave

These Igsers are described in greater detail in the following references: M.J. Webber,
ed.. CRC Handbook of Laser Science, Vols. 1-5 (1982-1987); Mitsuo Maeda, Laser
Dyes (Academic Press 1984); and laser product literature from Lambda Physik at 289
Great Road, Aclon, Massachusetts. Caoherent, Inc. at 3210 Porter Drive, Palo Alto, -
California, and Spectra-Physics at 1250 West Middlefield Road, Mountain Viéw,
California. It is anticipated that high-energy xenon or mercury lamps or other types of
lasers, including visible, ultraviolet, infrared, x-ray or free electron lasers might be
ulilized as appropriate sources of radiation.

According to the invention, the irradiation directed against the sﬁbsl_ra!e treatment
surface from which contaminants are being removed has a power density less than that
required to alter the molecular crystal structure of the surface. Preferably, the power
density and duration of the irradiation are selected so as to impart an amount of energy
on the substrate surface that is significantly below the energy required for alteration of
the substrate surface structure. The preferred energy level is dependent on the
composilion of the substrate being treated. For example, with certain substrate
materials such as plastics, this energy level would be much lower than for other
materials such as high strength carbide steels. The heats of formation for various
materials are weil known and are repbrled in the Handbook of Chemistry and Physics,
68th ed., pp. D33-D42 (CRC Press 1987). The heat of formation generally corresbonds

to the amount of heat required to break down various materials and can be used as a
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42 8. A nethod according to claim1, wherein said |am nar flow origi nates
from-a-gas “fl ow that is supplenmented by the effect of a conpressor or punp
| ocat ed upstream of said treatnment surface. 9. A nethod according to claim
1, wherein said |lamnar gas flow originates froma gas flow that is_passed
thraugh a trench, over a vertical post, past a m xing chanber

16
guideline in selecting an irradiation energy density and duration that will not alter the
molecular crystal structure of the-reatment surface. The heats of formation of a numbes

of common substrate malerials are summarized in Table 11, below.

-

“ . Table 1I -- Heats of Formation of Substrate Materials “
, Material . Heat of Formation
AlO, 16906.7 k3/mol; 17.52 Ev/molecule )
Si0, ' 840.3 kl/inol; 9.11 Ev/molecule “
Nb2Osg 1528.2 kJ/mol: 13.27 Evlu-lolecule “
“ NiO 230.6 k}/mol; 2.50 Ev/molecule “
“ Ti,04 | 500.2 k}/mol; 15.63 Ev/inolecule “

The irragiation energy density and duration used in the present invention is such that the
heat of formation is not approached on the substrate treatment surface. Finding the
maximum energy usable on a given substrate material, however, will require some
experimentation in light of the materiai’s known heat of formation. Such -
experimenlalion ensures that annealing, ablation and mellihg will not occur.

The irradiation is preferably directed perpendicular to the plane of the portion of
the substrate being treated, 1o maximize the energy flux at the surface for a given power
output from the source of irradiation. However, the irradiation may be directed at an
angle to the substrate as convenient or necessary for implementation of the process in a
particular environment. Of course, the energy flux at the surface will vary with the sine
of the incident angle, which must be taken into account in selecting the power outpul of
the irradiation source and the dwell time.

~ When a substrate surface is irradiated as described above, the bonds and/or
forces holding surface contaminants to the substrate surface are broken and the inert
carrier gas carries contaminants away from the substrate surface during irradiation. As
long as the cleaned substrate remains in the inert gas environmenl. new contaminants
will not form on the substrale surface. If necessary, a suitable trapping system may be

connecled to enclosure outlet 25 for trapping and neutralizing removed contaminant

species.
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and through a filter assenbly and is supplenented by the effect of a punp

| ocated upstream of said treatnent surface. 10. A nethod according to claim
1, wherein said lamnar flowis drawn to an outlet by a draw punp | ocated
downstream of said treatnent surface. 11. A nethod according to claiml,
wherein said |laminar gas flowis a | am nar argon gas flow

17

a. Theoretical Quantum Dynamic Basis for the Process

The removal of a contaminant from a surface by irradiation coupled with an inert
gas flow can be described by nonlinear optical theory; a branch of quantum mechanics.~ .
The basis of nonlinear optical theory is derived from Maxwell’s equations in

nonlinear media, which are:

XE = 1 __ o
c(6BId1) o

{ 4r
UXE = ——_ + _ J 2
c(6E/br) ' c @)
V:E =4xp (3
VB =0 ' (C))

where E is the electric field, B is the magnetic field, J is the current densily, and p is
the charge density.

With the advent of the laser and other high energy irradiation sources, access to
nonlinear processes that have been theoretically postulated since the 1880s have becone
accessible. The theory of nonlinér optics is described in N. Bloembergen, Nonlinear
Optics, New York: Benjamin/Cummins Publishing Company, 1.965 (fourth printing '
1982) and Y.R. Shen, The Principles of Nonlinear Optics, New York: John Wiley
and Sons, 1984, |

A laser generates a beam that is coherent and has highly directional properties.
This property of the beam is defined as the radiation force, which has unique properties
that can be used to remove adhered contaminants from a surface. The radiation force in

-a uniform medium is given by Equation (5), which is also derivable from Maxwell's

equations:
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12. A method according to claim 1, wherein said substrate is supported such
that said:.lamnar gas flow travels across a bottom surface of said
substrate which represents the treatnment surface of the substrate. 13. A
met hod according to claim1, wherein, because the treatnment surface is
subst ahtial |y planar but i ncl udes cavities therei n, a secondary gas flowis

i nt roduced whi ch interacts with the primary |am nar gas flowto I nduce a
resul t ant corrbl nation 8

S =p » BOL) o —iyeGray ®
S VE

where p is the density of the medium, p is pressure;-and G is the electromagnetic

o

density in a vacuum. .

Experiments by Ashkin and Dziedic (A. Ashkin and J.M. Dziedic, Appl. Phys.
Lett. 28 (1976) p. 333, 30 (1977, p. 202, and 19 (1971) pg. 729) have demonstrated
that small particles such as 10 um latex spheres can be removed from a surface in a
laser field of sufficient photon flux. Once the laser beam is stopped, the latex sphere
returned to the surface. This ndnlinear process is referred to as optical levitation. The
experiments-by Ashkin demonstrated that the properties of the irradiation source can be
used to overcome the local adhesion and gravity forces. This phenomenon has been
observed in tests of the ﬁrocess described herein with 5un particles. Re-adhesion of the
particle after (he radiation field has passed over a location is prevented by the use of the
Mlowing inert gas.

Another nonlinear process that has been observed in tests of the present pro;:ess
and apparatus is multiphoton dissociation (“MPD"). A high energy irradiation source
with a sufficient photon flux interacling with a surface that has on it a contaminant can
remove the contaminant by MPD. (See Y.R. Shen. Principles of Nonlinear Optics,
New York: John Wiley and Sons, 1984, chapter 23, pp. 437-465.) Through this
process, several photonS can excile- the vibrational and rotational states that are not
allowed by classical means. These new states 1o which the contaminant has access can

be described as quasi-metastable. The quasi-metastable state can lead lo the dissociation
of the contaminant from the surface or the breakup of the contaminant. The dissociation
process is further enhanced by the nonlinear susceptibilities contributed by the surface
and the conlaminant. Furthermore, MPD process theory postulates that one can
selectively remove bonds based on knowledge of the surface and the chemical species
that is to be removed by tuning the photon flux to take advantage of the nonlinear
mechanism.

The nonlinear processes described above appear 1o be complementary.

Depending on the contaminant and the surface, one nonlinear process may be preferable
to the other or they may work in tandem.
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flowinto the treatnent surface cavities to carry away di sl odged

contam nants therein. 14. An apparatus for renoving surface contam nants
froma treatnment surface of a substrate while preserving the crystal
structure of the surface being treated, conprising: a gas passageway for
gas,inert to the treatment surface; a housing for supporting said treatnent
surface of said substrate and for con&yctlng a

b. Examples of Basic Treatment

The »apphcatxon of the basic lreatment melhod and apparatus described above
with regard to planar trcalmenl surl’aces are |l|ustrated in the following examples. In
Example I, various energy densities of a puised KrF -excimer laser are applied to a

™

silicon oxide substrate with varying degrees of success. In Example I1, the need for the

invention in the area of optical components is examined.

i Example [

The native oxide of silicon is necessary for the promotion of lhin film growth on
semiconduclor surfaces. Unfortunately, when semiconductor surfaces of silicon oxide
are exposed to the environment, carbon contaminants adhere weakly to the
semiconductor surface. The presence of these comaminants greatly reduces the
conducli{rity or the insulating nature of the thin film to be deposited. Therefore, in
semiconductor production, great precaulions are laken to minimize environmental
exposure through the use of elaborate vacuum, chemical and mechanical techniques.

