
WO 03/064064 PCT/US03100439  MEGASONIC PROBE ENERGY DIRECTOR Background of
the Invention  Field of the Invention 5 This invention relates to an
apparatus for cleaning semiconductor wafers or other such items  requiring
extremely high levels of cleanliness. More particularly, this megasonic
probe energy director relates  to rnegasonic cleaners configured to prevent
damage to delicate devices on a wafer. Description of the Related Art 10
Semiconductor wafers are frequently cleaned in cleaning solution into which
megasonic energy is  propagated. Megasonic cleaning systems, which operate
at frequencies over twenty times higher than  ultrasonic, safely and
effectively, remove particles from materials without the negative side
effects associated  with ultrasonic cleaning.  Megasonic energy cleaning
apparatuses typically comprise a piezoelectric transducer coupled to a  15
transmitter. The transducer is electrically excited such that it vibrates,
and the transmitter transmits high  frequency energy into liquid in a
processing tank. The agitation of the cleaning fluid produced by the
megasonic energy loosens particles on the semiconductor wafers. Contaminants
are thus vibrated away  from the surfaces of the wafer. In one arrangement,
fluid enters the wet processing tank from the bottom of  the tank and
overflows the tank at the top. Contaminants may thus be removed from the
tank through the  20 overflow of the fluid and by quickly dumping the fluid.
As semiconductor wafers have increased in diameter, first at 200 mm and now
at 300 mm, the  option of cleaning one wafer at a time has become more
desirable. A single large diameter wafer, having a  multitude of devices on
it, is more valuable than its smaller diameter counterpart. Larger diameter
wafers  therefore require greater care than that typically employed with
batch cleaning of smaller wafers. 



25 Verteq, Inc. of Santa Ana, California has developed in recent years a
megasonic cleaner in which an  elongated probe is positioned in close
proximity to the upper surface of a horizontally mounted wafer.  Cleaning
solution applied to the wafer produces a meniscus between the probe and the
wafer. Megasonic  energy applied to an end of the probe produces a series of
vibrations of the probe along its length that are  directed toward the wafer
through the meniscus. Producing relative movement between the probe and the
30 wafer, such as by rotating the wafer, has been found to be an effective
way to loosen particles over the entire  surface of the wafer, causing them
to be washed away from the rotating wafer. An example of such an
arrangement is illustrated in U.S. Patent No. 6,140,744, assigned to Verteq,
Inc., which is incorporated herein  by reference. Such a system provides
very effective cleaning. However, as the height and density of deposition
35 layers on wafers have increased, so has the fragility of such wafers.
Current cleaning methods, including  1 WO 03/064064 PCTIUS03/00439 those
using the device of the '744 patent, may result in damage to devices that
are positioned upon the  wafers. Such damage is, of course, a serious issue,
because of the value of each wafer after layers of highly  sophisticated
devices have been deposited on the wafer. Thus, a need exists to improve the
cleaning  capability of such a megasonic probe system in a manner that will
reduce the risk of damage to these  5 delicate devices. Through testing,
Verteq, Inc. has determined that the extent of damage caused to each wafer
is  directly proportional to the power, or sonic waft density, applied to
the probe. Damage can be reduced, then,  by applying lower power. Testing
has also shown, however, that reducing applied power may not be the best
solution to the wafer damage problem, because reducing applied power may
also decrease cleaning 10 effectiveness. Further, simply reducing applied
power in order to eliminate wafer damage creates a less  



versatile cleaning apparatus. For example, a probe assembly that can safely
clean at applied power loads up  to 50 W has a broader range of uses than a
probe assembly that begins to damage wafers at only 15 W. The most wafer
damage results from waves that strike the wafer at a ninety-degree angle.
But  these waves do not necessarily provide the most effective cleaning.
Waves that strike the wafer at angles  15 more shallow than ninety-degrees
do ,provide effective cleaning. Therefore, a modification to the device of
the '744 patent that reduces the number of normal-incident waves without
significantly reducing the number  of more shallow waves would reduce the
incidence of wafer damage without compromising the cleaning  ability of the
device. Summary of the Invention 20 The megasonic probe energy director has
several features, no single one of which is solely  responsible for its
desirable attributes. Without limiting the scope of this megasonic probe
energy director as  expressed by the claims that follow, its more prominent
features will now be discussed briefly. After  considering this discussion,
and particularly after reading the section entitled 'Detailed Description of
the  Drawings; one will understand how the features of this megasonic probe
energy director provide 25 advantages, which include efficient cleaning of
wafers with minimal or no damage to devices on the wafers.  Preferred
embodiments of the megasonic probe energy director provide effective
cleaning of a  substrate without causing damage to the substrate. The
apparatus includes a megasonic probe, a  transducer configured to energize
the probe, and may include a coupler disposed between the transducer  and
the probe. With or without the coupler, the base of the apparatus is
configured to direct the sonic energy 30 from the transducer toward specific
areas of the probe so as to reduce the ratio of normal-incident waves to
shallow-angle waves. The normal-incident waves are those substantially
directly beneath the lower edge of  the probe, white the shallow angle waves
are those adjacent the normal-incident waves. The ratio of normal-incident
waves to shallow-angle waves is reduced by creating a barrier to the  



