ULTRASONIC/MEGASONIC CLEANING DEVICE
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FIELD OF THE INVENTION
The present invention generally relates to the field of semiconductor integrated circuit
cleaning device, more particularly, to an ultrasonic/megasonic cleaning device for cleaning wafers

without damaging patterns formed on the wafer.

BACKGROUND OF THE INVENTION

With the continuous scale down of the critical dimensions of IC devices, the removal of the
micro contaminants on wafer surfaces is becoming more difficult. Many new cleaning techniques
have been applied to modern cleaning equipment. Among them, the most important one is the
ultrasonic/megasonic cleaning technology. However, although the ultrasonic/megasonic cleaning
technology can improve the removal efficiency of contaminants, it is prone to damage the pattern

structures on the wafer.

China Patent Application No. 201510076158.1 discloses a non-destructive cleaning device for
wafers, which comprises a hollow casing suspended above a target wafer, an ultrasonic generator
provided inside the hollow casing, and a selective ultrasonic-energy removal mechanism connected
with the lower end of the ultrasonic generator. The selective ultrasonic-energy removal mechanism
comprises an array of multiple quartz rods of the same height which are vertically arranged in a
spaced manner. The quartz rods extend out from the lower side of the casing to be submerged into a
cleaning solution covering the target wafer, thus to selectively eliminate the ultrasonic energy
generated from the ultrasonic generator which propagates in a direction non-vertical to the wafer
surface and ensure the ultrasonic energy to be vertically propagated to the target wafer. As a result,

damages to the patterns on the wafer surface during the ultrasonic cleaning will not occur, which



achieves the non-destructive ultrasonic cleaning for the target wafer and effectively improves the

removal efficiency of the contaminants on the wafer surface.

However, according to the above-described conventional ultrasonic/megasonic cleaning
technique, the ultrasonic/megasonic energy is generated from a high-speed oscillation of an
electrical signal of a single frequency introduced into a piezoelectric material of the ultrasonic
generator. During the ultrasonic/megasonic cleaning, the ultrasonic/megasonic energy is refracted
and reflected on the upper and lower surfaces of the target wafer, as well as at the contact surfaces
of other different components within the cleaning chamber. These refracted and reflected
ultrasonic/megasonic waves interfere with the ultrasonic/megasonic wave oscillating at the single
frequency transmitted from the piezoelectric material, such interference may cause the energy in
local areas of the wafer to be too strong, resulting in damages to the fine pattern structures on the

wafer surface.

On the other hand, the ultrasonic/megasonic wave produces cavitation and acoustic streaming
in the cleaning solution to accelerate the separation process of the particulate contaminants from the
wafer surface, thereby improving the cleaning efficiency. However, from the practical experience in
the industry, the physical energy caused by the implosion of the cavitation bubbles is difficult to
control, which is prone to result in cavitation erosions to the fine pattern structures on the wafer
surface. Therefore, the technical artisan in the industry would like to utilize the acoustic streaming

to perform the non-destructive cleaning for the wafer.

Therefore, a new technical means to control the cavitation erosions is needed, in order to

achieve a better non-destructive cleaning for the wafer.

BRIEF SUMMARY OF THE DISCLOSURE

The object of the present invention is to provide an ultrasonic/megasonic cleaning device,
which can eliminate the destructive effects of the ultrasonic/megasonic energy propagating in
directions non-perpendicular to the wafer surface during the ultrasonic/megasonic cleaning of the
wafer, and dynamically tune the vibration frequency of the ultrasonic/megasonic wave in the
cleaning solution to prevent permanent interference and bubble implosion as well as to control the

cavitation erosions, so as to clean the wafer without damage.



To achieve the above object, the technical solution of the present invention is as follows:

an ultrasonic/megasonic cleaning device comprising:
a cleaning unit comprising:

an upper casing and an lower casing; the upper casing and the lower casing are connected
to form a hollow chamber; the hollow chamber is provided with an opening at a bottom surface of

the lower casing;

an ultrasonic/megasonic generator provided in the hollow chamber with a space formed
between an upper portion and side portion of the ultrasonic/megasonic generator and an inner wall
of the hollow chamber; wherein, the ultrasonic/mergasonic generator comprises a piezoelectric
material connected to at least one signal source outside the cleaning unit for receiving an electrical

signal output from the at least one signal source and generating an ultrasonic/megasonic wave;

a bottom quartz component provided with a quartz rod array composed of a plurality of
vertically arranged quartz rod-like structures; wherein, the quartz rod array extends out from the
opening at the bottom surface of the lower casing for conducting the ultrasonic/megasonic wave

vertically downward to a cleaning solution on a surface of a wafer;

a spray arm connected to the upper casing; wherein, the spray arm is driven by a rotating
motor to enable the cleaning unit to perform an arc reciprocating motion above the surface of the

wafer passing through the center of the wafer;

an ultrasonic/megasonic frequency control unit connected between the at least one signal
source and the ultrasonic/megasonic generator for constantly varying a frequency of the electrical
signal output from the at least one signal source and introducing the electrical signal into the
ultrasonic/megasonic generator, so as to dynamically vary an oscillation frequency of the

ultrasonic/megasonic wave generated by the ultrasonic/megasonic generator.
The invention has the following advantages:

1) The ultrasonic/megasonic energy in other directions is eliminated by the quartz rod array at
the bottom quartz component, which ensures the ultrasonic/megasonic energy to be conducted
vertically to the cleaning solution on the wafer surface to avoid damages to the pattern structures on

the wafer surface during the ultrasonic/megasonic cleaning.

2) During the ultrasonic/megasonic cleaning, the frequency of the ultrasonic/megasonic wave

generated by the ultrasonic/megasonic generator is dynamically changed, which prevents the
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occurrence of permanent interference; moreover, with the variation of the frequency of the
ultrasonic/megasonic wave generated by the ultrasonic/megasonic generator, the wavelength of the
ultrasonic/megasonic wave also changes accordingly. Therefore, just before the bubbles produced
by the ultrasonic/megasonic wave growing to a maximum size to implode, the frequency of the
ultrasonic/megasonic wave has already been changed and new bubbles are created at other
locations, while the previous bubbles will not grow further or implode. In the course of such cycles,
as the frequency of the ultrasonic/megasonic wave changes, the bubbles are generated and
disappeared constantly without implosion, which prevents damages to the fine pattern structures on

the wafer surface due to the cavitation erosions caused by the bubble implosion.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic structural view of an ultrasonic/megasonic cleaning device according to

one embodiment of the present invention;

FIG. 2 is a cross-sectional view of the bottom quartz component and structures below the

bottom quartz component in FIG. 1;

FIG. 3 is a schematic perspective view of the bottom quartz component and structures below

the bottom quartz component in FIG. 1;

FIG. 4 is a schematic view illustrating the external configuration of the cleaning unit of the

ultrasonic/megasonic cleaning device in FIG. 1;

FIG. 5 is a schematic view illustrating a fitting state of the cleaning unit and the spray arm

according to one embodiment of the present invention;

FIGS. 6a-6d are schematic diagrams illustrating different control principles of the

ultrasonic/megasonic frequency control unit of the ultrasonic/megasonic cleaning device in FIG. 1;

FIGS. 7a-7e are schematic views illustrating configurations of the piezoelectric material with

different natural frequencies as shown in FIG. 6c and FIG. 6d;

FIG. 8 is a schematic diagram illustrating the principle of the selective removal of the
ultrasonic/megasonic energy by the quartz rod array according to one embodiment of the present

invention;

FIG. 9 is a schematic diagram of an ultrasonic/megasonic cleaning device generating evenly

distributed energy according to one embodiment of the present invention;



FIGS. 10a-10b are schematic diagrams illustrating two different control principles of the

ultrasonic/megasonic energy control unit of the ultrasonic/megasonic cleaning device in FIG. 9;

FIG. 11 is a cross-sectional view of an ultrasonic/megasonic cleaning device which can

improve the cleaning uniformity according to one embodiment of the present invention;

