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OPTICAL RESONANCE AND NEAR-FIELD 

EFFECTS IN DRY LASER CLEANING 
 
B. S. Luk′yanchuk, M. Mosbacher, Y. W. Zheng, H. - J. Mü nzer, 

S. M. Huang, M. Bertsch, W. D. Song, Z. B. Wang, Y. F. Lu, 

O. Dubbers, J. Boneberg, P. Leiderer, M. H. Hong, T. C. Chong 
 

Optical problems, related to the particle on the surface, i.e. optical resonance 
and near-field effects in laser cleaning are discussed. It is shown that the small 
transparent particle with size by the order of the wavelength may work as a 
lens in the near-field region. This permits to focus laser radiation into the area 
with the sizes, smaller than the radiation wavelength.  It leads to 3D effects in 
surface heating and thermal deformation, which influences the mechanisms of 
the particle removal. 
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1. Introduction 
 
Up to now there is no completely satisfactory industrial solution for the 
surface cleaning involving submicrometer particles. The technique of laser 
cleaning, utilizing short-pulsed laser irradiation, sometimes in conjunction 
with the deposition of a liquid-film on the surface, has been studied and 
utilized since the late 1980's in several Institutes and R&D Centers 
(Beklemyshev, 1987; Assendel'ft, 1988 a, b; Kolomenskii, 1991; Zapka, 
1991 a; Imen, 1991 a). Around 1990's a few successful examples for 
microelectronics and data-storage industrial applications were demonstrated 
(see patents of Zapka, 1989; Boykov, 1991; Imen, 1991 b). 

http://www.worldscibooks.com/physics/4952.html
http://www.ub.uni-konstanz.de/kops/volltexte/2008/2774/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-27748
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There are two basic mechanisms of laser cleaning: the mechanism, 
based on evaporation of liquid film is called a “ steam”  laser cleaning, while 
laser cleaning without the usage of liquid film is called “ dry”  laser cleaning. 
It is considered that thermal expansion effects cause dry laser cleaning.  

Previous examinations of the dry laser cleaning were investigated for 
two particular cases: 1) expansion of absorbing particle on the transparent 
substrate and 2) expansion (thermal deformation) of the absorbing substrate 
with non-absorbing particle (Bäuerle, 2000). The mutual influence of the 
particle and substrate was ignored in this approach. Nevertheless, the latest 
researches (Luk`yanchuk, 2000; Mosbacher, 2001) show that these feedback 
effects play an important role and suggest the understanding of dry laser 
cleaning in somewhat different terms than traditional approach. For 
example, the material optical properties influence the distribution of 
absorbed and scattered energy, which can be rather complex. In free space 
these distributions for the spherical particle can be found from the Mie 
theory (Born & Wolf, 1999; Barber & Hill, 1990).  

As it was shown in the recent publications (Lu, 2000 a, b, c; Leiderer, 
2000; Luk’yanchuk, 2000, 2001, 2002 a, b; Mosbacher, 2001, 2002; Zheng, 
2001; Mü nzer, 2001, 2002) the small transparent particle can work as a 
focusing lens even at the particle size (radius a) comparable with radiation 
wavelength, λ. If one considers the particle as a perfect sphere, then in the 
Mie theory a size parameter λπ aq 2=  appears. As this parameter 
changes, extinction and other scattering characteristics of the particle show 
oscillations, caused by optical resonance (Born & Wolf, 1999; Kerker, 
1989). The optical resonance in microcavity is a subject of big interest, 
related to fluorescence and lasing in microspheres (Fields, 2000).  

A small transparent contaminant particle on the surface works as a lens 
in the near-field region. It leads to 3D thermal expansion of the substrate, 
which is strongly different from the 1D thermal expansion model. 
Meanwhile this 1D model was considered for the last ten years as a basic 
model of dry laser cleaning. 

The strong enhancement (about few tens) of laser intensity can be 
obtained within the region with size < 100 nm on the substrate under the 
particle. Naturally, this effect is very important for optical lithography and 
many other applications (Lu, 2000 c; Mosbacher, 2001, Huang, 2002 a).  

The substrate strongly influenced the distribution of laser intensity in the 
near field region due to secondary scattering of reflected radiation (see in 
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Fig. 1). The necessity to take this secondary scattering effect into account in 
laser cleaning has been declared many times (Donovan, 1988), nevertheless 
exact analytic solution of this problem is surprisingly rigorous (Bobbert & 
Vlieger, 1986 a). Nevertheless, a practical example of calculations with this 
solution for laser cleaning problem was done just recently (Luk’yanchuk, 
2000). 