megasonic energy in a desired area of the transmission path to the probe.
Preferably, the barrier is in the  35 coupling between the transducer and
the probe and is aligned with the lower edge of the probe. Preferably,  2 WO
031064064 PCTJUS03/00439 the barrier is created by forming a gap in the path
of the megasonic energy through the coupling, such as by  forming a recess
in the coupler or the rear of the probe. Roughening the surface of either
component in that  area also creates a barrier. This arrangement prevents
damage to delicate devices on the substrate directly beneath the probe  5 by
reducing the ratio of normal-incident waves to shallow-angle waves emanating
from the probe. At the  same time, the particle loosening produced by the
energy of the shallow-angle waves provides very effective  in cleaning.
Brief Description of the Drawings Fig.1 is a schematic side elevation view
of a prior art megasonic energy cleaning system;  10 Fig. 2 is a side
cross-sectional view of the system shown in Fig. 1; Fig. 3 is an exploded
perspective view of the probe assembly shown in Fig. 1; Fig. 4 is a side
cross-sectional view of another prior art megasonic energy cleaning system;
Fig. 5 is a schematic front-view of the probe of Fig. 1, illustrating the
formation of a liquid meniscus  between the probe and a silicon wafer;  15
Fig. 6 is an exploded view of the probe, coupler, and heat transfer element
of Fig. 7a; Fig. 7a is a side elevation view of the probe of Fig. 1, a
coupler, a heat transfer element, and a  transducer, illustrating the manner
in which the coupler selectively disrupts the transfer of megasonic energy
to the probe; Fig. 7b is a side elevation view of the probe of Fig. 1, a
coupler, a heat transfer element, and a  



20 transducer, illustrating the manner in which the coupler selectively
disrupts the transfer of megasonic energy  to the probe; Figs. 8a-8d are
front views of preferred cross-sectional shapes for the coupler of the
megasonic  probe energy director, Fig. 9 is an exploded view of a preferred
embodiment of the heat transfer element-coupler-probe  25 interface of the
megasonic probe energy director, and Fig. 10 is an exploded view of another
preferred embodiment of the heat transfer element-probe  interface of the
megasonic probe energy director. Detailed Description of the Preferred
Embodiments Figs. 1-3 illustrate a megasonic energy cleaning apparatus made
in accordance with the '744 patent.  30 An elongate probe 104 is inserted
through a wall 100 of a processing tank 101. A cleaning portion 104a of  the
probe 104 is positioned closely above a substrate, such as a wafer 106. The
probe 104 is supported on  one end outside the tank 101. The processing tank
101 is made of material that does not contaminate the  wafer 106. The tank
101 may have an inlet (not shown) for introducing fluid into the tank 101
and an outlet (not  35 shown) to carry away particles removed from the wafer
106. In a preferred embodiment, such as that shown  -3 WO 031064064
PCT/US03/00439 in Fig. 1, cleaning liquid is sprayed onto the wafer 106 via
a nozzle 214. In this arrangement the tank 101  merely confines spray. In
another preferred embodiment (not shown), however, the tank 101 is at least
partially filled with cleaning fluid. In this embodiment an 0-ring 102
provides a proper seal between the probe  104 and the processing tank 101. 5
A heat transfer member 134, contained within a housing 120, is acoustically
and mechanically  



coupled to the probe 104. Also contained within the housing 120 is a
piezoelectric transducer 140  acoustically coupled to the heat transfer
member 134. Stand off 141 and electrical connectors 142, 154, 126  are
connected between the transducer 140 and a source of electrical energy (not
shown). In the illustrated  embodiment, electrical connector 142 comprises a
.drop, of solder, and electrical connector 154 comprises a  10 wire. The
housing 120 has openings 144, 146 that support an inlet conduit 122 and an
outlet conduit 124,  respectively, for coolant. The housing 120 also has an
opening 152 for electrical connectors 126, 154, which  are visible in Fig.
2. Openings 148, 150 allow a gaseous coolant to enter and exit the housing
120. The  housing 120 is preferably made of aluminum to facilitate heat
transfer to the coolant(s). 15 The open end of the housing 120 is partially
closed by an annular plate 118 with an opening 132  through which the probe
104 passes. The annular plate 118 has an outer diameter extending beyond the
housing 120 and has a plurality of holes organized in an outer ring 130 and
an inner ring 131. A plurality of  connectors 128, such as screws, extend
through the inner ring 131 to attach the plate 118 to the housing  120. The
annular plate 118 is mounted to the tank wall 100 by a plurality of threaded
fasteners 117 that 20 extend through the outer ring 130 and thread into the
tank wall 100. The fasteners 117 also extend through  sleeves or spacers 116
that space the plate 118 from the tank wall 100. The spacers 116 position
the  housing 120 and flared probe rear portion 104b outside the tank 101, so
that only the probe cleaning portion  104a extends into the tank 101. Also,
the spacers. 116 isolate the plate 118 and the housing 120 from the  tank
101 somewhat, so that vibration from the transducer 140 to the wall 100 is
minimized. 25 Within the processing tank 101, a support or susceptor 108 is
positioned parallel to and in close  proximity to the probe 104 (Fig. 1).
The susceptor 108 may take various forms. The illustrated arrangement
includes an outer rim 108a supported by a plurality of spokes 108b. The
spokes are connected to a hub  108c, which is supported on a shaft 110,
which extends through a bottom wall of the processing tank 101.  