FIG. 12 is a cross-sectional view of the bottom quartz component and structures below the

bottom quartz component of the ultrasonic/megasonic cleaning device in FIG. 11;

FIG. 13 is schematic perspective view of the bottom quartz component and structures below

the bottom quartz component of the ultrasonic/megasonic cleaning device in FIG. 11;

FIG. 14 is a cross-sectional view of an ultrasonic/megasonic cleaning device which can

improve the cleaning uniformity according to another embodiment of the present invention;

FIG. 15 is a cross-sectional view of the bottom quartz component and structures below the

bottom quartz component of the ultrasonic/megasonic cleaning device in FIG. 14;

FIGS. 16a-16c are enlarged schematic views illustrating different configurations of the

bottom quartz sheet of the ultrasonic/megasonic cleaning device in FIG. 14;

FIG. 17 is a schematic view illustrating another fitting state of the cleaning unit and the spray

arm according to one embodiment of the present invention;
FIG. 18 is a partial enlarged schematic view of the cleaning unit and the spray arm in FIG. 17;

FIG. 19 is a cross-sectional view of an ultrasonic/megasonic cleaning device with gas

shielding function according to one embodiment of the present invention;

FIG. 20 is a schematic view showing the external configuration of the ultrasonic/megasonic

cleaning device in FIG. 19;

FIG. 21 is a cross-sectional view of an ultrasonic/megasonic cleaning device with gas

shielding function according to another embodiment of the present invention;

FIG. 22 is a schematic view illustrating the external configuration of the ultrasonic/megasonic

cleaning device in FIG. 21;

FIG. 23 is a schematic structural view of the annular protective ring provided with an opening

according to one embodiment of the present invention;



FIG. 24 is a schematic diagram illustrating regularly distributed triangular quartz rod-like

structures according to one embodiment of the present invention;

FIG. 25 is a schematic diagram illustrating randomly distributed rectangular quartz rod-like

structures according to one embodiment of the present invention;

FIG. 26 is a schematic diagram of a quartz rod array having a sector-shaped profile according

to one embodiment of the present invention;

FIG. 27 is a schematic diagram of a quartz rod array having a rectangular profile according to

one embodiment of the present invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Reference will now be made in detail to the present preferred embodiments to provide a
further understanding of the invention. The figures referred to are not necessarily drawn to scale,
should be understood to be enlarged or distorted or simplified relative to others to facilitate
explanation and understanding. The specific embodiments and the accompanying drawings
discussed are merely illustrative of specific ways to make and use the invention, and do not limit

the scope of the invention or the appended claims.

Refer to Fig. 1, which is a schematic structural view of an ultrasonic/megasonic cleaning
device according to one embodiment of the present invention. As shown in Fig. 1, the
ultrasonic/megasonic cleaning device is movably disposed in a cleaning chamber of a cleaning
equipment and above a wafer to perform ultrasonic/megasonic cleaning to the wafer. The wafer is
arranged on a rotating chuck in the cleaning chamber. The ultrasonic/megasonic cleaning device
includes a cleaning unit, an ultrasonic/megasonic frequency control unit 23, and a spray arm (not
shown). The cleaning unit includes an upper casing 15, a lower casing 22, an ultrasonic/megasonic
generator mounted within the upper casing and the lower casing, and a bottom quartz component
12. The upper casing 15 and the lower casing 22 can be connected in a detachable manner. For
example, the upper casing and the lower casing can be fixedly connected by bolts, and then a
hollow chamber is formed inside thereof after connection. The hollow chamber has an opening at a
bottom surface of the lower casing 22. In order to ensure the sealing performance of the upper
casing and the lower casing after installation, a gasket 13 can be provided between the joint portions

of the upper casing and the lower casing.



Please referring to FIG. 1, the ultrasonic/megasonic generator and the bottom quartz
component 12 are provided within the hollow chamber. A space is formed between the upper
portion and the side portion of the ultrasonic/megasonic generator and the inner wall of the hollow
chamber, thereby forming a cooling chamber. The ultrasonic/megasonic generator comprises a
piezoelectric material 14 which is connected to at least one signal source 24 outside the cleaning
unit. The bottom quartz component 12 is attached to the bottom of the ultrasonic/megasonic
generator in a close-fitting manner. The bottom quartz component 12 is provided with a quartz rod
array 10 at its lower end, which is composed of a plurality of vertically arranged quartz rod-like
structures. The quartz rod array 10 extends out from the opening at the bottom surface of the lower

casing.

Please refer to FIG. 2 and FIG.3. Figure 2 is a cross-sectional view of the bottom quartz
component. FIG. 3 is a schematic perspective view of the bottom quartz component. As shown in
FIGS. 2 and 3, in this embodiment, the bottom quartz component 12 has a circular shape, the
bottom surfaces of the quartz rod-like structures of the quartz rod array 10 have the same height.
Furthermore, the quartz rod-like structures are evenly spaced from each other. The size of the quartz
rod-like structure can be between 0.5 and 5 mm in diameter and 2 mm or more in length, which is
configured according to the required frequency of the ultrasonic/megasonic wave. The amount and
distribution density of the quartz rod-like structures can also be configured according to actual

needs and processing capabilities.

In order to effectively protect the quartz rod array, an annular protective ring 11 which
encloses the quartz rod array 10 can be provided at the lower end of the bottom quartz component
12. In a preferred embodiment, the annular protective ring 11 can be integrally formed with the

bottom quartz component 12.

During its installation and commissioning processes with the quartz rod array 10, the annular
protective ring 11 can be held by hand to avoid damages to the quartz rod-like structures due to the

direct contact between the annular protective ring 11 and the quartz rod-like structures.

As shown in FIG. 1, the top of the bottom quartz component 12 is in close fitting contact with
the bottom portion of the ultrasonic/megasonic generator. Moreover, the side portion of the bottom
quartz component 12 is stepped fit to the inner wall of the hollow chamber at the lower casing 22. A

sealing ring 21 is provided between the lower casing 22 and the bottom quartz component 12 in



order to ensure the sealing performance between the lower casing 22 and the bottom quartz

component 12 after installation.

The lower end of the annular protective ring 11 is a free end, which extends out together with
the lower end of the quartz rod array from the opening at the bottom surface of the lower casing.
The bottom surface of the quartz rod array 10 should be at a lower or the same height as the bottom
surface of the annular protective ring 11. In another word, the bottom surface of the quartz rod array
10 is not higher than the bottom surface of the annular protective ring 11. As shown in the figure,
the bottom surface of the quartz rod array 10 is below the bottom surface of the annular protective

ring 11.

The ultrasonic/megasonic generator can be an ultrasonic/megasonic generator based on a
piezoelectric material. In the present embodiment, the ultrasonic/megasonic generator includes a
piezoelectric material 14 and a coupling layer 20 which are closely contact with each other in the
vertical direction. The coupling layer 20 can be made of metal. The lower portion of the coupling
layer 20 is closely fitted to the upper portion of the annular protective ring 11. In order to ensure an
effective and accurate connection, the lower portion of the coupling layer 20 and the upper portion
of the bottom quartz component 12 are engaged in a concave-convex manner as shown in the
figure. A certain space is formed between the sides of the coupling layer 20, the side and top
portions of the piezoelectric material 14, and the inner wall of the hollow chamber to facilitate gas

cooling.

Between the top of the inner wall of the upper casing 15 and the piezoelectric material 14, a
plurality of compression springs 19 and compression spring guideposts 17 are sequentially
provided. Under the guidance of the compression spring guideposts 17, the compression springs 19
press down the piezoelectric material 14 and the coupling layer 20 in the vertical direction to make
the coupling layer 20 contact the annular protective ring 11 and the lower casing 22 with no gap, so

that the ultrasonic/megasonic energy can be transmitted effectively.

