49

Acoustic Analysis of a High-Frequency Ultrasonic Cleaner

*Sunghoon Choi, *Jin Oh Kim, and *Yong-Hoon Kim

Abstract

Ultrasonic cleaning at high frequency around 1 MHz, callcd megasonic cleaning, s commonly used to remove particles less

than 1 pm by generaling high frequency acceleralions on the cleaning objects. Cleaning is performed in an ultrasomcally-

cxcited liguid contained in a double-siructured container. Ultrasonic waves generated by piezoelectric transducers propa-

gate in the outer container and are transmitted through the inncr container. The bottom of the inner container is inclined

to make oblique incidence of the ultrasonic wave in order to raisc the cfficiency of the wave transmission through the bot-
tom plate. This work deals with the efficiency of the wave transmission, which direclly affects the cleaning performance.

The transmission characleristics of the ultrasonic wave in the megasonic cleaner have been oblained analytically and nu-
merically for the vanations of somc parameters, such as the thickness and inclined angle of the botiom plate of the mner
containgr and lhe chemical ralio and temperature of the cleaning liquid. The calculated results have yiclded the optimum
cleaning condition in terms of the sound power transmitted into the cleaning liquid.

1. 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 clectrical os-
cillator and a mechanical vibrator. The mechanical vibrator,
whose iransducers transform an electrical oscillution 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 thc high-fre-
quency accelcration and the cavitation in a cleaning liquid
(1]. The ultrasonic clcaner operaled at the frequency range
of scveral decade kHz relies mostly on the cavitation
mechanism. This kind of ultrasonic cleaner is suitable to
remove dirty particles of scveral um order, and is used for
example for the cleaning of shadow masks, which are paris
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
parlicles, such as 1 um 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 aoceleration force [3] and is used for example
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in the scmiconductor production for the cleaning of
photo masks or silicon wafers.

The ulirasonic cleaner considered in this paper is oper-
ated at | 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 15 made of a non-metallic matenal such as
fused quartz or pyrex glass so as to isolate the cleaning
object from metallic ions. Ultrasenic waves generated by
piezoelectric transducers propagate in the outer container
and are (ramnsmilted through the inner container. The
cleaning performance is direclly 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-
mussion efliciency ts calculated analytically by considering
the intcractions of waves in an elastic plate of infinite
length and liquids in contacts with the plate. The {rans-
mission charactertstics of the ultrasonic wave is obtained
for the vanalions of somc¢ 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 clement analysis of the vibration of
the inner container and the boundary element analysis of

the pressure field in the cleaning liquid.
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Figure 1. Cross-sectional diagram of a high-frequency ulirasonic
cleaner with inner container.

. 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
of the displacements [6, 7]. The components # and v of
the particle displacements in the x-and z-axis directions

respectively are expressed as

Figure 2. Schematic diagram of the transmission and reflection
of obliquely-incident ptane waves on a plate.

.0 _ oy

u= ax 0z o
08 o

w=—> +6x (2)

in the elastic plate. The normal siress g and shear stress

Tz are expressed as
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where A and g are Lame conslants.

The potentials ¢ and ¢ salisly the following two-dimen-
sional wave equations.
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where ¢, (=1 +2u)/p1" and cr (=[u/p)"/?) are the ve:
locities of longitudinal and transverse waves, respectively,
and p is the mass density of the plate. For the angular
frequency @ and wave velocities ¢, and ¢r, the wave-
numbers ;. (=wfc.) and kr (= ofcy) are used for later
derivation. The wave in the elastic plate, which is called
Lamb wave, has the solution of the following form.

@ =|4; cosh{gz) + B. sinh(gz)) exp[#(kx — wt)] ]

¥ = [Ca cosh(s2} + Ds sinh(s2)] expli(kx —wi)} (8)

where As, Ba, Ca, Ds are arbitrary constants and ¢* =(%?
=k )2, s* =(k* — k7). The plane wave in a liquid can
be expressed in terms of the scalar potential only.

