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Ill' *166166*   TECHNICAL FIELD The present invention relates to
transducers that generate acoustic energy in the  5 frequency range around
one megahertz and more particularly to a system that delivers a  uniform
amount of acoustic energy to the surface of a rotating circular object.
BACKGROUND INFORMATION It is well-known that sound waves in the frequency
range of 0.4 to 2.0 megahertz  to (NIH.z) can be transmitted into liquids
and used to clean particulate matter from damage  sensitive substrates.
Since this frequency range is predominantly near the megahertz  range, the
cleaning process is commonly referred to as megasonic cleaning. Among the
items that can be cleaned with this process are semiconductor wafers in
various stages of  the semiconductor device manufacturing process, disk
drive media, including compact 15 disks and optical disks, flat panel
displays and other sensitive substrates. Megasonic acoustic energy is
generally created by exciting a crystal with radio  frequency AC voltage.
The acoustic energy generated by the crystal is passed through an  energy
transmitting member (a resonator) and into a cleaning fluid. Frequently,
the  energy transmitting member is a wall of the vessel that holds the
cleaning fluid, and a 20 plurality of objects are placed in the vessel. for
cleaning. For example, U.S. Pat..No.  5,355,048, discloses a megasonic
transducer comprised of a piezoelectric crystal attached  to a quartz
window by several attachment layers. The megasonic transducer operates at
approximately 850 KHz. Similarly, U.S. Pat. No. 4,804,007 discloses a
megasonic  transducer in which energy transmitting members comprised of
quartz, sapphire, boron 25 nitride, stainless steel or tantalum are glued
to a piezoelectric crystal using epoxy. It is also known that megasonic
cleaning systems can be used to clean single  objects, such as individual
semiconductor wafers. For example, U.S. Pat. No. 6,021,785  discloses the
use of a small ultrasonic transmitter positioned horizontally adjacent to
the  surface of a rotating wafer. A stream of water is ejected onto the
surface of the wafer and 



30 used to both couple the acoustic energy to the surface of the disk for
sonic cleaning and  to carry away dislodged particles. Similarly, U.S. Pat.
No. 6,039,059 discloses the use of  a solid cylindrically-shaped probe that
is placed close to a surface of a wafer while  cleaning fluid is sprayed
onto the wafer and megasonic energy is used to excite the probe.  *G00002*
2 5 APR 2006 In another example, U.S. Pat. No. 6,021,789 discloses a single
wafer cleaning system- that uses a plurality of transducers arranged in a
line. A liquid is applied to a surface of the wafer and the transducers are
operated so as to produce a progressive megasonic  wave that carries
dislodged particles out to the edge of the wafer. . SUMMARY OF THE
INVENTION Briefly, the present invention is a transducer that delivers an
approximately uniform  amount of acoustic energy to every point on the
surface of a rotating circular object. In one specific expression the
invention provides a transducer comprising: an acoustic energy generating
means for generating acoustic energy in the frequency  range of 0.4 to 2.0
MHz, the acoustic energy generating means being adapted for delivering  an
approximately uniform amount of acoustic energy in a given time period to
each unit of  surface area on a particular surface of a substrate to be
exposed to the acoustic energy when  a relative rotational motion exists
between the substrate and the transducer, the acoustic  energy generating
means including a design feature that delivers a variable amount of
acoustic energy from the acoustic energy generating means to compensate for
an increase in  linear velocity caused by the relative rotational motion
for points on the particular surface at  increasing distance from a center
of the particular surface, the acoustic energy generating  means overlying
less than one hundred percent of the particular surface; and a resonator
attached to the. acoustic energy generating means for transmitting the
acoustic energy to the substrate. In one form, a piezoelectric crystal is
bonded to the resonator. Electrically  conductive layers on either side of
the crystal are used to create an electric field which  drives the crystal.
In one embodiment; the crystal in the transducer is wedge shaped so that
the surface ,  area of the crystal increases as the radius of the .rotated
object increases. This means that, the amount of acoustic energy delivered.
to -the object increases with increasing radius..  