~ Vacuum lechmques are expensive especially if high or near ultra high vacuum is used to
keep surfaces clean between processing sleps. Chemical (wet and dry) and mechanical
techniques can damage the substrate treatment surface and, if the substrate being treated
is a processed integrated circuit, the underlying structure. |

In an attempt to overcome lhese problems, radiation from.a pulsed KrF excimer
laser (a model EMG150 from Lambda Physik) whose fundamental wavelength is 248 nm
(UV range) was applied to the surface of a silicon substrate in a sealed chamber through
which argon gas was flowed. To decrease surface carbon contamination and decrease
carbon percentage associ-aled with chemisorbed organometallic (trimethyl aluminum), a
precursor to aluminum thin film Tormélion in semiconductor production, irradiation of
35 ml/icm? for 6000 laser shots at a 10 Hz repetition rate was applied for. 20 minutes to
a silicon oxide substrale surface with the KrFF excimer laser. The laser treated surfaces

were exposed during a continuous flow of argon gas at a flow rate of 16 1/hr (4.5 ml/s)
under a 1.03 x 1073 torr backing regulator pressure. After treatment, X-ray |
Pholoelectron Spectroscopy ("XPS") analysis showed the substrate exhibited a significant

decrease in surface carbon from a prelrealment average surface carbon covering 30-45%
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flow of inert gas from said gas passageway over the treatnent surface; and
an irradiating device for irradiating said treatnment surface with

hi gh-energy irradiation at an energy density and duration sufficient to

rel ease surface contam nants fromthe treatnment surface and |nsuff|C| ent to
altgr the crystal structure of the treatnent surface;

20

of the substrate surface to an afler treafment average surface carbon covering 19% of
the subslrale surface. The substrate surface uself showed no damage or alteration.

A surface treated by a laser irradiation as described above and then exposed to an
organometallic gas flow showed, by XPS analysis, that 20.8% of the substrate surface . ,
was covered with carbon as compared to 40-45% of the substrate surface that was
covered with tarbon afier organometallic gas exposure on a non-laser treated surface.
W;len the Jaser was applied, as described above, both prior to exposure to
organometallic gas and again after gas exposure, only 8.9% of the surface was covered
with carbon. Areas adjacent lo the laser-exposed areas also exhibiled some effects of
the laser-cleaning treatment. Areas adjacent to the trealed area showed a reduced
carbon level of 12.7%. This effect probably is due to the Gaussian nature of the applied
laser puise.

Transfer of the wafer from the sample cell to the XPS analyzer was via an argon
filled glove box. The silicon wafer was transferred to the XPS through an inert UHV
transfer rod. This kept environmental exposure to a minimum.

Another wafer of silicon oxide, while exposed to argon gas as described abc::ve,
was exposed lo pulsed KrF excimer laser irradiation of 9 mJ/em? for 6000 shots at a 10
Hz repetition rate. - XPS analysis showed a surface carbon coverage of 40-45% both
before and after laser treatment. Thus, irradiation at 9 mJ/cm? did not remove adsorbed
surface carbon. |

Another wafer or silicon oxide, while exposed to argon gas as described above,
was exposed to pulsed KrF excimer laser irradiation of 300 mJ/cm? for 6000 shots at a
10 Hz repetition rate. At the end of treatment, the substrate surface had suffered
significant damage, including a hole through the substrate. Thus, irradiation at 300
mJ)/cm? altered the molecular crystal struclure of the substrate surface.

These examples show laser irradiation at an appropriate energy flux and
wavelength can decrease surface contamination without damaging underlying surface or
adjacent structures. .

- Itis expecled, in view of the heat of formation of SiO,, that subjecling a silicon -
oxide substrate surface to pulsed KrF excimer laser irradiation of less than 100 mJ/cm?
for 6000 shots at a 10 Hz repetition rate would not alter the molecular crystal structure

of the substrate. Pulsed KrF excimer laser irradiation of less than 75 mj/cm? for 6000
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This is the replacenent shot wherein the gas flow in said housing has a
vel ocity vector substantially parallel to the treatnent surface at
substantially all points over the treatnent surface. 15. An apparatus
according to claim 14, wherein said housing includes a flow

21 | )
shots at a 10 Hz repetition ralte is nol expected lo alter a silicon oxide substrale surface

in any way.

ii. Example i1 ' - , T

High energy optical components are difficult to fabricate for such technologies as
laser fusion, x-ray lithography and UV excimer laser optics. Laser fusion and x-ray
hlhography technologies are used exclusively in "clean” environments. Excimer laser
optics have a short work life span because with current commercial film deposition
technology, it is difficult to fabricate films capable of withstanding prolonged high-
energy fluxes.

A perennial problem with high energy optics-is optical breakdown. This
phenomena can be described as “the calastrophic evolution of damage inflicted in a
transparent medium in a strong laser field.” Y.R. Shen, Principles of Nonlinear Optics,
Ist ed., 528-_540 (Wiley Interscience i984). This phenomena occurs in solids as well as

gases. With a solid, such as a high energy optic, optical breakdown is exacerbated by
the presence of a surface defect such as scralches and pores in the bulk material. 1In
most cases, optical breakdown is due to surface contammahon such as adsorbed dust
particles. The presence of these contammants lowers the breakdown lhreshold which in
turn limits the maximum laser power that can be used from a given laser system. This
fact is a'very important limitation regarding the pumping of a laser medium (solid state
or gasgous) by an ex{ernal-pump energy source. This, in tum, limits the laser power
that can be used to transmit energy through optical windows, lenses and other optical
components. _

Optical breakdown, for example on a solid, is promoted by the presence of
surface adhered contaminants. The interaction of a laser pulse train with a sufficient
energy cross section may deposit enough energy lo generate an “avalanche” ionization
on the solid surface. This can form a surface plasma which may disintegrate the solid.
The presence of contaminants effectively decreases the laser’s efficiency and decreases
its use in potential applications.

To overcome lhé above described problems, the contaminant removal method, as |
described herein, can be used to remove adhered contaminanl; such as adsorbed dust.

For example, to treat an optical component, the component is exposed to a continuous
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channel having a recess for receiving said substrate such that the
treatnent. surface is flush wi.th a planar surface of said flow channel. 16.
An apparatus according to claim 14, wherein said housing further included
fl ow organi zi ng means di sposed at a generally planar inlet region .of said
fl ow channel for generating within said gas flow a velocity profile thatiis
substantially uniformand substantially parallel to said treatnent surface.

22
flow of argon gas during which time a pulse KrF excimer laser is directed at the surface
of the optical component. The laser is tuned to an appropriate energy flux and
wavelength that is considerably less than the high energy pulse required to promote
ionization and subsequent plasma in-high energy optics. The optical component surface®
is irradiated at ll‘le selected flux and wavelength for a duration sufficient to remove

adsorbed contaminants.

iii.  Example I1] |
Qualitalive experiments were ‘conducted with a Polomac Photonics SGX-1000

KrF laser (sold by Potomac Photonics of Lanham, Maryland). The laser was operated

* at an average power of 60 ml/s with a dwell time of 0.02 s and a 20 pm beam spot.
Nitrogen was used at a flow rate of 140 ml/s, while the substrate was mounted on a
lranslalin'g slage with a slage velocily of 1 mm/s. Laser power was measured with a
Molectron JD-1000 joulemeter with a J3-09 probe, sold by Molectron Detector, Inc. of
Portland, Oregon. Visual inspection (at 1,000 X magnification) of the results of the
cleaning showed that organic oils (fingerprints) and aluminum flakes were removed from
aluminum, silicon flakes and silicon haze were removed from silicon, and unidentified

foreign material was removed from a 3.0 pm CMOS patterned wafer,

c. Selective Treatment of Substrate
A planar substrate bei_ng' treated in accordance with the invention may be
At selectively irradiated with a laser. As shown in Fig. 2, for example, substrate 12 is
fixed on an XY table 13, which is selectively moved with respect to a fixed beam of
laser pulses 117 that are generated by a laser 147, direcled through a beam splitier 24
. and a focusing lens 28 before cuntacting selected por'tidns of the surface of substrate 12
over which inert gaS 18 flows. Alternatively, as shown .in Fig. 3, laser pulses 11° may
be split by beam splitters 30, 32 into two sets of pulses which are selectively moved by
adjusting mirrors 34-37 over the surface of subsirate 12 on 5 fixed table 19. A laser
power meter 26, measuring energy directly from the laser, allows for close moniloring
of the laser power being applied to the substrate. Suilable laser power meters are
available from Digirad of Oriskany, New York and Scientech, Inc. of Boulder,
v Colorado.
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17. An apparatus according to claim15, wherein said housing includes a

m xi‘ng chanber for mxing said gas flow from said gas passageway, said

m xi ng chanber bei ng di sposed upstream of said organi zi ng neans, and said
organi zing nmeans including a filter assenbly. 18. An apparatus according to

claim 15, wherein said housing includes a vacuum nmechani sm for retaining
the substrate in said recess. '

23

Furthermore, selective irradialion of a planar surface may be achieved through
the use of a mask, similar to that used in the semiconductor industry, placed between
the source of fadiation and the treated substrate. As sl;own in Fig. 4, mask 9 facilitates
selective irradiaiion of substrate 12 secured to fixed table 19 by limiting access of
radiation 11 to substrate 12 through mask passages a. As detailed in Fig. 1, enclosure
15 comprises a stainless steel sample reaction cell fitted with opposing gas inlet and
outlet ports 23, 23, respectively, and sealed optical grade quartz window 17 through

which radiation can pass.

