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SYSTEM FOR CLEANING SEMICONDUCTOR WAFERS

FIELD

[0001] The present invention generally relates to semiconductor wafer cleaning, and

more particularly, to wet cleaning methods and apparatus employing controlled sonic energy.
BACKGROUND

[0002] Semiconductor devices are manufactured or fabricated on semiconductor wafers
employing a sequence of processing steps to create transistors and interconnection elements.
These transistors are traditionally built in two dimensions but more recently in three
dimensions, such as finFET transistors, as well. The interconnection elements include

conductive (e.g., metal) trenches, vias, and the like formed in dielectric materials.

[0003] In forming these transistors and interconnection elements, semiconductor wafers
undergo multiple masking, etching, and deposition processes to form desired structures for the
semiconductor devices. For example, multiple masking and plasma etching steps are
performed to form recessed areas in a dielectric layer on a semiconductor wafer that serve as
fins for a finFET transistor and trenches and vias for the interconnection elements. In order to
remove particles and contaminations in fin structures and/or trench and via post etching or
photoresist ashing, a wet cleaning step is necessary. However, a wet cleaning with chemicals
may result in side wall loss. When device manufacture node migrates down to 14 or 16 nm
and beyond, reducing side wall loss in fins, trenches and vias becomes crucial for maintaining
critical dimensions. In order to reduce or eliminate the side wall loss, it is important to use
moderate or diluted chemicals and sometimes even de-ionized water only. However, the
moderate or diluted chemicals or de-ionized water are usually not efficient enough to remove
particles in the fin structures and/or trenches and vias. As a result, mechanical force generated
by ultra or mega sonic energy, for instance, is needed in order to remove those particles
efficiently. Ultra sonic or mega sonic waves generate bubble cavitation to apply mechanical

force to the wafer structures under cleaning,
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[0004] However, cavitation is a chaotic phenomenon. Onset of cavitation bubble and its
collapse is affected by many physical parameters. A violent cavitation such as transit
cavitation or micro jet can damage those patterned structures (fins, trenches and vias). In a
conventional ultra sonic or mega sonic cleaning process, significant particle removal
efficiency (“PRE”) occurs only when the power is high enough, for example greater than 5-10
watts. However, significant wafer damages begin to occur when the power is greater than
about 2 watts. Therefore, it is difficult to find a power window where the wafer can be cleaned
efficiently without causing significant damages. Therefore, maintaining a stable or controlled
cavitation is a key for controlling the sonic mechanical force to be below a damage limit while

still being capable of efficiently removing foreign particles from the patterned structures.

[0005] As such, it is desirable to provide a system and method for controlling bubble
cavitation generated by ultra or mega sonic devices during a wafer cleaning process to be able

to efficiently remove fine foreign particles without damaging patterned structures on the wafer.

SUMMARY

[0006] A system for cleaning semiconductor wafers is disclosed which includes a wafer
holder for temporary restraining a semiconductor wafer during a cleaning process, an inlet for
delivering a cleaning liquid over a surface of the semiconductor wafer, a sonic generator
configured to alternately operate at a first predetermined setting for a first predetermined
period of time and at a second predetermined setting for a second predetermined period of
time, and a controller programmed to determine the first and the second predetermined setting,
the first and the second period of time and a number of the alternations between the first and
second predetermined settings by the sonic generator, wherein bubble cavitation in the
cleaning liquid increases during the first predetermined period of time and decreases during
the second predetermined period of time. The first predetermined period of time and the
second predetermined period of time consecutively follow one another. Therefore, the
bubbles in the cleaning liquid can be sufficiently cooled down after the cleaning in each first

period of time to avoid damages to the wafer.
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[0007] Other aspects, features, and techniques will be apparent to one skilled in the

relevant art in view of the following detailed description of the embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The drawings accompanying and forming part of this specification are included to
depict certain aspects of the present disclosure. A clearer conception of the present disclosure,
and of the components and operation of systems provided with the present disclosure, will
become more readily apparent by referring to the exemplary, and therefore non-limiting,
embodiments illustrated in the drawings, wherein like reference numbers (if they occur in
more than one view) designate the same elements. The present disclosure may be better
understood by reference to one or more of these drawings in combination with the description
presented herein. It should be noted that the features illustrated in the drawings are not

necessarily drawn to scale.

[0009] Figs. 1A and 1B illustrate a wafer cleaning apparatus using ultra or mega sonic

device according to an embodiment of the present invention.
[0010] Figs. 2A-2G illustrate various shapes of an ultra or mega sonic transducer.
[0011] Fig. 3 illustrates bubble implosion during a wafer cleaning process.

[0012] Figs. 4A and 4B illustrate a transit cavitation that damages patterned structures on

a wafer during a wafer cleaning process.

[0013] Figs. 5A-5C illustrate thermal energy variation inside a bubble during a sonic

wafer cleaning process.

[0014] Figs. 6A-6C illustrate a sonic wafer cleaning process in which a micro jet

eventually occurs.

[0015] Figs. 7A-7E illustrate a sonic wafer cleaning process according to an embodiment

of the present invention.



WO 2019/095127 PCT/CN2017/111016

[0016] Figs. 8A-8D illustrate a sonic wafer cleaning process according to another

embodiment of the present invention.

[0017] Figs. 9A-9D illustrate a sonic wafer cleaning process according to yet another

embodiment of the present invention.

[0018] Figs. 10A-10C illustrate a sonic wafer cleaning process according to yet another

embodiment of the present invention.

[0019] Figs. 11A-11B illustrate a sonic wafer cleaning process according to yet another

embodiment of the present invention.

[0020] Figs. 12A-12B illustrate a sonic wafer cleaning process according to yet another

embodiment of the present invention.

[0021] Figs. 13A-13B illustrate a sonic wafer cleaning process according to yet another

embodiment of the present invention.

[0022] Figs. 14A-14B illustrate a sonic wafer cleaning process according to yet another

embodiment of the present invention.

[0023] Figs. 15A-15C illustrate a stable cavitation that damages patterned structures on a

wafer during a sonic wafer cleaning process.

[0024] Fig. 15D is a flow chart illustrating an alternative wafer cleaning process

according to an embodiment of the present invention.

[0025] Figs. 16A-16C illustrate a wafer cleaning process according to an embodiment of

the present invention.

[0026] Fig. 17 illustrates a wafer cleaning process according to another embodiment of

the present invention.

[0027] Figs. 18A-J illustrate bubble cavitation control that enhances circulation of fresh

cleaning liquid in vias or trenches in a wafer.
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[0028] Figs. 19A-19D illustrate changes in bubble volume in response to sonic energy.

[0029] Figs. 20A to 20D illustrate a sonic wafer cleaning process that effectively cleans
high aspect ratio features of vias and trenches according to an embodiment of the present

invention.

[0030] Figs. 21A-21C illustrate another cleaning process according an embodiment of

the present invention.

[0031] Figs. 22A and 22B illustrate a wafer cleaning process that utilizes sonic energy

according to another embodiment of the present invention.

[0032] Fig. 23 illustrates an exemplary wafer cleaning apparatus for carrying out the
wafer cleaning processes illustrated in Figs. 7-22 according to an embodiment of the present

invention.

[0033] Fig. 24 is a cross-sectional view of another wafer cleaning apparatus for carrying
out the wafer cleaning processes illustrated in Figs. 7-22 according to an embodiment of the

present invention.

[0034] Fig. 25 illustrates a control system for monitoring operation parameters of a wafer
cleaning process employing sonic energy according to an embodiment of the present

invention.

[0035] Fig. 26 is a block diagram of the detection system shown in Fig. 25 according to

an embodiment of the present invention.

[0036] Fig. 27 is a block diagram of the detection system shown in Fig. 25 according to

another embodiment of the present invention.

[0037] Figs. 28A-28C illustrate an exemplary implementation of the voltage attenuation

circuit shown in Fig. 26 according to an embodiment of the present invention.
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[0038] Figs. 29A-29C illustrate an exemplary implementation of the shaping circuit

shown in Fig. 26 according to an embodiment of the present invention.

[0039] Figs. 30A-30C illustrate an exemplary implementation of the main controller of

Figs. 26 and 27 according to an embodiment of the present invention.

[0040] Fig. 31 illustrates a sonic power supply that still oscillates several cycles after the

host computer shuts down the sonic power supply.

[0041] Figs. 32A-32C illustrate an exemplary implementation of the amplitude detection

circuit of Fig. 27 according to an embodiment of the present invention.

[0042] Fig. 33 is a flow chart illustrating a wafer cleaning process according to an

embodiment of the present invention.

[0043] Fig. 34 is a flow chart illustrating a wafer cleaning process according to another

embodiment of the present invention.

DESCRIPTION

[0044] One aspect of the disclosure relates to controlling bubble cavitation in
semiconductor wafer cleaning with sonic energy. Embodiments of the present disclosure will

be described hereinafter with reference to the attached drawings.

[0045] Figs. 1A and 1B illustrate a wafer cleaning apparatus using ultra or mega sonic
device according to an embodiment of the present invention. Fig. 1A is a cross-sectional view
of the wafer cleaning apparatus that includes a wafer chuck 1014 holding a wafer 1010, a
rotation driving module 1016 driving the wafer chuck 1014, and a nozzle 1012 delivering
cleaning liquid 1032 to the surface of the wafer 1010. The cleaning liquid 1032 may be
cleaning chemicals or de-ionized water. The wafer cleaning apparatus also includes an ultra
or mega sonic device 1003 situated above the wafer 1010, so that with rotation of the wafer
1010 and a constant flow of the cleaning liquid 1032 from the nozzle 1012, a film of the

cleaning liquid 1032 with thickness d is maintained between the wafer 1010 and the sonic
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device 1003. The sonic device 1003 further includes a piezoelectric transducer 1004
acoustically coupled to a resonator 1008 in contact with the cleaning liquid. The piezoelectric
transducer 1004 is electrically excited to vibrate and resonator 1008 transmits high frequency
sound energy into the cleaning liquid 1032. Bubble cavitation generated by the high
frequency sound energy causes foreign particles, i.e., contaminants, on surfaces of the wafer

1010 to vibrate and break loose therefrom.

[0046] Referring again to Fig. 1A, the wafer cleaning apparatus also include an arm 1007
coupled to the sonic device 1003 for moving the sonic device 1003 in a vertical direction Z,
thereby changing the liquid film thickness d. A vertical driving module 1006 drives vertical
movement of the arm 1007. Both the vertical driving module 1006 and the rotation driving

module 1016 are controlled by a controller 1088.

