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1. Introduction 

In manufacturing semiconductors, several processes are 
involved, which include film deposition, photoresist (PR) 
coating, photolithography, etching, and cleaning. After each 
step, cleaning processes are required. As pattern sizes are 
shrinking, cleaning criteria have become very strict. Generally, 
either standard cleaning–1 (SC−1) or SC−2 is used. SC−1 
solution is a mixture of H2O2 and NH4OH diluted by deionized 
water with ratios of H2O2:NH4OH:deionized water of 1:1:5. 
The other solution is SC−2 solution, which involves a 
hydrochloric acid / hydrogen peroxide mixture (=HPM). A 
drawback of these chemical cleaning is the limit of particle 
size that can be removed due to van der Waals force, as 
follows:

 



(1)

where, Fvdw is the van der Waals force, A is the Hamaker 
constant, R is the radius of a particle, and z is the distance 
between the particle and substrate [1]. The gravitational force 
at macro scale, which is proportional to the mass (∝R3), is 
almost negligible. Thus, Fvdw prevents a nano-size particle 
from being detached from a wafer surface. Hence, physical 
forces, such as ultrasonic or megasonic agitation, have been 
added.

Ultrasonic wave means a sound in an inaudible frequency 
range over 20 kHz. It has been applied in many industrial 
areas. First, it can help metal machining, such as drilling, 
surface reformation, milling, and so on. Recently, Liu et al. 
reported an ultrasonic peening drilling (UPD) [2], which 
could achieve strengthening and precision-machining in 
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finishing a hole drilling process. We also reported a 20 kHz 
ultrasonic system for nano-surface reformation process [3]. 
Additionally, we developed an ultrasonic milling system by 
finite element analysis [4]. Regarding burnishing, Su et al. 
reported the strengthening of titanium alloy by ultrasonic 
roller burnishing [5]. For polishing application, Yang et al. 
performed research into an ultrasonic vibration assisted 
electrochemical mechanical polishing for 4H−SiC wafers [6]. 
Li et al. published a grinding force model in two-dimensional 
ultrasonic-assisted grinding [7]. Lastly, Ni et al. reported 
research into the interfacial bonding mechanism and fracture 
behavior in the ultrasonic spot welding of copper sheets [8]. 

Megasonics were introduced decades ago, and are still under 
development for application to semiconductor industries. These 
are systems that adapt ultrasonics of more than 1 MHz frequency. 
They can help remove nano-sized particles using physical 
agitation by the vibration of the megasonic waves. We also 
report some research regarding a 1 MHz L-type and a Horn-type 
megasonic waveguide for nanoparticle cleaning [9,10]. Keswani 
et al. introduced a method based on electrochemical impedance 
spectroscopy (EIS) measurements for the detection of transient 
cavity collapses in megasonic [11]. Hauptmann et al. reported 
the effect of gasification on the performance of a megasonic 
cleaning system [12]. 

Thus, due to pattern damage probabilities, the technology 
should be carefully used. Although these issues remain, 
attempts to lower the problems have been made by optimizing 
process conditions, such as chemicals. Hence it is beneficial 
to develop effective megasonic waveguides. Generally, as the 
frequency of a megasonic system increases, the output power 
decreases reversely. To reduce patter damages, we decided to 
raise operating frequency up to 3 MHz.

In this article, we describe the design process and experiments 
of a 1 MHz and a 3 MHz megasonic cleaning system. First, 
we developed the 1 MHz megasonic system, because the 3 
MHz type was thought to be too sensitive. Then, based on 
the result of the 1 MHz type, we designed and fabricated a 
3 MHz megasonic. In the design process, finite element method 
(FEM) was applied to predict the impedance characteristics. 
It is necessary to design the lead zirconate titanate (PZT) actuator 
and the waveguide, which can generate and transfer the wave 
energy. A 1 MHz prototype was fabricated, and the performance 
was tested. The 3 MHz type was then designed, and fabricated. 
At this time, acoustic pressures were measured, and particle 
removal efficiency (PRE) was also measured through cleaning 

wafer tests. 