The upper casing is provided with a piezoelectric material binding post 18. The piezoelectric
material binding post 18 is connected between the signal source 24 and the piezoelectric material
14, and a binding post of the coupling layer is connected between the coupling layer and the signal
source 24. As a result, a circuit loop is formed, and the piezoelectric material binding post 18 can
introduce an electrical signal generated from the external signal source 24 to the piezoelectric

material 14. The piezoelectric material 14 vibrates at high speed after receiving the electrical signal
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to generate ultrasonic/megasonic oscillation energy, and conducts the ultrasonic/megasonic

oscillation energy downward into the coupling layer 20.

The coupling layer 20 can be made of a single metallic material or a plurality of metallic
materials. The coupling layer 20 has a thickness approximately equaling to an integer number plus
one-quarter wavelengths of the ultrasonic/megasonic wave generated by the piezoelectric material.
The coupling layer 20 may be bonded to the piezoelectric material 14 by a conducting resin. The
surfaces of the piezoelectric material 11 and coupling layer 20 can be coated with a
corrosion-resistant layer, thus to prevent the cleaning solution corroding the metallic material of the

coupling layer and the piezoelectric material.

The coupling layer 20 and the bottom quartz component 12 can be connected by a conducting
resin, a metal alloy with low-melting point, or a soft metal sheet like gold or silver to ensure a

seamless connection.

Refer to FIG. 4, which is a schematic view showing the external configuration of the cleaning
unit of the ultrasonic/megasonic cleaning device in FIG. 1 (the ultrasonic/megasonic frequency
control unit and the signal source are omitted). As shown in FIG. 4, the upper casing 15 is provided
with a cooling gas inlet 25 and a cooling gas outlet 26, which are communicated with a cooling
chamber composed of the inner wall of the hollow chamber and the outer wall of the
ultrasonic/megasonic generator. The cooling gas can be introduced into the internal cavity of the
cleaning unit and discharged from the cooling gas outlet 26 after performing a heat exchange with

the ultrasonic/megasonic generator, thus to effectively cool the ultrasonic/megasonic generator.

FIG. 5 is a schematic view illustrating a fitting state of the cleaning unit and the spray arm of
the present invention. As shown in FIG. 5, the spay arm 27 is connected to the upper casing 15 of
the cleaning unit through a fixing supporter 28, and is rotated by a rotating motor (not shown), so as
to drive the cleaning unit to perform an arc reciprocating motion above the surface of the wafer to
clean the wafer with uniform ultrasonic/megasonic energy. The fixing supporter 28 can be fixed to

the upper casing 15 through a bolt hole 16 formed at the top of the upper casing 15.

Please refer to FIG. 1. The ultrasonic/megasonic frequency control unit 23 is connected
between the at least one signal source 24 and the piezoelectric material 14. For example, the
ultrasonic/megasonic frequency control unit 23 can be mounted outside the casing of the cleaning
unit. one end of the ultrasonic/megasonic frequency control unit 23 is connected to the at least one

signal source 24 and the other end is connected to the piezoelectric material 14 of the
9



ultrasonic/megasonic generator within the casing. The electrical signal output from the at least one
signal source 24 is introduced into the piezoelectric material 14 through the ultrasonic/megasonic
frequency control unit 23. The ultrasonic/megasonic frequency control unit 23 constantly changes
the frequency of the electrical signal, such that the oscillation frequency of the ultrasonic/megasonic
wave generated by the ultrasonic/megasonic generator is dynamically varied accordingly, which

prevents permanent interference and bubble implosion in the cleaning solution.

Please refer to FIGS. 6a-6d, which are schematic diagrams illustrating different control
principles of the ultrasonic/megasonic frequency control unit. As shown in FIG. 6a, multiple signal
sources 24 are provided; the ultrasonic/megasonic frequency control unit comprises a signal selector
23-1 with one end connected to the piezoelectric material 14 via the piezoelectric material binding
post 18 and the other end connected to of the multiple signal sources 24. Wherein at least one of the
signal sources 24 generates an electrical signal having the same frequency as the natural frequency
of the piezoelectric material, and other signal sources generate electrical signals with frequencies
shifted relative to the natural frequency of the piezoelectric material. Preferably, the shifted
frequencies comprises both positive and negative shifted frequencies relative to the natural
frequency of the piezoelectric material. As shown in FIG. 6a, the frequency of the electrical signal
generated by the signal source K2 is the same as the natural frequency of the piezoelectric material
14, and the frequencies of the electrical signals generated by the other two signal sources K1, K3
are shifted positively and negatively near the natural frequency of piezoelectric material 14. The
shifted value can be between 1% to 5%. For example, the frequency of the electrical signal
generated by the signal source K2 coincides with the natural frequency of the piezoelectric material
14 of 1 MHz, whereas the frequency of the electrical signal generated by the signal source K1 is
negatively shifted from that of the electrical signal generated by the signal source K2 to be 980 kHz,
the frequency of the electrical signal generated by the signal source K3 is positively shifted from

that of the electrical signal generated by the signal source K2 to be 1020 kHz.

The signal selector 23-1 can change the frequency of the electrical signal applied to the
piezoelectric material 14 in real time by switching rapidly between the signal sources K1 to K3,
such that the oscillation frequency of the ultrasonic/megasonic wave generated by the piezoelectric

material 14 can be dynamically changed.

Preferably, the switching interval of the signal selector 23-1 can be controlled in a range from

a few microseconds to several hundred microseconds to ensure that the bubbles produced by the
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ultrasonic/megasonic wave according to the electrical signal from a preceding signal source do not

have sufficient time to grow and implode.

Although partial energy loss may occur due to the inconsistence between the frequencies of
the electrical signals generated by the signal sources K1 and K3 and the natural frequency of the
piezoelectric material, such loss is acceptable as long as the whole device can finally realize the

non-destructive cleaning to the fine pattern structures on the wafer surface.

As shown in FIG. 6b, in another embodiment, only one signal source is provided, the
ultrasonic/megasonic frequency control unit comprises a frequency converter 23-2, having one end
connected to the piezoelectric material 14 via the piezoelectric material binding post and the other
end connected to the signal source 24. The signal source 24 generates the electrical signal with an
original frequency as same as the natural frequency of the piezoelectric material 14, then the
frequency converter 23-2 constantly changes the original frequency of the electrical signal
generated by the signal source 24 to be shifted relative to the natural frequency positively and
negatively to output multiple electrical signals with different frequencies at different time. For
example, among the multiple electrical signals output by the frequency converter, at least one
electrical signal has a frequency as same as the natural frequency of the piezoelectric material 14,
while the other electrical signals have frequencies offset positively and negatively with respect to
the natural frequency of the piezoelectric material. As a result, the oscillation frequency of the

ultrasonic/megasonic wave generated by the piezoelectric material 14 is dynamically changed.

Preferably, the switching interval of the frequency converter 23-2 can be controlled in a range
from a few microseconds to several hundred microseconds to ensure that the bubbles produced by
the ultrasonic/megasonic wave with a preceding oscillation frequency do not have sufficient time to

grow and implode.

In this way, partial energy loss may occur due to the inconsistence between the frequencies of
the electrical signals introduced to the piezoelectric material and the natural frequency of the
piezoelectric material. Nevertheless, only one piezoelectric material is needed, which simplifies the

production process of the piezoelectric material and reduces the production cost.

As shown in FIG. 6c¢, in another embodiment, the ultrasonic/megasonic frequency control unit
comprises a signal channel selection switch 23-3. The piezoelectric material comprises a plurality of
sub-materials having different natural frequencies. Furthermore, the same number of signal sources

24 as the sub-materials are provided. The signal sources 24 are connected one-to-one
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correspondingly to the plurality of sub-materials of the piezoelectric material 14. Each signal source
can output an electrical signal having a frequency as same as the natural frequency of a
corresponding sub-material of the piezoelectric material 14. The communication channel between
each signal source and its corresponding sub-material is controlled by the signal channel selection
switch 23-3. In the present embodiment, three signal sources K1 to K3 generating electrical signals
with different frequencies are provided, corresponding to three sub-materials P1 to P3 with three
different natural frequencies, respectively. The signal channel selection switch 23-3 only switches
on one communication channel between a signal source and its corresponding sub-material at each
time, and switches off the other communication channels. It is noted that, the communication
channels between the signal sources and their corresponding sub-materials are switched on
randomly according to a specific algorithm so that the oscillation frequency of the

ultrasonic/megasonic wave generated by the piezoelectric material 14 is dynamically changed.