[0047] Referring to Fig. 1B which is a top view of wafer cleaning apparatus illustrated in
Fig. 1A, the sonic device 1003 covers only a small area of the wafer 1010, which has to rotate
to receive uniform sonic energy across the entire wafer 1010. Although only one such sonic
device 1003 1is illustrated in Figs. 1A and 1B, in other embodiments, two or more sonic
devices may be employed simultaneously or intermittently. Similarly, two or more nozzles

1012 may be employed to deliver the cleaning liquid 1032 more evenly.

[0048] Figs. 2A-2G illustrate various shapes of an ultra or mega sonic transducer. Fig.
2A shows a triangle or pie shape; Fig. 2B shows a rectangle shape; Fig. 2C shows an octagon
shape; Fig. 2D shows an elliptical shape; Fig. 2E shows a half circle shape; Fig. 2F shows a
quarter circle shape; and Fig. 2G shows a full circle shape. Sonic transducers in each of these
shapes may be used in place of the piezoelectric transducer 1004 in the sonic device 1003

shown in Fig. 1.

[0049] Fig. 3 illustrates bubble implosion during a wafer cleaning process. The shape of
a bubble 3012 is gradually compressed from a spherical shape A to an apple shape G as sonic
energy is applied to the bubble 3012. Finally the bubble 3012 reaches to an implosion status I
and forms a micro jet. As shown in FIGS. 4A and 4B, the micro jet is very violent (can reach

a few thousand atmospheric pressures and a few thousand °C), which can damage the fine
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patterned structure 4034 on the wafer 4010, especially when the feature size t shrinks to 70

nm and smaller.

[0050] Figs. 4A and 4B illustrate a transit cavitation that damages patterned structures on
a wafer during a wafer cleaning process. Referring to Fig. 4A, bubbles 4040, 4042 and 4044
are formed by sonic cavitation over a patterned structure 4034 on a semiconductor wafer 4010.
The patterned structure 4034 comprises a plurality of features that need to be cleaned,
including but not limited to fins, vias, trenches, etc. The bubble 4044 is turned into a micro
jet which can be very violent, reaching a few thousand atmospheric pressures and a few
thousand degrees Celsius. Referring to Fig. 4B, once the micro jet occurs, a portion of the
patterned structure 4034 is blown away. Such damage is more acute for wafers with device

feature size of 70 nm and below.

[0051] Figs. SA-5C illustrate thermal energy variation inside a bubble 5016 during a
wafer cleaning process. As sonic positive pressure acting on the bubble 5016, the bubble
5016 reduces its volume as shown in Fig. SA. During this volume reduction process, the
sonic pressure Py forces on the bubble 5016, and the mechanical work converts to thermal
energy inside the bubble 5016. Therefore, temperature T of gas and/or vapor inside the
bubble 5016 increases as shown in Fig. 5B. Relationship between various parameters can be

expressed by the following equation:
poVo/To = pV/T (] )

where py 1s a pressure inside the bubble before compression, vy is an initial volume of
the bubble 5016 before compression, Ty is a temperature of gas inside the bubble before
compression, p is a pressure inside the bubble during compression, v is a volume of the
bubble during compression, and T is a temperature of gas inside the bubble during

compression.

[0052] In order to simplify the calculation, we may assume the temperature of gas does
not change during the compression or the compression is very slow and temperature increase

1s cancelled by liquid surrounding the bubble. So the mechanical work wy, caused by sonic
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pressure Py during one time of bubble compression (from volume N unit to volume 1 unit, or
compression ratio = N) can be expressed as follows:

W = §@pSdx= 0™ (S{XoPe) (o-3 23X = Sxops ™ M/ x5-x)

= - Sxppelt {(Xo-x} i“* = Sxgpeln (g} {2}

where S is an area of cross section of a cylinder, X, is a length of the cylinder, py is
a pressure of gas inside the cylinder before the compression. Equation (2) does not consider
the factor of temperature increase during the compression, so that the actual pressure inside
the bubble will be higher due to temperature increase. Therefore the actual mechanical work

by sonic pressure will be larger than the value calculated by equation (2).

[0053] Assuming the mechanical work by sonic pressure is partially converted to thermal
energy and partially converted mechanical energy of high pressure gas and/or vapor inside the
bubble, and such thermal energy is fully contributed to temperature increase of gas inside the
bubble (no energy is transferred to liquid molecules surrounding the bubble), and assuming
the mass of gas inside the bubble stays constant before and after the compression, a
temperature increase AT after one time of compression of bubble can be expressed by the

following formula:
AT = Q/(mc) = Pwy, /(mc) = BSxopoln (x0)/(mc) 3)

where Q is thermal energy converted from mechanical work, P is a ratio of thermal
energy to total mechanical work by sonic pressure, m is a mass of gas inside the bubble, c is a
specific heat coefficient of the gas. If B = 0.65, S = 1E-12 m2, xo = 1000 ym = 1E-3 m
(compression ratio N = 1000), po = 1 kg/cm2 = 1E4 kg/m2, m = 8. 9E-17 kg for hydrogen gas,
¢ =9.9E3 J/(kg k), then AT = 50.9 C.

[0054] The temperature T; of gas inside the bubble after the first compression can be

calculated as:
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Ti=Ty+AT=20C+509°C=709"C (4)

when the bubble reaches the minimum size of 1 micron as shown in Fig. SB. Atsucha
high temperature, some liquid molecules surrounding bubble will evaporate. After that, the
sonic pressure becomes negative and the bubble starts to increase its size. In this reverse
process, the hot gas and/or vapor with pressure Pg will do work to the surrounding liquid
surface. At the same time, the sonic pressure Py is pulling bubble to expansion direction as
shown in Fig. 5C. Therefore the negative sonic pressure Py also does partial work to the
surrounding liquid. As a result of the joint efforts, the thermal energy inside the bubble
cannot be fully released or converted to mechanical energy, therefore the temperature of gas
inside bubble cannot cool down to the original gas temperature Ty or to the liquid temperature.
After the first cycle of cavitation, the temperature T, of gas and/or vapor inside the bubble

will be somewhere between Ty and T, as shown in FIG. 6B. Here, T, can be expressed as:
T,=T,-0T=Ty+ AT -8T %)
where 0T is a temperature decrease after one time of expansion of the bubble, and

OT 1is smaller than AT.

[0055] When a second cycle of bubble cavitation reaches the minimum bubble size, the

temperature Ts of gas and/or vapor inside the bubble will be:
T3=T, + AT =Ty + AT - 8T + AT =Ty + 2AT - 6T (6)

[0056] When the second cycle of bubble cavitation finishes, the temperature T4 of gas
and/or vapor inside the bubble will be:

Ty=Ts- 8T =Ty +2AT - 8T - 8T =T, + 2AT - 28T (7)

[0057] Similarly, when the nth cycle of bubble cavitation reaches the minimum bubble

size, the temperature T»,.; of gas and/or vapor inside the bubble will be:
TZn—l = TO +nAT — (n-l)ST (8)
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[0058] When the nth cycle of bubble cavitation finishes, the temperature T2n of gas

and/or vapor inside the bubble will be:

Ton=To +nAT - n8T =T, + n(AT - 5T) (9)

[0059] From equation (8), implosion cycle number nj can be written as follows:

= (T~ To- AT)(AT —8T) + 1 (10)

[0060] From equation (10), implosion time ti can be written as follows:
T =nit; = t1((T;- To- AT(AT-03T) + 1)
=ny/f; = ((Ti- To- AT)/(AT - 8T) + 1)/f; (11)
where t] is a cycle period, and f] is a frequency of ultra/mega sonic wave.

[0061] Based on equations (10) and (11), implosion cycle number n; and implosion time
7; can be calculated. Table 1 shows calculated relationships among implosion cycle number n,
implosion time 1; and (AT - 6T), assuming Ti = 3000 'C, AT =509 C, TO =20 'C, and f1 =
500 KHz, 1 MHz, or 2 MHz.

-11 -



WO 2019/095127 PCT/CN2017/111016

Table §
AT - 3T .} 1 by 30 30
(°C)
1 20818 2903 281 98 N
T, {1} SR.036 3.808 (1352 £.196 0118
£, =508
KHz
T ims} 28,018 2503 0,201 §.008 0.059
fi =1 MHz
T; {m8) 14,509 1451 (143 0,049 4029
f. =2 \iiz

[0062] Figs. 6A-6C illustrate a sonic wafer cleaning process in which a micro jet
eventually occurs and processing parameters adhere to equations (1) - (11). Referring to Fig.
6A, electric power (P) is continuously supplied to a sonic device to generate bubble cavitation
in a cleaning liquid. As cycle number n of bubble cavitation increases, the temperature of gas
and/or vapor will increase as shown in Fig. 6B, thus more molecules on bubble surface will
evaporate into inside of a bubble 6082, resulting in its size increase over time as shown in FIG.
6C. Finally the temperature inside the bubble 6082 during compression will reach implosion
temperature Ti (normally Ti is as high as a few thousand oC), and violent micro jet 6080
occurs as shown in FIG. 6C. Therefore, in order to avoid damages to patterned structures of
wafer during cleaning, a stable cavitation must be maintained, and bubble implosion or micro

jet must be avoided.

[0063] Figs. 7A-7E illustrate a sonic wafer cleaning process according to an embodiment
of the present invention. Fig. 7A shows a waveform of power supply output which is
intermittently supplied to a sonic device to generate bubble cavitation in a cleaning liquid.
Fig. 7B shows a temperature curve corresponding to each cycle of the cavitation. Fig. 7C
shows that during each cycle of cavitation, bubble size increases in a t; time period and

decreases when power supply is terminated in a 1, time period.
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[0064] Detailed processing steps to avoid bubble implosion according to a first
embodiment of the present invention are illustrated in Fig. 7D. The processing steps begins
with step 7010 in which an ultra or mega sonic device is placed near an upper surface of a
wafer under cleaning. In step 7020, a cleaning liquid, either chemicals or gas doped water, is
injected over the wafer to fill a gap between the wafer and the sonic device. In step 7030, the
wafer carried by a chuck starts to rotate or oscillate. In step 7040, a power supply with a
frequency of f1 and a power level P1 is applied to the sonic device. In step 7050, before
temperature of gas and/or vapor inside a bubble reaches implosion temperature Ti, or before
time t; reaches 1; as calculated by equation (11), power supply output is set to zero, therefore
the temperature of gas and/or vapor inside the bubble starts to cool down since the
temperature of the cleaning liquid is much lower than the gas temperature. In step 7060, after
the temperature of gas and/or vapor inside the bubble decreases to room temperature Ty or
time duration reaches 1, (during time period t,, the power supply output is set to zero), power
supply output is restored to frequency fl1 and power level P1. In step 7070, the wafer’s
cleanliness is inspected, and steps 7010-7060 are repeated if the wafer is not yet cleaned to a
desired degree. Alternatively, inspection of cleanliness may not be performed for every cycle.
Instead, the number of cycles to be used maybe empirically determined beforehand using a

sample wafer.