Outside the tank 101, the shaft 110 is connected to a motor 112. 30 The
probe 104 comprises a solid, elongated, spindle-like or probe-like cleaning
portion 104a, and a  base or rear portion 104b. The cross-section of the
probe 104 may be round and, advantageously, the  diameter of the cleaning
portion 104a is smaller in diameter than the rear portion 104b. In a
preferred  embodiment the area of a probe rear face 104e is approximately 25
times that of a cross section of the probe  cleaning portion 104a. Of
course, cross-sectional shapes other than circular may be employed. -4 WO
03/064064 PCT/US03/00439 The probe 104 is preferably made of a relatively
inert, non-contaminating material, such as quartz,  which efficiently
transmits acoustic energy. While using a quartz probe is satisfactory for
most cleaning  solutions, solutions containing hydrofluoric acid can etch
quartz. Thus, a probe made of sapphire, silicon  carbide, boron nitride,
vitreous carbon, glassy carbon coated graphite, or other suitable materials
may be 5 employed instead of quartz. Also, quartz may be coated by a
material that is inert with respect to HF, such  as silicon carbide, silicon
nitride or vitreous carbon. A cylindrically-shaped cleaning portion 104a
having a small diameter is desirable to concentrate the  megasonic energy
along the length of the probe 104. The diameter of the probe 104 is
preferably sufficient  to withstand mechanical vibration produced by the
megasonic energy transmitted by the probe 104. In effect, 10 the probe
diameter is minutely expanding and contracting at spaced locations along the
length of the probe  104. Preferably, the radius of the probe cleaning
portion 104a is equal to or smaller than the wavelength of  the frequency of
the energy applied to it This structure produces a desired standing surface
wave action that  directs energy radially into liquid contacting the probe
104. In a preferred embodiment, the radius of the  probe cleaning portion
104a is approximately 0.2 inches, and a wavelength of the energy in the
probe 104 is  15 about 0.28 inches. This configuration produces 3 to 4
wavelengths per inch along the probe length. 



The probe cleaning portion 104a is preferably long enough so that the entire
surface area of the  wafer 106 is exposed to the probe 104 during wafer
cleaning. In a preferred embodiment, because the wafer  106 is rotated
beneath the probe 104, the cleaning portion 104a is preferably long enough
to reach at least  the center of the wafer 106. Therefore, as the wafer 106
is rotated beneath the probe 104, the entire surface 20 area of the wafer
106 passes beneath the probe 104. The probe 104 could probably function
satisfactorily  even if it does not reach the center of the wafer 106 since
megasonic vibration from the probe tip would  provide some agitation toward
the wafer center. Advantageously, the length of the probe 104 may vary
depending upon the size of the wafer to be cleaned; Further, the extent to
which the probe 104 reaches into  the tank 101 may be adjusted by varying
the length of the spacers 116. 25 The length of the probe cleaning portion
104a is also determined by a desired number of  wavelengths. Usually, probe
lengths vary in increments of half wavelengths of the energy applied to the
probe 104. In one embodiment, the length of the probe cleaning portion 104a
equals thirty-eight half  wavelengths of the applied energy. Due to
variations in transducers, it is necessary to tune the transducer  140 to
obtain the desired wavelength, so that it works at its most efficient point.
30 The probe rear portion 104b, which is positioned outside the tank 101,
flares to a diameter larger  than the diameter of the cleaning portion 104a.
In the embodiment shown in Figs. 1-3, the diameter of the  rear portion of
the probe gradually increases to a cylindrical section 104d. The large
surface area of the  probe end face 104e is advantageous for transmitting a
large amount of megasonic energy, which is then  concentrated in the
smaller-diameter cleaning portion 104a. -5 WO 03/064064 PCT/US03/00439 The
probe base 104d is acoustically coupled to a heat transfer member 134, which
physically  supports the probe 104. In the embodiment of Figs. 1-3, the
probe end face 104e is bonded or glued to the  



