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ABSTRACT 
 

In this article, a plate-type megasonic cleaning system with cooling pins is proposed for the sliced ingot, which is a 

raw material of silicon (Si) wafers. The megasonic system is operated with a lead zirconate titanate (PZT) actuator, 

which has high electric resistance, thus when it is being operated, it dissipates much heat. So this article proposes a 

megasonic system with cooling pins. In the design process, finite element analysis was performed and the results 

were used for the design of the waveguide. The frequency with the maximum impedance value was 998 kHz, which 

agreed well with the measured value of 997 kHz with 0.1 % error. Based on the results, the 1 MHz waveguide was 

fabricated. Acoustic pressures were measured, and analyzed. Finally, cleaning tests were performed, and 90 % 

particle removal efficiency (PRE) was achieved over 10 W power. These results imply that the developed 1 MHz 

megasonic will effectively clean sliced ingot wafer surfaces. 
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1. Introduction 1 

In industrial areas, ultrasonics are widely applied to fabri-

cation, cleaning, food, chemical reaction, etc.[1]. In the manu-

facturing process, it is utilized in ultrasonic vibration-assisted 

drilling[2,3]. It can also assist in the turning process of high-

hardness metals[4]. Jung et al. researched into the effect of 

ultrasonic vibration on drawing force[5]. Regarding cleaning, 

Park et al. reported the comparison of cleaning effects of gas 

and vapor bubbles in ultrasonic fields[6]. Among them, mega-

sonics are proposed to use in a semiconductor cleaning pro-

cess[7]. Another application is ultrasonic peening milling [8]. 

When milling metals, mechanical vibration can be applied to 

aid the milling processes. It can be also used as a flow sensor 

in semiconductor process[9]. Ha et al. applied the ultrasonic 

power for the Mist-Chemical Vapor Deposition (CVD) pro-

cess[10,11]. 

Recent research has applied megasonic frequency, which is 
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frequency above 1 MHz that is higher than the general 

ultrasonic frequency near 20 kHz, to the semiconductor 

cleaning process[12,13]. Compared to ultrasonics, high-

frequency has the strong advantage of lower displacement, 

which can be used in sensitive structures, such as micro or 

nano-patterns. We previously developed an L-type waveguide 

megasonic system for the cleaning of nano-scale patterns[14]. 

Chu et al. compared the ultrasonic and megasonic cleaning of 

nanoscale patterns in ammonia hydroxide solutions[15]. 

Ochiai et al. researched about a numerical analysis of a single 

bubble behavior in a megasonic field by a simulation[16]. In 

addition, Han et al. performed an analysis of a sonolu-

minescence signal from megasonic irradiated gas-containing 

aqueous solutions[17]. And Li et al. analyzed a mechanism of 

a megasonic and a brush cleaning processes for silicon sub-

strates after a chemical mechanical polishing process[18]. 

Lastly, Zhang et al. reported non-contact post-CMP megaso-

nic cleaning results of cobalt wafers[19]. But these researches 

are lacking in the development of the megasonic system. 

The megasonic system is generally operated with a lead 
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zirconate titanate (PZT) actuator. The PZT actuator has high 

electric resistance, so when it is being operated, it dissipates 

much heat. So in this work, we propose a megasonic system 

with aluminum (Al) cooling pins. The Al pins are configured 

with the first step of the Al waveguide. 

The plate-type megasonic cleaning system is proposed for 

the sliced ingot, which is a raw material of silicon (Si) wafers. 

The megasonic system is operated with a lead zirconate titanate 

(PZT) actuator, which is composed of an aluminum (Al) and a 

quartz waveguide. In the design step, finite element analysis 

was performed and the results were used for the design of the 

waveguide. The frequency with the maximum impedance 

value was 1,000 kHz, which agreed well with the measured 

value of 997 kHz with 0.3 % error. At this time, acoustic 

pressures were measured, and the PRE was also measured 

through cleaning wafer tests. Based on the results, the 1 MHz 

waveguide was fabricated. These results imply that the de-

veloped 1 MHz megasonic will be helpful for the effective 

cleaning of sliced ingot wafer surfaces. 