[0065] Referring to Fig. 7D again, in step 7050, the time period T, must be shorter than 7;
in order to avoid bubble implosion, where T; can be calculated by using equation (11). In step
7060, the temperature of gas and/or vapor inside the bubble does not need to be cooled down
to room temperature or cleaning liquid temperature. Rather, it can be a certain temperature
above room temperature or cleaning liquid temperature. Preferably the temperature is

significantly lower than implosion temperature Ti.

[0066] According to equations (8) and (9), if (AT - 8T) is known, then the implosion time
7; can be calculated. But in general, (AT - 8T) cannot be calculated or directly measured

easily. However, 1; can be determined empirically.
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[0067] Fig. 7E is a flow chart illustrating steps for empirically determining the implosion
time 1. In step 7210, 5 different time periods 1; are exemplarily chosen as design of
experiment (DOE) conditions based on Table 1. In step 7220, a time period T, is set at least
10 times longer than the chosen time period t;, and preferably 100 times longer in a first
screening test. In step 7230, the power supply level is fixed at Py to run at the above five
DOE conditions to separately clean 5 different wafers with the same specific patterned
structure. Here, Py 1s a power level at which the patterned structure will certainly be damaged
when running on continuous mode (non-pulse mode) as shown in Fig. 6A. In step 7240,
damage status of the 5 wafers are inspected by scanning electron microscope (SEM) or wafer
pattern damage review tool such as AMAT SEM vision or Hitachi IS3000, so that the
implosion time T; can be narrowed to a certain range. A percentage of damaged features can
be calculated by dividing the total number of damaged features as inspected by the SEM by
the total number of features of the patterned structure. There may be other ways for
determining the percentage of damaged features. For example, the final wafer yield may be

used as an indication of the percentage of damaged features.

[0068] The above steps 7210 through 7240 can be repeated to narrow down the range of
implosion time t;. After knowing the implosion time 7;, the time t; can be set at a value
smaller than 0.5 * 1; to allow a safety margin. The following paragraph describes an example

of such experiment.

[0069] Suppose a patterned structure is formed by 55 nm poly-silicon gate lines; ultra
sonic wave frequency is 1 MHz generated by a ultra/mega sonic device manufactured by
Prosys operating in a gap oscillation mode (disclosed in PCT Application No.
PCT/CN2008/073471) for achieving a uniform energy dose within wafer and from wafer to
wafer. Other experimental parameters and final pattern damage data are summarized in Table

2 as follows:
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Table 2
Wafer CO: Process Power Cycle T Ta Number
D cone. Time Density | Number | (ms) {ms) of
{18 (sec) | {Watlts'cm?2) Damage
usiom) Sites
#1 18 60 0.1 2000 2 18 1216
#2 18 60 0.1 100 0.1 0.9 0

[0070] In an experiment, when 71 = 2 ms (or 2000 cycles), the aforementioned sonic
cleaning process introduces as many as 1216 damage sites to the patterned structure with 55
nm feature size. When 1; = 0.1 ms (or 100 cycles), the sonic cleaning process introduces zero
(0) damage sites to the same patterned structure. So that the t; is a time value between 0.1 ms

and 2 ms. Additional tests with narrowed t; range can yield a narrower T; range.

[0071] In the above experiment, the cycle number depends on ultra or mega sonic power
density and frequency: the larger the power density, the less the cycle number is; and the
lower the frequency, the less the cycle number is. From the above experiments, a damage-free
cycle number can be predicted to be smaller than 2,000 given the power density of ultra or
mega sonic wave is larger than 0.1 watts/cm’, and the frequency of ultra or mega sonic wave
is equal to or less than IMHz. If the frequency increases to a range larger than 1 MHz or the
power density is less than 0.1 watts/cm’, it can be predicted that the cycle number will

increase.

[0072] After acquiring the time period t;, the time period 1, can be empirically obtained
based on similar DOE method as described above. In this case 1; is fixed at a predetermined
value, and 1, is gradually shortened in each DOE run until damage on patterned structure is
observed. As the time period 1, is shortened, the temperature of gas and/or vapor inside
bubble cannot be cooled down enough, which will gradually increase the average temperature

of gas and/or vapor inside the bubble, and eventually trigger an implosion of the bubble. This

-15-



WO 2019/095127 PCT/CN2017/111016

trigger time is called critical cooling time 1.. With knowledge of the critical cooling time T,

the time period 7, can be set at a value larger than 2 * 1. to allow a safety margin.

[0073] Therefore, parameters of the cleaning process may be determined such that a
cleaning effect of imparting the sonic energy causes a yield improvement greater than a yield
degradation caused by damages as a result of imparting the sonic energy. A predetermined
threshold for the percentage of damages may also be specified, for example by a customer.
Parameters of the cleaning process may be determined such that the percentage of damages is
lower than the predetermined threshold, or substantially zero, or even zero. The
predetermined threshold, for example, may be 10%, 5%, 2%, or 1%. The percentage of
damages is substantially zero if the final yield of wafer production is not substantially
impacted by any damages caused by the cleaning process. In other words, any damages
caused by the cleaning process are tolerable in view of the entire manufacturing process. The
percentage of damages can be determined by inspecting a sample wafer using electron

microscopy, as discussed above.

[0074] Figs. 8A-8D illustrate a sonic wafer cleaning process according to another
embodiment of the present invention. In the present sonic wafer cleaning process, amplitude
of the power supply P, instead of being maintained at a constant level P1 as shown Fig. 7A
and in step 7040 of Fig. 7D, varies over time while other aspects of the process remain the
same as the one shown in Figs. 7A-7D. In one embodiment, as shown in Fig. 8A, the power
supply amplitude P increases during the time period t;. In another embodiment, as shown in
Fig. 8B, the power supply amplitude P decreases during the time period 1. In yet another
embodiment, as shown in Fig. 8C, the power supply amplitude P decreases first and then
increases during the time period t;. In an embodiment shown in Fig. 8D, the power supply

amplitude P increases first and then decreases during the time period ;.

[0075] Figs. 9A-9D illustrate a sonic wafer cleaning process according to yet another
embodiment of the present invention. In the present sonic wafer cleaning process, frequency
of the power supply, instead of being maintained at a constant f1 as shown Fig. 7A and in step

7040 of Fig. 7D, varies over time while other aspects of the cleaning process remain the same
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as the one shown in Figs. 7A-7D. As shown in Fig. 9A, in one embodiment the power supply
frequency is first set at f1 and then at f3, where f1 is higher than 3, during the time period 1;.
As shown in Fig. 9B, in one embodiment the power supply frequency is first set at f3 and later
increased to f1 during the time period 1;. As shown in Fig. 9C, in one embodiment the power
supply frequency changes from f3 to fl and then back to f3 during the time period t;. As
shown in Fig. 9D, in one embodiment the power supply frequency changes from f1 to f3 and

then back to f1 during the time period t;.

[0076] Similar to the cleaning process shown in Fig. 9C, in one embodiment the power
supply frequency is set as f first, f3 later and f; at last during the time period 11, where fy is

smaller than f3, and f3 is smaller than f;.

[0077] Again similar to the cleaning process shown in Fig. 9C, in one embodiment the
power supply frequency is set as fy first, f3 later and f; at last during the time period t;, where

fy 1s smaller than f3, and f5 is smaller than f;.

[0078] Again similar to the cleaning process shown in Fig. 9C, in one embodiment the
power supply frequency is set as f; first, fy later and f; at last during the time period t;, where

fy 1s smaller than f3, and f5 is smaller than f}.

[0079] Again similar to the cleaning process shown in Fig. 9C, in one embodiment the
power supply frequency is set as f3 first, f; later and f; at last during the time period t;, where

fy 1s smaller than f3, and f5 is smaller than f7.

[0080] Again similar to the cleaning process shown in Fig. 9C, in one embodiment the
power supply frequency is set as f; first, f; later and fyat last during the time period T, where

fy 1s smaller than f3, and f5 is smaller than f;.

[0081] Again similar to the cleaning process shown in Fig. 9C, in one embodiment the
power supply frequency is set as fy first, f; later and f; at last during the time period T, where

fy 1s smaller than f3, and f5 is smaller than f;.
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[0082] Figs. 10A-10C illustrate a sonic wafer cleaning process according to yet another
embodiment of the present invention. Referring to Fig. 10A, similar to the cleaning process
shown in Fig. 7A, during time period 11, a power supply with a level of P1 and frequency of
f1 is applied to the sonic device. However, during time period 1,, the power supply, instead of
dropping to zero as shown in Fig. 7A, decreases to a level of P2. As a result, the temperature

of gas and/or vapor inside the bubbles decreases to Ty + AT, as shown in Fig. 10B.

[0083] Fig. 10C is a flow chart illustrating steps of the wafer cleaning process shown in
Figs. 10A and 10B. In step 10010, an ultra or mega sonic device is placed near an upper
surface of a wafer under cleaning. In step 10020, a cleaning liquid, either chemicals or gas
doped water, is injected over the wafer to fill a gap between the wafer and the sonic device.
In step 10030, a chuck carrying the wafer starts to rotate for the cleaning process. In step
10040, a power supply with a frequency of f1 and a power level P1 is applied to the sonic
device. In step 10050, while maintaining the frequency at fl1, the power supply level is
lowered to P2 before temperature of gas and/or vapor inside the bubble reaches implosion
temperature T;, or before time t; reaches t; as calculated by equation (11). In step 10060, the
power supply level is restored to P1 after the temperature of gas and/or vapor inside the
bubble decreases to close to room temperature Ty or time duration reaches 1. In step 10070,
the wafer cleanliness is inspected, and steps 10010-10060 will be repeated if the wafer is not
yet cleaned to a desired degree. Alternatively, inspection of cleanliness may not be performed
for every cycle. Instead, the number of cycles to be used maybe empirically determined

beforehand using a sample wafer.