heat transfer member 134 by a suitable adhesive. In addition to the
adhesive, a thin metal screen 141 (Fig.  3), is preferably sandwiched
between the probe end face 104e and the member 134. The screen 141, with 5
its small holes filled with adhesive, provides a more permanent vibration
connection than that obtained with  the adhesive alone. The adhesive
maintains a uniform 'bond line' by filling in irregularities on the surfaces
of  the probe end face 104e and the heat transfer member 134. These
irregularities would otherwise be filled  with air, which would disrupt the
transmission of megasonic energy from the support to the probe 104, as
described below. 10 The screen utilized in a prototype arrangement was of
the expanded metal type, about 0.002 inches  thick with pockets between
flattened strands capturing the adhesive. The screen material is sold by a
U.S.  company, Delkar. Alternatively, the screen 141 may be made of
beryllium copper, about 0.001 inches thick,  made by various companies using
chemical milling-processes. The transducer 140 and the heat transfer member
134 are both contained within the housing 120,  15 which is preferably
cylindrical in shape. The heat transfer member 134 is captured within an
annular recess  133 in an inner wall of the housing 120. The heat transfer
member 134 is made of aluminum, or some other  good conductor of heat and
megasonic energy, such as magnesium. In the arrangement illustrated in Figs.
2  and 3, the heat transfer member 134 is cylindrical and has an annular
groove 136, which serves as a coolant  duct. Smaller annular grooves 138,
139 on both sides of the coolant groove 136 are fitted with suitable seals,
20 such as 0-rings 135, 137 to isolate the coolant and prevent it from
interfering with the electrical connections  to the transducer 140. The
transducer 140 is bonded, glued, or otherwise acoustically coupled to the
rear flat surface of the  heat transfer member 134. A suitable bonding
material is that identified as ECF 558, available from Ablestick  of Rancho
Dominguez, California. The transducer 140 is preferably disc shaped and has
a diameter larger 25 than the diameter of the probe rear section 104d to
maximize transfer of acoustic energy from the transducer  



140 to the probe 104. The heat transfer member 134 is preferably gold-plated
on its end faces to prevent  oxidizing of the aluminum, thereby providing
better bonding with both the transducer 140 and the probe 104.  The member
134 preferably has an axial thickness that is approximately equal to a
multiple of the half- wavelength of the energy to be applied to the
probe.104. 30 An alternative arrangement for coupling the probe 104 to the
member 134 is illustrated in Fig. 4.  Rather than bonding the probe end face
104e to the member 134, a vacuum grease is applied to the screen  141, and
the probe 104 is pressed against the member 134 by a coil spring 143. Vacuum
grease is a  viscous grease that can withstand pressures on opposite sides
of a joint without leaking or being readily  displaced. In a prototype
arrangement, the grease employed was Fomblin Perfiuorinated Grease,
purchased  -6 WO 03/064064 PCT/US03/00439 from Ausimont of Bollate, Italy.
The combination of the grease and the metal spring provided a reliable
acoustic coupling. In the embodiment of Fig. 4, instead of mounting the
housing 120 directly to the plate 118, the  housing 120 is mounted to a ring
147, which is in turn mounted by standoffs 145 to the plate 118. This  5
configuration creates a gap between the housing 120 and the plate 118. The
coil spring 143 is positioned in this gap and compressed between the plate
118 and the tapered portion of the probe 104b. Thus, the spring  143 presses
the probe 104 toward the member 134. A Teflon sleeve 149 is preferably
positioned over the  coil of the spring 143 that abuts the probe 104, so
that the metal spring 143 does not damage the quartz  probe 104. In the
embodiment of Fig. 4, electrical connector 126 is positioned on a side of
the housing 120. 10 Other configurations for acoustically coupling the probe
104 to the heat transfer member 134 are  possible. For example, the probe
104 may be clamped to the heat transfer member 134. Any configuration
wherein the probe 104 is adequately physically supported and megasonic
energy is efficiently transmitted to  