The incident wave polential ¢;, reflected wave potential
#r, and transmilted wave potential ¢r, which satisly the
wave equation (Eq. (5)), have the selutions of the follow-

ing forms,

gr=®; exp[i ki(sind, x —cos 6, 2) —fwl] 9)
gr=®pexpli k(sind, x +cosh, 2)—iwf] (10}
dr=r expli ki(sin@, x —cos 8, 2) —iwt] au

where %y = w/¢,, k: = wfc,, and ¢, and ¢; are respectively
the velocities of the acoustic waves in liquid 1 and liquid
2 of Fig. 2. In a liquid 7 (=1, 2) the acoustic pressure is
p=—piw*d, where p; is the mass density of Mhud ¢, and
the displacements are « = 8¢/0x and w = 3¢/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 slress g, is equivalent to the acoustic
pressure and the shear stress vs: is zero. Introducing Eqs.
(7)(11) into six boundary conditions, three at z= —d and

three at z =d, yields the foilowing malrix equalion.
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[Hi He Hia Hie His His) (A5 §kyoos 0y exp( - £k cosd, )&,
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Ha He Hy Hu Has Hao | | Ds 0
Ha Ry Ha Ha Hes Hso| | ®e —{pifphhrexp(—1ky cosd, )b,
Ho Hor Hey Hea Hos Hes ] |®r ¢

(12)

where the elements H;; of lhe 6 X6 matrix [H] are written
in Appendix. The amplitude of the transmitted wave ¢r
can be calculated relative to the amplitude of the incident
wave ¢, from Eq. (12).

2.2 Dependence on the Plate Thickness and Inclination

The transmission ralio of the elastic waves propagating
from a liquid through a plate into another liquid is de-
fined as P -/P;:). 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 elaslic wave generated in the
cleaner is | MHz. The material of the inner container was
fused quartz, and the material properties of the plate are
mass density p= 2,200 kg/m?, longitudinal wave specd cv.
=5900 m/s, and transverse wave speed ¢r=3,750 m/s
[8]. The liquid in the region of the incident wave, ie. in
the outer containgr, is pure waler and the liquid in the re-
gion of the transmitted wave, i.c. in the inner container, is
a solution of pure water including small amount of
chemicals. The mass density and wave speed measured at
40°C as described in the next section are p, =983 kg/m*®
and ¢, =1,530 m/s in the pure water and p; =985 kg/m?
and ¢; = 1,530 m/s, respectively.

Transmission ratio has been calculaied 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 scveral
plate thickness, while Fig. 3(b) displays the contour plot
of the fransmission ralio as a function of the incident angle
and the plate lhickness. 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 the effect of
the various thickness is considered below.
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Figure 3. Transmission ratio of an incidenl 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 ratio
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 propagalion, 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
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 symmelric
modes So, $1, 52, ... and antisymmetric modes a0, 21, a2,
..., and the wavelength of cach 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 lo each other. Thus the
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wavelength A of the elustic wave cxcited by the incidence
of the wave from the liquid is determined by the wave-
fength A in the liquid and the incident angle ¢, as shown
in Fig. 4 with the relation X; =, /sin (. As the A, value
approaches the wavelength of a leaky Lamb wave mode,
the incident wave cxcites the elastic wave in the plate ef-
ficiently. As the incident angle decreases, the higher mode
of the larger wave speed is cxcited since the A, value
increases. The first peak from the right of each curve in
Fig. 3(a) corrcsponds to the fundamental antisymmetric
mode ao and the second and third pcaks correspond to s,
and a, 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.