However,- since the frequency with which a region of the object moves under
the transducer .  is varies inversely with the radius, the total amount of
acoustic energy delivered, to. each unit 2 2 5 APR 2006 of surface area on
the surface of the object is the same. This is useful in situations where
the acoustic energy is used to assist some type of chemical reaction
occurring on the surface  of the object, and it is desired to have the
chemical reaction proceed uniformly over the  whole surface. In another
embodiment, the crystal has a rectangular shape, but the electrically
conductive layers on either side of the crystal are given the wedge shape.
This causes the  crystal to deliver an amount of acoustic energy to the
object that increases with increasing  radius, just as if the crystal
itself had the wedge shape. BRIEF DESCRIPTION OF THE DRAWINGS Fig. I is a
side view of the acoustic transducer according to the present invention;
Fig. 2 is a cross-sectional view of the acoustic transducer taken along the
line 2-2  of Fig. 1; Fig. 3 is a schematic cross-sectional view of an
acoustic transducer according to  the present invention; 2a WO 03/047306 2
5 APR 2005  PCT/US02/35044 Fig. 4 is a schematic top view of a wedge-shaped
crystal according to the present  invention; Fig. 5 is a schematic top view
of the acoustic transducer according to the present  invention; 5 Fig. 6 is
a schematic isometric view of the acoustic transducer according to the
present invention; Fig. 7 is a schematic top view of the acoustic
transducer according to the present  invention; Fig. 8 is a schematic top
view of the acoustic transducer according to the present.  to invention; 



Fig. 9 is a schematic top view of the acoustic transducer according to the
present  invention; Fig. 10 is a schematic top view of the acoustic
transducer according to the present  invention; and 15 Fig. 11 is a
schematic top view of the acoustic transducer according to the present
invention. DESCRIPTION OF THE PREFERRED EMBODIMENTS Fig. 1 illustrates an
acoustic transducer 10 comprised of a resonator 14 and a 20 transducer
housing 16. The housing 16 comprises a body 18 and a cover plate 20. In the
preferred embodiment, the housing 16 is made from stainless steel, but
other materials  such as plastics, ceramics, quartz or aluminum can be
used. In a representative  configuration, the resonator has a length "L". A
plurality of first spring connectors 22 are  positioned between a crystal
24 and a printed circuit board (PCB) 25. One or more 25 second spring
connectors 26 contact a step region 27. A threaded aperture 28 in an end
of the housing 16 is sized to accept a standard BNC connector. Fig. 2
illustrates that the body 18 includes a cavity 32 which holds one or more
piezoelectric crystals 34. The resonator 14 extends through a slot 38 and
up into the  body 18 where it is attached to the crystal 24. The cover
plate 20 is attached to the body 30 18 by attachment means 42, such as
screws, bolts or other means, so as to form a liquid  tight seal over the
cavity 32. Preferably, the fit between the resonator 14 the slot 38 is
tight enough to prevent liquid from getting into the cavity 32 through the
slot 38. A 3 2 5 APR 2006 WO 03/047306 PCT/US02/35044 gasket 44 functions
to seal the cavity 32 from moisture, and also prevents any  contaminants
inside the cavity 32 from escaping. In some embodiments, a lip 45 is
formed in the resonator 14 to help in sealing the cavity 32. The resonator
14 includes a proximal end 46 and a distal end 50. The first spring  5
connector 22 is positioned between the crystal 24 and the PCB 25. The
spring connector  22 comprises a base button 62 and a contact button 64
with a spring 66 positioned  between the buttons 62 and 64. The spring
connector 22 is used to make electrical  contact with the crystal 24 as is
explained in more detail later. Fig. 3 shows that the resonator 14 is
connected to the crystal 24 by a plurality of  



1o . layers (not to scale). In one embodiment, the crystal 24 is connected
to a bonding layer  70 by a first wetting layer 72 and a first adhesion
layer 74. The first wetting layer 72 is  positioned closest to the bonding
layer 70 and the first adhesion layer 74 is positioned  closest to the
crystal 24. A second wetting layer 76 and a second adhesion layer 78 are
positioned between the bonding layer 70 and the resonator 14. The second
wetting layer 15 76 is positioned closest to the bonding layer 70 and the
second adhesion layer 78 is  positioned closest to the resonator 14. A
third adhesion layer 80 is positioned on the  opposite side of the crystal
24 from the first adhesion layer 74, and a metal layer 82 is  positioned on
the third adhesion layer 80. In Fig. 3, the bonding layer 70 may comprise a
solder-like material, such as 20 indium, tin, alloys of indium or alloys of
tin. Pure indium works particularly well as the  bonding layer 70. The
composition and purpose of the other layers shown. in Fig. 3 are  the same
as the layers shown in Fig. 5 of U.S. Pat. No. 6,222,305. Specifically, the
first  and second wetting layers 72 and 76, may comprise silver. and each
have a thickness of  approximately 5000 A. However, other metals and/or
thicknesses could be used for the 25 wetting layers. The function of the
wetting layers 72 and 76 is to provide a wetting  surface for the molten
indium (or tin) in the bonding layer 70, meaning that the wetting  layers
help the bonding layer 70 adhere to the first adhesion layer 74 and the
second  adhesion layer 78, respectively. In one embodiment, the first,
second and third adhesion layers 74, 78 and 80, each  30 comprise an
approximately 5000 A thick layer of an alloy comprised of chrome and a
nickel copper alloy. For example, the layers 74, 78 and 80 may be comprised
of 50%  chrome and 50% nickel copper alloy. Acceptable nickel copper alloys
include the alloys 4 2 5 APR 2006  PCT/US02/35044 WO 03/047306 marketed
under the trademarks Nickel 400"m or MONELTM. Nickel 400TM and  MONELTM are
copper nickel alloys comprised of 32% copper and 68% nickel. However, other
materials and/or thicknesses could also be used as the adhesion layers 74,
78 and 80. For example, any or all of the layers 74, 78 and 80 may comprise
chromium,  5 including a chromium nickel alloy. The layer 80 is optional
and can be eliminated completely. The layer 82 is preferably silver, but
may comprise other conductive metals,  including nickel or silver alloys. 