[0084] Figs. 11A-11B illustrate a sonic wafer cleaning process according to yet another
embodiment of the present invention. The present sonic wafer cleaning process is similar to
the one shown in Figs 10A-10C, with differences existing only in step 10050. Instead of
maintaining the power supply frequency at f1, the wafer cleaning process shown in Figs. 11A
and 11B lowers the frequency to f2 during time period 1,. The power level P2 should be
significantly less than P1, preferably S or 10 times less, in order to allow the temperature of

gas and/or vapor inside the bubble to be lowered to close to the room temperature T.
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[0085] Figs. 12A-12B illustrate a sonic wafer cleaning process according to yet another
embodiment of the present invention. Differences between the present cleaning process and
the one shown in Figs. 10A-10C are only in step 10050. In the present wafer cleaning process,
the power supply frequency is increased to f2 while the power supply level P2 is substantially

equal to P1 during time period 1;.

[0086] Figs. 13A-13B illustrate a sonic wafer cleaning process according to yet another
embodiment of the present invention. Differences between the present cleaning process and
the one shown in Figs. 10A-10C are only in step 10050. In this wafer cleaning process, the
power supply frequency is increased to 2 while the power supply level is lowered from P1 to

P2 during time period 1.

[0087] Figs. 14A-14B illustrate a sonic wafer cleaning process according to yet another
embodiment of the present invention. Differences between the present cleaning process and
the one shown in Figs. 10A-10C are also only in step 10050. In the present wafer cleaning
process, the power supply frequency is increased from f1 to 2 while the power supply level is
also increased from P1 to P2 during time period 1. Since the frequency {2 is higher than f1,
hence the sonic energy heats up the bubble less intensely, the power supply level P2 can be
slightly higher than P1, but must not be too high to ensure that the temperature of gas and/or

vapor inside the bubble decreases during time period T, as shown in Fig. 14B.

[0088] Figs. 15A-15C illustrate a stable cavitation that damages patterned structures on a
wafer during a sonic wafer cleaning process. Referring to Fig. 15A, a patterned structure
15034 with a spacing W is formed on a wafer 15010. Some bubbles 15046 formed in a
cavitation process are inside the space of the patterned structure 15034. Referring to Fig. 15B,
as bubble cavitation continues, temperature of gas and/or vapor inside the bubbles 15048
increases, which causes the sizes of the bubbles 15048 to increase. When the size of the
bubbles 15048 become larger than the spacing W, the expansion force of the bubble cavitation
can damage the pattern structure 15034 as shown in Fig. 15C. Therefore, a new wafer

cleaning process is needed.
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[0089] A damage site caused by bubble expansion, as illustrated in Fig. 15C, may be
smaller than a damage site caused by bubble implosion, as illustrated in Fig. 4B. For example,
bubble expansion may result in a damage site in the order of magnitude of 100nm, while

bubble implosion may result in a larger damage site in the order of magnitude of 1um.

[0090] Fig. 15D is a flow chart illustrating an alternative wafer cleaning process
according to an embodiment of the present invention. The alternative wafer cleaning process
begins with step 15210 in which an ultra or mega sonic device is placed near an upper surface
of a wafer under cleaning. In step 15020, a cleaning liquid, either chemicals or gas doped
water, is injected over the wafer to fill a gap between the wafer and the sonic device. In step
15230, the wafer carried by a chuck starts to rotate or oscillate. In step 15240, a power supply
with a frequency of fl1 and a power level P1 is applied to the sonic device. In step 15250,
before sizes of bubbles reach the value of the spacing W, the power supply output is set to
zero, so that the temperature of gas and/or vapor inside the bubble starts to cool down, as the
temperature of the cleaning liquid is much lower than the gas temperature. In step 15260,
after the temperature of gas and/or vapor inside the bubble decreases to room temperature Ty
or time duration reaches 1, (during time period 1,, the power supply output is set to zero),
power supply output is restored to frequency fl1 and power level P1. In step 15270, the
wafer’s cleanliness is inspected, and steps 15210-15260 are repeated if the wafer is not yet
cleaned to a desired degree. Alternatively, inspection of cleanliness may not be performed for
every cycle. Instead, the number of cycles to be used maybe empirically determined

beforehand using a sample wafer.

[0091] Referring again to Fig. 15D, the temperature of gas and/or vapor inside the
bubbles does not need to be cooled down to the room temperature Ty, but preferably should be
cooled down to much lower than the implosion temperature Ti. In addition, in step 15250, the
sizes of the bubbles can be slightly larger than the spacing W of the patterned structure
15034 as long as bubble expansion force does not break or damage the patterned structure

15034.
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[0092] Referring again to Fig. 15D, the time duration of step 15240 can be empirically
obtained as 1; from the procedure illustrated in Fig. 7E. In some embodiments, the wafer
cleaning processes illustrated in Figs. 7-14 can be combined with the wafer cleaning process

illustrated in Fig. 15.

[0093] Figs. 16A-16C illustrate a wafer cleaning process according to an embodiment of
the present invention. This wafer cleaning process is similar to the one shown in Figs. 7A-7E
except in step 7050 of Fig. 7D. This wafer cleaning process sets power supply output to a
positive DC value shown in Fig. 16A or a negative DC value shown in Figs. 16B and 16C
before temperature of gas and/or vapor inside the bubble reaches implosion temperature Ti, or
time duration 1; reaches t; as calculated by equation (11). As a result, the temperature of gas
and/or vapor inside the bubble starts to decrease as the temperature of the cleaning liquid is
much lower than the gas and/or vapor temperature. In some embodiments, the amplitude of
the DC output, either positive or negative, can be larger (not shown), equal to (shown in Figs.
16A and 16B) or smaller (shown in Fig. 16C) than the amplitude of the power supply level P1

which is applied during the time period 1, for creating bubble cavitation in the cleaning liquid.

[0094] Fig. 17 illustrates a wafer cleaning process according to another embodiment of
the present invention. This wafer cleaning process is also similar to the one shown in Figs.
7A-7E except in step 7050 of Fig. 7D. This wafer cleaning process reverses phase of the
power supply output while maintaining the same frequency f1 as applied during the time
period 11, so that the bubble cavitation can be quickly stopped. As a result, the temperature of
gas and/or vapor inside the bubble starts to decrease, as the temperature of the cleaning liquid

1s much lower than the gas and/or vapor temperature.

[0095] Referring to Fig. 17 again, the power supply level during the time period 1, i1s P2
which can be, in different embodiments, larger, equal to or less than P1 which is the power
supply level during the time period t;. In an embodiment, the power supply frequency during
time period 1, can be different from f1 as long as the phase is reversed. In some embodiments,

the ultra or mega sonic power supply frequency f1 is between 0.1 MHz to 10 MHz.
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[0096] Figs. 18A-J illustrate bubble cavitation control that enhances circulation of fresh
cleaning liquid in vias or trenches in a wafer. Fig. 18A is a cross-sectional view of a plurality
of vias 18034 formed in a wafer 18010. A diameter of the via opening is denoted as W1.
Bubbles 18012 generated by sonic energy in the vias 18034 enhances removal of impurities

such as residues and particles therefrom. Fig. 18B is a top view of the vias shown in Fig. 18A.

[0097] Fig. 18C is a cross-sectional view of a plurality of trenches 18036 formed in the
wafer 18010. Similarly, bubbles 18012 generated by sonic energy in the trenches 18036
enhances removal of impurities such as residues and particles therefrom. Fig. 18D is a top

view of the trenches 18036 shown in Fig. 18C.

[0098] A saturation point Rs is defined by the largest amount of bubbles that can be
contained inside features of the vias 18034, the trench 18036 or another recessed area. When
the amount of bubble is over the saturation point Rs, cleaning liquid will be blocked by the
bubbles and can hardly reach to the bottom of side walls of the feature of the via 18034 or the
trench 18036, so that cleaning performance will be negatively affected. When the amount of
bubble is below the saturation point, the clean liquid will have ample availability inside the
features of the via 18034 or the trench 18036, hence a good cleaning performance can be

achieved.

[0099] Below the saturation point, the ratio R of total bubble volume Vg to the volume of

vias or trenches, or recessed spaces Vyrr 1S:
R =Vs/Vyrr <Rs
And at the saturation point Rs, the ratio R is
R =Vs/Vyrr =Rs

The volume of the total bubbles in the features of the vias 18034, trenches 18036 or

other recessed space is:

Vg =N* Vg

-22-



WO 2019/095127 PCT/CN2017/111016

Wherein N is a number of bubbles in the features and Vg is an average volume of a

single bubble.

[00100] As shown in Figs. 18E-18H, when ultra or mega sonic energy is applied to the
cleaning liquid, sizes of the bubbles 18012 expands gradually to a certain volume, which
causes the ratio R of total bubble volume Vg to the volume of vias, trenches or recessed
spaces Vytr to be close to or above the saturation point Rs. The expanded bubbles 18012
block the path of cleaning liquid exchanges and impurities removal in the vias or trenches. In
this case, the sonic energy cannot efficiently transfer into the vias or trenches to reach their
bottoms and sidewalls, while the particles, residues and other impurities 18048 are trapped in
the vias or trenches. This case can easily occur in advanced semiconductor processes as the

critical dimension W1 becomes smaller.

[00101] As shown in Fig. 18I to Fig.18J, size expansion of the bubbles 18012 by the ultra
or mega sonic energy is within a limit, and the ratio R of total bubble volume Vg to the
volume of vias, trenches or recessed spaces Vyrr is much lower than the saturation point Rs.
Fresh cleaning liquid 18047 circulates freely in the vias or trenches due to small bubble
cavitation inside the features, so that the impurities 18048, such as residues and particles, can

be forced out of the features with ease for a good cleaning performance.

[00102] Because the total volume of bubbles in a feature of via or trench is determined by
the number and the sizes of the bubbles, controlling the bubble size expansion due to

cavitation is critical for the cleaning performance for a wafer with high aspect ratio features.

[00103] Figs. 19A-19D illustrate changes in bubble volume in response to sonic energy.
During a first cycle of cavitation, a volume of a bubble is compressed from V, to V; after the
positive sonic power cycle, and expands to V; after the negative sonic power cycle. However,
temperature in the bubble T, corresponding to V, is higher than temperature Ty corresponding
to V, so that the volume V), is bigger than the volume V, as shown in Figs. 19B. This volume
increase is caused by liquid molecules surrounding the bubble being evaporated under the

higher temperature. Similarly, the volume of V, after the second compression of the bubble
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is somewhere between V, and V,, as shown in Fig. 19B. And V,, V, and V, can be expressed

as

Vi= VAV (12)

V,= V8V (13)

V3=V, -AV = VIH3V-AV = V-AVHSV-AV = Vy+8V-2AV  (14)
where AV is a volume compression of the bubble after one compression due to positive
pressure generated by ultra/mega sonic wave, and OV is a volume increase of the bubble
after one expansion due to negative pressure generated by ultra/mega sonic wave, and
(8V-AV) is volume increase due to temperature increase (AT-OT) as calculated in equation

(5) after one time cycle.