It is anticipated thal high-energy lamps may also be used to irradiate planar
surfaces in configurations similar to that disclosed in Flgs 2 through 4.

Another embodiment permitting selective irradiation of a planar surface is shown
schematically in Fig. 42. The output from a suitable laser 110 is directed to a focus
lens 112, is reflecled from felay wirrors 113 and 114, and through a Galilean telescope
115. The irradiation from the laser is then reflected from another relay mirror 116, and
focus through an adjustable final focusing lens 117 before it reaches the substrate,
mounted on a holder 118 on an x-y translation stage. At least the holder 118 is
disposed within a cell (not shown) through which inert gas flows. A flow meter 119 is

disposed al the outlet of the cell. The arrangement illustrated schematically in Fig. 42
provides a particularly compact apparatus. -

d. inar Flow Of Inert G

To reduce the likelihood that a contaminant which has been liberated from the
substrate surface by irradiation and has been entrained by the gas flow will be
redeposited downstream on the substrate surface, it is preferred to control the gas flow
so that it does not impart lo an entrained conlaminant a velocity component normal to
the substrate’s surface. Such surface-normal velocity componenté are, by definition,
inherent in turbulent gas flow and, in either turbulent or laminar flow, ih areas of flow
recirculation. In accordance with the principles of lhe'invenlion. it is therefore
preferred to m'ainiain' the gas flow across the substrate in a laminar flow regime and to

~avoid the creation of flow recirculalion zones.
It is well known lﬁal for internal flows (as in pipe$ or, in the present case, a

process chamber) laminar flow will be maintained for Reynolds numbers of less than
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19. An apparatus according to claim 14, wherein said housing includes a
recess for holding the substrate such that the treatnment surface is upside
down relative to gravitational forces. 20. An apparatus according to claim
14, wherein said housing includes nmeans for conducting a secondary inert
gas flow to said treatnment surface, said secondary inert gas flow being
directed to said treatnent surface at an angle to said treatnent surface.

24

approximately 2000. As shown in Equation (6), below, the Reynolds number (Re) is
calculated as: ' , -

o Vh

Re = (6)
®

where p and'p are the densily and absolute viscosity, respectively, of the gas, h is the
half-height of the distance between the walls bounding the flow, and ¥ is lhg average
velocity of the flow.

It is also well known that the drag force F on a free particle in a gas, such as a
liberated particle entrained in the gas flow, is related to the gas viscosity, the diameter

of the particle d, and the relative velocity ¥ between the particle and the gas flow by

the following relationshil;: |

F = M 9
c
where c is a slip correction factor. To maximize the force on a particle, and therefore
to maximize the likelihood that the particle will be entrained into the gas flow and
remain there, the flow velocity' should be maximized. However, this is subject to the
constraint that the Reynolds number should be maintained below approximately 2,000 to
maintain laminar flow. Il is also apparent that a higher gas velocity can be achieved for
a given gas by reducing the half-height of the flow channel, h.

The averaée velocity ¥ in the flow channel is related to the volumetric flow

rate Q of gas through the channel as follows:

Q=V4 : (1D
where A is the cross sectional area of the flow channel. Thus, the volumetric flow rate
. of the gas that must be supplied to the flow channel lo maintain a given average velocity
is Jess for a flow channel with a smaller cross-sectional area. The width of a flow
chann;:l is typically driven by the width of the substrate to be treated, but more
flexibility is usua]l_v' available to control the height of the channel. Therefore, to
minimize the amount of gas required to achieve a desired velocity, it is preferable to
minimize the height of the channel. '
The artisan will recognize that the gas flow velocity is not uniform across lhe

- width of the flow channel -- the velocity is zero at the wall, and increases monotonically
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21. An apparatus according to claim 14, wherein: said housing is arranged
for supporting said treatnment surface upside down relative to gravitational
forces and for conducting a flow of said inert gas over said treatnent
surface which is arranged as a bottom surface of the supported subsirate;
and said irradiating device is directed upward so as to contact said bottom
surface.  22. An apparatus according to claim14, wherein said. gas
passageway i s connected 25

to a maximum value at the channel centerline. For fully developed laminar pipe flow,

the velocity distribution is:

2 | '
wy =37 |2 - X : (12)
h 2 p? '

where y is the distance from the wall of the flow channel. AS depicted in Fig. 30, the
veldcity profile is thus parabolic in nature. In the entry region E of the flow channel.
i.e., in the region where the boundary layers that develop on each of the opposin'g walls
of the flow channel have not met in the center of the channel, there is a boundary layer
region near the wall and a potential core. Although there is not a closed-form solution
for the velocity, as illustrated in Fig. 3O the flow velociiy at a given distance near the
wall is greater in the entry region E than in the region of fully developed flow F.

Other pertinent parameters in contaminant entrainment are Lhe gas properties of
density and absolute viscosity. These properties are combined in the kinematic viscosity

r. which is the ratio of density and absolute viscosity:

p = B : ) (13)

As is evident from the Reynolds number equalion (Equation (6).. above), for a given
Reynolds number and flow channel dimension, a higher velocity can be achieved with a
higher kinematic viscosity, in a linear relationship. A competing consideration is lh-e'
boundary layer thickness -- in general. it is desirable to have the highest possible
velocity as near to the wall as possible, which in turn means that it is preferable to have
a thinner boundary layer. However. this is subject to the constraint that, while a
lurbulent boundary layer is generally thinner than a laminar boundary layer for similar
conditions, turbulent flow is lo be 'avoided;

Boundary layer thickness is proportional to the square root of the kinematic
viscosity, and is inversely proportional to the square root of the average velocity in the
flow channel. Thus, for a given velocity in the flow channel, the boundary layer will be

“thicker for a gas with a relatively high kinematic viscosity than for one with a relatively
low kinematic viscosily. However, from the Reynolds number relationship, an increase
in kinematic viscosity allows a proportional increase in velocity while maintaining the

same Reynolds number (and thus maintaining laminar flow). Thus, the undesirable
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to a reservoir of inert gas. REPLACEMENT SHEETS SG 44 23.
A nmethod according to claim1, wherein a secondary inert gas flowis
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effects ol increased kinematic viscuﬁt;y on boundary layer thickness can be overcome by
increasing the average flow velocity. Of course, these considerations are.pertinent only
in the entrance regibn -- the boundary layer thickness is equal to the half width of the
flow channel in the fully-developed region and s not affected by the gas properties.

The viséosily is a significant parameler in the drag force on a particle, as shown
in,Equation (9), above -- the higher the gas viscosity, the greater the force on the
particle. Thus gases with higher absolute viscosities are preferred. |

As described above. any gas that is inert to the substrate may be used to carry
out the treatment. The noble gases are parlicularly suilable, being inert to virtually all
substratle materials. Nitrogen is also a suitable gas for most substrates. Of the noblé.
gases. helium and argon are the most readily available and economically attractive to
use. Of the three gases -- helium, argon. and nitrogen -- argon is preferred because it
has the highest absolute viscosily.

Other parameters pertinent to the condition of the flow through the flow channel
are lhe temperature and pressure of the gas. The viscosity (both absolute and kinematic)
of most gases increases slightly with temperatures. However, in most commercial
applications of the treatment process, the gas temperature will be approximaleiy room
temperature. In contrast, the gas pressure may be varied significantly. The gas density
is proportional lo its slalic pressure. Thus, referring again to the Reynolds number
equation, shown in Equation (6), above, for a given Reynolds number, gas, and flow
channel height D, an increase in density (through an increase in pressure) requires a
decrease in average velocity. Thus, lower pressures will allow higher velocities to be
achieved in a laminar flow regimé.