Preferably, the switching interval of the signal channel selection switch 23-3 can be controlled
in a range from a few microseconds to several hundred microseconds to ensure that the bubbles
produced by the ultrasonic/megasonic wave according to the electrical signal from a preceding

signal source do not have sufficient time to grow and implode.

In the above-mentioned solution, a plurality of sub-materials of the piezoelectric material
having different natural frequencies are employed one-to-one corresponding to the signal sources.
This prevents the energy loss due to the inconsistence between the natural frequency of a single

piezoelectric material and the frequencies of the electrical signals generated by the signal sources.

As shown in Fig. 6d, in another embodiment, only one signal source 24 is provided, the
piezoelectric material comprises a plurality of sub-materials having different natural frequencies,
the ultrasonic/megasonic frequency control unit comprises a frequency converter 23-4 and a
channel selector 23-5 connected between the signal source 24 and the plurality of sub-materials. In
the present solution, one single signal source 24 and three sub-materials P1-P3 of the piezoelectric
material with different natural frequencies are provided. The frequency converter 23-4 receives the
electrical signal from the signal source 24 and changes the frequency of the electrical signal to
output several electrical signals with different frequencies which are respectively equal to the
natural frequencies of the sub-materials P1 to P3 at different time. The channel selector 23-5 is
connected between the frequency converter 23-4 and the sub-materials P1-P3 to switch on the

communication channel to the sub-material P1 or P2 or P3 whose natural frequency is the same as
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the frequency of the electrical signal output from the frequency converter 23-4, so that the
oscillation frequency of the ultrasonic/megasonic wave generated by the piezoelectric material 14 is

dynamically changed.

Preferably, the switching interval of the signal frequency converter 23-4 can be controlled in a
range from a few microseconds to several hundred microseconds to ensure that the bubbles
produced by the ultrasonic/megasonic wave with a preceding oscillation frequency do not have
sufficient time to grow and implode. Similarly, the channel selector 23-5 is required to switch on
the corresponding communication channel immediately after the frequency converter 23-4
completing a frequency switch. That is, the frequency converter and the channel selector are
required to have similar switching intervals at the same orders of magnitude to achieve the dynamic

variation of the oscillation frequency of the ultrasonic/megasonic wave.

FIGS. 7a-7e are schematic views of different configurations of the piezoelectric material with
different natural frequencies as shown in FIG. 6¢c and 6d. As shown in FIGS. 7a-7e, the
sub-materials with different natural frequencies of the piezoelectric material, such as sub-materials
P1-P3, are integrated as a whole in the ultrasonic/megasonic cleaning device. The specific
integration configuration may be determined according to the actual shape of the
ultrasonic/megasonic cleaning device. As shown in FIGS. 7a-7e, when the shape of the cleaning
unit (i.e., the horizontal profile of the casing) is rectangle, square, circle or sector, the integrated

sub-materials P1-P3 has a corresponding rectangular, square, circular, or sector shape.

In the embodiments illustrated by FIGS. 6a-6d, the frequency of the electrical signal
introduced into the piezoelectric material is varied by using multiple signal sources instead of one
single signal source or by changing the frequency of the electrical signal output from one single
signal source, such that the oscillation frequency of the ultrasonic/megasonic wave output by the
ultrasonic/megasonic frequency control unit can be dynamically changed and permanent
interference can be prevented. Moreover, with the variation of the oscillation frequency of the
ultrasonic/megasonic wave, the wavelength of the ultrasonic/megasonic wave also changes
accordingly. Therefore, just before the bubbles produced by the ultrasonic/megasonic wave growing
to a maximum size to implode, the oscillation frequency of the ultrasonic/megasonic wave has
already been changed and new bubbles are created at other locations, while the previous bubbles
will not grow further or implode. In the course of such cycles, as the oscillation frequency of the

ultrasonic/megasonic wave changes, the bubbles are generated and disappeared constantly without
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implosion, which prevents damages to the fine pattern structures on the wafer surface due to the

cavitation erosions caused by the bubble implosion.

The ultrasonic/megasonic cleaning device of the present invention can also selectively remove
part of the ultrasonic/megasonic energy, the working principle of which is illustrated by FIG. 8. As
shown in FIG. 1 and FIG. 8, the piezoelectric material 14 generates the ultrasonic/megasonic energy
after receiving the electrical signal, which is transmitted downward through the coupling layer 20 to
the bottom quartz component 12 and further down to the quartz rod array 10. When the
ultrasonic/megasonic energy is propagating in the quartz rod array, the ultrasonic/megasonic energy
B (shown in the figure) propagating in a direction perpendicular to the surface of the wafer can
smoothly pass the quartz rod array to reach the cleaning solution layer 29 covering the surface of
the wafer 30 (the cleaning solution layer 29 is formed by spraying the cleaning solution toward the
wafer surface through a cleaning solution nozzle); while the ultrasonic/megasonic energy A (shown
in the figure) whose propagation direction is not perpendicular to the wafer surface will be refracted
and reflected on the quartz rod-like structures, during which part of the energy is dissipated as heat
or other form. Accordingly, the ultrasonic/megasonic energy A which is not perpendicular to the
wafer surface will be gradually eliminated after multiple refractions and reflections on the quartz
rod array, and only the ultrasonic/megasonic energy B propagating in the direction perpendicular to
the wafer surface is retained to reach the cleaning solution on the wafer surface and cause the
oscillation of the cleaning solution to remove the contaminants, thereby ensuring the
ultrasonic/megasonic energy not to damage the surface pattern structures 30' of the wafer during the

ultrasonic/megasonic cleaning process.

Therefore, the ultrasonic/megasonic energy output from the piezoelectric material of the
ultrasonic/megasonic generator is selectively eliminated by the quartz rod array and then reaches
the lower ends of the quartz rod-like structures. The lower ends of the quartz rod-like structures are
submerged into the cleaning solution covering the surface of the wafer, whereby the
ultrasonic/megasonic energy can be vertically conducted to the wafer surface to achieve the

ultrasonic/megasonic cleaning.

The wafer cleaning method corresponding to the above-described ultrasonic/megasonic

cleaning device comprises the following steps.

Firstly, connecting the ultrasonic/megasonic cleaning device with at least one external signal

source. The at least one external signal source includes components like a signal generator, a power
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amplifier, and an impedance matching device, etc. Next, setting the frequency and power of the
electrical signal generated from the external signal source and setting the switching interval of the

ultrasonic/megasonic frequency control unit of the ultrasonic/megasonic cleaning device.

Then, setting parameters in the process recipe including the swing path of the spray arm, the
flow rate of the cleaning solution, the temperature of the cleaning solution, the position of the
cleaning solution pipe, the cleaning time, the flow rate of the cooling gas, and the distance between

the bottom of the cleaning unit and the wafer.

After that, performing the cleaning process according to the process recipe. When the
piezoelectric material receives the electrical signal with varied frequencies from the
ultrasonic/megasonic frequency control unit, it generates high-speed vibration and forms
ultrasonic/megasonic  energy with varied oscillation frequency, and conducts the
ultrasonic/megasonic energy downward into the bottom quartz component via the coupling layer.
After propagating through the quartz rod array, only the ultrasonic/megasonic energy traveling
perpendicular to the wafer surface is retained, and further down to the cleaning solution layer

covering the wafer surface.

At this time, there only exists one vibration energy in the cleaning solution which is
perpendicular to the wafer surface, that is, parallel to the vertical direction of the pattern structures
on the wafer surface. This energy causes the oscillation of the cleaning solution, speeds up the
peeling and flowing of the contaminants in the pattern structures out of the wafer surface, improves
the removal efficiency of the contaminants on the wafer surface and shortens the cleaning process.
At the same time, the ultrasonic/megasonic energy that is not perpendicular to the surface of the
wafer is eliminated after propagating through the quartz rod array. Therefore, lateral shear force to
the wafer surface pattern structures is not generated in the cleaning solution layer. In addition, with
the varied oscillation frequency of the ultrasonic/megasonic wave, the permanent interference effect
of the ultrasonic/megasonic wave is eliminated and the growth of the cavitation bubbles is
effectively controlled. As a result, the pattern structures can be effectively protected, so as to realize

the non-destructive ultrasonic cleaning for the wafer.

