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Ultrasonic cleaning is modeled as a plane wave striking a sphere at the interface between 
a solid and a fluid (an axisymmetric fluid-structure interaction problem). To study this 
problem the + V-P, finite element method has been used with direct time integration in 
a large bounded domain. Two well established analytical solutions approximate the 
conditions described in the current analysis and have been used to verify the time step 
size and finite element mesh. The force on the sphere due to the passage of the wave front 
has then been found for three wave frequencies. The maximum force occurs when the 
wavelength is comparable to the sphere diameter. 

1. INTRODUCTION 

Ultrasonic cleaning is extensively used in the semiconductor industry. One function served 
by the technique is to remove small particles. Most machines direct 100-1000 kHz 
ultrasonic waves at the contaminated wafers through a solvent bath, but cannot regularly 
remove very small (1 km diameter) particles. In addition, it is not well understood how 
the acoustic waves in the solvent interact with the parts in the bath to produce this 
cleaning effect. Estimating the net forces produced on the contaminant particles by the 
acoustic waves presents a difficult analytical problem. 

Therefore, in this study the ultrasonic cleaning process has been treated as a general 
fluid-structure interaction problem, and the governing equations have been solved 
numerically. The author is unaware of any previous work which applies numerical 
fluid-structure interaction techniques to ultrasonic cleaning. 

The simplified axisymmetric fluid-structure interaction model to be considered involves 
a sphere at the interface between a solid and a fluid (see Figure 1). A small (“1 Frn 
diameter) sphere rests on a semi-infinite elastic solid (silicon, which extends from z = 0 
to negative infinity). A stiff spring holds the sphere against the silicon. Water surrounds 
the sphere (extending to positive infinity). A plane wave of known frequency (in the 
range 10 MHz to 1 GHz) travels through the silicont and strikes the fluid-solid interface 
at normal incidence. Some of the wave’s energy reelects back into the solid and some 
continues into the fluid. The quantity to be estimated is the force on the sphere (i.e., the 
force in the spring) due to the initial passage of the wave front. (Most of the cleaning 
effect should occur soon after the wave passes the particle.) Future analyses will involve 
more complicated geometries and include non-linear wave propagation effects. 

Standard finite element techniques provide a useful baseline solution to this simple 
problem, since the finite element method can be extended to include complicated 
geometries and non-linear waves. Specifically the I$- U-P, method [ 1,2] can be used, in 
which the velocity potential 4 is the nodal variable in the fluid and PO is the single 

f Alternatively, the wave might just as easily come from the fluid side. 
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Water 

T Plane wave 

Figure 1. Sphere-spring-semi-infinite solid problem. 

hydrostatic pressure in each fluid region. Since P,, is zero in the case to be considered, 
this method reduces to Everstine’s method [3-S]. These methods may be applied reliably 
to transient analyses and generate symmetric matrix equations. 

Other fluid-structure interaction methods for finite element analysis have been 
developed but each has some drawbacks in this case. Displacement-based methods have 
been studied extensively by numerous researchers. Belytschko has used this approach 
extensively in linear and non-linear applications [6-91. Bathe and Hahn [lo] also 
developed a linear/non-linear formulation which was further studied by Olson and Bathe 
[ 111, Larsson and Svenkvist [ 121, and Sundqvist [ 131. Additional research on displace- 
ment-based methods has been done by Wilson [14,15-J, Shugar and Katona [16], and 
Khalil and Hubbard [17]. However, as discussed by Hamdi, Ousset, and Verchery [18], 
Kiefling and Feng [19], Akkas, Akkay, and Yilmaz [20], and Olson and Bathe [ll], the 
displacement-based methods often suffer from spurious rotations in dynamic analysis. 
Many authors have studied some form of potential-based method. Zienkiewicz and 
Newton [21] used pressure as the nodal variable in the fluid and displacements as the 
unknown in the solid, but this yields a set of unsymmetric matrix equations. Others, 
including Daniel [22], Petyt and Lim [23], Muller [24], and Craggs [25], employed similar 
formulations. Zienkiewicz and Bettess [26] and Belytschko [27] have surveyed work in 
the area of fluid-structure interactions. 