Returning to the second aspect of avoiding imparting surface-normal velocity

. components 1o an entrained contaminant -- avoiding recirculation zones -- it is well
known in the art that flow recirculation can be caused by adverse pressure gradients in
the flow such as are produced by streamwise discontinuities or rapid changes in the-
profile of the surface over which the gas flows. It is thereforé desired to avoid the
formation of such discontinuities in the surfac'ta of the process chamber in which a
substrate is to be treated, particularly at or closely upstream of the substrate. Further,
the flow entering the flow channel should have a uniform velocity profile with a velocity
vector parallel 1o the axis of the flow channel.
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i.ntroduced to said treatnent surface at an angle to said |amnar flow 24.
A net.hod according to clai'm 23, wherein the velocity of said secondary flow
is less than that of said lamnar flow so as to avoid the creation of a
turbul ent zone in said lanmnar flow. 25. A nethod according to claimil,

wherein introducing a gas flow includes introducing a gas flow into an
encl osure which is di nensi oned such that said | am nar

27

The significance of these (low considerations -- avoiding recirculation and
turbulent flow -- are illustrated by the resulls of tests conducted in a reaction cell that
had a less-than-optimum conﬁgurationn for maintaining lam'inar, non-recirculating flow.
This is the same cell conﬁguration used for the tests described in Examples 1and 1 -
above. The reaclion cell 200 is shown schematically in plan view in Fig. 38 and in
cross section i Fig. 39. The cell has an inlet 202 and an exhaust 210 that are even
.with'the floor 201 of the cell and are each 0.25" (.6 cm) in diameter. The substra_le lo
be treated is also mounted on the floor 201. The cell is 7.6 cm in diameter and 2.5 cm
in height.

Samples of bare silicon exposed to the room environment were cleaned in the
cell using a low pressure 500 W Hg/Xe Model 6288 lamp, sold by Oriel Corporation of
‘Stamford, Connecticut. with a 4" diameter lens coupled to an electronic time controller -
Model 84350 (also sold by Oriel), which had an output energy of 40u)/s over the 200-
315 nm region. The lamp delivered a total of 8 mJ/cm? over a 30 minute period.

" Energy measurements were made with a JL-1400A photometer with a )
JSEL/240/QnDS2/TD deltector for the 200-315 nm range and a JXRL140B detector for
the 300-400 nm range, all supplied by Jetlight Company, Inc. of Laguna Hills,
California. Analysis of the sample (before and after treatment) was made with a VG
Instruments Model 310 Auger/XPS spectrometer, now sold by Fisons Instruments of
Danvers, Massachusetts. | _

The gas flow rate through the cell was varied from 9 cc/s 1o 130 cc/s, controlled
by a L-03217 series 150 mm variable flow meter sold by Cole-Parmer Instruments, Inc.

of Niles, lllinois, calibrated for argon, nitrogen, and helium. As can be seen in Table
111 below, and in Fig. 40. |

This is the replacement sheet



fl ow does not recirculate in an upstreamdirection while passing through
sai d enclosure. 26. A nethod according to claim25, wherein said enclosure
i ncl udes an oval -shaped side wall for channeling the |am nar gas flow to an
exit port without significantly disrupting said lamnar flow. 27. A nethod
according to claim11, wherein introducing a gas flow incl udes

28
“ Table Il - Test Data n
Argon Flow Rate ' Carbon Removal
(ccls) (%)
9 _ 18.9 N
9. 21.4°
12 20.6 1
) 12 30.9
12 ' 34.6
66 : 37.9
66 42.5
66 65.4
"7 20.6
117 . 193
130 - 25.2 “

It is apparent from llie_ data that the removal efficiency of the process depends on
gas flow rate (and this on flow conditions in the cell). Although Reynolds numbers
calculated based on the half-height of the cell were clearly in the laminar range, it is
believed that at the higher flow rates, the unconstrained expansion of the gas into the
cell from the inlet 202 created areas of recirculation on both sides of the inlet, and
probably downstream eddies or vortices. This recirculation effect probably induced
redeposition of contaminants.

A reaction cell lﬁal embodies the principles set forth above--creating a non-
recirculating laminar flow over the substrate treatment surface--is depicted in Figs. 27-

_29. This embodiment also provides a uniform flow at the entrance to the flow channel.
Such a cell 200 is thereby designed to maximize the removal of contaminants from the
treatment surface and lb minimize redeposition.

The reaction cell 200 includes an inlet 202 that is in fluid communication with a
small mixing chamber 206, which, in turn, includes a low momentum plenum 230 and
an adjacent trench 204. The plenum 230 is bounded at its ends by a ﬁller assembly 226
and a vertical post 228.
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i ntroducing a gas flow into an enclosure having an inlet and an outlet, and
sai d.nmethod further conprises generating a vacuumin said enclosure by vvay
of a vacuum source drawing said lamnar flow to said outlet. 28. An
apparatus according to claim 14, wherein said housing includes an-enclosure
defining a flow channel extending froman inlet to an outlet of said

housi ng and t hrough which the introduced gas travels, and said flow channel
i s, di mensi oned such : )
29

_The ﬁ!lt_:xj a_ssembly.2_26 slands at*the inlet to the flow channel 232 and is
constrained in that position by iwo aéjuslﬁble positioners 208. A seal (not shown), such
as a teflon gasket, O-ring, or elaslic band, is installed on the periphery of each member

B

of the filter assembly to prevent bypass flow from the mixing chamber 206 into the flow
channel 232. '

. ‘The flow channel 232 extends downstream of the filter assembly 226 and
includes a recess 214 for receiving a substrate sample (not shown). The recess is -
dimensioned such that the treatment surface of the sample is flush with the channel
surface. To restrain the sample during treatment, a vacuum may be applied to the back
of the sample through the vacuum suction port 216 and the vacuum channels 218.

A quartz disk 220 through which radiation can pass in the manner explained
previously is disposed above the recess 214 for receiving the substrale sample. The
quartz disk 220 is fixed and sealed in the cell 200 with a removable plate and a suitably
sized O-ring, respectively. :

Downstream of the recess 214, is an exhaust duct 210 which is situated in a part
of the flow channel 232 that iS configured to have the shape of a "Rankine oval”. As is
well known to the artisan, a Rankine oval shape takes into consideration the inviscid
flow solution for a uniform stream emering a sink point. In this context, the Rankine
oval configuration serves 1o conduct the flow to the exhaust duct 210 while avoiding
recirculation of the-flow in the flow channel 232.

The shape of the "Rankine oval™ is described in lhe.fbllowing equation (in

connection with the diagram in Fig. 36):

R? - @2 .
= __ _ (6, -6 (14)
Yy a 0, )

where R is the intercept of the Rankine oval with the positive side of the x axis.

The gas flow through the cell 200 originates at the inlet 202. The gas may be
supplied to the inlet from a compressed gas reservoir fitted with a suitable pressure
regulator (not shown) to control the gas pressure and flow rate. The gas supply is
connected to the inlet by suitable piping. From the inlet 202, the gas is directed to
impact the flat surface of the trench 204. Leaving the trench 204, the flow enters the
plenum 230 and then travels to the filter assembly 226. .
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that the gas flow does not recirculate in traveling fromsaid flow

strai.ghtener to said housing outlet. 29. An apparatus according to claim

28, wherein said enclosure includes a downstreamend in comunication wth

said outlet and said downstreamend has a side wall in an oval shape

~configuration which avoids recirculation of the Ian1nar gas flow while
passi ng i medi ately upstream of said outlet.

30
© 1t is readily evident that the flow exiting the plenum 230 will be non-uniform--it
will have varying velocities across’the exit plane of the plenum and-there will be
velocity components that are not parallel to the flow channel axis. As described above,
it is desired tha} both of those conditions be elimina(ed so that the flow entering the flow
channel has a uniform velocily profile that is paréllel to the axis of the flow channel 232
as, depicted in Fig. 30. This is achieved with the filter assembly 226.

The filter assembly 226 is disposed at the inlet of the flow channel of the cell
200. When the flow is forced through the fiiter assembly 226, the flow conditions are
changed so as lo produce a uniform and parallel velocity profile across the width and
height of the flow channel 232. To keep flow losses within acceplable limits, it is
.prcferred to limit the pressure drop across the filter to 1-2 psi. Preferably, the filter
assembly includes a porous sinterized melal filter such as those offered by Pall Ultrafine
Filtration Company. |

The number and type of filters required are dictated by flow conditions. For
example, for a flow of air ranging from 0-500 cc/s, Fig. 31 provides data allowinga
choice of filters to provide.the desired 1-2 psi maximum pressure drop. The solid lines,
1F-4F refer to a series of courser mesh Pall filters identified as PSS Grade F. The
dotted lines 1H, 2H, 3H and 4H refer 1o a series of finer mesh Pall filters identified as
PSS Grade H.

For an inilial design condition of 70 cc/s, Fig. 31 indicates that the 1H filter
would provide the desired 1-2 psi pressure drop. This indication from Fig. 30 has been
experimentally verified. | '

The information provided by Fig. 31 is for air, which, since air is composed
primarily of nitrogen, is pertinent lo nilrogen as well. Adjustment to this data is

. necessary for other inert gases such as argon and helium. |

For a cell 200 used for treating a subsltrate sample having a diameter of about 6
inches, the flow channel 232 has a width of approximaiely 6.5 in (16.51 cm) and a
height of approximately 0.125 in (0.31 cm), thus resulting in a flow channel having a
cross-sectional area of approximately 0.8125 in? (5.24'cm3). The overall cell
dimensions are 10 in by 20 in (25.4 cm by 50.8 cm). The cell is supplied with 0.25 in
{0.6 cm) diameter tube fitlings at bqth the inlet 202 and outlet 210, which are adequate
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30. A nethod according to claim1, wherein the introduced gas flowis
passed through a flow straightener in the formof a filter positioned

upstream of the substrate with said filter presenting a pressure drop of
6.9 - 13.8. - (12pSI)

3

for flow rates up to 500 cc/s. Larger :ﬁllinfgs might be required depending on larger
flow rates.