In the preferred embodiment, the crystal 24 is a piezoelectric crystal such
as a  crystal comprised of lead zirconate titanate (PZT). However, many
other piezoelectric 10 materials such as barium titanate, quartz or
polyvinylidene fluoride resin (PVDF), may be  used as is well-known in the
art. Preferably, the crystal 24 is capable of generating  acoustic energy
in the frequency range of 0.4 to 2.0 MHz. The transducer 10 is constructed
using the basic technique described in U.S. Pat.  No. 6,222,305. If tin is
used as the bonding layer 70, the higher melting point of tin must  15 be
taken into consideration. Depending upon the requirements of a particular
cleaning task, the composition  of the resonator 14 is selected from a
group of chemically inert materials. For example,  inert materials that
work well as the resonator 14 include sapphire, quartz, silicon carbide,
silicon nitride, ceramics, stainless steel and aluminum. Additionally, th e
20 resonator 14 can be made chemically. inert by coating a non-inert
material with a  chemically inert material such as TeflonTM, HalarTM,
KynarTM or PFA. Chemical  inertness is desired because it is unacceptable
for the resonator 14 to chemically react  with the cleaning fluid. Thus,
the material used as the resonator 14 is usually dictated, at  least in
part, by the nature of the cleaning fluid. Sapphire is a desirable material
for the 25 resonator 14 when the items to be cleaned by the transducer 10
require parts per trillion  purity. For example, semiconductor wafers
require this type of purity. A hydrofluoric  acid (HF) based cleaning fluid
might be used in a cleaning process of this type for  semiconductor wafers.
The resonator 14 has a height "k". Generally, the height "k" is chosen so
as to 3o minimize reflectance of acoustic energy, such as by making "k" a
multiple of one-half of  the wavelength of the acoustic energy emitted by
the crystal 24. 5 2 5 APR 2006  PCT/US02/35044 WO 03/047306 In addition to
the layers shown in Fig. 3, it should be appreciated that there are  many
ways of connecting the resonator 14 to the crystal 24. For example, the
resonator 14  may be connected to the crystal 24 using a combination layer
in place of the layers 76 and  78. In this embodiment, the combination
layer is a conductive silver emulsion (paste) that 5 is applied to the
resonator 14. An acceptable emulsion is the commercially available  product
referred to as the 2617D low temperature silver conductor, available from
EMCA- 