[00104] After the second cycle of bubble cavitation, the bubble expands to a larger size
while the temperature keeps increasing. The volume of V4 of gas and/or vapor inside the

bubble will be
Vi = V3 +38V = Vg+8V-2AVH3V = V+2(8V-AV) (15)

[00105] After the third compression, the volume Vs of gas and/or vapor inside the bubble
will be

Vs5=V-AV = V+2(8V-AV) -AV = V,+26V-3AV (16)

[00106] Following this pattern, when the nth cycle of bubble cavitation reaches the

minimum bubble size, the volume V2n-1 of gas and/or vapor inside the bubble will be
Vin1 = VoHn-1)8V-nAV = Vi+(n-1)8V-nAV (17)

[00107] When the nth cycle of bubble cavitation finishes, the volume V,, of gas and/or
vapor inside the bubble will be

Vzn = Vo+n(6V-AV) (1 8)
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[00108] To limit the volume of bubble to a desired volume V1, which is a dimension with
enough physical movement feasibility or the status below the saturation point, and prevent
blocking of the path of cleaning liquid exchange in the features of vias, trenches or other

recessed areas, the cycle number n; can be written as follows:
n; =(Vi- Vo - AV)/(OV-AV) +1 (19)
[00109] From equation (19), a desired time T; to achieve Vi can be written as follows:

Ti = nit; = tl((Vi - Vo- AV)/(SV—AV) + 1)
= n/fi= ((Vi- Vo- ATY(BV-AV) + 1)/fi  (20)

where t; is a cycle period, and fj is a frequency of ultra/mega sonic wave. Therefore the
desired cycle number n; and the desired time 7; for preventing the bubble dimension from

reaching a feature blocking level can be calculated from equations (19) and (20).

[00110] Note that when the cycle number n of bubble cavitation increases, temperature of
gas and/or vapor inside the bubble will increase, therefore more molecules on the bubble
surface will evaporate into the inside of the bubble. Therefore the size of the bubble 19082
will further increase and become bigger than value calculated by equation (18). In operation,
since the bubble size will be determined by experimental method to be disclosed hereinafter,
bubble size impacted by the evaporation of liquid or water into the bubble inner surface due to
temperature increase will not be theoretically discussed in detail here. As the average single
bubble volume keeps increasing, the ratio R of total bubbles volume Vg to the volume of vias,

trenches or other recessed spaces Vyrr increases from RO continuously as shown in Fig. 19D.

[00111] As the bubble volume increases, the diameters of the bubbles eventually will
reach the same size or same order in size of the feature W1 of the via 18034 as shown in Figs.
18A and 18B or the trench 18036 as shown in Figs. 18C and 18D. Then the bubbles inside
the via 18034 and the trench 18036 will block ultra/mega sonic energy from further getting
into the bottom thereof, especially when the aspect ratio (depth/width) is 3 or more. Therefore

contaminations or particles at the bottom of such a deep via or trench cannot be effectively
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removed or cleaned. Therefore, a new cleaning processing is proposed to prevent the bubble
from growing up to a critical dimension to block the path of cleaning liquid exchanges in the

features of vias or trenches.

[00112] Figs. 20A to 20D illustrate a sonic wafer cleaning process to effectively clean
high aspect ratio features of vias and trenches according to an embodiment of the present
invention. This wafer cleaning process limits the size of bubbles in cavitation by sonic energy.
Fig. 20A shows a waveform of power supply output where the power level is set at P1 during
a time period t; and turn off during a time period 1,. Fig.20B shows the bubble volume curve
corresponding to each cycle of cavitation. Fig. 20C shows the bubble size expansion during
each cycle of cavitation. Fig. 20D shows the curve of the ratio R of total bubble volume V5 to

the volume of via, trench or other recessed space Vyr. According to
R =Vg/Vyr = Nv/Vvtr

where the ratio R of total bubble volume Vg to the volume of via, trench or recessed space
Vyrr increases from Ry to R;,, where the average single bubble volume being expanded by the
sonic cavitation after a certain cycle number n, in the time 7;. And R, is controlled below the

saturation point R,

Ru=Vs/Vyvr = Nvy,/Vytr < Rs.

And the ratio R of total bubble volume V5 to the volume of via, trench or other recessed space
Vvrr decreases from R;, to Ry, where the average single bubble volume return to the original

size in the cooling process in the time 7.

[00113] Referring to Fig. 20B again, the bubble is expanded into a large volume Vn under
the ultra/mega sonic power applied to the cleaning liquid during a time 7). At this state, the
path of mass transfer is partially blocked. Then fresh cleaning liquid cannot thoroughly flow
into the bottom and sidewall of vias or trenches. Meanwhile, particles, residues and other
impurities trapped in the vias and trenches cannot be removed efficiently. But this state will

alternate into the next state of bubble shrinking when the ultra/mega sonic power is turned off
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for cooling the bubble during a time 1, as shown in Fig. 20A. In this cooling state, fresh
cleaning liquid has a chance to flow into the vias and trenches for cleaning the bottom and
sidewall thereof. When the ultra/mega sonic power is turned on again in the next cycle, the
particles, residues and other impurities can be removed from the vias and trenches by pulling-
out force generated by bubble volume increase. When the two states alternate in a cleaning
process employing ultra/mega sonic wave, high aspect ratio features of vias, trenches and

other recessed areas on a wafer substrate can be effectively cleaned.

[00114] The cooling state in the time T, plays a key role in this cleaning process. And a
condition, T; < T, to restrict bubble size, is desired. The following method can experimentally
determine the time T, to shrink bubble size during a cooling down state and the time 1; to
restrict the bubble expansion to the blockage size. The experiment is performed by using an
ultra/mega sonic device coupled with a chemical liquid to clean a patterned substrate with
small features of vias and trenches, where traceable residues exist to evaluate the cleaning

performance.

[00115] A first step is to choose a T; which is long enough to block the features, which can
be used to calculate 1; based on the equation (20). A second step is to choose different times
7, to run DOE. The selection of time 7, is at least 10 times of 1, preferably 100 times of T at
the first screen test. A third step is to fix time 7; and fix a power Py to run under at least five
conditions to clean substrates with a specific patterned structure separately. Here, Py is the
power at which the features of vias or trenches on substrate will be surely not cleaned when
running on continuous mode (non-pulse mode). A fourth step is to inspect traceable residue
status inside the features of vias or trenches of the above five substrates by SEMS or an
element analyzer tool such as EDX. The above first to fourth steps can be repeated a few
times to gradually shorten the time 1, till the traceable residues inside the features of vias or
trenches are observed. As the time 71, i1s shortened, the volume of bubble cannot shrink down
enough, which will gradually block the features and influence the cleaning performance. This
time is called critical cooling time 7. After acquiring the critical cooling time T, the time 1,

can be set at a value larger than 27, to have a safety margin.
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[00116] A more detail example is shown as follows: a first step is to choose 10 different
time 7; as design of experiment (DOE) conditions, such as Ti9, 2710, 4710, 8710, 16710, 32710,
64710, 128110, 2567110, 512710, as shown in Table 3 blow. A second step is to choose time T,
at least 10 times of 5121y, preferably 20 times of 5127 at the first screen test, as shown in
Table 3. A third step is to fix a power Py to run under the above ten conditions to clean
substrates with a specific patterned structure separately. Here, Py is the power at which the
features of vias or trenches on substrate will be surely not cleaned when running on
continuous mode (non-pulse mode). A fourth step is to use the conditions as shown in Table
3 to process 10 substrates with features of vias or trenches post plasma etching. The reason
for choosing post plasma etched substrates is that polymers generated during etching process
are formed on sidewalls of trenches and vias. Those polymers formed on the bottoms or side
walls of vias are difficult to remove by a conventional method. A next step is to inspect the
cleaning status of features of vias or trenches on the ten substrates by SEMS on cross-sections
of the substrates. Resulting data are shown in Table 3 below. From Table 3, it becomes clear

that the cleaning effect reaches the best point for substrate # 6 at t; = 32710, therefore the

optimum time T; is 327o.

Table 3
Subwstranss i 2 3 4 3 & 7 3 & 16
™ Tw 21 3270 Bdne | 128w AT 3120
Ta 21Ty 31301y 13k 212075 31381 31201y
Powes B 2] PG G B Bh B PG PO
Process Tuw= T Te Th T T Ta T To Ty T
Cleas  Stams | 1 2 3 4 3 & 3 4 4 3
of Fegmgey

[00117] If there 1s no peak being found, then the above first to fourth steps can be
repeated again with a wider time range of 7; to find the time 1;. After finding the initial 7y,
then the above first and fourth steps can be repeated again with a narrower time range T; to
narrow down the range of time 1;. After knowing the time 7, the time 7, can be optimized

by reducing the time 1, from 512 1, to a value where the cleaning effect starts to be reduced.
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A detailed procedure is disclosed as follows in Table 4. From Table 4, the cleaning effect

reaches the best point for substrate # 5 at T, = 25670, therefore the optimum time 7, is 256710,

Table 4
Subsiated i 2 3 4 3 & 7 8
T
_::'f-‘ 32‘1’*:} 3‘3‘{;@ E‘ET}Q 32”5,;.
Tz 4(}96"{;3 2@53[‘3 1&24?13 2361 0 {;ﬂ‘.“;m 32’5;1
Powey B PO 70 PG My PO M B
Tlean  Statas | 3 4 5 & 7 S 2 3
of Featurss

[00118] Figs. 21A-21C illustrate another cleaning process according an embodiment of
the present invention. The present cleaning process is similar to the one shown in Figs. 20A-
20D, with differences only in that the power in the present cleaning process is still on for
period of mt; even after the cavitation reaches a saturation point Rs. Here, m can be a number
between 0.1 to 100, and preferably 2, which depends on via and trench structure and the
cleaning liquid being used. And the value of m needs to be optimized by experiment similar

to the embodiment shown in Figs. 20A-20D.