 

2. Design of the Megasonic Waveguide 

2.1 Plate-type megasonic design 

Fig. 1(a) illustrates the structure of the plate-type megasonic, 

while Fig. 1(b) shows the fabricated plate-type megasonic. 

The operating power is supplied by an electric generator, 

which is shown in Fig. 2. The megasonic part is composed of 

a PZT actuator, an aluminum plate for cooling and a quartz 

waveguide. For the basic design of the system, the following 

equation was used: 

 

� = � ∙ �                (1) 

 

where, v is the velocity of the wave, f the frequency, and λ the 

wavelength. The first step of the waveguide is the aluminum 

(Al) cylinder. Thus, using the velocity of Al (v1=5,050 m/s), 

the λ1 for the operating frequency of 1 MHz could be obtained 

as 5.05 mm. The maximum displacement can be obtained at 

each multiple of half λ. So we multiplied 14 by the half λ1, 

and the calculated length was 35.35 mm. 

Using the same procedures, the λ2 of the quartz could be 

obtained as 5.98 mm, where the velocity of quartz was 5,980 

m/s. The maximum displacement can be obtained at each 

multiple of half λ. Thus, the half λ2 is 2.99 mm, and we used 

this value as the waveguide length. 

 

(a) 
 

 

(b) 

Fig. 1. (a) Structure of the plate-type quartz megasonic  

and (b) fabricated megasonic. 

 

 
Fig. 2. Electric generator. 

 

 

2.2 Finite element analysis 

For the analysis of the PZT actuator, FEM was performed 

using commercial Ansys software. The actuator was modelled 

axis-symmetrically, and the harmonic analysis was processed. 

We tried to find more accurate dimensions through the FEM 

by slightly changing each dimension. Fig. 3(a) shows the 

FEM PZT model, while Fig. 3(b) shows the PZT impedance 

graph obtained. It was modelled axis-symmetrically, and the 

voltages are given at the top and bottom sides. The maximum 

impedance value was found at 1 MHz, which value was set as 

a design value. After fabricating the PZT, the impedance was  
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(a) 

 
(b) 

Fig. 3. (a) PZT model and (b) FEM impedance graph. 

 

 
Fig. 4. The measured PZT impedance graph. 

 

measured, and it coincided with the analysis result of 1 MHz, 

as shown in Fig. 4 (Impedance Analyzer, Agilent Inc.). 

Secondly, the PZT with a cooling pin was designed. Due to 

the high heat from the PZT, we adapted aluminum (Al) 

cooling pins for the Al waveguide, instead of a quartz material, 

so that the Al cooling part could transfer the megasonic energy, 

and cool down the heat from the actuator. Next, the second 

quartz waveguide was attached at the end of the cooling part. 

 
(a) 

 
(b) 

Fig. 5. (a) Analysis model of the Al and quartz waveguide  

and (b) the impedance graph. 

 

 
Fig. 6. Measured impedance graph of the 1 MHz. 

 

The calculated dimensions of the previous chapter were 

utilized. For the analysis of the cooling part and the quartz 

waveguide, it was modelled axis-symmetrically, and the vol-

tage load was applied to the actuator. Fig. 5(a) shows the 

analysis model of the quartz waveguide, and Fig. 5(b) the 

impedance graph, which result showed 998 kHz peak fre-

quency. Using these results, the megasonic was fabricated, 

and the impedance was measured. Fig. 6 shows the result, and  
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(a) 

 

 
(b) 

Fig. 7. (a) Analysis model of the quartz waveguide with 

water and (b) impedance graph. 

 

the peak value was 997 kHz, which agreed well with the 

analysis result with 0.1 % error. 

For the last analysis, the water was modelled at the end of 

the waveguide, as shown in Fig. 7(a). As a result, the peak 

frequency was obtained as 1 MHz, which is shown in Fig. 

7(b). Fig. 8(a) shows the acoustic pressure distributions of the 

waveguide with water, while Fig. 8(b) provides a magnified 

view. The red area indicates higher acoustic pressure, while 

the blue area indicates lower pressure. From these results, we 

can expect well- distributed pressures at the end of the 

waveguide. 