REMAX Products, of Montgomeryville, Pennsylvania. The layer 140 is applied
directly to  the resonator 14 using screen printing techniques. In this
embodiment, a region of the  combination layer would be used in the step
region 27 (shown in Fig. 1) to contact the 10 spring connector 26. In
another embodiment, the resonator 14 is connected to the crystal 24 using
epoxy. The epoxy is used in the bonding layer 70 in place of the
solder-like materials  described previously. The epoxy may comprise any
suitable electrically conductive  epoxy. 15 The transducer 10 is designed
to deliver an approximately uniform amount of  acoustic energy to each unit
of surface area of a rotating substrate in a given time period.  Typically,
the substrate is circular in shape, such as the surface of a semiconductor
wafer, so the intensity (energy/unit time) of the acoustic energy
experienced by the  substrate when it is rotating, varies in a direction
which corresponds to the radius of the 20 circular region. Therefore, in
order for the transducer 10 to deliver a uniform amount of  acoustic energy
to each unit of surface area of the substrate in a given time period, the
transducer 10 must emit a variable intensity field of acoustic energy. In
general, the  variable intensity field is obtained using one of four
different methods. In a first method,  the crystal 24 is shaped to deliver
the variable intensity field. In a second method, the 25 electrode layers
on the surfaces of the crystal 24 are shaped to deliver the desired
variable  intensity field. In a third method, segments of the crystal 24
are driven at different power  levels to deliver the desired variable
intensity field. In a fourth method, combinations of  methods one through
three are used to deliver the desired variable intensity field. Fig. 4
illustrates the first method. In Fig. 4, the crystal 24 has a wedge shape
90. 3o The wedge shape 90 comprises a curved side 92, a blunt side 94, a
first tapered side 96 and  a second tapered side 98. The wedge shape 90 has
a wide end 100 adjacent to the curved  side 92 and a narrow end 102
adjacent to the blunt side 94. An angle 6 is formed between 6 s0 4 006   WO
03/047306 the sides 96 and 98. The wedge shape 90 is useful in situations
where the transducer 10  needs to deliver an approximately equal amount of
energy to each unit area on the circular  surface of a rotating object in a
given amount of time without using a transducer that covers  the whole
surface area of the object. Generally the wedge shape 90 covers forty
percent or  



5 less of the surface area of the object. For example, in Fig. 5 an object
103, having a circular surface 104 is rotated  underneath the transducer 10
at a constant rate. A center point 106 represents the center of  the
surface 104. The wedge shape 90 of the crystal 24 will deliver a uniform
field of  acoustic energy having variable intensity along a radius 108 when
the surface 104 rotates 10 underneath the wedge shape 90 (i.e. underneath
the crystal 24). The intensity varies  because the narrow end 102 of the
wedge shape 90 delivers a smaller amount of energy to  the surface 104 than
will the wide end 100. This is because the power (energy/cm2)  transmitted
by the transducer 10 is uniform but the surface area of the wide end 1.00
is  greater than the surface area of the narrow end 102. When the object
103 is rotating, a first 15 unit of surface area on the surface 104 that is
rotating underneath the wide end 100 receives  the same amount of energy
from the wide end as a second .unit of surface area that is  rotating
underneath the narrow end 102, even though the first unit of surface area
is moving  with a greater linear velocity. With respect to rotation, it
should be noted that the object  103 could be held stationary and the
transducer 10 could be rotated. It is the relative 20 motion between the
object 103 and the transducer.10 that matters. In Fig. 5, a plurality of
regions 112, 114, 116 and 118 on th e surface 104 are  illustrated. The
regions 112, 114, 116 and 118 all have the same area. Because the region
112 is positioned at a larger radius from the center point 106 than the
region 118, the region  112 will pass underneath the transducer 10 with a
greater linear velocity than the region 118 25 when the object 103 is
rotating. Since it is desired to have the transducer 10 deliver an  equal
amount of acoustic energy to the regions 112 and 114 per unit time, the
total output  from the transducer 10 must vary along the radius 108. If the
transducer 10 has a uniform  power output (watts/unit area), then
increasing the surface area of the crystal 24 in the  radial direction
(moving from the center point 106 outwards) will give the desired increase
30 in total energy output from the transducer. The wedge shape 90
illustrates this  configuration. 7 WO 03/047306 2 5 APR 2006
PCT/US02/35044 Fig. 6 illustrates an embodiment of the transducer 10 where
each of the layers  shown in Fig. 3 have the wedge shape 90. Specifically,
the third adhesion layer 80, the  metal layer 82, the crystal 24, the first
adhesion layer 74, the first wetting layer 72, the  