In section 2, the & U-P,, method is discussed. Section 3 deals with two limiting cases 
for this analysis-a plane wave travelling from the solid to the fluid and a plane wave 
scattered from a sphere in infinite fluid. The results for three frequencies for the full 
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problem are presented in section 4. Finally, the results are summarized and future 
directions are discussed in section 5. 

2. FORMULATION 

The +-Cl-P, finite element method incorporates several assumptions about the fluid 
and solid. The fluid is assumed to be inviscid, adiabatic, compressible, to undergo only 
small motions, and to have no body forces acting on it (the standard acoustic fluid 
assumptions). In addition the motion of the solid is also linear (small strains, etc.). (Figure 
2 defines the general geometry.) The +-V-P,, method has been discussed in an earlier 
paper [l] and the formulation is briefly reviewed here. 

Figure 2. General fluid-structure interaction geometry. 

2.1. GOVERNING DIFFERENTIAL EQUATIONS FOR FLUID 

The governing differential equation for the inviscid, compressible, adiabatic fluid with 
no body forces is the wave equation [28]: 

(l/P) rWJC3f - (p/P) a2f$/at2+v2c#I = 0, (1) 

where p is the isentropic bulk modulus of the fluid, PO is the hydrostatic pressure, t is 
time, p is the fluid density, and C$ is the velocity potential (V = V4). In this equation the 
pressure is P,,- p& where PO has a single value within each fluid region. In this wave 
propagation analysis there is no change in PO. Therefore one may set it to zero without 
loss of generality. 

2.2. VIRTUAL WORK EXPRESSIONS 

The symmetric virtual work expression for the fluid is [l] 

P2 a24 _ I par2WdF- pV4*VWdF- I au” pat&$dZ=O, (2) 

where Sx is the variation in x, dF is the differential fluid volume, U, is the normal 
displacement of the solid, and dZ is the differential fluid-structure interface. 
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Virtual work expressions and variational indicators for continuum solids are well known 
[30]. For this application the virtual work expression has been used in the form [l] 

where E is the strain tensor in compacted form, Cs is the stress-strain matrix, dS is the 
differential solid volume, ps is the density of the solid, and fA is the vector of the externally 
applied loads. 

2.3. FINITE ELEMENT DISCRETIZATION 

The entire domain can now be discretized into finite elements (see Figure 3). The lluid 
is divided into isoparametric fluid elements and the solid into standard isoparametric 

Figure 3. Discretization of general fluid-structure interaction geometry. 

continuum solid elements. At the boundary between the fluid and the solid fluid-structure 
interface elements are used. Fluid elements have velocity potentials as the nodal variables. 
As a result each fluid element contributes two matrices: 

(Here 

K’FF = pGTGy dy dz and M&= 5 hThy dy dz. (495) 

G= h=[h, hz ..I hN], 

and hi is the shape function for node i. The system is axisymmetric about the z axis.) 
Continuum solid elements have displacements as the nodal variables and therefore 
contribute ordinary stiffness and mass matrices, K is and M&. The fluid-structure interface 
elements enforce the coupling between the fluid and the solid. (If the fluid-structure 
interface elements are omitted the solid will behave as if there is no fluid and the fluid 
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will act as though the solid is rigid.) The interface elements have displacements and 
velocity potentials as variables. They introduce an additional matrix, 

C’, = - 
I 

paTby di, (6) 

where 

a=[h, h2 +f. h,], b=[h,n,, II,?& h*n,. hgl, . * * h&fr$ h&,qn,], 

A4 is the number of nodes in these surface elements, and di represents the length of the 
surface element. 