plate

SN

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

2.3 Effect of the Cleaning Liquid

The transmission of the ulirasonic wave is affceted not
only by the geometric and material parameters of lhe plale
but also by the mass density and wave speed in the adjac-
ent liquids of the incidenl wave region and Lhe transmil-
ted wave region. The mass densily and wave speed in the
liquid are dependent on the lemperature and (he chemical
ratio of Lhe solution. The liquid in the region ol Lhe inci-
dent wave region, i.e. in the ouler container, is pure waler
and the liquid in the region of the transmilled wave re-
gion, i.c. in the inncr container, i1s 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 purc water, liquids A, B, and C, at vari-
ous lemperatures, ranging {from 20 to 60°C, approximately
10°C apart. The liquids A, B, and C are composed of
water {more than 90 volume%), hydrogen pesoxide (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-
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offlight 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°C is aboutl 50 m/s. Meanwhile, the dif-
ference of the wave speed for the vartalion of the chemi-
cal composilion in the cleaning liquid is within 5 m/s, and
thus tls effect on the lransmission ratio is retatively negli-
gible. The transmission of the wave incident from a pure
watcr and propagating through the plate into the liquid B
has been calculated for the lemperatures 20, 40, 60T of
the liquid B, and the resulls are displayed in Fig. 5 as a
function of the incident angle. 1t appears from Fig. 5 that
50 m/s difference in the wave specd yiclds 2° difference in
the incident angle yiclding maximum transmission ratio.

Transmissi93 raic
=)

Incident angle (degree)

Figure 5. Transmission ratio of an incident wave (hrough (he plate
of 4mm thickness at several liquid temperatures,

[l. Sound Pressure Distribution in the
Cleaning Liquid

3.1 Numerical Analysis

The analysis carried out in the previous section is valid
for an infinitc plale. The geomelry of the inner container
of the wltrasonic cleaner is nol simple enough to wsc a
theoretical approach. As shown in Fig. | the bottom
plate of the inner container is finitc and the side walls
may interacl wilh the propagating waves. Thercfore, the
validily of the theoretical results in the previous section
for the realistic shapc of the ultrasonic cleaner shown in
Fig. 1 must be verified numerically.

It is assumed lhat the ultrasonic waves generated at the
boltom of the outer container by the transducers are
plane waves and that there is no variation in the direction
normal (o the cross-section shown in Fig. 1. Thus two-

dimensional analysis is good enough in this case. Stnce
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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 clement method (FEM) and the bound-
ary clement method (BEM) are used as convenenl and
powerlul numerical schemes. A fully coupled analysis,
which calculates the vibration of the container and the
wave propagalion in the liquid simultaneously, requires
too many elements and too large compuler capacity (o be
handled in the currenl hardware and software. Therefore,
a onc-way coupled analysis has been adopled for the nu-
merical analysis as described below.

First of all, the vibration of the inner conlainer exciled
by 1he incident plane waves has been calculated by using
a commercial FEM software, ANSYS. The thickness of
the bottom und walls of the inner container is 4 mm. The
clemenl size of the numcrical model does not exceed 0.40
mm, which is less thun 1/6 of the wavelength 3.75 mm of
lhe transversc 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
almosl not affected by the incident wave in the hquid 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 inver
container by the incident wave has been considered as ex-
ternal forces of a sinusoidal funclion. The magnitude and
direction of the displacements at cach nodal points of the
boltom elcments have been calculated by frequency-re-
sponse analysis, and the example resulls are shown as a
vector form in Fig. 6. This resufts is used in the acoustic
analysis for the sound pressure distribution in the liquid
in the inner confainer.

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 cl-
cmenl 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 assurc the accuracy of the numerical analysis.
The conditions of the boundaries contacting with the in-
ner container have been given from the calculated resuits
of the container vibration. The free surface of Lhe fop
face of the liquid, which requires zero acouslic pressure,
has been condilioned by a sufficiently large value of ad-
miltance (10° m?s/kg) because the displacement bound-
ary condition is not compatible with the pressure bound-
ary condition in the direct BEM option of SYSNOISE.