bonding layer 70, the second wetting layer 76, the second adhesion layer 78
and the 5 resonator 14 all have the wedge shape 90. However, such a
configuration is not required to  achieve the effect of variable intensity
along the radial direction. The only layer that must  have the wedge shape
90 is the crystal 24. The other layers and t he resonator 14 could have
different shapes provided that they at least completely cover the crystal
24. Fig. 7 illustrates the second embodiment of the transducer 10 that
delivers a io uniform amount of acoustic energy to each unit of surface
area on a rotating substrate in a  given time period. In Fig. 7, elements
that are identical to elements described previously  are represented by the
same identifying numbers. In Fig. 7, the crystal 24 is rectangular in
shape. The metal layer 82 has a wedge shape 126. Additionally, any other
electrically  conductive layers between the crystal 24 and the metal layer
82, such as the layer 80 if it is 15 used, should have the wedge shape 126.
The wedge shape 126 is the same shape as the  wedge shape 90 shown in Fig.
4 and comprises a curved side 128, a blunt side 132, a first  tapered side
136 and a second tapered side 138. As was described previously in Fig. 5,
an  object 103 having a circular surface 104, is rotated underneath the
transducer 10 at a  constant rate in Fig. 7. Alternatively, the transducer
10 could be rotated at a constant rate  20 relative to the object 103. The
result of giving the metal layer 82 the wedge shape 126 is the same as
giving  the crystal 24 the wedge shape 90. This is because the crystal 24
only emits acoustic  energy from the area that is excited with an electric
field. In the transducer 10, the  electric field is supplied by the
potential difference that exists between the metal layer 82 25 and the
first wetting layer 72 when the RF voltage is applied to the spring
connectors 22  and 26, as is explained below. Hence, when the metal layer
82 has the wedge shape 126  and covers the crystal 24, the acoustic energy
emitted from the crystal 24 has a variable  intensity along the radius 108
when the surface 104 rotates underneath the wedge shape 126  (i.e.
underneath the crystal 24). Preferably, the first wetting layer 72 and any
other 30 electrically conductive layers between the bonding layer 70 and
the crystal 24, such as the  layer 74, also have the wedge shape 126. 8 2 5
APR 2006  PCT/US02/35044 WO 03/047306 Applying the metal layer 82 to the
crystal 24 in the wedge shape 126 is  accomplished as follows. The crystal
24 is masked with an inert material, such as Kapton(r)  



tape, so that a region of the crystal 24 having the wedge shape 126 is not
covered by the  mask. Then the metal layer 82 deposited by using a physical
vapor deposition (PVD) 5  technique, such as argon sputtering. Generally,
the crystal 24 is masked before the wetting  layer 80 is sputtered on, so
that both the wetting layer 80 and the metal layer 82 have the  wedge shape
126. Other techniques such as a plating technique can also be used to
deposit  the metal layer 82. Preferably, the metal layer comprises silver,
but other conductive  materials can be used. The same masking technique is
used for giving the layers 72 and 74  i0 the wedge shape 126. The power for
driving the crystal 24 is provided by a radiofrequency (RF)  generator (not
shown), such as a 1000 watt RF generator. Preferably, the RF voltage
applied to the crystal has a frequency in the range of approximately 925
KHz. However,  RF voltages in the range of approximately .0.4 to 2.0 MHz
can be used. The RF power is 15 delivered to the transducer 10 through a
coaxial cable that connects to a standard BNC  connector that fits in a
threaded aperture 28. The RF voltage is delivered to the crystal.  24 by
the first spring connectors 22 and one or more of the second spring
connectors 26.  The BNC connector is electrically connected to the printed
circuit board PCB 25 which  allows the RE voltage to be delivered to the
connectors 22.and 26. 20 The second spring. connectors 26 provide.
an.electrical connection between the  PCB 58 and the layer 76 (shown in
Fig. 3), The first spring connectors 54 provide an  electrical connection
between the PCB 58 and-the layer 82 (shown in Fig. 3) on the  crystal 24.
With this arrangement, the plurality of first spring connectors 22 provide
the  active connection to the RF generator and the second spring connectors
26 provide the  25 ground connection to the RF generator. The transducer 10
includes the step-region 27. The step region 27 is an  electrically
conductive region on the resonator 14, such as the layer 76, that can be
contacted by the second spring connector 26. Since all of the layers
between the layer 76  and the crystal 24 are electrically conductive (i.e.
the layers 70, 72 and 74), contact with 30 the step region 27 is
electrically equivalent to contact with the surface of the crystal 24  that
is adjacent to the resonator 14. The first spring connectors 22 make
electrical  contact with the metal layer 82 to complete the circuit for
driving the crystal 24. 9 2 5 APR 2006 PCT/US02/35044  WO 03/047306 