-

Using argon, the maximum velocity that can be achieved while maintaining
laminar flow is determined by solving the Reynolds number equation for ¥ . For '

argon, this is

7 - 2000 - (0.134 cm¥s)

(16)
0.16 cm
or 1,675 cin/s. The flow rate required to achieve this velocity is determined from
Equation (11),
Q = (1,675 cmjs)(524 cm?) amn

_or 8,777 cm’/s

The gas flow within the process chamber can be modeled using well known fluid
dynamics principles, including the Navier-Stokes equations, the continuity equations and
the boundary-layer equations, a model of the gas flow within the cell can be formuldled.
Depending on the input of various parameters such as the type of gas and the volume
flow rate, the Reynolds number can be calculated. One can also determine the velocity
profile at a selected distances from the inlet of the flow channel.

For example, if argon is used at a flow rate of 1000 cc/s, the average flow
velocity will be 191 cm/s. and the Reynolds number will be 233.- The entry length will

be 30 mm. The resulting gas velocity profiles are shown in Fig. 37 for several values
of '

£ =2 | )
where x is axial distance and E is the entrance length for the flow. In this example,
the entrance length is approximately 30 mm. The velocity profiles in Fig. 37 shown the
relationship between the ratio of local velocity to average velocity (U/U_m) and distance
y from the surface of the flow channel. _

Accordin‘g to the method and apparatus of the invention, the inert gas is supplie;!
to the cell 200 in 'a manner substantially as described previously. Gas is supplied from a

gas source and constantly flowed, in the laminar flow regime, over the substrate
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surface. The flow may be regulated and- monitored by any suitable valve regulator and
flow meter. ’

-

It is understood that various moditications to this embodiment may be
contemplated in order to implement the treatment apparatus and method in a commé;c'i'al
environment, espécially in connection with the use of the treatment method in a
commonly 1‘xsed cluster process lool as shown schematically in Fig. 32.

A typical cluster tool includes a central substrate staging chamber 320 in which
the substrate article 321 is held between processing steps. Various processing tool
enclosures, 302, 304, 306 and 308 are located around the staging chamber 320 and the
article 321 is introduced into each enclosure according to a preprogramimed processing
step.

A cleaning process unit may conveniently be positioned in either or both of an
inload unit 312 and an outload unil 3]0. and would embody the treatment apparatus and
method using laminar flow. Before the substrate article 321 is introduced into the
process chamber 320, cleaning treatment would take place in the inload unit 312.-
Similarly, cleaning treatment could lake place in the outload unit 310 following
completion of processing in the process chamber 320.

The process chamber 320 in cluster units usually is typically configured 0
operate at low vacuum conditions (from sub-atmospheric pressure to | x 102 torr. I is
desirable to minimize gas flow between the central process chamber 320 and the
cleaning process unit, which flow ay disturb polential contaminants on the walls of
either chamber around the interface between them, introducing another source of
contaminants. Therefore, it may be commercially preferable 1o operate the cleaning
- process unit at the same pressure as the process chamber 320. As noted above, the
process described herein may be operated satisfactorily at such pressures. _

It is also underslood that it may be desirable in various applications to introduce
fluid flow aids to control the gas flow conditions (pressure and flow rate) in the chamber
while maintaining laminar flow across the substrate surface. In general, the flow rate of
gas through the chamber and lhg stalic pressure of the gas in the chamber will be

governed by the gas pressure and flow rate supplied to the inlet and by the pressure at
the outlet.
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For example, it is contemplated’ that gas introduced to the cell inlet 202 from a
compressed gas cylinder (as described above) could be supplemented by the use of a gas
compressor at that inlet region. This supplementation would allow for the gas lo travel
through the cell either at a higher slatic pressure at the same relalive velocity orata .,
higher velocily &t the same static pressurc than il no supplementation were provided.
Similarly, it is contemplated that exhahsling: of the gas flow through the exhaust port
210 may be supplemented with a vachum pump connected to the gas outlet region. This
will be necessary if the chamber is lo be maintained at sub-atinospheric pressure.-_ The

outlel and inlet controls could also be combined.

2. Treatment of Irregularly Shaped Surfaces

The embodiments disclosed in Figs. 2-4 and 27-29 are directed primarily towards
the treatment of planar or flat substrates, such as silicon wafers. Accordingly, their
application is restricted 1o those substrate surfaces that may be conveniently secured
within a process chamber and configured to permit adequate exposure to a source of
radiation emana;ing from a genera_]ly fixed location. '

Alternatively, Figs. 5 through 26 disclose embodiments of the invention capable
of removing surface contaminants from objects having irregularly shaped internal and
external substrate surfaces or, more specifically, surfaces that lie in non-coincidently
relaled planes. Such planes encompass all possible relationships between the surfaces 61’
a substrate except those occupying the same space or plane. For example, surfaces that
are paraliel or angularly related, such as opposing interior walls of a pipe or adjacent
walls in a cubical chamber, réspectively, occupy non-coincidemly related planes.

Significantly, the apparatuses disclosed in Figs. 2-4 and 27-29 are incapable of
treating such substrate surfaces. These apparatuses are strictly limited to singularly
planar substrates. Conversely, the apparatuses in Figs. 5 through 26 may effectively
treat surfaces occupying non-coincidently related planes either sequentially or
simultaneously, as discussed more fully below,

Although not shown in these figures, a gas analyzer 27, such as that described
above, and/or particle detector may be incorporated into these embodilhents to facilitate

selective energy and wavelength adjustment of source 14 as described above. Suitable
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particle detectors 'may be obtained fio;lm Particle Measuring Systems, Inc. of Boulder,
Colorado and Tencor lnsu;uments' of Mountainview, Califomia.

Fig. 5 schematically illustrates an apparatus 80 for removing contaminants from
elbngaled enclosed passages, such as pipes 71. Radiation t:rom a radiation source 14 i§"
conducted lhroingh a radiation conduit 50, which is an optical waveguide such as a
bundle of oplical fibers or light pipe, while a gas inert to the substrate treatment surface
is conducted from gas source 16 to the treatment surface via gas line 51. Radiation
conduit 50 and gas line 51 merge at or before cable head 53, Wllere they may be
"bundled” into a single cable 52. Cable hedd 53, connected 1o the end of cable 52,
includes radiation passages 54 (which may be one or more optical fibers) and gas
passages 55. Various configurations of cable head 53 are illustrated in cross section in
Figs. 6-11.

The geometric shape and i:onﬁguralion of radiation passages 54 and gas passages
35 at the end of cable head 53 may be sclecled based upon the intensity and dislribulién ‘
of radiation and/or gas lurbulence required for a particular application (i.e., elongated
enclosed passages or more expansive, planar surfaces). For example, Figs. 6 and 7
disclosé configurations that are biased toward enhanced radiation exposure and gas
turbulence, respectively. Further, Figs. 6-9 provide geometries that convey an uneven
amount of gas-and/or radiation as lhey repeatedly pass normally over a surface. These
are contrasted with the even distribution of gas and radiation provided by Figs. 10 and
11 when directed normally to a surface. Alternatively, Figs. 8 and 9 provide a
relalively uniform distribution of gas and radiation when applied to surfaces generaily
parallel to the axis of cable head 53, as discussed more specifically below. Although
gas and radiation control is enhanced through the use of cable head 53, it is anticipated
. that in certain applications this element may be eliminated -altogether, allowing gas and
radiation to simply emanate directly from the ends of gas conduit 51 and radiation
conduit 50. |

In addition to facilitating multiple radiation passages 54 and pas passages 55,
cable head 53 provides means for redirecting the radiation and gas to substrate treatment’
surface 70. Such redirection is necessary when apparatus 80 is used for cleaning the
interiors of narrow passages such as pipes 71, as shown in Figs. 12 and 13, where the

axis of cable head 53 must be generally parallel to the treatment surface 70.
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As shown in Fig. 15, radiation ;;assage 54 and gas passage 55 flare outwardly
from the centerline of cable head 53, théreby directi'ng both the radiation and gas flow
toward the inner walls of the passége to be cleaned. The angle of the fare from the
centerline of cable head 53 may range from few degrées to more than 90° as shown in 7"
Figs. 15 and 16,.respectively. The configuration of cable head 53 is application-
specific, related to gas flow rate and photon delivery requirements for contaminant
removal. More specifically, cable head 53 directs radiation at the appropriate density
and angle of incidence for a particular contaminant and substrate while maintaining a
continuous flow of inert gas across that portion of the substrate being irradiated.