Another way is direct numerical solution of the Maxwell equation by 
finite difference method (Wojcik, 1987; Mishenko, 2000). Although this 
method is universal, it can be applied to particles of different shapes, etc.; it 
needs powerful computers and is not flexible for the analysis of numerous 
experimental situations.  

 
 

INCIDENT LASER  IRRADIATION        INCIDENT LASER IRRADIATION 

 
                                      a)                                              b) 
 
 
                                                                                                Reflected                                                             
                                                                                                   scattered   
                                                                                                      radiation              
 
 
                                       Plane of observation 
 
 
 
                      θ 
            z 
                             

SCATTERED  RADIATION                            PARTICLE ON THE SURFACE 
 
Fig. 1. Schematic for the particle scattering within the Mie theory, where the 
distribution of field is studied in arbitrary points, for example, in some observation 
plane (a). At typical consideration of the Mie theory (Born & Wolf, 1999) the 
incident plane wave propagates along the z-coordinate, and electric vector is directed 
along the x-coordinate. Particle on the surface (b) –  the scattered radiation reflects 
from the surface and participates in the secondary scattering.   
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The methods of “ intermediate power”  like semianalytical field 
calculations using the Multiple Multipole (MMP) technique (Hafner, 1990) 
and ring multipoles (Zheng, 1990) should be mentioned. An example of 
calculations with these methods was done just recently (M ü nzer, 2002). 

A careful calculation of intensity distribution permits to use more 
realistic “ input”  numbers for the further solution of the heat and thermal 
expansion problems. The goal of the given paper is to present the results of 
an examination of the mentioned optical problems and to discuss the basic 
influence of these effects on the efficiency of dry laser cleaning.  
 
 
2. Optical resonance and near-field effects within the 
Mie theory 

 
The initial step in laser cleaning is the absorption and scattering of laser 
light. In fact, many peculiarities of the scattering process can be understood 
on the basis of the Mie theory, where the particle is considered as a perfect 
sphere. This theory is discussed in detail in many books (Born & Wolf, 
1999; Barber & Hill, 1990; Stratton, 1941; Kerker, 1969; Van de Hulst, 
1981; Bohren & Huffman, 1983). 

We consider that the amplitude of the electric vector of the incident 
plane wave is normalized to unity, and the wave propagates along the z-
coordinate (positive direction), electric vector is directed along the x-
coordinate, and magnetic vector along the y-coordinate. In the spherical 
coordinate system {r, θ, ϕ} with the origin, situated at the sphere center, this 
plane wave can be expressed as:  

 
 

ϕcosθsineE θcosrmki
r = ,       ϕθε θ sinsineH cosrmki

mr = , 

ϕcosθcoseE θcosrmki
θ = ,        ,sincoseH cosrmki

m ϕθε θ
θ =      (1) 

ϕθ
ϕ sineE cosrmki−= ,   .coscos ϕε θ

ϕ

rki m
m eH =      

    

Here mε  is a complex dielectric permittivity of media, mmm in κε += . 

The wave vector of radiation in the media is indicated by λεπ /2 mmk = , 
where λ  is the wavelength of radiation. In a similar way we shall indicate 
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the corresponding values for the particle as ppp in κε +=  and 

λεπ /2 ppk = . The wave vector for vacuum is indicated by λπ /20 =k . 

In terms of the spherical waves the fields (1) are expressed as following 
(index  “ i”  indicates the incident wave): 
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where the radial dependence is expressed through the Bessel function 
(regular at  ρ  =  0) and prime indicates differentiation 
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The angular dependence in (2) is related to spherical functions, where 

( ) ( )xP m
n  are associated Legendre polynomials. There is a well-known 

problem important for numerical calculations and related to the cutting of 
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sums in (2) by value maxll ≤ (Barber & Hill, 1990). The recommended values 
are given by 14 31

max ++≈ qql , where q is the corresponding size 
parameter. The scattered field for the non-magnetic particle (µ  = 1)  
immersed in vacuum is presented by (index  “ s ”  stands for indication of the 
scattered wave): 
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where ( )ρlN  is the Neumann function (designation ( )ρlY  is used in some 
books for this function). 
  Coefficients lBe  and lBm  in formulae (4) are given by 
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The internal fields (indicated by index “ a” ) inside the particle are given by 
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Coefficients lAe  and lAm  in formulae (9) are given by 
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The time-averaged Poynting vector gives the power per unit of area 

carried by the wave; see e.g. (Stratton, 1941): 
 

                                                      { }•×= HES Re
2
1 .                             (12)  

 

The z-component of this vector for the plane wave (1) is given by 
2/1cos2 == tS z ω . This value characterizing the homogeneous light 

intensity falls normally to {x, y} plane. In some books (Barber & Hill, 1990) 
the light intensity is defined as 
                                                      2* EEE ≡⋅=I .                                (13) 
 
 

Definitions zSI = and 2E=I  yield the same time-averaged value for a 

purely transversal electromagnetic wave, e.g. for the plane wave (1). For the 
near-field region (with the longitudinal field components) these two 
intensities are different. 