Fig. 8 illustrates the third embodiment of the transducer 10 that delivers
an  approximately uniform amount of acoustic energy to each unit of surface
area on a  rotating substrate in a given time period. In Fig. 8, elements
that are identical to elements described previously are represented by the
same identifying numbers. In Fig. 8, the 5 crystal 24 is rectangular in
shape and has a length "L" and a width "w". Generally, the  length "L" is
equal to the radius 108, but the length L may be slightly longer than the
radius 108 to ensure complete coverage of the surface 104. The crystal 24
is divided into  a plurality of segments, such as a segment 146, a segment
148, a segment 150 and. a  segment 152. Each of the segments 146, 148, 150
and 152 comprise a separate piece of 1o the crystal 24. In other words, the
crystal 24 has been cut into four separate pieces which  function as the
segments 146, 148, 150 and 152. Each of the segments 146, 148, 150 and  152
are attached to the resonator 14 by a separate set of attachment layers,
such as the  layers illustrated in Fig. 3, so that the segments do not
short circuit or electrically couple.  Each of the segments 146, 148, 150
and 152 have separate electrical connections to the 1s RF generator, such
as by using separate spring connectors 22 for each segment. In this
embodiment, the resonator 14 (shown in Fig. 3) is still one continuous
piece. In the embodiment illustrated in Fig. 8, the use of separately
controllable  segments allows the transducer 10 to be used in several ways.
First, each of the segments  146, 148, 150 and 152 can have equal areas and
be driven at a different power 20 (watts/cm). The segment 152 is driven at
a greater power than the segment 150. The  segment 150 is driven at a
greater power than the segment 148, and the segment. 148 is  driven at a
greater power than the segment 146. The increase in power with increasing
radius means that a unit of surface area on the surface 104 that passes
under the segment  152 will receive the same total amount of energy as an
equal unit of surface area that 25 passes under the segment 146, even
though the two units are not underneath the crystal  24 for the same amount
of time. Additionally, the time that each of the segments. 146,  148, 150
and 152 is on can be varied. A second way that the transducer 10 can be
used with separately controllable  segments is to make the areas of the
segments 146, 148, 150 and 152 different and drive  3o each segment at a
different power for a variable amount of time. An alternate design for the
embodiment illustrated in Fig. 8 is to leave the crystal  24 as one
continuous piece, but to divide the metal layer 82 into separate segments
10 2 5 APR 2006  



PCT/US02/35044 WO 03/047306 analogous to the segments 146, 148, 150 and
152. The segmentation of the metal layer  82 is accomplished using the same
technique that was described previously with respect  to Fig. 7, for
creating the wedge shape 126. The segmentation of the metal layer allows
the crystal 24 to be driven at different power levels along its length for
variable lengths of 5 time in the same way that was described previously
with respect to Fig. S. Fig. 9 illustrates the fourth embodiment of the
transducer 10 that delivers a  uniform amount of acoustic energy to each
unit of surface area on a rotating substrate in a  given time period. In
Fig. 9, elements that are identical to elements described previously  are
represented by the same identifying numbers. In Fig. 9, the crystal 24 has
the wedge io shape 90 described previously with respect to Fig. 4. The
crystal 24 is also divided into a  plurality of segments, such as a segment
160, a segment 164 and a segment 168. Each of  the segments 160, 164 and
168 comprise a separate piece of the crystal 24, with each  segment having
the same area. The reason for combining the techniques of using the  wedge
shape 90 with the technique of segmenting the crystal 24 is that this
allows a greater 15 degree of control over delivering a uniform amount of
acoustic energy to each unit of  surface area on the rotating surface 104
in a given time period. Each of the segments 160, 164 and 168 are attached
to the resonator 14 by a  separate set of attachment layers, such as the
layers illustrated in Fig. 3, so that the  segments do not short circuit or
electrically couple. Each of the segments 160, 164 and 20 168 have separate
electrical connections to the RF generator, such as by using separate
spring connectors 22 for each segment. In this embodiment, the resonator 14
(shown in  Fig. 3) is still one continuous piece. In the embodiment
illustrated in Fig. 9, the use of separately controllable  segments allows
the transducer 10 to be used in several ways. First, each of the segments
25 160, 164 and 168 can be driven at a different power (watts/cm"), as was
described previously with respect to Fig. 8, with the segment 168 being
driven at higher power than  the segment 160. The increase in. power with
increasing radius means that aunit of  surface area on the surface 104 that
passes under the segment 152 will receive the same  total amount of energy
as an equal unit of surface area that passes under the segment 146, 30 even
though the two units are not underneath the crystal 24 for the same amount
of time..  Each of the segments 160, 164 and 168 can be active for the same
amount of time, or for  a variable amount of time. Furthermore, each
segment can be on or off at different times. 