The boltom face has been conditioned by the vibration -

velocitics converted from the displacements component

a3

Figure 6. An example of the vibration analysis results showing

the displacement in the bottom plate of the inner con-
tainer.

normal to the boltom face. The matenal propertics 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 conltainer has been cailculated by the pro-
cedure described in the previous seclion, and some of the
results are shown in Fig. 7. Figure 7(a) ts the result for
the case of the inclined angle 28° and the temperature
40°C, while Fig. 7(b) is for the same geometry with a sub-
merged object to be cleaned. The transmitted wave does
not cstablish a standing wave field bul a traveling wave
field because of the inclination of the bottom plale 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
Icvel of the sound pressure. The meaning of the numerical
analysis of the sound pressure distribution is explained
helow.

By calculating the sound pressure distribution in the
cleaning liquid of the inner coniainer, the transmission
ralio of the wave through the bottom plate of the inner
container has been obfained in terms of sound power 1r-
ansmission. The sound power transmilted through the bot-
tom platc of the inner container has been calculated by in-
tegrating the sound intensity over the area of the inclined
holtom face. This calculation has becn 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 he inner
container : (a) without an object 10 be cleaned (h) with
an objecl to be cleaned.
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where p and v are the acoustic pressure and the parlicle
velocity normal to the bollom face and (*) means com-
plex conjugate.

By taking S 1o be the bottom plate of the boundary el-
ement model the sound power calculated by Eq. (13)
represents lhe wave energy transmitted through Lhe bot-
tom plate into the cleaning liquid during a unit time. The
calculated sound power in the liquid of 40 is displayed
as a lunction of the inclined angle in Fig. 8(a). This re-
sult, obtained for the realistic finite region, is not ideni-
ical to the thcoretical curve in Fig. 3a), which were
obtained for the ideal infinite region. Both results, how-
ever, show a similar trend to each other. The best angle
of the boltem inclination can be found from the result of
Fig. 8(a).
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Il the inclined angle of the botlom plale is fixed and
not easy to change, the second best way 1o raise up the
wave lransmission 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-
sull it is possible to select the liquid temperature which
allows the maximum {ransmission of the wave through

the botiom plale ol a fixed inclination angle.
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Figure 8. Radiated power of the wave transmitled through a 4-
mm-thick bottom plate of the inner container into the
cleaning liquid : (a) as a Tunclion of 1he inclined angle
al 40T, (b) as a function of the liquid temperature at
247 inclination.

IV. Conclusion

Theoretical and numerical analyses of elastic waves
have been executed for a high-frequency ultrasonic cleaner
which counsists of outer and inner containers. The trans-
mission efficiency has been calculated analytically by con-

sidering the interaclions 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 clement analysis of Lthe vibration of the inner
container and the boundary element analysis of the acou-
stic pressure field in the cleaning liquid. In order to max-
imize the cleaning performance, the conditions Lo increase
the wave transmission through the inner container have
been found in lerms of severul parameters, such as the
thickness and inclined angle of the bottom plate of the in-
ner container at a constant tempcrature of the cleaning
liquid and the temperature of the cleaning liquid at the
given thickness and inclined angle of the boltom plate.
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Appendix

The elements H;; of the 6 X6 matrix [H] in Eq. (12) are

as follows.

Hi\ = —Hy, = g sihn(gd) Hy2= Hy =q coshigd)

H\3 = Hy, =ik coshisd) 1 = = a4 =3k sinh(sd)
Hys=—ik cost explek cost)  Hia=Hse=0

Hys = Hes =0 Hao =5k c0s8; expliky cos0;)
Hy = —Ha = —(K* +57) cosh(sd) Hs; = Hy; = 2ikq cosh(gd)

Hyy = Hyy= - +s)coshisd)  Has=—Ha = —(k* +5%) sinh{gd)
Hys=Hw=0 Has=His=0

Hy=~Ho =k +s*)cosh(gd)  Hsi= — Hey=(* +57}sinh(ed)
Hss = ~ Hgy = 2iks sinh{sd) Hsa = Hot = 2ks cosh{sd)

Hys = —(pr/pYlr® explik, cosd) Hes = —{p1/p)kr® explik, costh)
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