[00119] Figs. 22A and 22B illustrate a wafer cleaning process utilizing sonic energy
according to another embodiment of the present invention. During the time T; when sonic
power P1 is applied to cleaning liquid, bubble implosion starts to occur when the temperature
of a first bubble reaching its implosion temperature at the point of Tj, and then some bubble
implosion continues to occur during the temperature increasing from T to T, (during the time
of At). After turning off the sonic power in the time period of 1,, the temperature of the
bubble is cooled down from T, to original Ty by the surrounding liquid. Tiis determined as
a threshold of the temperature for bubble implosion in the features of vias and trenches, which

triggers the first bubble implosion.

-29.



WO 2019/095127 PCT/CN2017/111016

[00120] Since thermal transfer is not exactly uniform in the features, more and more
bubble implosion may keep occurring after the temperature reaches T;. The bubble implosion
intensity will become higher and higher while the bubble temperature T increases. However,
bubble implosion should be controlled to be below the implosion intensity that would result
in damage to the patterned structures. Bubble implosion can be controlled by controlling the
temperature T, to be below the temperature T4 by adjusting time At, wherein T, is the
bubble’s maximum temperature due to sonic power being applied to the cleaning liquid for n
cycles, and Ty is the temperature of the accumulation of certain amount of bubble implosion
with a high intensity (or power) to result in the patterned structure being damaged. In the
present cleaning process, controlling bubble implosion intensity is achieved by adjusting time
Ar after the first bubble implosion starts, so as to achieve a desired cleaning performance and
efficiency while avoiding the bubble implosion intensity becomes too high to cause damage to

the patterned structures under cleaning.

[00121] In order to increase particle removal efficiency (PRE), it is desirable to have a
controlled transit cavitation in the ultra or mega sonic cleaning process as shown in Figs.
22A-22B. Controlled transit cavitation is achieved by setting a sonic power supply with
power P; at a time interval shorter than 1), and setting the sonic power supply with power P,
at a time interval longer than 1,, and repeating above steps till the wafer is cleaned, where
power P, is equal to zero or much smaller than power Pj, 11 1s a time interval in which the
temperature inside bubble rises higher than a critical implosion temperature; and T, is a time
interval in which the temperature inside bubble falls down to a temperature much lower
than the critical implosion temperature. Since the controlled transit cavitation will have
certain bubble implosion in the cleaning process, the controlled transit cavitation will provide
higher PRE (particle removal efficiency) with minimized damage to patterned structures. The
critical implosion temperature is the lowest temperature inside bubble which will cause the
first bubble implosion. In order to further increase the PRE, it is needed to further
increase temperature of the bubbles, therefore a longer time 1, is needed. Also the

temperature of bubble can be increased by shortening the time of 7.
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[00122] The frequency of ultra or mega sonic wave is another parameter to control the
level of implosion. Maintaining a controlled transit cavitation can be achieved by setting a
sonic power supply with frequency f] at a time interval shorter than 7, and setting the sonic
power supply with frequency f; at a time interval longer than 15, and repeating the above
steps till the wafer is cleaned, where f; is much higher than f; and preferably 2 times or 4
times higher. Normally, the higher the frequency is, the lower the level or intensity of the
implosion becomes. Again, 1) is a time interval during which the temperature inside bubble
rises higher than a critical implosion temperature; and 7, 1s a time interval during which
the temperature inside bubble falls down to a temperature much lower than the critical
implosion temperature. The controlled transit cavitation will provide a higher PRE (particle
removal efficiency) with minimized damage to patterned structures. The critical implosion
temperature is the lowest temperature inside bubble which causes the first bubble implosion.
In order to further increase the PRE, it is needed to further increase temperature of the
bubbles, therefore a longer time T; is needed. Also the temperature of bubble can be
increased by shortening the time interval T,. Generally, an ultra or mega sonic wave with
the frequency between 0.1MHz~10MHz may be applied to the wafer cleaning processes

disclosed in the present invention.

[00123] Fig. 23 illustrates an exemplary wafer cleaning apparatus for carrying out the
wafer cleaning processes illustrated in Figs. 7-22 according to an embodiment of the present
invention. The wafer cleaning apparatus includes a wafer chuck 23014 for mounting a wafer
23010. The wafer chuck 23014 along with the wafer 23010 rotates during a cleaning process
driven by rotation driving mechanism 23016. The wafer cleaning apparatus also includes a
nozzle 23064 for delivering a cleaning liquid such as cleaning chemicals or de-ionized water
23060 to the wafer 23010. An ultra or mega sonic device 23062 is coupled with the nozzle
23064 for imparting ultra or mega sonic energy to the cleaning liquid. The ultra or mega
sonic wave generated by the ultra or mega sonic device 23062 is transferred to the wafer

23010 through cleaning liquid 23060 out of the nozzle 23064,
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[00124] Fig. 24 1s a cross-sectional view of another wafer cleaning apparatus for carrying
out the wafer cleaning processes illustrated in Figs. 7-22 according to an embodiment of the
present invention. The wafer cleaning apparatus includes a cleaning tank 24074 containing a
body of cleaning liquid 24070 and a wafer cassette 24076 holding a plurality of wafers 24010
submerged in the cleaning liquid 24070. The wafer cleaning apparatus further includes an
ultra or mega sonic device 24072 attached to a wall of the cleaning tank 24074 for imparting
ultra or mega sonic energy to the cleaning liquid. There is at least one inlet (not shown) for
filling the cleaning tank 24074 with the cleaning liquid 24070, so that the wafers 24010 are

submerged in the cleaning liquid 24070 during a cleaning process.

[00125] In the above embodiments, if all the critical process parameters of sonic power
supply, such as power level, frequency, power-on time (t;) and power-off time (1,) are preset
in a power supply controller without real-time monitoring during a wafer cleaning process,
damages to patterned structures may still occur due to some abnormal conditions during the
wafer cleaning process. Hence, there is a need for an apparatus and method for real-time
monitoring of the sonic power supply operation status. If the parameters are not in the normal
range, the sonic power supply should be shut down and an alarm signal should be sent out and

reported.

[00126] Fig. 25 illustrates a control system for monitoring operation parameters of a wafer
cleaning process employing sonic energy according to an embodiment of the present
invention. The control system includes a host computer 25080, a sonic generator 25082, a
sonic transducer 1003, a detection system 25086, and a communication cable 25088. The host
computer 25080 sends sonic parameter settings, such as power setting P1, power-on time
setting 1, power setting P2, power-off time setting T, frequency setting, and control
commands such as power enable command, to the sonic generator 25082. The sonic
generator 25082 generates sonic waveforms after receiving these commands and sends the
sonic waveforms to the sonic transducer 1003 for cleaning a wafer 1010. Meanwhile, the
parameter settings sent by the host computer 25080 and outputs of the sonic generator 25082
are read by the detection system 25086. The detection system 25086 compares the outputs
from the sonic generator 25082 with the parameter settings sent by the host computer 25080,
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and then sends the comparison results to the host computer 25080 through the communication
cable 25088. If the outputs from the sonic generator 25082 are different from the parameter
settings sent by the host computer 25080, the detection system 25086 sends out an alarm
signal to the host computer 25080. Upon receiving the alarm signal, the host computer 25080
shuts down the sonic generator 25082 to prevent damages to patterned structures on the wafer

1010.

[00127] Fig. 26 is a block diagram of the detection system 25086 shown in Fig. 25
according to an embodiment of the present invention. The detection system 25086
exemplarily includes a voltage attenuation circuit 26090, a shaping circuit 26092, a main
controller 26094, a communication circuit 26096 and a power circuit 26098. The main
controller 26094 may be implemented with FPGA. The communication circuit 26096 is
established as an interface to the host computer 25080. The communication circuit 26096
implements RS232/RS485 serial communication with the host computer 25080 to read
parameter settings from the host computer 25080 and send comparison results back to the host
computer 25080. The power circuit 26098 1s designed to convert DC 15V to target voltages
of DC 1.2V, DC 3.3V and DC 5V for the whole system.

[00128] Fig. 27 is a block diagram of the detection system 25086 according to another
embodiment of the present invention. The detection system 25086 exemplarily includes a
voltage attenuation circuit 26090, an amplitude detection circuit 27092, a main controller

26094, a communication circuit 26096 and a power circuit 26098.

[00129] Figs. 28A-28C illustrate an exemplary implementation of the voltage attenuation
circuit 26090 according to an embodiment of the present invention. When a sonic signal
output from the sonic generator 25082 is first read in, it has relatively high amplitude value as
shown in Fig. 28B. The voltage attenuation circuit 26090 is designed to use two operational
amplifiers 28102 and 28104 to reduce the amplitude value of the waveform as shown in FIG.
28C. The attenuation rate of the voltage attenuation circuit 26090 is set in the range of 5 to

100, and preferably 20. The voltage attenuation can be expressed in the following formula:
Vout = (R2/R1)*Vin
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assuming R1 =200k, R2 =R3 =R4 = 10K, Vout = (R2/R1)*Vin = Vin/20

where Vout is amplitude value output by the voltage attenuation circuit 26090, Vin is
amplitude value input to the voltage attenuation circuit 26090, and R1, R2, R3, R4 are
resistances of the two operational amplifiers 28102 and 28104.

[00130] Figs. 29A-29C illustrate an exemplary implementation of the shaping circuit
26092 shown in Fig. 26 according to an embodiment of the present invention. Referring to
Fig. 26 again, the output of the voltage attenuation circuit 26090 connects to the shaping
circuit 26092. The waveform output from the voltage attenuation circuit 26090 is an input to
the shaping circuit 26092 to convert sinusoidal wave into square wave which will be
processed by the main controller 26094. The shaping circuit 26092 includes a window
comparator 29102 and an OR gate 29104 as shown in FIG. 29A. When Vcal-<Vin<Vcal+,
Vout = 0, else Vout = 1, where Vcal- and Vcal+ are two threshold values, Vin is the input
value of the shaping circuit, and Vout is the output value of the shaping circuit. The
waveform passing through the voltage attenuation circuit 2190 is a sinusoidal wave as shown
in Fig. 29B. The shaping circuit 26092 converts the sinusoidal wave into square wave as

shown 1n FIG. 29C.

[00131] Figs. 30A-30C illustrate an exemplary implementation of the main controller
26094 of Figs. 26 and 27 according to an embodiment of the present invention. The main
controller 26094 includes a pulse conversion module 30102 and a periodic measurement
module 3104 as shown Fig. 30A. The pulse conversion module 30102 is used to convert the
pulse signal during time period 1 to the high level signal, and keep the low level signal during
time period 1, unchanged as shown in Figs. 30B and 30C. Circuit symbols of the pulse
conversion module 30102 are shown in FIG. 30A, where Clk Sys is SOMHz clock signal,
Pulse In is an input signal, and Pulse Out is an output signal. The periodic measurement
module 30104 is used to measure the time duration of the high level and low level signal by

means of a counter using the following equation.