the probe 104 is within the spirit of the megasonic probe energy director.
As the size of semiconductor wafers increases, rather than cleaning a
cassette of wafers at once, it  15 is more practical and less expensive to
use a cleaning apparatus and method that cleans one wafer at a time.  A
semiconductor wafer 106 or other article to be cleaned is placed on the
support 108 within the tank 101.  The wafer 106 is positioned sufficiently
close.to the probe 104 to create a meniscus of fluid between the  probe and
the wafer and so that the agitation of the fluid between the probe 104 and
the wafer 106 loosens  particles on the surface of the wafer 106.
Preferably, the distance between the probe 104 and the surface of  20 the
wafer 106 is in the range of about 0.1 inches. The motor 112 rotates the
support 108 beneath the probe 104 so that the entire upper surface of the
wafer 106 passes directly beneath the vibrating probe 104. The rotation
speed will vary depending upon the  wafer size. For an 8" diameter wafer,
however, preferred rotation speeds are from 5 to 30 revolutions per  minute,
and more preferably from 15 to 20 rpm. 25 Longer cleaning times produce
cleaner wafers. However, shorter cleaning times increase  throughput,
thereby increasing productivity. Preferred cleaning times with the preferred
embodiments of the  megasonic probe energy director are from 5 seconds to 3
minutes, and more preferably from 15 seconds to 1  minute. When the
piezoelectric transducer 140 is electrically excited, it vibrates at a high
frequency.  30 Preferably the transducer 140 is energized at megasonic
frequencies with the desired wattage consistent with  the probe size and
work to be performed. The vibration is transmitted through the heat transfer
member 134  and to the elongated probe 104, The probe 104 then transmits the
high frequency energy into cleaning fluid  between the probe 104 and the
wafer 106. One of the significant advantages of this arrangement is that the
large probe rear portion 104d can accommodate a large transducer 140, and
the smaller probe cleaning 35 portion 104a concentrates the megasonic
vibration into a small area so as to maximize particle loosening  



-7 WO 031064064 PCTIUS03/00439  capability. Sufficient fluid between the
probe 104 and the wafer 106 effectively transmits the energy across  the
small gap between the probe 104 and the wafer 106 to produce the desired
cleaning. As each area of  the wafer 106 approaches and passes the probe
104, the agitation of the fluid between the probe 104 and the  wafer 106
loosens particles on the semiconductor wafer 106. Contaminants are thus
vibrated away from the 5 wafer surface. The loosened particles may be
carried away by a continuous fluid flow. Applying significant wattage to the
-transducer 140 generates considerable heat, which could  damage the
transducer 140. While it is unlikely that the transducer 140 will generate
enough heat to damage  the quartz probe 104, physical properties of the
adhesive or grease between the probe 104 and heat transfer  element 134 may
be affected by extreme temperatures. Therefore, coolant is pumped through
the housing  10 120 to cool the member 134 and, hence, the transducer 140. A
first coolant, preferably a liquid such as water, is introduced into one
side of the housing 120  through the opening 144, circulates through the
duct 136 around the heat transfer member 134, and exitsthe  opposite end of
the housing 120 through the opening 146. Because the heat transfer member
134 has good  thermal conductivity, significant quantities of heat may be
easily conducted away by the liquid coolant. The 15 rate of cooling can, of
course, be readily altered by changing the flow rate andlor temperature of
the coolant.  A second, optional, coolant circulates over the transducer 140
by entering and exiting the housing  120 through openings 148,150 on the
closed end of the housing 120. Due to the presence of the transducer  140
and the electrical wiring 142, 154, an inert gas such as nitrogen is used as
a coolant in this portion of the  housing 120.  20 In use, deionized water
or other cleaning solution may be sprayed onto the wafer upper surface from
a nozzle 214 while the probe 104 is acoustically energized. As an
alternative to spraying the cleaning  



solution onto the wafer 106 from a nozzle, the tank 101 may be filled with
cleaning solution. In the spray-on  method, the liquid creates a meniscus
216 between the lower portion of the probe 104 and the adjacent  upper
surface of the rotating wafer 106. The meniscus 216, schematically
illustrated in Fig. 5, wets a lower 25 portion of the probe cross section.
The size of the arc defined by the wetted portion of the cross-section
varies according to the properties of the liquid used in the cleaning
solution, the material used to construct  the probe 104, and the vertical
distance between the wafer 106 and the lower edge of the probe 104. The
vertical distance between the wafer 106 and the lower edge of the probe 104
is preferably about one  wavelength of the sonic energy in the cleaning
solution. Using deionized water as the cleaning solution, a 30 quartz probe
104 and a distance of 0.07' between the wafer 106 and the lower edge of the
probe 104, the arc  defined by the wetted portion of the probe cross-section
is preferably about 90. The cleaning solution provides a medium through
which megasonic energy within the probe 104 is  transmitted transversely
from the probe 104 and-through the meniscus to the wafer surface to loosen
particles. These loosened particles are flushed away. by the continuously
flowing spray and the rotating wafer  -8 WO 03/064064 PCTIUS03/00439 106.
When the liquid flow is interrupted, a certain amount of drying action is
obtained through centrifugal  force, with the liquid being thrown from the
wafer 106. Because the components present on a typical silicon wafer 106 are
rather delicate, care must be  taken during the cleaning process to ensure
that none of these components are damaged. As the amount of  5 power applied
to the probe 104 is increased, the amount of energy transferred from the
probe 104 to the cleaning solution is increased, and the amount of energy
transferred from the cleaning solution to the wafer  106 is also increased.
As a general rule, the greater the power applied to the wafer 106, the
greater the  potential for wafer damage. Thus, one method of decreasing
wafer damage is to decrease the power  