In operation, apparatus 80, and more specifically cable 52 and cable head 53,
may lraverse an elongaled, enclosed passage 71 in either a forward or reverse direction,
as shown in Figs. 12 and 13, respectively. When moving fofward. as denoted by arrow
60 in Fié. 12, cable head 53 may be configured as shown in Fig. 15. Radiation passage
54 and gas passage 55 may be disposed in the inner and outer passages, respectively, of
cable head 53. In this way, the irradiation of substrate surface 70 from energy -
conveyed through radiation passage 54 will occur downstream from the flow of gas
~ emanating from the discharge end of gas passage 55, and any dislodged contaminants
will be continually pushed ahead of cable head 53 by discharged gas as the cable head
moves forward.

Allernati.vely. cable head 53 may move in a reverse or backward direction
denoted by arrow 61 of Fig. 13. When moving backwardly, cable head 53 * may be
configured as shown in Fig. 16. Radiation passage 54 and gas passage 55 may be
disposed in the outer and inner passages. respectively, of cable head 53°. Gas
discharged from gas passage 55 flows back along cable 52 in the annular space between
the cable and pipe 71. In this way, lhe portion of substrate surface 70 being irradiated
by energy conducted through radiation passage 54 will be blanketed by the gas, and any
dislodged contaminants will be continually pushed by gas in the directioh of movement
of cable head 53~ as the cable head moves backwardly along the pipe. To prevent
contaminant-laden gas from passing into the portion .of the pipe alieady treated, a cap
may be placed at the end of the pipe nearest the portion first treated. Alternatively, a
cap 53a°, as illustrated in Fig. 16, may be mounted on the end of the cable head 53°.

This cap has an outside diameter slightly less than the inside diameter of pipe 71, so that
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the amnular flow area beiween the cap and the pipe is much less than lhe annular flow
area between pipe 71 and cable 52 or cable head 53°. The gas will lherefore flow away
from cap 53a° and toward cable 52. ’

In both forward and backward moving configurations, the constant flow rate of
the inert gas discharged from gas passage 55 is sufficient to move the contaminants
away from the area of treatment. This flow of gas may also serve as a means for
cém(:ring cable head 53 within elongaled enclosed passages lo be cleaned. As shown in
Figs. 14-16, gas passage 55 may be configured as an annular ring directed outwardly
from lhe centerline of cable 52. Should sufficient gas pressure be applled the uniform,
oulwardly directed gas from gas passage 55 may center cable head 53 within an
elongaled enclosed passage.

Allernallvely flexible. porous support structure 56, composed of a stable and
non-parlicle shedding material. may be placed around cable head 53 for centering
purp(;ses. as shown in Figs. 17 and 17a. To avoid contaminating cleaned surfaces,
supporl structure 56 should never contact treated surfaces, whether cable head 53 moves
in a forward (arrow 60) o reverse (arrow 61) direction. Thus, support structure 56
should pass over the substrate surface ahead of the radiation treatment. In such an
appliéalion. the structure must be sufficiently porous to allow gas and dislodged
contaminant to flow through it as cable head 53 traverses the enclosed passage. In the
forward moving embodiment shown in Fig. 17, gas passages S5 and radialion passages
54 (not shown) may exit from the side of cable head 53 rather than from its face as
illustrated in Figs. 14 and 15 to enable installation of support structure 56 downstream
of gas and contaminant flow.

Where the interior of an elongated. enclosed passage is construcled from
sufficiently reflective malerial, such as basic annealed 316 stainless steel, a high-energy
lamp, or radiation conduit 50 with an optical diffuser 57 mounted to its end, may simply
emit radiation 11 at the entrance to the passage and allow resulting radiation 11 to
reflectively traverse't'he interior 70°, as shown in Fig. 18. The interior 70~ of
elongated passage 71° is éuf ficiently refleclive to enable radiation 11 to traverse the
interior wilﬁbul moving the source of radiation. Inert gas flow 18, conveyed to the
entrance of passage 71 - by any mieans known in the art, ensures parlic.ulalie is moved

downstream once dislodged from substrate surface 70°. In addition, reflector 58, which
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m-ay also be constructed from 316 slainléss steel, is secured lo the perimeter of the
entrance of passage 71° to prevent back flow of radiation and gaS.
| It is also anticipated that a liquid, rather than a gas, may serve as the inert

medium to carry away contaminants dislodged lhrongh'irradialion from narrow, T
elongated passages. Such a modiﬁcalioﬁ would be particularly useful in the removal of
plaque from the interior walls of blood vessels. In such an application, the applied
radiation would be characterized by an energy densily and duration between that _
required to release surface contaminanlé from the treatment surface and that which
would damage or traumatize the composition of the vascular structure. |

Analogous to elongated, enclosed passages, apparatus 80, or more particularly
- cable 52 and cable head 53, may be utilized lo clean more expansive interiors such as
those of process chambers. In such instances, cable head 53 may be configured without
a flare, 5o that radiation and inert gas are directed straight out the end of the cable along
the cable axis. Manual or robotic control may be employed to guide the assembly as it
sweeps across such surfaces. |

In Fig. 19, for example, chamber 15" includes a gas inlet embodied in gas
passage 55 of cable head 53, and gas outlet 25. Within the chamber, robotic arm 81
altached to base 83 provides means for moving cable head 53 about the interior walls of
the chamber, identified as substrate treatment surface 70. The arm may spin a complete
360°, and base 83 may move up and down as denoled by arrow 62 providing complete
access to the interior of the chamber. As radiation and gas are conveyed to substrate
treatiment surface 70 by means of passages 54 and 55 of cable head 53, contaminant is
dislodged from the surface and is drawn to outlet 25 by means of gravily and gas flow.

Allernatively, Fig. 20 illustrates a chamber cleaning arrangement wherein the gas
outlet 25 is positioned at the top of the chamber. As in Fig. 19, robotic arm 81
attached to base 83 provides means for moving cable head 53 about the intérior walls of
the chamber. In this inslance; however, gravity may not be relied upon to draw
dislodged contaminant toward gas outlet 25. As such, a secondary gas flow is provided .
as indicated by arrow 55 ° to mainiain a constant turbulence at the base of chamber
15°°. This secondary flow creates constant movement of gas toward outlet 25
extending the full depth of the chamber. Accordingly, as the substrate surface 70 is

cleaned from bottom to lop, contaminant is carried by the upward flowing gas stream
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. produced by secondary flow 55 and expclled through outlet 25. ltis ami'cipaled that
one or more secondary sdurces of gas may be added to chamber 15°° 1o accommodate
differenl chamber geometries and gas outlet positions (i.e., side mounling).

In addition to interiors, cable 52 and cable head 53 may be used to remove -~ .-
contaminant from exteriors of irregularly shaped objects. For example, in Fig. 21,
chamber 15° is fitled with gas inleis 23 and outlets 25 10 enable a bulk gas flow 18 to

'lraverse the chamber. Within the chamber, robotic arm 8] altached lo base 82 provides

méans for moving cable head 53 aboul object 72, which includes substrale treatment

surface 70. Access to the entire surface 70 of object 72 is facilitated by turntable 84.

Passages 54 and 55 within cable head 53 convey radiation and sufficient gas flow to the

specific area bcing treated so to dislodge contaminant from substrate surface 70. Once .

dislodged from the treatment area, contaminant enters the bulk flow gas stream 18 and

is removéd from chamber 15° via gas outlet 25. As mentioned above, (his exiting gas
inay be monitored through the use of a gas analyzer and/or particle detector to facilitate
selective energy and wavelength adjustment of radiation source 14 (not shown).

The principles in Fig. 21 apply equally to Fig. 22 wherein object 73 includes a
more planar substrate treatment surface 70 such as that found on a painting.

It is anticipated thai the exteriors of irregularly shaped objects may be
successfully treated through the foregoing process without the use of a chamber, relying
solely on gas supplied by conduit 51. Such an apparatus may be in the form of a hand-
held device wherein sufficient decontamination is measured by visual inspection rather
than through a gas analyzer and/or particle detector.

In some irregularly shaped surface applications, it may be advantageous to alter
apparalus 80 by separating the gas from the radiation transmission means aliogcther.

For example, when removing conlaminants from the interior of a process chamber, one

or more radiation sources, such as an ultraviolet lamp, may be placed within the

chamber via support 85 as shown in Fig. 23. As the ultraviolet lamp irradiates the
chamber interior 70 (substrate treatment surface), gas 18 may be provided from one or
more inlets 23 to expel dislodged contaminant from the chamber 15°°° via outlet 25. -

Gas flow 18 may be controlled by valves 22 as described above. Alternatively,

radiation may be conveyed to the interior of chamber 15°°* via conduit 50 and robotic

arm 81 as shown in Fig. 24.
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Finally, as illustrated in Figs. 25 and 26, radiation may be generated by means
of a bank of high-energy Jamps 59 which essentially bathe the substrate treatment
surface 70 of object 74 with a s;ui'ﬁcient level of radiation to dislodge contaminant.
Object 74, which may be an armored vehicle, is exposed to lamps 59 within "Quonset”
hut 85, while inert gas 18, accelerated by fan 86, flows over the substrate surface 70:' '
Where geometrically shielded areas may escape the gas turbulence created by fan 86 or
radiation ge;leraled by bank 59, one or more apparatuses 80 (not shown) may be

employed to access these areas.