The ultrasonic/megasonic cleaning described above is achieved by an arc reciprocating
motion of the ultrasonic/megasonic cleaning device above the surface of the wafer passing through
the center of the wafer, which is driven by the spray arm. Since the linear velocity from the wafer

center to the wafer edge gradually increases during the rotation of the wafer, if the
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ultrasonic/megasonic cleaning device moves at a uniform speed above the wafer surface, the stay
time of the ultrasonic/megasonic cleaning device at different locations of the wafer will vary
greatly, which may cause the ultrasonic/megasonic energy to change at different locations of the
wafer in a way that the ultrasonic/megasonic energy gradually decreases from the center to the edge
of the wafer, resulting in a lower removal efficiency of the particulate contaminants at the wafer

edge.

Two methods are provided in the prior art to solve this problem. One method is to design the
ultrasonic/megasonic cleaning device to be sector-shaped, and the piezoelectric material to have
varied area from center to edge to compensate the difference in linear velocity at different positions
of the wafer. The second method is to set the trajectory of the spray arm to make it have different
speeds at different positions. In the regions where the wafer linear velocity is large, the speed of the
spray arm is slow to prolong its stay time, so as to overcome the problem of non-uniform cleaning

caused by the linear velocity difference of the wafer.

However, these two methods have their own problems. In the first method, the production
requirement for the piezoelectric material is very high. Specifically, for the 300mm wafers and the
forthcoming 450mm wafers, a sector-shaped piezoelectric material covering the center and edge of
the wafer requires integration of multiple smaller piezoelectric materials having exactly the same
natural frequency, which greatly increases the production cost and the production complexity of the
piezoelectric material. In the second method, since the speed of the spray arm is controlled by the
rotating motor, the speed adjustment accuracy is rough, resulting in poor compensation to the
difference of the linear velocity at different positions of the wafer. Compared with the prior arts, the
present invention can further control the distribution of the ultrasonic/megasonic energy to improve
the uniformity of the cleaning effect, which will be described in the following specific

embodiments.

FIG. 9 is a schematic diagram of an ultrasonic/megasonic cleaning device which generates
evenly distributed energy according to one embodiment of the present invention. As shown in FIG.
9, the ultrasonic/megasonic cleaning device of the present invention further comprises an
ultrasonic/megasonic energy control unit 32 and a real-time position feedback unit 31. The
ultrasonic/megasonic energy control unit 32 is connected between the ultrasonic/megasonic
frequency control unit 23 and the piezoelectric material 14. For example, the ultrasonic/megasonic

energy control unit 32 can be mounted outside the upper casing 15 with one end connected to the
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ultrasonic/megasonic frequency control unit 23 and the other end connected to the piezoelectric
material 14 through a binding post 18. The electrical signal output from the ultrasonic/megasonic
frequency control unit 23 is modulated by the ultrasonic/megasonic energy control unit 32 and then

introduced to the piezoelectric material 14.

The ultrasonic/megasonic energy control unit 32 is also connected to the real-time position
feedback unit 31, and the real-time position feedback unit 31 is connected to the rotating motor (not
shown in figure) via a communication wire. The real-time position feedback unit 31 obtains the
positional information of the cleaning unit relative to the wafer surface by collecting a unit
rotational angle or a unit rotational time of the rotating motor, and transmits the positional
information to the ultrasonic/megasonic energy control unit 32. The ultrasonic/megasonic energy
control unit 32 modulates the electrical signal from the ultrasonic/megasonic frequency control unit
23 in real time according to the positional information of the cleaning unit from the real-time
position feedback unit 31. The modulated electrical signal is converted into mechanical oscillation
by the piezoelectric material 14 to finally achieve a uniform distribution of the ultrasonic/megasonic

energy throughout the wafer.

FIGS.10a-10b are schematic diagrams of two different control principles of the
ultrasonic/megasonic energy control unit in FIG. 9. As shown in FIG. 10a, the ultrasonic/megasonic
energy control unit comprises a signal duty-cycle adjuster 32-1, having a first end connected to the
piezoelectric material 14 through a binding post 18, a second end connected to the
ultrasonic/megasonic frequency control unit 23 and a third end connected to the real-time position

feedback unit 31.

During the cleaning process, the spray arm drives the movement of the cleaning unit, and the
real-time position feedback unit 31 feedbacks the real time position of the cleaning unit above the
wafer surface to the signal duty-cycle adjuster 32-1. The signal duty-cycle adjuster 32-1 changes a
duty cycle of the electrical signal by increasing time duration of the electrical signal at a low level
in accordance with the positional information to make the duty cycle of the electrical signal
gradually decrease from the wafer center to the wafer edge, so that the ultrasonic/megasonic wave

converted by the piezoelectric material 14 also has a corresponding changed duty cycle.

At the center of the wafer where the linear velocity is small, the duty cycle of the
ultrasonic/megasonic wave is large; while at the edge of the wafer where the linear velocity is large,

the duty cycle is small. In this way, the same amount of ultrasonic/megasonic pulse signal can be
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obtained at different positions on the surface of the wafer in per unit time, thus to realize a uniform
distribution of the ultrasonic/megasonic energy in the whole wafer range to improve the uniformity

of the cleaning.

Referring to FIG. 10b, in another embodiment, the ultrasonic/megasonic energy control unit
comprises a power adjuster 32-2, having a first end connected to the piezoelectric material 14
through a binding post 18, a second end connected to the ultrasonic/megasonic frequency control

unit 23, and a third end connected to the real-time position feedback unit 31.

During the cleaning process, the spray arm 27 drives the movement of the cleaning unit, and
the real-time position feedback unit 31 feedbacks the real time position of the cleaning unit above
the wafer surface to the power adjuster 32-2. The power adjuster 32-2 changes the power of the
electric signal according to the positional information to make the power of the electrical signal
gradually increase from the wafer center to the wafer edge, so that the power of the

ultrasonic/megasonic wave converted by the piezoelectric material 14 also changes accordingly.

At the center of the wafer where the linear velocity is small, the power of the
ultrasonic/megasonic wave is also small; while at the edge of the wafer where the linear velocity is
large, the power is also large. In this way, the same amount of the ultrasonic/megasonic energy can
be obtained at different locations on the wafer surface in per unit time, thus to realize a uniform
distributed ultrasonic/megasonic energy in the whole wafer rang to improve the uniformity of the

cleaning.

The real-time position feedback unit transmits the positional information of the cleaning unit
to the ultrasonic/megasonic energy control unit (the signal duty cycle adjuster 32-1 or the power
adjuster 32-2) at regular intervals or when the rotating motor rotates a certain angle, the
ultrasonic/megasonic energy control unit adjusts the duty cycle or power of the electrical signal
according to the real-time positional information of the cleaning unit, thus to obtain the same
amount of pulse signal or power of the ultrasonic/megasonic wave at different positions on the
wafer surface per unit time to achieve uniformly distributed ultrasonic/megasonic energy

throughout the wafer and improve the uniformity of the cleaning.

In addition, the uniformity control of the ultrasonic/megasonic cleaning also relates to the
distance between the bottom surface of the cleaning unit and the wafer surface. During the cleaning
process, if the bottom surface of the cleaning unit and the wafer surface are not completely parallel,

the distance between the two at different locations may be greatly varied, resulting in unevenly
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distributed ultrasonic/megasonic wave energy. For example, when the cleaning unit of the
ultrasonic/megasonic cleaning device is sector-shaped covering a sector-shaped area from the wafer
center to the wafer edge, with a smallest vertical distance to the wafer center at the vertex of the
sector and a largest vertical distance to the wafer edge at the arc of the sector, the
ultrasonic/megasonic wave energy will be distributed unevenly. Therefore, a further improvement
to achieve a uniform distribution of ultrasonic/megasonic energy on the entire area of the wafer is

provided according to the following embodiments.