The overall matrix equations for wave propagation, after the contributions from each 
element have been summed, may be represented by 

[“d” J[:]+[c”, yq[J+[y _;F,][:]=[;]9 (7) 
or 

KX+CX+MX=R. (8) 

Four important features of this form should be noted. (1) The K, C, and M matrices 
are symmetric. (2) Although a C matrix has been introduced which multiplies the X 
vector, it simply contains coupling terms and does not represent dam.ping (since there is 
no physical damping in the finite system). (3) With proper equation ordering the bandwidth 
of the system can be quite narrow. (4) The matrix equations may be integrated directly 
in time by using Newmark’s method. 

2.4. UNITS 

In a fluid-structure interaction analysis by the +- U-P, method the governing matrix 
equations may be numerically ill-conditioned for some choices of units. For this problem 
the units chosen were as follows: length, 1 pm; time, 1 ns; mass, 1 pg. As a result the 
physical parameters of the system are the following: p = 1 pg/p,m3; /3 = 2.1 pg/ns* p,rn; 
pS = 2.3 pg/pm3; E = 190 pg/ns* pm; sphere diameter = 1 km. If R is a characteristic radius 
(10 km) and L is a characteristic element length (1 km) then the orders of magnitude of 
the various element matrices become KFF = pR = 10 pg/Fm*, Kss = ER = 1900 pg/ns2, 
c = pRL = 10 pg/+m, MFF = p2RL2/j3 = 5 pg ns2/Fm2, and MS, = pSRL2 = 20 pg. 
Agough the physical meanings of the various terms are different they vary only from 5 
to 2000 in magnitude. 

3. LIMITING CASES 

One may choose the time step and element sizes based on a knowledge of the forcing 
function frequency and wave propagation speeds in the fluid and solid. To verify these 
choices two limiting cases were analyzed. In the first case a plane wave passes from the 
solid into the fluid. In the second case a plane wave moves through the fluid to strike a 
rigid sphere. 

3.1. PLANE WAVE PROPAGATION TEST 

Figure 4 shows the geometry under consideration. A semi-infinite half plane of silicon 
is adjacent to a semi-infinite half-plane of water. A 1 GHz sinusoidal plane wave passes 
through the silicon striking the interface at normal incidence. Some of the wave is reflected 
back into the solid and the rest of the wave passes into the fluid. 
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i Water 

I Plane wave 
I GHz frequency 

Figure 4. Plane wave propagation test. 

The analytical solution to this problem is well known [28]. The wave originates in the 
solid so that the total displacement in the solid consists of the incident wave (Ui) and the 
reflected wave (u,) 

where cj( =a) is the speed of sound in the solid. The fluid contains only the transmitted 
wave (4,) 

rp=(b, 2-t , ( 1 cr (10) 

with ~~(=a) the speed of sound in the fluid. Two conditions must be satisfied by 
these waves. First, the pressure in the fluid must match the pressure in the solid at the 
interface: 

p &p/at = E au/az IT=,-,. (11) 

Second, the velocity in the fluid must match the velocity in the solid at the interface: 

au/at = a4,/az lzco. (12) 

Applying these two conditions gives 

4t/“i=cf(-2a)/(1+(y)v (13) 

where (Y = w. For the problem under consideration (Y = 14.43 so that 4,/ui = 
-2.71 Fm/ns is the ratio of the magnitude of the transmitted velocity potential wave to 
the incident displacement wave. 

Figure 5 shows the finite element mesh used to analyze this test case. The wavelength 
of the wave in the solid is 9.09 pm so that 18 brn of solid is modeled with elements 2.0 pm 
long. In the fluid the wavelength becomes 1.45 km and 9 elements are used in 3-O p,rn of 
water. (Notice that 54 elements are used in 18 pm for the width of both the fluid and the 
solid.) The period of the 1 GHz wave is 1 ns so a time step of 0.05 ns with Newmark’s 
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‘Prescribed displacement along this edge 

Figure 5. Finite element mesh for plane wave propagation test. 

method (trapezoidal rule) was chosen for time integration. A sinusoidal prescribed 
displacement (with 1 pm amplitude and 1 GHz frequency) was used to generate the wave 
in the solid. 