3. Treatment Supplemented by Forces of Gravity

In another embodiment of the apparatus and method of the invention, it is
contemplated that certain 'advamages are gained by providing structure that allows the
substrate article to be retained in an inverted position during lreatment. In general,
when a contaminant is dislodged from a substrate surface, the inert gés flow will tend to
carry the contaminant away; and avoiding gas flow conditions that would impart a
velocity component to the contaminant that is normal to the substrate surface will reduce
the chance that the contaminant will be redeposited on the substrate. However, if the
substrate is disposed with the surt’aée to be treated being upbermost, the force exerted
by gravity on a dislodged contaminant will be toward the substrate surface, ténding to
promote redeposition. Thus, it wiii generally be preferable to mount the substrate so
that a dislodged contaminant will tend lo fall away from the suh_straté rather than toward
it. However, it is understood that mc;unting the substrate in an inverted position may be
undesirable when manufacturing or other process factors are considered.

Referring to Fig. 33, it is commonly understood that a substrate article 301 may
often include a number of wells or cavities 305 in which contaminants 303 may be
lodged. Such substrates are particularly suited to mounting in an inverted position so
that gravity will act to avoid redeposition. In the same manner as previously discussed,
a flow 307 of inert gas is provided (o the treatment surface along with irradiation 309
from the radiation source 313. The irradiation passes through a quartz window 311, Of
course, some means must be provided to retain the substrate in the inverled position,

- such as the vacuum channel 216 illustrated in Fig. 27.
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L 1

It will be apparent that as the als.pecl ratio (depth lo width) of a cavity 305 is
increased, less of the inert gas'flow will penetrate to the floor of the cavily 10 aid in
removing contaminants. Thus, it is also conlemplated to introduce a secondary inert gas
315 flow 10 the primary inert gas flow 307 during lreatmem of the article 301 when
mounted mverled as depicted in Figs. 34 and 35. “The sccondary inert gas flow 315
may be introduced substantially perpendicularly to the plane of the substrate article 301
such that the additional fluid flow aids the irradiation effect and the primary gas flow
307 to dislodge the contaminants 303 from the wells or cavities 305. The flow is not to
reach a flow velocity that would disrupt the primary flow 307 to such a degree as Io
create a non-laminar (i.e., turbulent) flow condition. As shown in Fig. 41, it is
anticipated that the secondary flow 315 will induce a streamline 325 of the flow through
the cavity 305 that will generally follow the walls of the cavily. Although this could be
considered 10 involve recirculation, and the flow has a velocily component normal to the
plane of the overall substrate, when viewed locally it should in fact have a relatively
small component normal to the walls and floor of the cavily. Thus, the flow should aid
removal of conlaminants and not promote redeposition.

The secondary flow 315 can be introduced at any angle oplimally determined to
best aid in dislodging the contaminants 303. Similarly, as described above, it may be
preferred to orient the incident radiation 309 at an angle to the plane of the substrate so
as 10 illuminate the walls of the cavity at an angle as near 10 normal as possible, thus
enhancing the removal of contaminants from the walls. Of course, the incident angle

will be dictated by the aspect ratio of the cavity.
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1.. A method for removing surface contaminants from a treatment surface of a

What Is Claimed Is:

1

substrate while préséﬁing the crystal structure of the surface being treated, comprising
the steps of: _
introducing a laminar gas flow across said treatment surface, said gas being ineft
to the treatment surface; and,
R irrad'ialing said treatment surface with high-energy irradiaﬁon, said irradiation
having an energy density and duration sufficient to release surface contaminants from

the treatment surface and insufficient to alter the crystal structure of the treatment
surface.

2. A method according to claim 1, wherein said laminar gas flow originates

from a gas flow Lhat is forced through a filter localed upstream of said treatment
surface.

3. A method according to claim 2, wherein said laminar gas flow originates

from a gas flow that is introduced into a mixing chamber disposed upstream of said
filter. '

4. A method according to claim 1, wherein prior to said step of introducing
laminar flow, said treatment surface is placed flush 1o a surface of.a flow channel which

is configured to provide said laminar flow.

5. A method according to claim 4, wherein said substrate surface is restrained
on said surface of a flow channel by a vacuum.

6. A method according to claim 1, wherein prior to introducing said laminar
flow, said treatment surface is placed in a flow channel in a manner such that said

treatment surface is upside down relalive 1o gravitational forces.

7. A method according to claim 6, wherein a secondary inert gas flow is

introduced to said treatment surface at an angle to said laminar flow.
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8. A method according to claim 1, wherein said laminar flow originates from a gas

flow thal is supplmented by the effect of a compressor located upsiream of said treatment
surface. c ’

-

9. A method according to claim 1, wherein said laminar flow originates from a gas

flow that is supplemented by the effect of a pump located upstream of said treament
surface.

10. A method according tc claim 1, wherein said laminar flow is drawn to an outlet

by a draw pump located downstream of said treatment surface.

11. A method according to claim 1, wherein said laminar gas flow is a laminar
argon gas flow.

12. A method according to claim 1, wherein in said laminar t_'low across the

treatment surface as a velocity profile that is substantially uniform and subtantiaily' parallel
to the treatment surface.

13. An apparatus for removing suffac_e contaminants from a treatment surface of a
substrate while preserving the crystal structure of the surface being treated, comprising:

a reservoir of gas inert to the treatment surface;

a housing for supporting said treatment surface of said substrate and for conducting
a laminar flow of said inert gas from said reservoir over said treatment surface; and,

an irradiating device for irra_diéting said treatment surface with high-energy
irradiation at an energy density and duration sufficient to release surface contaminants from

the treatment surface and insufficient to alter the crystal structure of the treatment surface.

14. An apparatus aécording io claim 13, wherein said housing includes a flow

channel having a recess for receiving said treatment surface.
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15. An apparatus according to claim 13, wherein a filter assembly is disposec atan

inlet region of said flow channel for generating within said laminar flow a velocity proile

that is substantially- uniform and’ substantially parallel.tﬁ said treatment surface.

-

16. An apparatus according to claim 14, wherein said housing includes a miii'i\g
chamber for mixing said gas flow from said gas reservoir, said mixing chamber being

,disposed upstrenm of said filter assembly

17. An apparatus according to claim 13, wherein said housing includes a vacuum

mechanism for retaining said treatment surface in said recess.

18. An apparatus according to claim 13, wherein said housing includes a recess for

holding said treatment surface upside down relative to gravitational forces.

19. An apparatus acéording to claim 17, wherein said housing includes means for
conducting a secondary inert gas flow to said treatment surface, said secondary inert gas

flow being directed to said treatment surface at an angle to said treatment surface.

20. An apparatus for removing surface contaminants from a treatment surface of a
substrate while preserving the crystal structure of the surface being treated, comprising:

a reservoir of gas inert to the treatment surface;

a housing for supporting said treatment surface upside down relative to gravitational
forces and for conducting a flow of said inert gas from said reservoir over said treatment
surface; and,

an irradiating device_'for irradiating said treatment surface with high-energy.
irradiation at an energy density and duration sufficient to release surface contaminants from

the treatment surface and insqfﬁcient to alter the crystal structure of the treatment surface.
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ABSTRACT

An apparatus and method for reﬁoving surface
contaminants from a surface of a substraté proVide a
laminar flow of inert gas (18) over the substrate
surface (12) while irradiating the substrate. The
invention enables removal of surface contaminants
without altering the underlying molecular crystal
structure of the substrate. The source of high-
energy_irradiatioh-includes a pulsed or éontinuous

wave laser or high—energy lamp. (Fig. 2)
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REMOVAL OF SURFACE CONTAMINANTS BY IRRADIATION

ABSTRACT

An apparatus and method for reﬁoving surface
contamihénts from a surface of a substrate pfovide a
laminar flow of inert gas (18) over the substrate
surface (12) While irradiating the substrate. The
in#ention,enables removal of surface contaminants
"without altering the underlying molecular crystal
s;ructure of the_substréte. The source of high-
energy irradiation includes a pulsed or continuous

wave laser or high-energy lamp. (Fig. 2)
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1. A method for removing surface contaminants from a treatment surface of a
substrate while preserving the crystal structure of the surface being treated,
comprising the steps of:
introducing a gas flow across said treatment surface, said gas being inert to the
treatment surface; and
- irradiating said treatment surface with high-energy irradiation, said irradiation having
an energy density and duration sufficient to release surface contaminants from the
treatment surface and insufficient to alter the crystal structure of the treatment
surface;
wherein said step of introducing a gas flow across said treatment surface involves
introducing a laminar flow of gas having a velocity vector substantially parallel to
said treatment surface at substantially all points over said treatment surface.
2. A method according to claim 1, wherein said laminar gas flow originates from a
gas flow that is forced through a flow straightener located upstream of said treatment
- surface to generate a velocity profile that is substantially uniform across the exit plane
| of said flow straightener. |
3. A method according tb claim 2, wherein said laminar gas flow originates from a
gas flow that is introduced into a mixing chamber disposed upstream of said flow
straightener, which flow straightener is in the form of a filter assembly.
4. A method according to claim 1, wherein said treatment surface is placed flush to
a surface of a flow channel which is configured to provide said laminar flow.
5. A method according to claim 4, wherein said substrate surface is restrained on
said surface of a flow channel by a vacuum.
6. A method according to claim 1, wherein said treatment surface is placed in a
flow channel in a manner such that said treatment surface is upside down relative

to gravitational forces.