supplied to the transducer 140, thereby limiting the power transmitted to
the probe 104. 10 Testing has also shown, however, that reducing applied
power may not be the best solution to the  wafer damage problem, because
reducing applied power may also decrease cleaning effectiveness. Further,
simply reducing applied power in order to eliminate wafer damage creates a
less versatile cleaning  apparatus. For example, a probe assembly that can
safely clean at applied power loads up to 50 W has a  broader range of uses
than a probe assembly that begins to damage wafers at-only 15 W. 15 As
illustrated schematically in Fig. 5, the zone 217 of greatest wafer damage
is directly beneath the  center of the cylindrical probe 104. The pattern of
sonic wave emission from the probe 104 produces this  wafer damage pattern.
For a circular probe cross-section, waves emanate radially, or
perpendicularly from  all points on the circle. Therefore, waves emanating
from near the bottom of the circle strike the wafer  surface at or near a
ninety-degree angle. These normal-incident waves strike the wafer surface
with the 20 greatest intensity, because their energy is spread out over a
minimal area. The concentration of energy in a  relatively small area may
damage the delicate components on the wafer surface. Waves emanating from
points along the circle that are spaced from the bottom strike the wafer
surface at more shallow angles. The energy transferred to the wafer 106 by
these waves is less intense than  the energy transferred by waves that
emanate from at or near the bottom, because the energy from these 25 waves
is spread over a larger area. For each wave, the further from the bottom of
the circle it emanates, the  more shallow is the angle at which it strikes
the wafer surface and, hence, the less intense is the energy  transferred to
the wafer 106. These shallow-angle waves generally provide sufficient
intensity to effectively clean the wafer  surface without causing the damage
that is characteristic of normal-incident waves. Thus, one preferred  30
embodiment of the megasonic probe energy director involves creating a
barrier in the energy transmission path that reduces the energy transmitted
in a desired area. Such a barrier may be created by inserting a  



coupler 222 including a gap 218 (Fig. 6) between the heat transfer element
134 and the probe base 104d.  The gap 218 hinders the transmission of
megasonic energy to the probe 104, thus altering the pattern of  sonic wave
emission from the probe 104. Preferably, the altered pattern has lowered
cleaning activity 35 produced by normal-incident waves relative to
shallow-angle waves. Desirably, however, certain portions of  -9 WO
03/064064 PCTIUS03/00439 the coupler 222 allow megasonic energy to travel
into the probe 104. Thus, like the heat transfer element  134, the coupler
222 is preferably constructed from a material that is a good conductor of
megasonic energy,  such as aluminum or magnesium, for example. Figs. 7a and
7b schematically illustrate the principle behind the megasonic probe energy
director. In  5 Fig. 7a (the arrangement of which is shown in exploded
perspective view in Fig. 6), an annular coupler 222 is  disposed between the
heat transfer element 134 and the probe 104. The coupler 222 includes a
circular  recess 218 in a central portion thereof. The circular recess 218
thus creates a gap between a portion of the  heat transfer element 134 and a
portion of the probe end face 104e. This circular recess 218 either contains
a vacuum, or is filled with air or other gas. Vacuums and gases are very
poor conductors of megasonic 10 energy. Thus, as Fig. 7a shows, the
megasonic waves 220 traveling through the central portion of the heat
transfer element 134 are blocked at the heat transfer element-gas interface
and never reach the probe 104.  Similarly, in the configuration of Fig. 7b,
a disk-shaped coupler 222 extending from the heat transfer element  134
produces a physical separation between annular portions of the heat transfer
element 134 and the probe  104 around the coupler 222, blocking the
megasonic wave transmission between these areas. 15 Figs. 8a-8d illustrate
preferred cross-sectional shapes for the coupler 222. Figs. 8a-8c each
resemble a pie with a missing piece, thus creating a gap 219. In the
assembled megasonic energy cleaning  apparatus, this gap 219 is preferably
located at the lower extent of the probe base 104d. In this  



