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Abstract

Ultrasonic cleaning at high frequency around 1 MHz, called megasonic cleaning, is commonly used to remove particles less 
than 1 “m by generating high frequency accelerations on the cleaning objects. Cleaning is performed in an ultrasonically- 
excited liquid contained in a double-structured container. Ultrasonic waves generated by piezoelectric transducers propa
gate in the outer container and are transmitted through the inner container. The bottom of the inner container is inclined 
to make oblique incidence of the ultrasonic wave in order to raise the efficiency of the wave transmission through the bot
tom plate. This work deals with the efficiency of the wave transmission, which directly affects the cleaning performance. 
The transmission characteristics of the ultrasonic wave in the megasonic cleaner have been obtained analytically and nu
merically for the variations of some parameters, such as the thickness and inclined angle of the bottom plate of the inner 
container and the chemical ratio and temperature of the cleaning liquid. The calculated results have yielded the optimum 
cleaning condition in terms of the sound power transmitted into the cleaning liquid.

I. Introduction

Ultrasonic cleaning is an efficient method removing un
wanted particles from an object by exerting mechanical os
cillations of high frequency. Ultrasonic cleaners used in ma
nufacturing lines are mostly composed of an electrical os
cillator and a mechanical vibrator. The mechanical vibrator, 
whose transducers transform an electrical oscillation sig
nal into a mechanical vibration, is submerged in or at
tached to a cleaning tank which contains a cleaning liquid. 
The object to be cleaned is immersed in the cleaning liquid.

The cleaning mechanisms are based on the high-fre
quency acceleration and the cavitation in a cleaning liquid 
[1]. The ultrasonic cleaner operated at the frequency range 
of several decade kHz relies mostly on the cavitation 
mechanism. This kind of ultrasonic cleaner is suita비e to 
remove dirty particles of several “m order, and is used for 
example for the cleaning of shadow masks, which are parts 
of the Brown tubes. A study to reduce the erosion dam
age on the vibrator caused by the cavitation and to im
prove the cleaning performance of this type was reported 
earlier [2]. Meanwhile, the cleaner removing much smaller 
particles, such as 1 “m or less, and preventing cavitation 
damage is operated at much higher frequency, say around 
1 MHz. This kind of cleaner relies mostly on the high-fre
quency acceleration force [3] and is used for example 

in the semiconductor production for the cleaning of 
photo masks or silicon wafers.

The ultrasonic cleaner considered in this paper is oper
ated at 1 MHz, and is called a megasonic cleaner [4]. 
Cleaning is performed in an ultrasonically-excited liquid 
contained in a double-structured container, whose inner 
container is made of a non-metallic material such as 
fused quartz or pyrex glass so as to isolate the cleaning 
object from metallic ions. Ultrasonic waves generated by 
piezoelectric transducers propagate in the outer container 
and are transmitted through the inner container. The 
cleaning performance is directly affected by the sound 
power in the inner container. As shown in Fig. 1, the bot
tom of the inner container is inclined to make oblique in
cidence of the ultrasonic wave in order to raise the ef
ficiency of the wave transmission through the bottom 
plate [5].

This paper deals with the efficiency of the wave trans
mission by analytical and numerical approaches. The trans
mission efficiency is calculated analytically by considering 
the interactions of waves in an elastic plate of infinite 
length and liquids in contacts with the plate. The trans
mission characteristics of the 나trasonic wave is obtained 
for the variations of some parameters, such as the thick
ness and inclined angle of the bottom plate of the inner 
container and the chemical ratio and temperature of the 
cleaning liquid. Numerical calculations are performed by 
combining the finite element analysis of the vibration of 
the inner container and the boundary element analysis of 
the pressure 臼이d in the cleaning liquid.
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Figure 1. Cross-sectional diagram of a high-frequency ultrasonic 
cleaner with inner container.
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where A. and “ are Lame constants.
The potentials。and p satisfy the following two-dimen

sional wave equations.
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II. Wave Transmission through an Inclined 
Plate

2.1 Wave Theory
The transmission and reflection of the plane waves inci

dent obliquely on the infinite plate immersed in liquids as 
shown in Fig. 2 can be described in terms of the scalar 
potential。and one component of the vector potential p 
of the displacements [6, 7]. The components u and w of 
the particle displacements in the x-and z-axis directions 
respectively are expressed as