Please refer to FIGS. 11-13. FIG. 11 a cross-sectional view of an ultrasonic/megasonic
cleaning device which can improve the cleaning uniformity according to one embodiment of the
present invention (the related structures other than the cleaning unit are omitted), FIG. 12 is a
cross-sectional view of the bottom quartz component in FIG. 11, and FIG. 13 is schematic
perspective view of the bottom quartz component in FIG. 11. As shown in FIGS. 11-13, the bottom
surfaces of the quartz rod-like structures of the quartz rod array 10 have non-identical heights. For
example, the bottom surfaces of the quartz rod-like structures each has a different height; or else,
the bottom surfaces of a portion of the quartz rod-like structures have a same minimum height, and
the bottom surfaces of the rest of the quartz rod-like structures each has a different height higher

than the minimum height.

Please refer to FIG. 14. FIG. 14 is a cross-sectional view of an ultrasonic/megasonic cleaning
device which can improve the cleaning uniformity according to another embodiment of the present
invention. As shown in FIG. 14, the bottom surface of the quartz rod array 10 is connected with a
bottom quartz sheet 33. The lower surface of the bottom quartz sheet 33 is not higher than the
bottom surface of the annular protective ring 11. As shown in the figure, the lower surface of the

bottom quartz sheet 33 is lower than the bottom surface of the annular protective ring 11.

Please refer to FIG. 15. FIG. 15 is a cross-sectional view of the bottom quartz component in
FIG. 14. The upper surface of the bottom quartz sheet 33 is a horizontal surface connected with the
bottom surface of each quartz rod-like structure, while the lower surface of the bottom quartz sheet
33 is a non-horizontal surface like a sloping surface, as shown in the figure. When the bottom
quartz sheet 33 is lower than the bottom surface of the annular protective ring 11, its area and
horizontal position can be the same as the area and horizontal position of the region enclosed by the

annular protective ring 11. It is noted that necessary gaps should be kept between the bottom quartz
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sheet 33 and the bottom surface of the annular protective ring 11, in order to facilitate the smooth

flow of the cleaning solution.

The bottom quartz sheet 33 also serves to protect the quartz rod array 10 during the
installation and commissioning processes of the bottom quartz component 12 and its underlying

structures, so as to prevent inadvertent damages to the fine quartz rod-like structures.

Then, please refer to FIGS. 16a-16c. FIGS. 16a-16c¢ are enlarged schematic views of different
configurations of the bottom quartz sheet in FIG. 14. As shown in FIGS. 16a-16c¢, the bottom quartz
sheet 33 has other non-horizontal lower surface structures. For example, as shown in FIG. 16a, the
bottom quartz sheet 33-1 adopts a wavy ruche-like lower surface structure; as shown in FIG. 16b,
the bottom quartz sheet 33-2 adopts a rugged lower surface structure having numerous approximate
triangular patterns; as shown in FIG. 16c, the bottom quartz sheet 33-3 adopts a rugged lower
surface structure having a plurality of unevenly distributed approximate rhombus patterns with

different sizes.

The bottom quartz sheet may also have other non-horizontal lower surface structures, which is

not detailed herein.

During the ultrasonic/megasonic cleaning process, the ultrasonic/megasonic energy
propagating in the direction perpendicular to the wafer surface can be conducted vertically to the
wafer surface through the lower end of the quartz rod-like structures or the bottom quartz sheet
submerged in the cleaning solution, to remove the contaminants on the wafer surface. At the same
time, with the rotation of the wafer, the distance between the bottom surface of the cleaning unit
and the wafer surface can be changed in real time by the quartz rod-like structures having the
bottom surfaces at different heights or the bottom quartz sheet having the non-horizontal lower
surface structure. Due to the dynamically changed distance between the bottom surface of the
cleaning unit and the wafer surface, each position on the wafer surface will receive the
ultrasonic/megasonic  energy transmitted through different distances, so that the
ultrasonic/megasonic energy can be evenly distributed throughout the wafer surface, and all the

regions of the entire wafer can be uniformly and non-destructively cleaned.

Please refer to FIG. 17 and FIG. 18. FIG. 17 is a schematic view showing another fitting state
of the cleaning unit and the spray arm of the present invention, and FIG. 18 is a partially enlarged
schematic view of FIG. 17. As shown in FIGS. 17 and 18, in order to solve the above-mentioned

problem of non-uniform distribution of ultrasonic/megasonic energy, another solution is to mount a
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rotary motor 34 on the top of the upper casing 15 of the cleaning unit. Specifically, a rotary shaft of
the rotary motor 34 is connected with the upper casing 15, and the rotary motor 34 is connected to
the spray arm 27 via the fixing support 28. During the cleaning process, the rotary motor 34 drives
the entire cleaning unit (casing) to rotate in a horizontal plane above the wafer surface. The rotary
shaft of the rotary motor may also be eccentrically connected to the top of the upper casing to
increase the rotational (oscillation) amplitude of the cleaning unit. Furthermore, the lower end of the
quartz rod array (the lower ends of the quartz rod-like structures) may have non-identical heights, or
the bottom quartz sheet may have a non-horizontal lower surface structure. In such cases, with the
rotational movement of the cleaning unit itself, the distance between the bottom surface of the
cleaning unit and the wafer surface can be dynamically changed. After a certain cleaning time

period, the ultrasonic/megasonic energy is uniformly distributed on the entire wafer.

The current single-wafer cleaning equipment cleans the wafer by rotating the wafer and
simultaneously spraying cleaning solution to the high-speed rotational wafer surface. During such
cleaning process, the wafer is held by a plurality of clamping elements mounted on a circular chuck
body and is rotated along with the chuck body. At the same time, the cleaning solution is sprayed

out to the wafer from a spray arm of the cleaning equipment.

During the cleaning process using chemical solutions and ultrapure water, materials of the
wafer surface are prone to be damaged or reacted with the solutions. For example, during a DHF
cleaning process, firstly a DHF solution is injected on the wafer surface through a spray arm to
completely remove the native oxide layer formed on the wafer surface. Then ultra-pure water is
injected to wash the wafer surface to remove the residual DHF solution and the reaction products.
Finally, a nitrogen gas is injected to dry the wafer surface to complete the whole cleaning process.
However, during the above process, bare silicon on the wafer surface is easy to react with the
oxygen in the cleaning chamber to generate silicon dioxide, which changes the materials on the
wafer surface and affects the subsequent processes. Accordingly, the oxygen content in the cleaning

chamber should be controlled during the cleaning process.

On the other hand, during the above nitrogen gas drying process, watermark defects may
appear on the wafer surface if the process condition is not properly controlled. The main mechanism
of the watermark formation is that, the residual water formed on the wafer surface due to
incomplete drying during the nitrogen gas drying process dissolves the silicon dioxide reacted from

oxygen and the silicon element on the wafer surface to further generate H>SiOs or HSiOs3-
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deposition, thereby creating a flat watermark after the evaporation of the water. Furthermore, during
the above cleaning process, water droplets often appear on the wafer edge due to incomplete drying,
which also affects the wafer cleaning quality. Therefore, the optimization of the drying process is

required to achieve a complete drying for the entire wafer surface.

The present invention further provides a gas shielding function during the above-mentioned
non-destructive wafer cleaning process. In the cleaning process, a shielding gas like nitrogen, argon
or other inert gas forms a gas shielding layer above the wafer, which on one hand isolates the wafer
from the oxygen and prevents oxidization of the silicon material on the wafer surface, on the other
hand covers the whole wafer to achieve better drying effect with the high-speed rotation of the

wafer, prevent the watermark defects and improve the cleaning effect especially at the wafer edge.
The gas shielding function can be implemented in two different ways.