configuration, the gap 219 blocks the megasonic waves that would otherwise
be transmitted to the lower  edge of the probe cleaning portion 104a. The
pattern of wave emission from the cleaning portion 104a -is 20 thus
different from the radial pattern that is characteristic of the prior art
device described above.  Advantageously, the amount of normal-incident waves
is reduced, resulting in decreased wafer damage. The shape of Fig. 8d is
substantially elliptical. A major axis of the ellipse is preferably oriented
vertically. Similarly to the cross-sectional shapes of Figs. 6a-6c, the
elliptical coupler 222 alters the pattern of  wave emission from the probe
cleaning portion, decreasing wafer damage. 25 Although the illustrated
shapes are well-suited to decreasing wafer damage, there may be a range of
equivalent shapes that are equally well-suited. It will. be understood by
one skilled in the art that the pictured  examples are in no way intended to
limit the scope of coverage. Similar to the prior art assembly of Fig. 1, in
one preferred embodiment the coupler 222 is bonded to  both the heat
transfer element 134 and the probe end face 104e using an adhesive. As Fig.
9 illustrates, a  30 thin screen 141 is preferably sandwiched between both
interfaces. The screen 141 both increases the strength of the bond and makes
the bond more resistant to damage that might be caused by the megasonic
vibration. In another preferred embodiment, the interfaces between the
coupler 222 and the heat transfer  element 134, and between the coupler 222
and the probe end face 104e, include a thin screen 141 and  vacuum grease to
increase the megasonic energy transmission efficiencies of the interfaces.
In this  -10 WO 03/064064 PCT/US03/00439  embodiment, the probe 104 is
pressed against the coupler 222, and the coupler 222 against the heat
transfer  element 134, by a spring 143 as in Fig. 4, or by other suitable
apparatus. Rather than bonding or otherwise securing the coupler 222 to the
heat transfer element 134, the  coupler 222 may instead comprise an integral
surface feature of the heat transfer element 134. A face of the  



5 heat transfer element 134 opposite the transducer 140 may, for example, be
machined to include a protruding surface feature having a cross-section
similar to those of Figs. 8a-8d. In such an embodiment, the  construction of
the probe assembly is similar to that of Fig. 9, except that the coupler 222
is integral with, or  formed from the same piece of material as, the heat
transfer element 134. The screen 141 that appears  between these two
elements in Fig. 9 is, of course, not present in this embodiment 10 In an
altemative embodiment, a recess (not shown) in a face of the heat transfer
element 134, or a  recess 215 (Fig. 10) in the probe end face 104e replaces
the coupler 222. A gap in the heat transfer element  134, however, is
preferably located a sufficient distance from the edges of the heat transfer
element 134so  as not to compromise the seals created by the 0-rings 135,
137. In either embodiment, a gap is created  between a portion of the heat
transfer element 134 and a portion of the probe end face 104e. These 15
configurations create similar disruptions in the pattern of sonic wave
transmission from the probe cleaning  portion 104a. The probe end face 104e
or heat transfer element 134 could be provided with any of the cut- out
shapes pictured in Figs. 8a-8d, or any other suitable shapes not pictured.
Scope of the Invention 20 The above presents a description of the best mode
contemplated for preferred embodiments of the  megasonic probe energy
director, and of the manner and process of making and using it, in such
full, clear,  concise, and exact terms as to enable any person skilled in
the art to which it pertains to make and use this  megasonic probe energy
director. This megasonic probe energy director is, however, susceptible to
modifications and alternate constructions from that discussed above which
are fully equivalent. 25 Consequently, it is not the intention to limit this
megasonic probe energy director to the particular  embodiments disclosed. On
the contrary, the intention is to cover all modifications and alternate
constructions coming within the spirit and scope of the megasonic probe
energy director as generally  expressed by the following claims, which
particularly point out and distinctly claim the subject matter of the  



megasonic probe energy director. -11 WHAT IS CLAIMED IS: 1. An assembly for
cleaning a thin, flat substrate comprising: a transmitter to be positioned
above a substantially flat surface of the substrate so that when  liquid is
applied to a small gap between the transmitter and the substrate, a meniscus
of liquid is  formed between the transmitter and the substrate; and a
transducer coupled to the transmitter in a manner to create a transmission
path for  transmitting megasonic vibration from the transducer through the
transmitter to the substrate, the  transducer being coupled to the
transmitter in a manner to attenuate the energy transmitted to a  lowermost
portion of the transmitter to prevent damage to delicate devices on the
substrate that are  substantially directly beneath the lowermost portion,
while energy transmitted to portions of the  transmitter adjacent the
lowermost portion is not so attenuated. 2. The assembly of claim 1,
including a gap in the transmission path, the gap being aligned  with the
lowermost portion of the transmitter to attenuate the megasonic energy
transmitted to the  lowermost portion. 3. The assembly of claim 1 or 2,
including a barrier to the transmission of megasonic energy in  the
transmission path that attenuates the energy transmitted to said lowermost
portion. 4. The assembly of any preceding claim, including a support for the
substrate; and a source of liquid to be applied to the gap between the
substrate and the transmitter. 5. The assembly of any preceding claim,
wherein said transmitter includes a rear face which is  coupled to said
transducer, and the rear face is configured so that megasonic energy is not
transmitted from the transducer to the transmitter in a portion of said end
face so as to attenuate the  