As shown in Figure 6, after 30 time steps (1.5 ns) the displacement wave has the correct 
amplitude and period. After 60 time steps (3-O ns, see Figure 7) the wave has partially 
reflected off of the interface. The amplitude of the imposed displacement wave was 1-O pm 
so that one expects the transmitted velocity potential wave to have an amplitude of 2.71. 
The finite element solution shows a value between 2.49 and 2.77 pm’/ns. (Notice that 
the solid wave is the superposition of the incident’ and reflected waves so that one cannot 
calculate its profile easily.) After 70 time steps (3.5 ns, see Figure 8) the solution has 

Figure 6. Results for plane wave propagation test (after 1.5 ns). Displacement: max 1.00; min -0.97. 
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L Co-ordinate (pm) 

Figure 7. Results for plane wave propagation test (after 3.0 ns). Velocity potential in fluid (- - -). max 2.77; 
min -2.49; displacement of solid (-): max 1.02, min -0.98. 

Figure 8. Results for plane wave propagation test (after 3.5 ns). Velocity potential in fluid (- - -): max 2.71, 
min -2.67; displacement of solid (-): max 0.96, min -0.16. 

nearly reached the edge of the finite element domain. However, it indicates an amplitude 
of 2.67 to 2.71 km*/ns. 

3.2. PLANE WAVE SCATTERING TESTS 

Figure 9 shows the geometry under consideration. A plane wave moves through the 
fluid and strikes a rigid sphere. The force on the sphere is to be calculated. 

The analytical solution to this problem is also well established [28]. The pressure p, 
on any point of a sphere (radius a) struck by a plane pressure wave (p e-‘“‘) is given 
approximately by 

PI = ( 1 +3ioa cos 8 _iw, 
2c, > pe ’ 

(14) 

where 8 is the angle from the polar axis. This relationship is valid when the size of the 
sphere is much smaller than the wavelength of the plane wave (i.e., for wa/c<< 1). The 
total force on an axisymmetric 1 radian slice of this sphere is 

I 

* 
F=a2 p, cos 9 sin 8 de, or F = (ioa’/c/)p e-‘“‘. (15316) 

0 

Here there is a prescribed velocity potential so 

p = -iw& (17) 
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Figure 9. Plane wave scattering test. 

gives 

F = (w2a3/cf)& e-‘“‘. (18) 

Note that the force is in phase with the velocity potential and that the force is proportional 
to the square of the frequency. 

If the magnitude of the velocity potential wave 4 is 1.0 p,m2/ns then the force on the 
sphere will be F = O-000340 pg/(pm ns) = 0.0340 dynes for a 10 MHz wave, and F = 
0.0340 pg/(p,m ns) = 3.40 dynes for a 100 MHz wave. 

In addition to the physical parameters of the problem one must choose a spring to 
prevent the sphere from moving while allowing the net force on the sphere to be measured. 
The spring must be sufficiently stiff to prevent most of the sphere motion but the resonance 
between the spring stiffness and the added mass of the sphere should be far from the 
frequencies of interest. (The sphere itself is modelled as massless.) A stiffness of 10’ pg/ns’ 
was used, which gives a resonance at approximately 100 GHz and also gives displacements 
of ~10~~ p.rn for a 10 MHz wave. 

3.2.1. 10 MHz Test 

Figure 10 shows the mesh for the 10 MHz plane wave scattering test. Near the sphere 
the mesh of elements is quite fine while far from the sphere the element sides increase 
to 40 Frn (the wavelength in the fluid is 145 pm at 10 MHz). Figure 11 shows the region 
near the rigid massless sphere. Figure 12 shows the prescribed velocity potential used to 
generate the plane wave. (Notice that the wave is smooth near t = 0 to reduce spurious 
high frequency noise in the numerical solution.) Figure 13 shows the resulting force on 
the sphere versus time. At first there is no force on the sphere since the wave has not yet 
reached the sphere. Next some high frequency wave components strike the sphere (see 
section 3.2.3). Finally the true wave strikes the sphere. It causes a large force on the 
sphere which we measure for approximately l-5 cycles. One cannot accurately follow the 
wave after this time since the wavefront has already reached the boundary of the finite 
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Figure 10. Finite element mesh for 10 MHz plane wave scattering test. 
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Figure 11. Mesh near sphere for 10 MHz plane wave scattering test. 