Please refer to FIGS. 19 and 20. FIG. 19 is a cross-sectional view of an ultrasonic/megasonic
cleaning device with gas shielding function according to one embodiment of the present invention,
and FIG. 20 is a schematic view showing the external configuration of the ultrasonic/megasonic
cleaning device in FIG. 19. As shown in FIGS. 19 and 20, the cooling gas flowing in the cleaning
device itself in the above-described embodiments is used as the shielding gas. In the cleaning unit, a
cooling gas inlet 25 is formed on the upper casing 15, serving as a common inlet for the cooling gas
and the shielding gas; and an annular air gap or a circle of gas holes inclined downward are formed
at the sidewall of the lower casing 22 near its bottom surface, serving as a common outlet 26' for the
cooling gas and the shielding gas. The cooling gas enters to the inside of the cleaning unit from the
gas inlet 25, that is, the cooling chamber formed by the inner wall of the hollow chamber and the
outer wall of the ultrasonic/megasonic generator, cools the piezoelectric material and the coupling
layer, and finally discharges from the annular opening 26' to form a gas shielding layer on the wafer
surface to control the oxygen content in the cleaning chamber during the cleaning process and
prevent the reaction between the wafer and the oxygen in the air. In the drying process, the cleaning
unit also sprays out the cooling gas as the shielding gas to dry the wafer surface to replace the
conventional single spray arm that injects a drying gas individually, which simplifies the
component structures inside the cleaning chamber. During the drying process, the cleaning unit with
the gas shielding function can be fixed above the wafer center to statically spray out the shielding
gas; or the cleaning unit can perform an arc-shaped reciprocating motion above the wafer surface

driven by the spray arm while spraying out the shielding gas.
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Please refer to FIGS. 21 and 22. FIG. 21 is a cross-sectional view of an ultrasonic/megasonic
cleaning device with gas shielding function according to another embodiment of the present
invention. FIG. 22 is a schematic view showing the external configuration of the
ultrasonic/megasonic cleaning device in FIG. 21. As shown in FIGS. 21 and 22, the cleaning unit
uses an individual shielding gas inlet 35 formed on the upper casing to introduce a shielding gas.
Likewise, an annular air gap or a circle of gas holes inclined downward are formed at the sidewall
near the bottom surface of the lower casing to serve as an individual shielding gas outlet 36. The
shielding gas is introduced into the shielding gas inlet 35 and discharged from the shielding gas
outlet 36 to form a gas shielding layer above the wafer surface, so as to control the oxygen content
in the cleaning chamber and achieve a better drying effect for the entire wafer surface during the

drying process.

In addition, when protecting the quartz rod-like structures of the quartz rod array 10, the
annular protective ring should also allow the cleaning solution flowing freely and filling the space
between the quartz rod array and the wafer surface, so that the ultrasonic/megasonic energy can be

effectively conducted to the cleaning solution layer on the wafer surface.

When the height of the annular protective ring is consistent with the height of the quartz rod
array, since the cleaning unit is at a certain distance from the wafer surface during cleaning, the
cleaning solution can enter into the space between the quartz rod array and the wafer surface.
However, due to the surface tension of liquid, the replacement effect of the cleaning solution will be
relatively poor, which affects the exchange between the new and the existing cleaning solution, and

results in unsatisfied cleaning effect.

Multiple optimizations can be designed to overcome the above deficiencies. For example, as
shown in FIG. 3, the bottom surface of the annular protective ring 11 may be slightly higher than
the bottom surface of the quartz rod array 10 to facilitate the cleaning solution to enter and exit the
space between the quartz rod array and wafer surface. However, in this optimization scheme, since
the bottom surface of the quartz rod array is lower than the bottom surface of the annular protective

ring, the protection effect of the quartz rod array is rather poor.

Therefore, it is possible to further optimize the structure of the annular protective ring in a
way to keep the height of the annular protective ring equal to the height of the quartz rod array. In
another embodiment, the annular protective ring has the same height as the quartz rod array,

meanwhile openings with a specific shape are formed on the sidewall of the annular protective ring,
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so as to enable a free flow of the cleaning solution in the space between the quartz rod array and the
wafer surface, eliminate the surface tension of the cleaning solution on the wafer surface, improve
the replacement effect of the cleaning solution, speed up the exchange process of the new and the
existing cleaning solution, and finally improve the cleaning effect. As shown in FIG. 23, in one
embodiment, rectangular openings 11’ are formed on the sidewall of the annular protective ring 11.
In other embodiments, the rectangular openings can be replaced by arch-shaped openings, or

openings in other forms, such as door-like or window-like openings.

As a further optimization, the quartz rod-like structures in the quartz rod array are solid rods
each having a circular shape or other shapes such as triangle, pentagon, rectangle, etc. In addition,
the quartz rod-like structures can be distributed according to a certain rule or completely randomly,
as long as to prevent intense energy forming at specific regions during the movement of the
cleaning unit and achieve a uniform distribution of the ultrasonic/megasonic energy. For example,
as shown in FIG. 24, the quartz rod array 10 comprises regularly distributed triangular quartz
rod-like structures according to one embodiment of the present invention. As shown in Fig. 25, the
quartz rod array 10 comprises randomly distributed rectangular quartz rod-like structures according

to another embodiment of the present invention.

As another improvement, in order to increase the cleaning efficiency of the cleaning device,
the shape of the cleaning unit can be optimized. In other words, the overall profile of the casing
which encloses the ultrasonic/megasonic generator and the bottom quartz component is optimized
to enlarge the coverage area of the cleaning unit, thereby improving the cleaning efficiency of the
cleaning device. For example, the horizontal profile of the casing can be designed to be
sector-shaped, triangular, pentagonal, rectangular, or square, such that the profiles of the bottom
surfaces of the ultrasonic/megasonic generator and the bottom quartz component are in the shape of
a sector, a triangle, a pentagon, a rectangle, or a square. Furthermore, the profiles of the bottom
surfaces of the piezoelectric material, the coupling layer, the annular protective ring and the quartz
rod array are all in the shape of a sector, a triangle, a pentagon, a rectangle, or a square. For
example, as shown in FIG. 26, which is a schematic diagram of an ultrasonic/meagsonic cleaning
device having a sector-shaped profile according to one embodiment of the present invention, the
cleaning device has a sector-shaped piezoelectric material and coupling layer, as well as a
sector-shaped annular protective ring and quartz rod array. The upper casing and the lower casing
are assembled through fixing holes 37 formed in the upper casing and the lower casing. The

cleaning device covers a sector-shaped area from the wafer center to the wafer edge to ensure that
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the wafer surface covered by the cleaning device can be cleaned simultaneously, in order to
improve the cleaning efficiency and uniformity. As shown in FIG. 27, which is a schematic diagram
of an ultrasonic/meagsonic cleaning device having a rectangular-shaped profile according to
another embodiment of the present invention, the cleaning device has a rectangular-shaped
piezoelectric material and coupling layer, rectangular-shaped annular protective ring and quartz rod

array, which covers a rectangular area of the wafer from the wafer center to the wafer edge.