Rgure 2. Schematic diagram of the transmission and reflection 
of obliquely-incident plane waves on a plate.
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in the elastic plate. The normal stress and shear stress 
txz are expressed as

where Cl (= [(X +2p)/p]l/2) and Ct (비“/pF") are the ve

locities of longitudinal and transverse waves, respectively, 
and p is the mass density of the plate. For the angular 
frequency co and wave velocities Q and Ct, the wave
numbers kL (=a)/j) and kr (= co/cr) are used for later 
derivation. The wave in the elastic plate, which is called 
Lamb wave, has the solution of the following form.

。=L4s cosh(qz) +Ba sinh(衣)]exp[£(态黨一(血)} (7)

W니Gcosh(sz) +£>$sinh(sz)] exp[:(Ax—co/)] (8)

where ASi Bat Ca, Ds are arbitrary constants and q2 -(k2 
—足키", s2 =(k2 —加키/% The plane wave in a liquid can 

be expressed in terms of the scalar potential only.
The incident wave potential 札 reflected wave potential 

瀛，and transmitted wave potential 肉，which satisfy the 
wave equation (Eq. (5)), have the solutions of the follow
ing forms.

exp[Z ^i(sin0iX—cos0iz)—i(ot] (9)
,r = 0>r exp[:加(sin。】x +cos0i (10)
^r = Or exp [ i ^2(sin 62x — cos 02 z) — i(ot ] (11) 

where k\ =(d/ci, k2 = co/c2, and C\ and c2 are respectively 
the velocities of the acoustic waves in liquid 1 and liquid 
2 of Fig. 2. In a liquid i (f = 1, 2) the acoustic pressure is 
D= —pi够奴 where pi is the mass density of fluid and 
the displacements are u = 3이and w = d^/dz.

At the interfaces (z = ±d) between the elastic plate and 
the non-viscous liquids, the normal component of the dis
placement is continuous. At the interfaces the normal 
component of the stress g is equivalent to the acoustic 
pressure and the shear stress xX2 is zero. Introducing Eqs. 
(7)-(11) into six boundary conditions, three at z = — d and 
three at z = d, yields the foilowing matrix equation.
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(12)

Hn Hn * 耻 Hi6 As 1A1COS01 exp(-:^icos0i)0/

H21 H22 H24 H2S H26 Ba 0

H31 H32 H33 H34 Ha
,

Ca 0

H41 H42 H43 Hs H炳 Ds 0

W51 Ha H阈 Hss H就 S -(pi/p)Arexp(-:^] cos0i)$/

.H& Hg ^63 HfA H够 Hi6 0

where the elements H” of the 6X6 matrix [H] are written 
in Appendix. The amplitude of the transmitted wave 击 

can be calculated relative to the amplitude of the incident 
wavefrom Eq. (12).

2.2 Dependence on the Plate Thickness and Inclination

The transmission ratio of the elastic waves propagating 
from a liquid through a plate into another liquid is de
fined as As shown in Eq. (12), the transmission
ratio depends on the plate thickness and the oblique 
angle of the incident wave as well as on the material pro
perties of the media and the wave frequency. In this re
search the frequency of the elastic wave generated in the 
cleaner is 1 MHz. The material of the inner container was 
fused quartz, and the material properties of the plate are 
mass density p = 2,200 kg/m3, longitudinal wave speed Cl 

= 5,900 m/s, and transverse wave speed 4 = 3,750 m/s 
[8]. The liquid in the region of the incident wave, i.e. in 
the outer container, is pure water and the liquid in the re
gion of the transmitted wave, i.e. in the inner container, is 
a solution of pure water including small amount of 
chemicals. The mass density and wave speed measured at 
4012 as described in the next section are pi =983 kg/m3 
and Ci 드 1,530 m/s in the pure water and 内 드985 kg/m3 
and c2 = 1,530 m/s, respectively.