7, = Counter H * 20ns, and t,= Counter L * 20ns.

-34-



WO 2019/095127 PCT/CN2017/111016

where Counter H is the number of high level, Counter L is the number of low level.

[00132] The main controller 26094 compares the calculated power-on time with a preset
time t;. If the calculated power-on time is longer than the preset time t;, the main controller
26094 sends out an alarm signal to the host computer 25080. The host computer 25080, upon
receiving the alarm signal, shuts down the sonic generator 25082. The main controller 26094
compares the calculated power-off time with a preset time 1,. If the calculated power-off time
is shorter than the preset time 1, the main controller 26094 sends out an alarm signal to the
host computer 25080. The host computer 25080, upon receiving the alarm signal, shuts down
the sonic generator 26082. In an embodiment, the main controller 26094 can be implemented

using an Altera Cyclone IV FPGA model number EPACE22F17C6N.

[00133] Fig. 31 illustrates that the sonic power supply still oscillates several cycles after
the host computer shuts down the sonic power supply due to characteristics of the sonic
apparatus. The time period 13 in which the sonic generator 25082 oscillating several cycles
after power down is measured by the main controller 26094. This time period 13 can be
obtained by experiments. Therefore, actual power-on time is equal to T - T3, where T is the
time calculated by the periodic measurement module 25104. The main controller 26094
compares the actual power-on time with a preset time t;. If the actual power-on time is longer
than the preset time 1), the main controller 26094 sends out an alarm signal to the host

computer 25080.

[00134] Figs. 32A-32C illustrate an exemplary implementation of the amplitude detection
circuit 27092 of Fig. 27 according to an embodiment of the present invention. The amplitude
detection circuit 27092 exemplarily includes a reference voltage generating circuit and a
comparison circuit. As shown in Fig. 32B, the reference voltage generating circuit is designed
to use a D/A convertor 32118 to convert digital inputs from the main controller 26094 to
analog DC reference voltages Vref+ and Vref-, as shown in FIG. 27C. The comparison
circuit is designed to use a window comparator 32114 and a AND gate 32116 to compare the
attenuated amplitude Vin, an output from the voltage attenuation circuit 26090, with reference

voltages Vreft+ and Vref-. If the attenuated amplitude Vin exceeds the reference voltages

-35.-



WO 2019/095127 PCT/CN2017/111016

Vref+ and/or Vref-, the amplitude detection circuit 27092 sends out an alarm signal to the host
computer 25080. Upon receiving the alarm signal, the host computer 25080 shuts down the

sonic generator 25082 to avoid damaging patterned structures on the wafer 1010.

[00135] Fig. 33 s a flow chart illustrating a wafer cleaning process according to an
embodiment of the present invention. The wafer cleaning process begins with step 33010 in
which a cleaning liquid is applied into a space between a wafer and an ultra/mega sonic device.
In step 33020, an ultra/mega sonic power supply is set at frequency f1 and power level P1 to
drive the ultra/mega sonic device. In step 33030, a detected power-on time is compared with
a preset time 1;. If the detected power-on time is longer than 1;, the power supply will be shut
off and an alarm signal will be sent out as well. In step 33040, the ultra/mega sonic power
supply is set to zero output before bubble cavitation in the cleaning liquid damaging patterned
structures on the wafer. In step 33050, the sonic power supply is stored to frequency fl and
power level P1 after temperature inside bubble has decreased to a certain level. In step 33060,
a detected power-off time is compared with a preset time 1,. If the detected power-off time is
shorter than 1,, the ultra/mega sonic power supply will be shut off and an alarm signal will be
sent out as well. In step 33070, wafer cleanliness is inspected and above steps 33010-33060
will be repeated if a desired cleanliness is not met. Alternatively, inspection of cleanliness
may not be performed for every cycle. Instead, the number of cycles to be used maybe

empirically determined beforehand using a sample wafer.

[00136] Fig. 34 is a flow chart illustrating a wafer cleaning process according to another
embodiment of the present invention. The wafer cleaning process begins with step 34010 in
which a cleaning liquid is applied into a space between a wafer and an ultra/mega sonic device.
In step 34020, an ultra/mega sonic power supply is set at frequency f1 and power level P1 to
drive the ultra/mega sonic device. In step 34030, amplitude of the sonic power output is
detected and compared with a preset value. If the detected amplitude is higher than the preset
value, the power supply will be shut off and an alarm signal will be sent out as well. In step
34040, the sonic supply is set at zero output before bubble cavitation in the cleaning liquid
damaging patterned structures on the wafer. In step 31050, the sonic power supply is restored

to frequency f1 and power level P1 after temperature inside the bubbles has decreased to a
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certain level. In step 34060, wafer cleanliness is inspected and about steps 34010-34050 will
be repeated if a desired cleanliness is not met. Alternatively, inspection of cleanliness may
not be performed for every cycle. Instead, the number of cycles to be used maybe empirically

determined beforehand using a sample wafer.

[00137] In some embodiments, the wafer cleaning processes depicted in various figures
throughout the present disclosure can be combined to produce a desired cleaning result. In
one embodiment, the amplitude detection in step 34030 in Fig. 34 can be incorporated into the
wafer cleaning process shown in Fig. 33. In another embodiment, the voltage attenuation
26090 and shaping circuit 26092 of Fig. 26 as well as the amplitude detection circuit 27092 of

Fig. 27 can be applied to implement the wafer cleaning processes shown in Figs. 33 and 34.

[00138] The present invention provides an apparatus for cleaning semiconductor substrate
using ultra/mega sonic device, comprising a chuck, an ultra/mega sonic device, at least one
nozzle, an ultra/mega sonic power supply, a host computer, and a detection system. The chuck
holds a semiconductor substrate. The ultra/mega sonic device is positioned adjacent to the
semiconductor substrate. The at least one nozzle injects chemical liquid on the semiconductor
substrate and in a gap between the semiconductor substrate and the ultra/mega sonic device.
The host computer sets the ultra/mega sonic power supply at frequency f1 and power P1 to
drive the ultra/mega sonic device; before bubble cavitation in the liquid damaging patterned
structure on the semiconductor substrate, sets the ultra/mega sonic power supply at zero
output; and after temperature inside bubble cooling down to a set temperature, sets the
ultra/mega sonic power supply at frequency fl and power P1 again. The detection system
detects power on time at power P1 and frequency f1 and power off time separately, and
compares the detected power on time at power P1 and frequency f1 with a preset time 1;. If
the detected power on time is longer than the preset time tl, the detection system sends out
an alarm signal to the host computer, and the host computer receives the alarm signal and
shuts down the ultra/mega sonic power supply. The detection system also compares the
detected power off time with a preset time t,. If the detected power off time is shorter than
the preset time T,, the detection system sends out an alarm signal to the host computer, and the

host computer receives the alarm signal and shuts down the ultra/mega sonic power supply.
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[00139] In an embodiment, the ultra/mega sonic device is further coupled with the nozzle
and positioned adjacent to the semiconductor substrate, and the energy of the ultra/mega sonic
device is transmitted to the semiconductor substrate through the liquid column out of the

nozzle.

[00140] The present invention provides another apparatus for cleaning semiconductor
substrate using ultra/mega sonic device, comprising a chuck, an ultra/mega sonic device, at
least one nozzle, an ultra/mega sonic power supply, a host computer, and a detection system.
The chuck holds a semiconductor substrate. The ultra/mega sonic device is positioned
adjacent to the semiconductor substrate. The at least one nozzle injects chemical liquid on the
semiconductor substrate and in a gap between the semiconductor substrate and the ultra/mega
sonic device. The host computer sets the ultra/mega sonic power supply at frequency f1 and
power P1 to drive the ultra/mega sonic device; before bubble cavitation in the liquid
damaging patterned structure on the semiconductor substrate, sets the ultra/mega sonic power
supply at zero output; after temperature inside bubble cooling down to a set temperature, sets
the ultra/mega sonic power supply at frequency f1 and power P1 again. The detection system
detects amplitude of each waveform output by the ultra/mega sonic power supply, and
compares detected amplitude of each waveform with a preset value. If the detected amplitude
of any waveform 1s larger than the preset value, the detection system sends out an alarm signal
to the host computer, and the host computer receives the alarm signal and shuts down the
ultra/mega sonic power supply, wherein the preset value is larger than a waveform amplitude

at normal operation.

[00141] In an embodiment, the ultra/mega sonic device is further coupled with the nozzle
and positioned adjacent to the semiconductor substrate, and the energy of the ultra/mega sonic
device is transmitted to the semiconductor substrate through the liquid column out of the

nozzle.

[00142] The present invention provides another apparatus for cleaning semiconductor
substrate using ultra/mega sonic device, comprising a cassette, a tank, an ultra/mega sonic

device, at least one inlet, an ultra/mega sonic power supply, a host computer, and a detection
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system. The cassette holds at least one semiconductor substrate. The tank holds the cassette.
The ultra/mega sonic device is attached to an outside wall of the tank. The at least one inlet is
used for filling chemical liquid into the tank to immerse the semiconductor substrate. The
host computer sets the ultra/mega sonic power supply at frequency f1 and power P1 to drive
the ultra/mega sonic device; before bubble cavitation in the liquid damaging patterned
structure on the semiconductor substrate, sets the ultra/mega sonic power supply at zero
output; after temperature inside bubble cooling down to a set temperature, sets the ultra/mega
sonic power supply at frequency fl and power P1 again. The detection system detects power
on time at power P1 and frequency fl and power off time separately, and compares the
detected power on time at power P1 and frequency f1 with a preset time 1;. If the detected
power on time is longer than the preset time 1, the detection system sends out an alarm
signal to the host computer, and the host computer receives the alarm signal and shuts
down the ultra/mega sonic power supply. The detection system also compares the detected
power off time with a preset time 1,. If the detected power off time is shorter than the preset
time T,, the detection system sends out an alarm signal to the host computer, and the host

computer receives the alarm signal and shuts down the ultra/mega sonic power supply.