11 WO 03/047306 2 5 APR 2008  PCT/US02/35044 Second, each of the segments
160, 164 and 168 can be driven at the same power.  However, in this
embodiment the length of time that power is supplied to each segment  is
different. In a third use, each of the segments 160, 164 and 168 are driven
at the same  power, but the sequence of when a particular segment is on is
varied. Usually no two 5 segments are on at the same time, but when a
segment is on, it is on for the same length  of time as another segment. An
alternate design for the embodiment illustrated in Fig. 9 is to leave the
crystal  24 as one continuous piece, but to divide the metal layer 82 into
separate segments  analogous to the segments 160, 164 and 168. The
segmentation of the metal layer 82 is. io accomplished using the same
technique that was described previously with respect to  Figs. 7 and 8. The
segmentation of the metal layer allows the crystal 24 to be driven at
different power levels and times along its length in the same way that was
described  previously with respect to Fig. 9. Fig. 10 illustrates a
variation of the embodiment shown in Fig. 9 where the crystal  15 24 has a
triangular shape 170 instead of the wedge shape 90. The crystal 24 is
divided into  a plurality of segments, such as a segment 172, a segment 176
and a segment 178. Each  of the segments 172, 176 and 178 comprise a
separate piece of the crystal 24, with each  segment having the same area.
The reason for combining the techniques of using the  wedge shape 90 with
the technique of segmenting the crystal 24 is that this allows a greater 20
degree of control over delivering a uniform amount of acoustic energy to
each unit of  surface area on the rotating surface 104 in a given time
period. Each of the segments 172, 176 and 178 are attached to the resonator
14 by a  separate set of attachment layers, and have separate electrical
connections to the RF  generator, as was described previously with respect
to Fig. 9. This permits the segments 25 172, 176 and 178 to be driven at a
different power (watts/cm2) levels for different lengths  of time, as was
described previously with respect to Fig. 9. Also, an alternate design for
the embodiment illustrated in Fig. 10 is to leave the crystal 24 as one
continuous piece,  but to divide the metal layer 82 into separate segments
analogous to the segments 172,  176 and 178, as was described previously
with respect to Fig. 9. 30 Fig. 11 illustrates a variation of the
transducer 10 described previously with  



respect to Fig. 4. In Fig. 11, elements that are identical to elements
described previously  are represented by the same identifying numbers. Fig.
11 illustrates that the transducer 12 25 APR 20  PCT/US02/35044 WO
03/047306 10 can be comprised of a first crystal 182 having the wedge shape
90 and a second crystal  184 having the wedge shape 90. In this embodiment,
the transducer 10 extends across  the diameter of the surface 104. Each of
the crystals 182 and 184 are attached to the  resonator 14 as was described
previously with respect to Fig. 4, and function in the same 5 way. The
crystals 182 and 184 could be rectangular in shape and the wedge shape 90
could be imparted by giving the layers 82 and 76 the wedge shape 90, as was
described  previously with respect to Fig. 7.. Similarly, the crystals 182
and 184 could be segmented as described previously with respect to Figs. 9
and 10. From the discussion of Figs. 4, 8, 9, 10 and 11, it should be clear
that other 1o shapes besides the wedge shape 90, rectangles and triangles
can be used with the radial  power transducer 10. In general, however the
transducer 10 covers forty percent or less  of the surface area of the
object 103. Another parameter that can be varied so that the transducer 10
delivers a uniform  amount of acoustic energy to each unit of surface area
of a rotating substrate in a given  15 time period, is the thickness of the
bonding layer 70 shown in Fig. 3. By varying the thickness of the layer 70
along the direction of the radius.108, the power emitted by the  transducer
10 changes. It is thought that this phenomenon results from different
reflection characteristics of the acoustic energy as the layer thickness
changes. It is clear that the transducer 10 can be formed in many ways.
Stated generally, the  20 transducer comprises an acoustic energy
generating means for generating acoustic energy in  the frequency range of
0.4 to 2.0 MHz. The acoustic energy generating means delivers an
approximately uniform amount of acoustic energy to each unit of surface
area on a rotating  substrate in a given time period and has a surface area
that is. less than the surface area of  the substrate. A resonator is
attached to the acoustic energy generating means for 25 transmitting the
acoustic energy to the substrate through the liquid used in the cleaning
process. The acoustic energy generating means may take many forms,
including the wedge  shaped crystal shown in Figs. 4-6 and 11, the
rectangular crystal with wedge shaped  electrodes shown in Fig. 7, the
rectangular crystal with separately controllable segments  