ULTRASONIC CLEANING 397 
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Figure 12. Prescribed velocity potential for 10 MHz plane wave scattering test 
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Figure 13. Force on sphere for 10 MHz plane wave scattering test. 

element mesh. Note that the behavior of the wave is qualitatively correct although the 
amplitude is roughly 20% too small. 

3.2.2. 100 MHz Test 
To verify the frequency dependence of the force on the sphere a 100 MHz plane wave 

scattering test was performed. Figure 14 shows the mesh used. The region around the 
sphere is the same as in Figure 11. The prescribed velocity potential is identical to the 
function used in the 10 MHz test except for the time scaling factor of 10. 

As shown in Figure 15 the force on the sphere as a function of time is very similar to 
that in the plot for 10 MHz except for the factor of 100 due to the change in frequency. 
Once again the results are qualitatively correct but are too small in magnitude by roughly 
20%. 

3.2.3. Sources of error 
These plane wave scattering results show larger errors than the plane wave propagation 

test and two major factors probably account for the 20% discrepancy in force between 
the analytical and numerical results. First, the numerical time stepping algorithm intro- 
duces errors. Second, the sphere was not mod&led very accurately with only three parabolic 
elements. 

Numerical time stepping always introduces some solution errors. Using Newmark’s 
method (trapezoidal rule) one ordinarily expects to find period elongation but no 
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Figure 14. Finite element mesh for 100 MHz plane wave scattering test. 

amplitude decay [30]. The prescribed velocity potential used has only one frequency 
component in the steady state but near t = 0 additional high frequency components are 
introduced in starting the system. These high frequency components have large period 
elongation errors and therefore move “faster” than the more accurately reproduced 
fundamental frequency (this has been observed by other researchers [31]). As seen in 
Figures 13 and 15 they introduce initial errors of lo-20% in the solution. One expects 
these effects to decrease or remain constant with time so that some of the long time error 
can be attributed to these high frequency components. 

Modelling the sphere with only three parabolic elements introduces other errors. In a 
previous study [l] significant variations were found in the added mass calculated for an 

4 I / I I 1 * 

-4 / 1 I I 
0 IO 20 30 40 

Time (ns) 

Figure 15. Force on sphere for 100 MHz plane wave scattering test. 
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ellipse due to small changes in the geometry (see Figure 16). A low frequency plane wave 
passing over a sphere induces an added mass-like effect and thus similar errors should 
be expected. It was decided not to refine the model of the sphere since interest here is 
in general trends rather than specific force values. 

w = 27.77 rad/s w= 28.59 rad/s 

Orlginal ellipse mesh Alternate mesh I 
(elements near ellipse shown) 

w= 20.64 rad/s w = 26.87 rad/s 

Alternate mesh 2 Alternate mesh 3 

Figure 16. Added mass calculated for several ellipse-like shapes. 

4. FORCE ON SPHERE AT FLUID-STRUCTURE INTERFACE 

Having identified appropriate element mesh and time step sizes and examined the 
accuracy of the method on some problems with known solutions one can return to the 
original problem: i.e. to find the force on a sphere resting on a fluid-solid interface for 
waves at 10 MHz, 100 MHz, and 1 GHz. 

4.1. MESHES AND RESULTS FOR THREE FREQUENCIES 

For the 10 MHz case Figures 17 and 18 detail the finite element mesh. The 1 Frn 
amplitude prescribed displacement function has the form shown in Figure 12. Nine-node 
elements were used in the fluid and the solid and the sphere was modeled as a massless 
object attached to the solid with a stiff spring (10’ pg/ns2). Figure 19 shows the results 
for the sphere force versus time. 