 

3. Experiment 

The megasonic performance can be evaluated by mea-

suring the acoustic pressure and a particle removal test. Fig. 9 

shows the experimental setup (Acoustic Pressure Measure- 

 
(a) 

 

 
(b) 

Fig. 8. Acoustic pressure distributions of (a) the waveguide 

with water and (b) magnified view. 

 

 
Fig. 9. Experimental setup for acoustic pressure measure-

ment. 

 

ment System, AcouLab Inc.). Acoustic pressure can be 

measured in water with a hydrophone sensor. In air, micro-

phones are generally used to measure acoustic pressure, while 

in water, hydrophones are used. The intensity of the acoustic 

pressure can be used to represent the system performance. 
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(a) 
 

 

(b) 

Fig. 10. Acoustic pressure distributions of the waveguide:  

(a) 2D view and (b) 3D view. 

 

 

(a) 

 

(b) 

Fig. 11. Acoustic pressures measurement results of (a) the 

maximum and (b) standard deviation. 

 
 

Fig. 12. Cleaning test equipment. 

 

The developed megasonic is immersed in a water tank for 

the experiment. While supplying electricity to the PZT on the 

waveguide, the bottom surface emits acoustic power to the 

water. Then to measure the entire bottom surface, the hydro-

phone sensor moves in a zig-zag with a 0.05 mm step. The 

measured values were transferred to the personal computer 

(PC) for saving and analysis. We repeated the tests with dif-

ferent input powers. Fig. 10(a) shows the measured plot with 

two-dimensional (2D) view, while Fig. 10(b) shows the three-

dimensional (3D) view. The blue bright area represents high 

acoustic pressure, while the black and dark areas represent 

low pressure. 

The measured data were analysed, and the average, maxi-

mum, and standard deviation were calculated. Fig. 11(a) 

shows the maximum vs. average, while Fig. 11(b) shows the 

standard deviation vs. average. As the input power increases, 

the average output pressure rises. In addition, when the aver-

age has incremental values, the maximum acoustic pressure 

also increases. Finally, the index of good distribution is the 

standard deviation, and it also shows a tendency of rising with 

the added averages. Compared to a commercial product (type-

A), we could obtain 10 % better standard deviation values. 

Secondly, the developed megasonic was designed for 

cleaning sub-micron particles, so the cleaning test was per-
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formed by counting deposited nano-particles on a Si wafer (8 

inch Si Wafer, thickness = 525 μm), and the remained num-

bers after cleaning. Cleaning test using silica particles was 

performed. Fig. 12 shows the cleaning equipment, which is 

composed of the cleaning system, and the surface analyzer. 

The cleaning test performed the following procedures: (1) 

particle deposition, (2) particle counting, (3) cleaning, and (4) 

remained particle counting. The particles were counted by our 

surface analyzer system, which uses laser for counting. In the 

cleaning system, the particle cleaning process is performed 

using our developed megasonic. After cleaning, the remaining 

particles were counted. Fig. 13(a) shows the scanned particle 

images before cleaning, and Fig. 13(b) the images after. Over 

90 % of particle removal efficiency (PRE) was achieved over 

10 W power, as shown in Fig. 14. 

 

 

 

(a) 
 

 

(b) 

Fig. 13. Cleaning test results of (a) before and (b) after. 

 

 
Fig. 14. PRE graph. 

 

4. Conclusion 

In this paper, the plate-type megasonic cleaning system 

with Al cooing pins was proposed for the sliced ingot, which 

is a raw material of Si wafers. The megasonic system is 

operated with the PZT actuator. It is composed of the Al and 

the quartz waveguide. In the design process, finite element 

analysis was performed, and the results were used for the 

design of the waveguide. The frequency with the maximum 

impedance value was 998 kHz, which agreed well with the 

measured value of 997 kHz with 0.1 % error. Based on the 

results, the 1 MHz waveguide was fabricated. Acoustic pres-

sures were measured, and analyzed. Finally, cleaning tests 

were performed, and 90 % particle removal efficiency (PRE) 

was achieved over 10 W power. These results imply that the 

developed 1 MHz megasonic will be helpful for the cleaning 

of sliced ingot wafer surfaces effectively. 
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