7. A method according to claim 6, wherein a secondary inert-gas-flow-is-introduced - . ...

. . . REPLACED SHEETS
to said treatment surface at an angle to said laminar flow;
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'8. A method according to claim 1, wherein said laminar flow originates from a gas
ﬂow that is supplemented by the effect of a compressor or pump located upstream of
said treatment surface.
9. A method according to claim 1, wherein said laminar gas flow originates from a
gas flow that is passed through a trench, over a vertical post, past a mixing chamber
and through a filter assembly and is supplemented by the effect of a pump located

| upstream of said treatment surface.

10. A method according to claim 1, wherein said laminar flow ié drawn to an outlet
by a draw pump located downstream of said treatment surface.

11. A method according to clajm.l, wherein said laminar gas flow is a laminar argon
gas flow.
12. A method according to claim 1, wherein said substrate is supported such that
said laminar gas flow travels across a bottom surface of said substrate which
represents the treatment surface of the substrate.
13. A method according to claim 1, wherein, because the treatment surface is
substantially planar but includes cavities therein, a secondary gas flow is introduced
which interacts with the primary laminar gas flow to induce a resultant combination
flow into the treatment surface cavities to carry away dislodged contaminants therein.

'14. An apparatus for removing surface contaminants from a treatment surface of a
substrate while preserving the crystal structure of the surface being treated,
comprising: |
a gas passageway for gas inert to the treatment surface;
a housing for supporting said treatment surface of said substrate and for conducting a
flow of inert gas from said gas passageway over the treatment surface; and
an irradiating device for irradiating said treatment surface with high-energy
irradiation at an energy density and duration sufficient to release surface contaminants
from the treatment surface and insufficient to alter the crystal structure of the

treatment surface;
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wherein the gas flow in said housing has a velocity vector substantially parallel to the

treatment surface at substantially all points over the treatment surface.
15. An apparatus according to claim 14, wherein said housing includes a flow
channel having a recess for receiving said substrate such that the treatment surface is

" flush with a planar surface of said flow channel.

16. An apparatus according to clalm 14, wherein said housing further includes flow
organizing means disposed at a generally planar inlet region of said flow channel for
generating within said gas flow a velocity profile that is substantially uniform and
substantially parallel to said treatment surface.

17. An apparatus according to claim 15, wherein said housing includes a mixing
chamber for mixing said gas flow from said gas passageway, said mixing chamber
being disposed upstream of said organizing means, and said organizing means
including a filter assembly.

'18. An apparatus according to claim 14, wherein said housing includes a vacuum
mechanism for retaining the substrate in said recess.

19. An apparatus according to claim 14, wherein said housing includes a recess for
holding the substrate such that the treatment surface is upside down relative to
gravitational forces.

20. An apparatus according to claim 18, wherein said housing includes means for
conducting a secondary inert gas flow to said treatment surface, said secondary inert
gas flow being directed to said treatment surface at an angle to said treatment surface.
21. An apparatus according to claim 14, wherein: _

" said housing is arranged- for supporting said treatment surface upside down relative to
gravitational forces and for conducting a flow of said inert gas over said treatment
surface which is arranged as a bottom surface of the supported substrate; and
said irradiating device is directed upward so as to contact said bottom surface.

22. An apparatus according to claim 14, wherein said gas passageway is connected

to a reservoir of inert gas.
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wherein the gas flow in said housing has a velocity vector substantially parailel fo the

treatment surface at 'substantially all points over the treatment surface.

15. An apparatus according to claim 14, wherein said housing includes a flow

channel having a recess for receiving said subétrate such that the treatment surface is

flush with a planar surface of said flow channel.

16. An apparatus according to claim 14, wherein said housing further includes flow
| organizing means disposed at a generally planar inlet region of said flow channel for

generating within said gas flow a velocity profile that is substantially uniform and

substantially parallel to said treatment surface.

17. An apparatus according to claim 15, wherein said housing includes a mixing

chamber for mixing said gas flow from said gas passageway, said mixing chamber

being disposed upstream of said organizing means, and said organizing means

including a filter assembly.

18. An apparatus according to claim 15, wherein said housing includes a vacuum
~mechanism for retaining the substrate in said recess. .

19. An apparatus according to claim 14, wherein said housing includes a recess for

holding the substrate such that the treatment surface is upside down relative to

gravitational forces.

20. An apparatus accofding to claim 14, wherein said housing includes means for

conducting a secondary inert gas flow to said treatment surface, said secondary inert

gas flow being directed to said treatment surface at an aﬁgle to said treatment surface.

21. An apparatus according to claim 14, wherein:

said housing is arranged for supporting said treatment surface upside down relative to
_gravitational forces and for conducting a flow of said inert gas over said treatment

surface which is arranged as a bottom surface of the supported substrate; and

said irradiating device is directed upward so as to contact said bottom surface.

22. An apparatus according to claim 14, wherein said gas passageway is connected
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23. A method according to claim 1, wherein a secondary inert gas flow is

introduced to said treatment surface at an angle to said laminar flow.

24. A method according to claim 23, wherein the velocity of said secondary flow is

less than that of said laminar flow so as to avoid the creation of a turbulent zone in

said laminar flow. |

25. A method according to claim 1, wherein introducing a gas flow includes

introducing a gas flow into an enclosure which is dimensioned such that said laminar
flow does not recirculate in an upstream direction while passing through said

enclosure.

26. A method according to claim 25, wherein said enclosure includes an

oval-shaped side wall for channeling the laminar gas flow to an exit port without |

significantly disrupting said lammar flow,

27. A method acco;ding to claim 1, wherein introducing a gas flow includes

introducing a gas flow into an enclosure having an inlet and an outlet, and said

method forther comprises generating a vacuum in said enclosure by way of a vacuum

source drawing said lammar ﬂow to said outlet.

'28. An apparatus according to claim 14, wherein said housing includes an enclosure

defining a flow channel extending from an inlet to an outlet of said housing and
through which the introduced gas travels, and said flow channel is dimensioned
downstream from said flow straightener such that the gas flow does not recirculate in
traveling from said flow straightener to said housing outlet.
29. An apparatus accorc!ing to claim 28, wherein said enclosure includes a
downstream end in communication with said outlet and said downstream end has a
side wall in an oval shape configuration which avoids recirculation of the laminar gas
flow while passing immediately upstream of said outlet.

'30. A method according to claim 1, wherein the intfoduced gas flow is passed
through a flow straightener in the form of a filter positioned upstream of the substrate

with said filter presenting a pressure drop of 6.9 - 13.8 kPa (1 - 2 psi).
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23. A method according to claim 1, wherein a secondary inert gas flow is
introduced to said treatment surface at an angle to said laminar flow. _
24. A method according to claim 23, wherein the velocity of said secondary flow is
less than that of said laminar flow so as to avoid the creation of a turbulent zone in
. said laminar flow. |
25. A method according to claim 1, wherein introducing a gas flow includes
introducing a gas flow into an enclosure which is dimensioned such that said laminar
 flow does not recirculate in an upstream direction while passing through said
enclosure.
26. A method according to claim 25, wherein said enclosure includes an
oval-shaped side wall for channeling the laminar gas flow to an exit port without
significantly disrupting said laminar flow.
27. A method according to claim 1, wherein introducing a gas flow includes
_introducing a gas flow into an enclosure having an inlet and an outlet, and said
method further comprises generating a vacuum in said enclosure by way of a vacuum
source drawing said laminar flow to said outlet. _
28. An apparatus according to claim 14, wherein said housing includes an enclosure
deﬁning a flow channel extending from an inlet to an outlet of said housing and
through which the introduced gas travels, and said flow channel is dimensioned sgch
that the gas flow does not recirculate in traveling from said flow straightener to said
housing outlet.
29. An apparatus according to claim 28, wherein said enclosure includes a
. downstream end in communication with said outlet and said downstream end has a
side wall in an oval shape configuration which avoids recirculation of the laminar gas
flow while passing immediately upstream of said outlet.
30. A method according to claim 1, wherein the introduced gas flow is passed

through a flow straightenér in the form of a filter positioned upstream of the substrate
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