Transmission ratio has been calculated with Eq. (12) 
for various plate thickness and wave incidence angle and 
the results are shown in Fig. 3. Figure 3(a) displays the 
transmission ratio of an incident wave through an in
clined plate an a function of the incident angle for several 
plate thickness, while Fig. 3(b) displays the contour plot 
of the transmission ratio as a function of the incident angle 
and the plate thickness. Each curve in Fig. 3(a) shows 
peaks at several values of the incident angle. This result is 
consistent with the experimental observation [9|. This 
phenomenon, the transmission characteristics of the wave 
through a plate of finite thickness, can be explained in 
terms of the dispersion of Lamb wave speed, which de
pends on the plate thickness and the frequency [7]. Since 
the wave frequency of 1 MHz is fixed, only 나｝e effect of 
the various thickness is considered below.

IncidenC angle (degree)

(a)

(b)

Figure 3. Transmission ratio of an incident wave through an in
clined plate, (a) Variation of the transmission ratio as 
a function of the incident angle for several plate 
thickness, (b) Contour plot of the transmission ratiio 
as a function of the incident angle and the thickness 
of the plate.

Lamb waves, which propagate along a plate and have 
motion components in the directions of surface normal 
and wave propagation, are affected by the adjacent liqu
ids in case the plate is immersed in liquid media as shown 
in Fig. 2. Such waves are called leaky Lamb waves be
cause of the leakage of wave energy into the liquid. 
Leaky Lamb waves are described by Eq. (12) with 0/ = 0 
and the characteristic equation is obtained when the de
terminant of matrix [H] is set equal to zero. The solut
ions of the characteristic equation represent symmetric 
modes sOi Si, s2, ... and antisymmetric modes a0, a2,

and the wavelength of each mode can be found.
The continuity of the wave motion at the interface be

tween the plate and the liquid implies that the displace
ment components of the plate and the liquid in the sur
face normal direction are equal to each other. Thus the 



52 The Journal of the Acoustical Society of Korea, Vol. 16. No. IE (1997)

wavelength X2 of the elastic wave excited by the incidence 
of the wave from the liquid is determined by the wave
length Ai in the liquid and the incident angle 仇 as shown 
in Fig. 4 with the relation 人2 = %i/sin0i. As the X2 value 
approaches the wavelength of a leaky Lamb wave mode, 
the incident wave excites the elastic wave in the plate ef
ficiently. As the incident angle decreases, the higher mode 
of the larger wave speed is excited since the X2 value 
increases. The first peak from the right of each curve in 
Fig. 3(a) corresponds to the fundamental antisymmetric 
mode a0 and the second and third peaks correspond to s0 
and ai modes, respectively. Each curve has different locat
ions of the peaks because the dispersion characteristic of 
the Lamb waves is affected by the plate thickness also.

Figure 4. Relation between the incident waves in the liquid and 
the waves generated in the plate.

2.3 Effect of the Cleaning 니quid

The transmission of the ultrasonic wave is affected not 
only by the geometric and material parameters of the plate 
but also by the mass density and wave speed in the adjac
ent liquids of the incident wave region and the transmit
ted wave region. The mass density and wave speed in the 
liquid are dependent on the temperature and the chemical 
ratio of the solution. The liquid in the region of the inci
dent wave region, i.e. in the outer container, is pure water 
and the liquid in the region of the transmitted wave re
gion, i.e. in the inner container, is a chemical solution of 
water including small amount of ammonia and hydrogen 
peroxide to promote the cleaning process chemically.

The wave speed has been measured for four kinds of 
liquids, such as pure water, liquids A, B, and C, at vari
ous temperatures, ranging from 20 to 6012, approximately 
1012 apart. The liquids A, B, and C are composed of 
water (more than 90 volume%), hydrogen peroxide (less 
than 10%), and small amount of ammonia. The ratio of 
ammonia content in the liquids A, B, and C are 1 ：2.5：5. 

The wave speed has been obtained by measuring the time- 

of-flight of a pulse echo in each liquid. The mass density 
has been measured by the conventional method of mea
suring the mass and volume.

The difference in the wave speed due to the tempera
ture change of 40 is about 50 m/s. Meanwhile, 나te dif
ference of the wave speed for the variation of the chemi
cal composition in the cleaning liquid is within 5 m/s, and 

thus its effect on the transmission ratio is relatively negli
gible. The transmission of the wave incident from a pure 
water and propagating through the plate into the liquid B 
has been calculated for the temperatures 20, 40, 60 of 
the liquid B, and the results are displayed in Fig. 5 as a 
function of the incident angle. It appears from Fig. 5 that 
50 m/s difference in the wave speed yields 2° difference in 
the incident angle yielding maximum transmission ratio.