2. Design of megasonic waveguides

2.1 1 MHz megasonic fabrication and tests 
First, the 1 MHz type was developed, which can show 

relatively strong output power. The displacement at the end 
of the waveguide is inversely proportional to the frequency 
according to the following equation:

  ∙ (2)

where, v is the velocity of the wave, f the frequency, and  
λ the wavelength. This equation means that when the v is the 
same, higher f induces lower λ. If λ is lower, then the wave 
emitted from the end of the waveguide is also shorter. Thus, 
lower frequency of 1 MHz type was thought to be easier to 
develop. The 1 MHz waveguide cleaning system consists of 
a piezoelectric actuator, a waveguide, and an electric generator, 
which supplies power to the piezoelectric actuator. 

Due to the easiness of machining, the aluminum (Al) 
waveguide was fabricated in advance. In contrast, the machining 
process of the quartz material is generally complicated. First 
the raw material of the cylinder shape is cut. Then, the desired 
shape is machined with conventional machining process. Next, 
the surface is ground. The 1 MHz waveguide was symmetrical 
and of cylindrical shape, thus further process was not required. 
Fig. 1(a) shows the fabricated 1 MHz aluminum (Al) waveguide, 
and Fig. 1(b) the quartz type.

For actuation, an electric generator is required, as shown in 
Fig. 2. The generator emits sine wave electricity to the 
piezoelectric actuator. Then the displacement is generated, 
which is caused by the resonance motion of the waveguide. 
Thus, the acoustic power from the end of the waveguide, can 
be used to remove the contaminated particles from wafer 
surfaces. The electric generator is composed of control panel 

(a) Al megasonic (b) Quartz megasonic
Fig. 1 1 MHz megasonic waveguide



Journal of the Korean Society of Manufacturing Technology Engineers 31:3 (2022) 147~153

149

and electric circuits inside. From the control panel, the power 
can be switched on/off, and the intensity of the power can be 
controlled using the buttons.

After manufacturing the PZT and the quartz waveguide, the 
acoustic pressures were measured. Fig. 3(a) shows the results 
for the Al type, and Fig. 3(b) the quartz type. Relatively 
well-distributed pressure could be observed in both types. For 
analysis, we calculated the average, maximum, and standard 
deviation. As a result, the maximum/average was 272%, and 
the standard deviation/average was 59% for the Al type. In 
addition, the maximum/average ratio for the quartz type was 

267%, and standard deviation/average ratio was 45%. These 
values explain the relatively mild acoustic pressure distributions.

2.2 A 3 MHz megasonic fabrication
Using these results, the 3 MHz type was fabricated, which 

has lower output power, while showing more uniform acoustic 
pressures. As mentioned in the previous chapter, the 
displacement will be 1/3, compared to the 1 MHz frequency 
type. Fig. 4 shows the structure and working principle of the 
3 MHz type. The system is composed of the waveguide, and 
the electric generator. The waveguide is placed over a wafer, 

Fig. 2 Electric generator

(a) Al type

(b) Quartz type 
Fig. 3 Acoustic pressure distributions 

Fig. 4 Structure and working principle of the 3 MHz quartz 
megasonic system 

(a) FEM result

(b) Experimental result
Fig. 5 3 MHz PZT impedance graphs
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and it moves slowly from the center to the outside. At the 
same time, the wafer is rotated slowly. Thus, the whole 
surface can be scanned with the megasonic wave, so that the 
contaminants can be detached and washed away by the 
supplied deionized (DI) water.

In the development process, we firstly performed FEM 
analysis for the PZT. Fig. 5(a) shows the 3 MHz PZT impedance 
graph of FEM, while Fig. 5(b) explains the experimentally 
measured impedance graph. As seen in the figures, the predicted 
value was 2.997 MHz, which coincided with the measured value. 
At this time, using the same analytical procedures, the 
waveguide with the 3 MHz actuator was designed. As a result, 
Fig. 6(a) shows the 3 MHz waveguide impedance graph of 
FEM, and Fig. 6(b) is the experimentally measured graph. The 
predicted value was 2.997 MHz, which agreed well with the 
measured value of 2.995 MHz with 0.1% error.