While this invention has been particularly shown and described with references to preferred
embodiments thereof, if will be understood by those skilled in the art that various changes in form
and details may be made herein without departing from the spirit and scope of the invention as

defined by the appended claims.
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CLAIMS:

1. An ultrasonic/megasonic cleaning device, comprising:

a cleaning unit comprising:

an upper casing and an lower casing; the upper casing and the lower casing are connected
to form a hollow chamber, the hollow chamber is provided with an opening at a bottom surface of

the lower casing;

an ultrasonic/megasonic generator provided in the hollow chamber with a space formed
between an upper portion and side portion of the ultrasonic/megasonic generator and an inner wall
of the hollow chamber; wherein, the ultrasonic/megasonic generator comprises a piezoelectric
material connected to at least one signal source outside the cleaning unit, for receiving an electrical

signal output from the at least one signal source and generating an ultrasonic/megasonic wave;

a bottom quartz component provided with a quartz rod array composed of a plurality of
vertically arranged quartz rod-like structures; wherein, the quartz rod array extends out from the
opening at the bottom surface of the lower casing for conducting the ultrasonic/megasonic wave

vertically downward to a cleaning solution on a surface of the wafer;

a spray arm connected to the upper casing; wherein, the spray arm is driven by a rotary motor
to enable the cleaning unit to perform an arc reciprocating motion above the surface of the wafer

passing through the center of the wafer;

an ultrasonic/megasonic frequency control unit connected between the signal source and the
ultrasonic/megasonic generator, for constantly varying a frequency of the electrical signal output
from the at least one signal source and introducing the electrical signal into the
ultrasonic/megasonic generator, so as to dynamically vary an oscillation frequency of the

ultrasonic/megasonic wave generated by the ultrasonic/megasonic generator;

a real-time position feedback unit which obtains positional information of the cleaning unit
relative to the wafer surface by collecting a unit rotational angle or a unit rotational time of the

rotating motor and outputs the positional information;

an ultrasonic/megasonic energy control unit connected with the ultrasonic/megasonic
frequency control unit, the piezoelectric material and the real-time position feedback unit,

respectively;
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wherein, the ultrasonic/megasonic energy control unit adjusts a duty cycle or power of the
electrical signal from the ultrasonic/megasonic frequency control unit in real time according to the
positional information of the cleaning unit transmitted from the real-time position feedback unit, so
as to obtain a same amount of pulse signal or power of the ultrasonic/megasonic wave at different

positions on the wafer surface.

2. The ultrasonic/megasonic cleaning device according to claim 1, wherein the amount of the
at least one signal source is more than two; the ultrasonic/megasonic frequency control unit
includes a signal selector; the signal selector has one end connected to the piezoelectric material and
the other end connected to the signal sources; wherein at least one of the signal sources generates an
electrical signal having the same frequency as a natural frequency of the piezoelectric material, and
the other signal sources generate electrical signals with frequencies shifted near the natural
frequency of the piezoelectric material positively and negatively; the signal selector switches
between the signal sources to change the frequency of the electrical signal applied to the
piezoelectric material in real time, so as to dynamically change the oscillation frequency of the

ultrasonic/megasonic wave generated by the piezoelectric material.

3. The ultrasonic/megasonic cleaning device according to claim 1, wherein the amount of the
at least one signal source is one; the ultrasonic/megasonic frequency control unit includes a
frequency converter connected between the piezoelectric material and the signal source; the
frequency converter constantly changes a frequency of the electrical signal output from the signal
source near a natural frequency of the piezoelectric material positively and negatively to output
multiple electrical signals with different frequencies; wherein at least one electrical signal has the
same frequency as the natural frequency of the piezoelectric material, the other electrical signals
have frequencies shifted positively and negatively relative to the natural frequency of the
piezoelectric material, so as to dynamically change the oscillation frequency of the

ultrasonic/megasonic wave generated by the piezoelectric material.

4. The ultrasonic/megasonic cleaning device according to claim 1, wherein the piezoelectric
material comprises multiple sub-materials with different natural frequencies, the amount of the at
least one signal source is the same as the amount of the sub-materials; the multiple sub-materials
are one-to-one correspondingly connected to the signal sources respectively; the sub-materials are
integrated as a whole; the ultrasonic/megasonic frequency control unit includes a signal channel
selection switch provided between the signal sources and the piezoelectric material; the signal

channel selection switch only switches on one communication channel between one of the signal
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sources and its corresponding sub-material at each time, and constantly switches on the
communication channels between the signal sources and their corresponding sub-materials
randomly, so as to dynamically change the oscillation frequency of the ultrasonic/megasonic wave

generated by the ultrasonic/megasonic generator.

5. The ultrasonic/megasonic cleaning device according to claim 1, wherein the amount of the
at least one signal sources is one; the piezoelectric material comprises multiple sub-materials with
different natural frequencies connected to the signal source; the ultrasonic/megasonic frequency
control unit includes a frequency converter and a channel selector provided in sequence between the
signal source and the sub-materials; the frequency converter changes a frequency of the electrical
signal from the signal source and outputs several electrical signals with different frequencies which
are respectively corresponding to the natural frequencies of the sub-materials; the channel selector
switches on a communication channel to the sub-material whose natural frequency is the same as
the frequency of electrical signal output from the frequency converter, so as to dynamically change
the oscillation frequency of the ultrasonic/megasonic wave generated by the ultrasonic/megasonic

generator.

6. The ultrasonic/megasonic cleaning device according to claim 1, wherein the
ultrasonic/megasonic energy control unit includes a signal duty-cycle adjuster which is connected
with the ultrasonic/megasonic frequency control unit, the piezoelectric material and the real-time
position feedback unit, respectively; the signal duty-cycle adjuster changes a duty cycle of the
electrical signal output from the ultrasonic/megasonic frequency control unit in accordance with the
positional information output from the real-time position feedback unit to make the duty cycle of
the electrical signal gradually decrease from the wafer center to the wafer edge, so that the
ultrasonic/megasonic wave converted by the piezoelectric material has a corresponding changed
duty cycle to obtain a same amount of ultrasonic/megasonic pulse signal at different positions on

the wafer surface in per unit time.

7. The ultrasonic/megasonic cleaning device according to claim 1, wherein the
ultrasonic/megasonic energy control unit includes a power adjuster connected with the
ultrasonic/megasonic frequency control unit, the piezoelectric material and the real-time position
feedback unit, respectively; the power adjuster changes power of the electrical signal output from
the ultrasonic/megasonic frequency control unit according to the positional information output from
the real-time position feedback unit to make the power of the electrical signal gradually increase

from the wafer center to the wafer edge, so that the power of the ultrasonic/megasonic wave
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converted by the piezoelectric material changes accordingly to obtain a same amount of

ultrasonic/megasonic energy at different positions on the wafer surface in per unit time.

8. The ultrasonic/megasonic cleaning device according to claim 1, wherein bottom surfaces of

the quartz rod-like structures of the quartz rod array have non-identical heights.

9. The ultrasonic/megasonic cleaning device according to claim 1, wherein a bottom surface
of the quartz rod array is connected with a bottom quartz sheet; the bottom quartz sheet has a

non-horizontal lower surface structure.

10. The ultrasonic/megasonic cleaning device according to claim 1, wherein the spray arm is
connected to the top of the upper casing through a rotary shaft of a rotary motor for controlling a

horizontal rotation of the cleaning unit.

11. The ultrasonic/megasonic cleaning device according to claim 1, further comprising a
shielding gas inlet formed on the upper casing and a shielding gas outlet formed at a side portion
of the lower casing; wherein the shielding gas outlet is an annular gap or a circle of gas holes

inclined downward.

12. The ultrasonic/megasonic cleaning device according to claim 1, further comprising a gas
inlet formed in the upper casing and a gas outlet formed at a side portion of the lower casing;
wherein the gas outlet is an annular gap or a circle of gas holes inclined downward; the gas inlet
and the gas outlet communicate a cooling chamber composed of an inner wall of the hollow

chamber and an outer wall of the ultrasonic/megasonic generator.

13. The ultrasonic/megasonic cleaning device according to claim 1, wherein the bottom quartz
component is further provided with an annular protective ring enclosing the quartz rod array;
wherein the annular protective ring has a side portion sealed with an inner wall of the lower casing
and a lower end extending out from the opening at the bottom surface of the lower casing; the
ultrasonic/megasonic generator includes a piezoelectric material and a coupling layer which is in
contact with the piezoelectric material from above and in contact with the bottom quartz
component from below; the piezoelectric material, the coupling layer and the bottom quartz
component are pressed by compression springs and compression spring guideposts sequentially
provided between the top of the upper casing and the piezoelectric material; the upper casing is
provided with a piezoelectric material binding post; the electrical signal output from the

ultrasonic/megasonic frequency control unit is introduced to the piezoelectric material through the
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piezoelectric material binding post to generate the ultrasonic/megasonic wave with oscillation

energy.

14. The ultrasonic/megasonic cleaning device according to claim 13, wherein the annular

protective ring is provided with one or more openings at a side wall thereof.
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