Fig니re 5. Transmission ratio of an incident wave through the plate 
of 4mm thickness at several liquid temperatures.

HL Sound Pressure Distribution in the 
Cleaning Liquid

3.1 Numerical Analysis

The analysis carried out in the previous section is valid 
for an infinite plate. The geometry of the inner container 
of the ultrasonic cleaner is not simple enough to use a 
theoretical approach. As shown in Fig. 1 the bottom 
plate of the inner container is finite and the side walls 
may interact with the propagating waves. Therefore, the 
validity of the theoretical results in the previous section 
for the realistic shape of the ultrasonic cleaner shown in 
Fig. 1 must be verified numerically.

It is assumed that the ultrasonic waves generated at the 
bottom of the outer container by the transducers are 
plane waves and that there is no variation in the direction 
normal to the cross-section shown in Fig. 1. Thus two- 
dimensional analysis is good enough in this case. Since 
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the motion of the plate is interacting with the motion of 
the adjacent liquids at both sides, a coupled analysis of 
the plate vibration and the liquid oscillation is necessary. 
Usually the finite element method (FEM) and the bound
ary element method (BEM) are used as convenient and 
powerful numerical schemes. A fully coupled analysis, 
which calculates the vibration of the container and the 
wave propagation in the liquid simultaneously, requires 
too many elements and too large computer capacity to be 
handled in the current hardware and software. Therefore, 
a one-way coupled analysis has been adopted for the nu
merical analysis as described below.

First of all, the vibration of the inner container excited 
by the incident plane waves has been calculated by using 
a commerci지 FEM software, ANSYS. The 나lickness of 
the bottom and walls of the inner container is 4 mm. The 
element size of the numerical model does not exceed 0.40 
mm, which is less than 1/6 of the wavelength 3.75 mm of 
the transverse wave in fused quartz, the material of the 
inner container, in order to guarantee an accurate nu
merical analysis. The side walls of the inner container are 

almost not affected by the incident wave in the liquid of 
the outer container, and have been modeled as line 
elements with the boundary conditions of zero displace
ments. The excitation on the bottom plate of the inner 
container by the incident wave has been considered as ex
ternal forces of a sinusoidal function. The magnitude and 
direction of the displacements at each nodal points of the 
bottom elements have been calculated by frequency-re
sponse analysis, and the example results are shown as a 
vector form in Fig. 6. This results is used in the hcou야ic 
analysis for the sound pressure distribution in the liquid 
in the inner container.

The acoustic field in the liquid of the inner container 
has been calculated by using a commercial BEM soft
ware, SYSNOISE. The element size of the boundary el
ement model has been made not exceed 0.25 mm, which 
is about 1/6 of the wavelength of 1 MHz waves in water, 
in order to assure the accuracy of the numerical analysis. 
The conditions of the boundaries contacting with the in
ner container have been given from the calculated results 
of the container vibration. The free surface of the top 
face of the liquid, which requires zero acoustic pressure, 
has been conditioned by a sufficiently large value of ad
mittance (105 m2s/kg) because the displacement bound
ary condition is not compatible with the pressure bound*  
ary condition in the direct BEM option of SYSNOISE. 
The bottom face has been conditioned by the vibration 
velocities converted from the displacements component

Figure 6. An example of the vibration analysis results showiing 
the displacement in the bottom plate of the inner con
tainer.

normal to the bottom face. The material properties of the 
liquid are those of fluid B mentioned in Section 2.3.

3.2 Sound Pressure Distribution
The sound pressure distribution in the cleaning liquid 

of the inner container has been calculated by the pro
cedure described in the previous section, and some of the 
results are shown in Fig. 7. Figure 7(a) is the result for 
the case of the inclined angle 28° and the temperature 
403 while Fig. 7(b) is for the same geometry with a sub
merged object to be cleaned. The transmitted wave does 
not establish a standing wave field but a traveling wave 
mid because of the inclination of the bottom plate of the 
inner container, and the sound pressure distribution 
shown in Fig. 7 is only an instantaneous snap shot of the 
waves in the cleaning liquid. The existence of the object 
in the cleaning liquid makes changes in the pattern of the 
sound pressure distribution but does not alter the overall 
level of the sound pressure. The meaning of the numerical 
analysis of the sound pressure distribution is explained 
below.