The magnitude of the force was calculated as approximately 0.015 dynes. The force 
as a function of time appears to be quite reasonable although the amplitude is not as 
large as might be expected from the plane wave scattering tests. 

At 100 MHz the mesh shown in Figure 20 was used. The mesh near the sphere is the 
same as for the 10 MHz case (Figure 18). Figure 21 shows the result for the force on the 
sphere which indicates a value of = l-5 dynes. Since the frequency is increased by a factor 
of 10 one expects (based on the wave scattering results) that the force on the sphere will 
simply increase by a factor of 100. Comparing Figures 19 and 21 shows that this is indeed 
the case. 
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Figure 17. Finite element mesh for 10 MHz case. 
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Figure 18. Finite element mesh near sphere for IO MHz and 100 MHz cases. 
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Figure 19. Force on sphere for 10 MHz case 

Figures 22 and 23 detail the mesh for the 1 GHz analysis. As shown in Figure 24 the 
magnitude of the force on the sphere is roughly 130 dynes. Notice that, although the 
frequency is increased by a factor of 10, the force is increased by less than a factor of 
100. This is reasonable since for the 1 GHz case ma/q = 2.2, so that equation (18) is no 
longer valid and one does not expect the force to be directly proportional to the square 
of the frequency. 

196.5 pm 

Sphere 
/ 

- 3- Node 
fluid-structure 
interface elements 

solid element 

‘Prescribed displacement along this edge 

Figure 20. Finite element mesh for 100 MHz case. 
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Figure 21. Force on sphere for 100 MHz case. 
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Figure 22. Finite element mesh for 1 GHz case. 
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5. DISCUSSION 

The force on a sphere resting on a fluid-structure interface has been found for three 
frequencies by using the &V-P,, method. Table 1 summarizes these forces which are 
due to an incident wave with 1 pm amplitude. The greatest force on the sphere occurred 
at the highest frequency (1 GHz). At this frequency, the acoustic wavelength is roughly 
equal to the diameter of the sphere. The linear analysis can be scaled to compare waves 
of equal input energies (e): e = stress x velocity = E(aU/ax)(aU/at). The input wave is 
sinusoidal with amplitude B, 
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Figure 23. Finite element mesh near sphere for 1 GHz case. 
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Figure 24. Force on sphere for 1 GHz case. 

TABLE I 

Force on sphere due to a 1 pm amplitude 
wave 

Frequency (MHz) Force (dynes) 

10 0.015 
100 1.5 

1000 130 
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which means that the relationship between the input energy and the amplitude bxomes 

e== Ew2B2fcS, B=Jc,e/E(l/w). 

Table 2 gives the force on the sphere for incident waves with 1 W/cm2 and 10 W/cm2 
energies. The higher frequency waves produce larger particle forces even for the same 
energy input. Therefore, this baseline linear finite element analysis suggests that very high 
frequencies (= 1 GHz) will be required to remove submicron contaminants from wafers. 

Other factors could become important at these high frequencies, indicating that more 
detailed non-linear finite element analyses might prove useful. Non-linear wave propaga- 
tion effects and weak shock development (resulting in a “sawtooth” wave) are likely to 
be important. Different particle geometries or sawtooth wave incidence angles may result 
in very different particle forces. Nevertheless, the author feels that this linear analysis 
provides a valuable starting point for future research. 

TABLE 2 

Adjusted force on sphere 

Frequency 

(MHz) 

10 

100 

1000 

Energy, e Amplitude, B Force 

(W/em’) (Fm) (dynes) 

1.0 3.5x 1o-4 5.2 x lo+ 
10.0 1.1 x 1o-3 1.7 x 1o-5 

1.0 3.5 x 1o-5 5.2 x lo-’ 
10.0 1.1 x 1o-4 1.7x 1o-4 

1.0 3.5 x 1o-6 4.5 x 10-4 
10.0 1*1x1o-s 1.4x 1o-3 
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