energy transmitted to said lowermost edge. 6. The assembly of claim 5,
wherein said rear face is generally circular, and said portion  comprises a
wedge-shaped recess in said end face. 7. The assembly of any preceding
claim, including a heat transfer element positioned between  the transducer
and the transmitter and forming a portion of said transmission path, said
element  being configured to attenuate the energy transmitted to a portion
of the transmitter. -12 8. The assembly of any preceding claim, including a
coupler positioned in the transmission  path between the transducer and the
transmitter with the coupler being configured to attenuate the  energy
transmitted to said lowermost portion. 9. The assembly of claim 8, wherein
the coupler is generally elliptical in shape and is  configured to produce a
pattern of megasonic energy transmission that is other than a radial
pattern.  10. A megasonic probe assembly for cleaning a substrate
comprising: a transmitter having a portion spaced from but closely adjacent
to a substantially flat surface  of the substrate so that when liquid is
applied to the transmitter and the substrate, a meniscus of  liquid is
formed between the transmitter and the substrate, and a transducer coupled
to the transmitter in a manner to create a transmission path so that
megasonic vibration from the transducer is transmitted to the transmitter
and is transmitted through  the meniscus to the substrate as normal-incident
waves directly beneath the probe lower edge, and  shallow-angle waves on
either side of the normal-incident waves, said waves being adapted to
loosen particles on the substrate, the transducer being coupled to the
transmitter in a manner to  reduce a ratio of the normal-incident waves to
the shallow-angle waves so as to prevent damage of  delicate devices on the
substrate beneath said lower edge. 



11. An assembly for cleaning a substrate comprising: a support for engaging
a substrate having at least a first surface;  a liquid engaging the first
surface; at least a first source of sonic energy; and at least a first sonic
energy transmitter spaced from the substrate but in contact with the
liquid; wherein the first source applies sonic energy to the transmitter,
and the transmitter transmits  the sonic energy to the substrate through the
liquid, and the sonic energy is attenuated so as to  reduce the number of
sonic waves that strike the substrate at or near a ninety degree angle. 12.
The assembly of claim 11 wherein the support supports the substrate in a
substantially  horizontal orientation. 13. The assembly of claim 11 or 12
further comprising a first source of liquid, wherein the first  source of
liquid applies the liquid to the substrate first surface. -13 14. The
assembly of claim 13 wherein the first source of liquid is a sprayer. 15.
The assembly of any one of claims 11-14 wherein the first sonic energy
transmitter is  substantially parallel to the substrate first surface. 16.
The assembly of any one of claims 11-15 wherein a portion of the first sonic
energy  transmitter is configured to reduce a ratio of normal incident waves
to shallow angle waves.  17. The assembly of any one of claims 11-16 wherein
the first sonic energy transmitter  comprises an elongated probe. 18. The
assembly of claim 17 wherein a portion of the probe directly adjacent the
substrate first  surface includes a substantially elliptical cross section.
19. The assembly of claim 17 or 18 wherein a portion of the sonic energy
transmitter includes a  



gap. 20. An apparatus for cleaning a thin, flat substrate, the apparatus
comprising:  a support supporting the substrate in a generally horizontal
orientation;  means for applying a film of liquid to a first surface of the
substrate; and  a sonic energy transmitter; wherein the transmitter
transmits sonic energy to the substrate, and the sonic energy is  attenuated
so as to reduce the number of sonic waves that strike the substrate at or
near a ninety  degree angle. 21. The apparatus of claim 20 wherein the
transmitter transmits sonic energy to the substrate  first surface through
the liquid. 22. The apparatus of claim 20 or 21 wherein the transmitter is
formed of quartz, sapphire,  silicon carbide, silicon nitride, quartz coated
with silicon carbide or quartz coated with vitreous  carbon. -14 23. The
apparatus of any one of claims 20-22 further comprising a source of sonic
energy  coupled to the transmitter. 24. A method of cleaning a substrate
comprising the steps of:  supporting a substrate having at least a first
surface;  applying a liquid to the first surface; providing at least a first
source of sonic energy; providing at least a first sonic energy transmitter
spaced from the substrate but in contact  with the liquid; energizing the
first source of sonic energy, thereby applying sonic energy to the
transmitter;  



transmitting sonic energy through the transmitter to the substrate through
the liquid; and  attenuating the sonic energy to reduce the number of sonic
waves that strike the substrate at  or near a ninety degree angle. 25. The
method of claim 24 further comprising the step of rotating the substrate as
the liquid  and sonic energy are applied to the substrate first surface. 26.
The method of claim 24 or 25 further comprising the step of reducing a ratio
of normal  incident waves to shallow angle waves. -15 WO 03/064064
PCT/US03100439  2/10 lll~ I  O O \~`  O  IC) WO 03/064064 PCT/US03/00439
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