Then, the 3 MHz PZT impedance graph of the FEM with 
water was calculated. As shown in Fig. 7(a), the predicted 
impedance value was 3,002 kHz. This value was increased by 
2 kHz compared to the impedance, when there was no water. 
In addition, the acoustic pressures in the water were 
simulated, and the distributions are shown in Fig. 7(b). Evenly 

distributed pressures could be found, which can be used in 
understanding the water behavior. 

Using these FEM results, a quartz material waveguide was 
fabricated, as shown in Fig. 8. The bottom of the waveguide 
is shown with transparent image, so that the ring-type white 
PZT actuator can be seen.

(a) FEM result

(b) Experimental result
Fig. 6 3 MHz waveguide impedance graphs

(a) Impedance graph

(b) Acoustic pressure distributions
Fig. 7 Acoustic analysis of the 3 MHz waveguide with water 

by FEM

Fig. 8 The 3 MHz megasonic waveguide



Journal of the Korean Society of Manufacturing Technology Engineers 31:3 (2022) 147~153

151

3. Experiment

For the assessment of the developed product, the acoustic 
pressures of the developed one and a commercial one, were 
measured and compared. The measured result of the developed 
one is shown in Fig. 9(a), and the commercial type in Fig. 
9(b). The developed one showed relatively regular distributions 
having a ring-shape, which indicate the PZT shape. For the 
analysis of the system performances, acoustic pressures were 
measured with different input powers.

Fig. 10(a) shows the acoustic pressure measurement results 
of maximum values, and Fig. 10(b) the standard deviations. 
Compared to the conventional A-type, the maximum value 
was decreased by 36−45%, and the standard deviation was 
diminished by 10−12%. Higher average implies higher output 
level, which means more power for cleaning. In addition, 
lower maximum values and standard deviations indicate less 
possibility of pattern damage. Thus, the developed product 
shows better performance. 

Then, cleaning test using silica particles were performed. 
Silica particles which sizes are 80 nm were deposited on a 
bare wafer, and the particle number was counted. Next, the 

particles were cleaned with our developed system and the 
remained particle number was counted.  Figs. 11(a) and (b) 
show the cleaning test results of before (9,532) and after (658) 
at 8 W power. Particle removal efficiency (PRE) of over 
93.1% was achieved at this condition. We repeated the 
cleaning tests with different powers. As can be seen in Fig. 
12, over 90% PRE could be obtained over 5 W.

4. Conclusion

In this work, a 3 MHz megasonic cleaning system was 
designed, and fabricated. First, the 1 MHz megasonic was 
developed, and the acoustic pressures were measured. Using 
these results, the 3 MHz type was designed and fabricated. 
In the design process, finite element analysis was performed 
to predict the impedance characteristics of the actuator and the 
waveguide. As a result, following conclusions were obtained:

(1) The maximum/average ratio of the 1 MHz megasonic 
acoustic pressures, was 272%, and the standard deviation/ 

(a) Commercial type

(b) 3 MHz type
Fig. 9 Acoustic pressure distributions

(a) Maximum values

(b) Standard deviations
Fig. 10 Acoustic pressures measurement results
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average ratio was 59% for the Al type.
(2) In addition, the maximum/average ratio for the quartz 

type was 267%, and the standard deviation/average ratio was 
45%. These values meant relatively mild acoustic pressure 
distributions. 

(3) The 3 MHz waveguide impedance graph of FEM was 
predicted as 2.997 MHz, which agreed well with the measured 
value of 2.995 MHz with 0.1% error. 

(4) Regarding the acoustic pressure, compared to the 
conventional A-type, the maximum value was decreased by 
36−45%, and the standard deviation was diminished by 10−
12%.

(5) Finally, cleaning tests were performed, and over 90% 
PRE could be obtained over 5 W. Considering the acoustic 
pressure and the cleaning test results, the 3 MHz megasonic 
system might help with the effective removal of contaminants 
from wafer surfaces.
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