shown in Fig. 8, or the wedge shaped crystal with separately controllable
segments shown  30 in Figs. 9 and 10. The transducer 10 is used in
megasonic cleaning processes (or other processes  where a liquid chemical
is applied to the surface of the substrate), where an 13 WO 03/047306 2 5
APR 2008  PCT/US02/35044 approximately equal amount of acoustic energy must
be delivered to each unit of surface  area on the rotating substrate in a
given time period to assist in the cleaning or chemical  process. The
transducer 10 is especially useful for cleaning individual items that are
difficult to clean in a batch process. Such items include large
semiconductor wafers, 5 semiconductor wafers from a low production run,
such as for custom made or  experimental chips, flat panel displays, and
other large flat substrates. The cleaning process for cleaning individual
items of this type involves applying.  a cleaning or process fluid to the
surface of the object and then rotating the object  underneath the
transducer 10. Acoustic energy emitted from the resonator 14 is 1o
transmitted into the process fluid and causes cleaning to occur. In
alternate methods, the  transducer 10 can be rotated and the object held
stationary, or both can be rotated. In practice, different process fluids
are used for different cleaning tasks. The  exact composition of many
process fluids is proprietary to the companies that  manufacture the
fluids. However, typical process fluids include distilled water, aqueous 15
solutions of ammonium hydroxide, hydrogen peroxide, hydrochloric acid,
nitric acid,  acetic acid, or hydrofluoric acid, and combinations of these
reagents. Commonly used  process fluid compositions are referred to as SC-1
and SC-2. The reason an approximately equal amount of acoustic energy must
be delivered  to each unit of surface area on a rotating substrate in a
given time period is that the 20 effectiveness of the cleaning or chemical
process varies with the amount of acoustic  energy that is transmitted into
the fluid. Therefore, if different areas on the surface of a  wafer receive
different amounts of acoustic energy, the. degree of cleaning may vary.
This is particularly true in cases where the chemistry of the process fluid
is assisting in  the cleaning action. In such situations, the use of the
transducer 10 is desirable. 25 Although the present invention has been
described in terms of the presently  preferred embodiments, it is to be
understood that such disclosure is not to. be interpreted as  



limiting. Various alterations and modifications will no doubt become
apparent to those  skilled in the art after having read the above
disclosure. Accordingly, it is intended that the  appended claims be
interpreted as covering all alterations and modifications as fall within
30 the true scope of the invention. 14 2 5 APR 2006 CLAIMS We claim: 1. A
transducer comprising: an acoustic energy generating means for generating
acoustic energy in the frequency  5 range of 0.4 to 2.0 MHz, the acoustic
energy generating means being adapted for delivering  an approximately
uniform amount of acoustic energy in a given time period to. each unit  of
surface area on a particular surface of a substrate to be exposed to the
acoustic energy  when a relative rotational motion exists between the
substrate and the transducer, the  acoustic energy generating means
including a design feature that delivers a variable amount 10 of acoustic
energy from the acoustic energy generating means to compensate for an
increase  in linear velocity caused by the relative rotational motion for
points on the particular surface  at increasing distance from a center of
the particular surface, the acoustic energy generating  means overlying
less than one hundred percent of the particular surface; and a resonator
attached to the acoustic energy generating means for transmitting the  15
acoustic energy to the substrate. 2. The transducer of claim 1 wherein the
acoustic energy generating means  comprises a piezoelectric crystal and the
design feature comprises a wedge shape of the  piezoelectric crystal in
which a first end of the piezoelectric crystal. is wider than a second  20
end of the piezoelectric crystal. 3. The transducer of claim I wherein the
acoustic energy generating means  comprises an assembly comprised of two or
more piezoelectric crystal segments and the  design feature comprises a
wedge shape of the assembly in which a first end of the assembly  25 is
wider than a second end of the assembly. 4. The transducer of claim 1
wherein the acoustic energy generating means  comprises a piezoelectric
crystal having at least one electrode and the design feature  comprises a
wedge shape of the electrode in which a first end of the electrode is wider
than a 30 second end of the electrode. 15 



2 5 APR 2006 5. The transducer of claim 1 wherein the resonator comprises a
material selected  from the group consisting of quartz, sapphire, silicon
carbide, silicon nitride, ceramics,  aluminum and stainless steel. 5 6. The
transducer of claim 1 further comprising: an attachment layer positioned
between the acoustic energy generating means and  the resonator for
attaching the resonator to the acoustic energy generating means. 10 7., The
transducer of claim 6 wherein the attachment layer comprises a material
selected from the group consisting of indium, tin, indium alloys and tin
alloys. 8. The transducer of claim 6 wherein the attachment layer comprises
epoxy. 15 9. The transducer of claim 1 wherein the substrate comprises a
semiconductor wafer. 10. The transducer of claim 1 wherein the acoustic
energy generating means  comprises a piezoelectric crystal and the design
feature comprises a wedge shape of the 20 piezoelectric crystal, the wedge
shape comprising a planar surface of the piezoelectric  crystal comprised
of a first side, a second side, a narrow end and a wide end, with an angle
separating the first side from the second side, and the angle chosen so
that the piezoelectric,  crystal overlies forty percent or less of the
particular surface. 25 16 AMENDED SHEET 