By calculating the sound pressure distribution in the 
cleaning liquid of the inner container, the transmission 
ratio of the wave through the bottom plate of the inner 
container has been obtained in terms of sound power tr
ansmission. The sound power transmitted through the bot
tom plate of the inner container has been calculated by in
tegrating the sound intensity over the area of the inclined 
bottom face. This calculation has been carried out by using 
the Contribution analysis' module of SYSNOISE, and the 
sound power P over the area S is given as follows.
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Figure 7. Sound pressure distributions in the liquid of the inner 
container: (a) without an object to be cleaned (b) with 
an object to be cleaned.

f Re[/>v*]  dS (13)
2 Js

where p and v are the acoustic pressure and the particle 
velocity normal to the bottom face and (*)  means com
plex conjugate.

By taking S to be the bottom plate of the boundary el
ement model the sound power calculated by Eq. (13) 
represents the wave energy transmitted through the bot
tom plate into the cleaning liquid during a unit time. The 
calculated sound power in the liquid of 40 X? is displayed 
as a function of the inclined angle in Fig. 8(a). This re- 
s니t, obtained for the realistic finite region, is not ident
ical to the theoretical curve in Fig. 3(a), which were 
obtained for the ideal infinite region. Both results, how
ever, show a similar trend to each other. The best angle 
of the bottom inclination can be found from the result of 
Fig, 8(a).

If the inclined angle of the bottom plate is fixed and 
not easy to change, the second best way to raise up the 
wave transmission is the change of the liquid tempera
ture. Another calculated result shown in Fig. 8(b) is the 
variation of the sound power as a function of the liquid 
temperature at a fixed inclination angle 24°. From this re
sult it is possible to select the liquid temperature which 
allows the maximum transmission of the wave through 
the bottom plate of a fixed inclination angle.
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다gure 8. Radiated power of the wave transmitted through a 4~ 
mm-thick bottom plate of the inner container into the 
cleaning liquid: (a) as a function of the inclined angle 
at 4(凡，(b) as a function of the liquid temperature at 
24° inclination.

IV. Conclusion

Theoretical and numerical analyses of elastic waves 
have been executed for a high-frequency ultrasonic cleaner 
which consists of outer and inner containers. The trans
mission efficiency has been calculated analytically by con
sidering the interactions of waves in the elastic plate of 
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infinite length and liquids in contacts with the plate. Nu
merical calculations have been performed by combining 
the finite element an이ysis of the vibration of the inner 
container and the boundary element analysis of the acou
stic pressure field in the cleanin옹 liquid. In order to max
imize the cleaning performance, the conditions to increase 
the wave transmission through the inner container have 
been found in terms of several parameters, such as the 
thickness and inclined angle of the bottom plate of the in
ner container at a constant temperature of the cleaning 
liquid and the temperature of the cleaning liquid at the 
given thickness and inclined angle of the bottom plate.
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Appendix

The elements of the 6 X 6 matrix [H] in Eq. (12) are 
as follows.

Hu = -H2i=Q sihn(gd)

Hi 3 = H23 = ik cosh(sd)

Hi $ = -ik cos 0i exp(诵 1 cos 仇)

= ~H^= ~(k2 4-s2) cosh(s(/)

H33= - (k2 +砂)cosh(sd)

% 그 0

Hu = -H6i = (k2 +s2) cosh(qd) 

恥 드 ~間53 드 liks sinh(sd) 

H55 = ~(pi/p)kT2 exp(诵 1 cos。。

H12 = H22=q cosh(qd)

H14 그 sinh(sd)

H26 = ikz cos02 exp(讷2 cos02)

H32 = H42 = likq cosh(qd)

_%=—(好 +s2) sinh(qd)

//4S = H« = 0

H52 =-H6i=(k2 +s2) sinh(qd)

H54 = 그 2讷 s cosh(sd)

H66 다 ~(p2/p)kT2 exp(z%2 cos02)
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