[00143] The present invention provides another apparatus for cleaning semiconductor
substrate using ultra/mega sonic device, comprising a cassette, a tank, an ultra/mega sonic
device, at least one inlet, an ultra/mega sonic power supply, a host computer and a detection
system. The cassette holds at least one semiconductor substrate. The tank holds the cassette.
The ultra/mega sonic device is attached to an outside wall of the tank. The at least one inlet is
used for filling chemical liquid into the tank to immerse the semiconductor substrate. The
host computer sets the ultra/mega sonic power supply at frequency f1 and power P1 to drive
the ultra/mega sonic device; before bubble cavitation in the liquid damaging patterned
structure on the semiconductor substrate, setting the ultra/mega sonic power supply at zero
output; after temperature inside bubble cooling down to a set temperature, setting the
ultra/mega sonic power supply at frequency fl1 and power P1 again. The detection system
detects amplitude of each waveform output by the ultra/mega sonic power supply, and

compares detected amplitude of each waveform with a preset value. If detected amplitude of
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any waveform is larger than the preset value, the detection system sends out an alarm signal to
the host computer, and the host computer receives the alarm signal and shuts down the
ultra/mega sonic power supply, wherein the preset value is larger than a waveform amplitude

at normal operation.

[00144] While this disclosure has been particularly shown and described with references
to exemplary embodiments thereof, it shall be understood by those skilled in the art that
various changes in form and details may be made therein without departing from the spirit of

the claimed embodiments.
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CLAIMS

1. A system for controlling damages in cleaning a semiconductor wafer comprising

features of patterned structures, the system comprising:

a wafer holder for temporary restraining a semiconductor wafer during a cleaning

process;
an inlet for delivering a cleaning liquid over a surface of the semiconductor wafer;

a sonic generator configured to alternately operate at a first frequency and a first
power level for a first predetermined period of time and at a second frequency and a second
power level for a second predetermined period of time, to impart sonic energy to the cleaning
liquid, the first predetermined period of time and the second predetermined period of time

consecutively following one another; and

a controller programmed to provide the first and second frequencies, the first and
second power levels, the first and second predetermined periods of time, and a number of
alternations between the first and second periods of time by the sonic generator, wherein after
a ratio of total bubbles volume to volume inside vias, trenches or recessed areas on the
semiconductor wafer increases to a first set value, the controller sets the power at the second
frequency and the second power level for the second predetermined period of time, after the
ratio of total bubbles volume to volume inside vias, trenches or recessed areas on the
semiconductor wafer reduces to a second set value, the controller sets the power at the first

frequency and the first power level for the first predetermined period of time;

wherein at least one of the first and second predetermined periods of time, the first
and second power levels, and the first and second frequencies is determined such that a
percentage of damaged features as a result of the imparting sonic energy is lower than a

predetermined threshold, wherein the predetermined threshold is larger than zero.

-41 -



MCSLLP

2. The system of claim 1, wherein bubble sizes in the cleaning liquid increase due to
sonic energy during the first predetermined period of time and decreases during the second

predetermined period of time.

3. The system of claim 1, wherein the wafer holder is a rotating chuck.

4. The system of claim 1, wherein the wafer holder is a cassette submerged in a cleaning
tank.

5. The system of claim 1, wherein the inlet includes a nozzle.

6. The system of claim 1, further comprising a sonic transducer coupled to the sonic
generator.

7. The system of claim 6, wherein the sonic transducer is placed above the

semiconductor wafer having a gap therebetween, the gap being filled with the cleaning liquid

during a cleaning process.
8. The system of claim 7, wherein the gap varies during the cleaning process.

9. The system of claim 6, wherein the sonic transducer is connected to the inlet and

imparts sonic energy to the cleaning liquid flowing through the inlet.

10. The system of claim 1, wherein the cleaning liquid is selected from a group consisting

of a chemical solution, de-ionized water and a combination of the two.
11. The system of claim 1, wherein the second power level is zero.

12. The system of claim 1, wherein the first frequency is equal to the second frequency
and both the frequencies remain constant during the respective operating time period, while
the first power level is higher than the second power level and both the power levels remain

constant during the respective operating time period.
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13. The system of claim 1, wherein the first frequency is higher than the second
frequency and both the frequencies remain constant during the respective operating time
period, while the first power level is higher than the second power level and both the power

levels remain constant during the respective operating time period.

14. The system of claim 1, wherein the first frequency is lower than the second frequency
and both the frequencies remain constant during the respective operating time period, while
the first power level is equal to the second power level and both the power levels remain

constant during the respective operating time period.

15. The system of claim 1, wherein the first frequency is lower than the second frequency
and both the frequencies remain constant during the respective operating time period, while
the first power level is higher than the second power level and both the power levels remain

constant during the respective operating time period.

16. The system of claim 1, wherein the first frequency is lower than the second frequency
and both the frequencies remain constant during the respective operating time period, while
the first power lever is lower than the second power level and both the power levels remain

constant during the respective operating time period.

17. The system of claim 1, wherein the first power level rises during the first

predetermined period of time.

18. The system of claim 1, wherein the first power level falls during the first

predetermined period of time.

19. The system of claim 1, wherein the first power level both rises and falls during the

first predetermined period of time.

20. The system of claim 1, wherein the second frequency is substantially close to zero
and the second power level remains a constant positive value during the second predetermined

period of time.
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21. The system of claim 1, wherein the second frequency is substantially close to zero
and the second power level remains a constant negative value during the second predetermined

period of time.

22. The system of claim 1, wherein sonic waves from the sonic transducer in the first and

the second periods of time have opposite phases.

23. The system of claim 1, wherein the first predetermined period of time is shorter than

2,000 times of a cycle period of the first frequency.

24. The system of claim 1, wherein the first predetermined period of time is shorter than
((Ti - To - AT)/(AT - 8T) + 1)/f1, where Tj is an implosion temperature, T() is a temperature
of the cleaning liquid, AT is a temperature increase after one time of compression, 0T is a

temperature decrease after one time of expansion, and f1 is the first frequency.

25. The system of claim 1, wherein the first frequency changes from a higher value to a

lower value during the first predetermined period of time.

26. The system of claim 1, wherein the first frequency changes from a lower value to a

higher value during the first predetermined period of time.

27. The system of claim 1, wherein the first frequency changes from a lower value to a

higher value and then back to the lower value during the first predetermined period of time.

28. The system of claim 1, wherein the first frequency changes from a higher value to a

lower value and then back to the higher value during the first predetermined period of time.

29. The system of claim 1, wherein the first frequency is set as fi first, f3 later and f4 at
last during the first predetermined period of time, where fs is smaller than f3, and f3 is smaller

than fi.
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30. The system of claim 1, wherein the first frequency is set as f4 first, f3 later and f; at
last during the first predetermined period of time, where f is smaller than f3, and f3 is smaller

than fi.

31. The system of claim 1, wherein the first frequency is set as fi first, f4 later and f3 at
last during the first predetermined period of time, where fs is smaller than f3, and f3 is smaller

than fi.

32. The system of claim 1, wherein the first frequency is set as f3 first, f4 later and fi at
last during the first predetermined period of time, where fs is smaller than f3, and f3 is smaller

than fi.

33. The system of claim 1, wherein the first frequency is set as f3 first, {1 later and f4 at
last during the first predetermined period of time, where fs4 is smaller than f3, and f3 is smaller

than fi.

34. The system of claim 1, wherein the first frequency is set as fs first, fi later and f3 at
last during the first predetermined period of time, where fs4 is smaller than f3, and f3 is smaller

than fi.

35. The system of claim 1, further comprising a detection circuit coupled to the sonic

generator for detecting output of the sonic generator.

36. The system of claim 35, wherein the detection circuit includes a voltage attenuation

circuit for attenuating an input signal.

37. The system of claim 35, wherein the detection circuit includes a shaping circuit for

converting a signal from a first waveform to a second waveform.

38. The system of claim 37, wherein the first waveform is sinusoidal wave and the second

waveform is a square wave.
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39. The system of claim 35, wherein the detection circuit includes an amplitude detection
circuit for detecting and comparing amplitude of an input signal with a reference value, and
the detection circuit causes an alarm signal to be generated and the sonic generator to be turned

off when the detected amplitude exceeds the reference value.

40. The system of claim 39, wherein the reference value is generated by a digital-to-
analog converter (DAC).
41. The system of claim 35, wherein the detection circuit detects and compares the first

period of time with a predetermined value, and causes an alarm signal to be generated and the

sonic generator to be turned off when the first period of time exceeds the predetermined value.

42. The system of claim 35, wherein the detection circuit detects and compares the
second period of time with a predetermined value, and causes an alarm signal to be generated
and the sonic generator to be turned off when the second period of time is less than the

predetermined value.

43. The system of claim 1, wherein the first predetermined period of time is empirically
determined to avoid bubble implosion in the cleaning liquid by inspecting the semiconductor

wafer for damages to patterned structures thereon.

44. The system of claim 43, wherein the empirical determination includes choosing
different values for the first predetermined period of time in different cleaning processes while
keeping the second predetermined period of time unchanged and significantly longer than the
first predetermined period of time, as well as keeping the first and second frequencies and the

first and second power levels unchanged.

45. The system of claim 1, wherein the first predetermined period of time is empirically
determined to allow limited bubble implosions which do not cause damage to patterned

structures on the semiconductor wafer under cleaning.
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46. The system of claim 45 wherein the empirical determination includes choosing
different values for the first predetermined period of time in different cleaning processes while
keeping the second predetermined period of time unchanged and significantly longer than the
first predetermined period of time, as well as keeping the first and second frequencies and the

first and second power levels unchanged.

47. The system of claim 1, wherein the second predetermined period of time is
empirically determined to allow temperature inside bubbles in the cleaning liquid to be cooled

down to a predetermined temperature.

48. The system of claim 47, wherein the predetermined temperature is substantially close

to a room temperature.

49. The system of claim 1, wherein the first frequency and the first power level are
empirically determined to avoid bubble implosion in the cleaning liquid by inspecting the

semiconductor wafer for damages to patterned structures thereon.

50. The system of claim 1, wherein the first frequency and the first power level are
empirically determined to allow limited bubble implosions which do not cause damage to

patterned structures on the semiconductor wafer under cleaning.

51. The system of claim 1, wherein the second frequency and the second power level are
empirically determined to allow temperature inside bubbles in the cleaning liquid to be cooled

down to a predetermined temperature.

52. The system of claim 51, wherein the predetermined temperature is substantially close

to a room temperature.

53. The system of claim 1, wherein the number of alternation is empirically determined

by inspecting damages to the semiconductor wafer.
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54. The system of claim 1, wherein a cleaning effect of imparting the sonic energy causes
a yield improvement greater than a yield degradation caused by damages as a result of

imparting the sonic energy.
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