As it was mentioned a small transparent particle can work as a focusing 
lens even at the particle size, 2a, comparable with radiation wavelength, λ. 
The enhanced laser intensity arises near the particle surface at the distances, 
which are small compared to λ (near-field effects). This behavior can be 
clearly seen from Fig. 2, where the intensity distributions are shown in {x, 
z} and {y, z} planes. 



B. S. Luk′yanchuk et al., Optical resonance and near-field effects in dry laser cleaning 

 111

For practical applications it is important to understand how these 
distributions vary with radiation wavelengths. As an example Fig. 3 shows 
the distribution of laser intensity along the z - axis of the particle with radius 
a = 0.5 µm for radiation with λ = 1064, 532, 266 and 157 nm. The z - axis 
coincides with the direction of the wave vector for incident radiation. 
Particle is nonabsorbing (κ = 0) with refractive index n = 1.6. The 
background media is vacuum. Intensity is understood as a square of the 
electric vector. One can see from the Fig. 3 that both maximal intensities 
(inside and outside the particle) increase with a decrease of the radiation 
wavelength. Oscillations inside the particle (standing wave pattern) are 
resulting from interference between the refracted and internally reflected 
field components, while outside the particle they are caused by interference 
of incident and scattered radiation (Barber & Hill, 1990).  

The maximal intensity out of the particle (see in Fig. 3 a) can be by the 
order of magnitude higher than the incident intensity. With ( ) λ32 −≈a  
this intensity may exceed the incident intensity by two orders of magnitude 
(see in Fig. 3 c, d). This maximal intensity is situated exactly on the surface 
(Fig. 3a, b, c) or below the particle (Fig. 3 d).  

The distribution of laser intensity within the tangential {x, y} - plane 
under the particle is shown in Fig. 4. One can see the high localization of 
laser intensity. It is clear that this effect can be used for optical lithography 
and nanopatterning of the surface (Lu, 2000c, 2002; Mosbacher, 2001; 
Huang, 2002 a, b) as well as for near-field microscopy (Mü nzer, 2001).  

The extinction, absorption and scattering cross sections are given by 
extext Qa 2πσ = , absabs Qa 2πσ = , scasca Qa 2πσ = , where related efficiencies Q  

for polarized and non-polarized light are presented by (Born & Wolf, 1999):  
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  a                                               b 
 
 
                                                               
 
 
 
 
 
 
 
 
Fig. 2. Intensity distribution, 2EI = , inside and outside the 1 µm SiO2 particle, 
illuminated by radiation with λ = 266 nm, and polarization parallel (a) and 
perpendicular (b) to image plane. The maximum intensity enhancement in 
calculations is about 60 for both regions. 
 
             
where the star indicates a complex conjugation, and size parameter is given 
by λπ aakq 20 == . prQ  describes the effects of radiation pressure (van de 
Hulst, 1981). 

The extinction versus size parameter, q, demonstrates the “ low 
frequency”  transition oscillations, and “ high frequency”  modulation, which 
can be seen in Fig. 5, where the dependence ( )qQext  is shown for sphere 
with n = 1.6. At a very big size parameter ∞→q  extinction tends to value 

2=extQ ; this is the so-called “ extinction paradox” . The oscillations are 
related to excitation of partial E and H resonance modes (Born & Wolf, 
1999). The extinction is the integral characteristic caused by far-field 
scattering. This scattering diagram in x-y plane is given by modes (Born & 
Wolf, 1999):  
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Fig. 3. Distribution of laser intensity 2E=I inside and outside the particle with 

radius a = 0.5 µm for different radiation wavelength λ. Particle is considered to be 
nonabsorbing (κ = 0) with refractive index n = 1.6. Background media is vacuum. 
Intensity is understood as a square of the electric vector. 
 

Formulae (15) follow from the asymptotic expansion of the electric field 
in the far-field region r à l (we use indexes (far) and (nf) for indication far 
field and near field distributions). Within the near field region, where r ~ l, 
instead of (15) one should write the exact formulae for the field 
components:  
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Fig. 4. Distribution of laser intensity within the tangential plane under the particle 
with radius a = 0.5 µm. (a) 3D picture of the intensity distribution. (b) Topography 
of the intensity distribution in {x, y} - plane. Particle is considered to be 
nonabsorbing (κ = 0) with refractive index n = 1.5. Size parameter: 

202 == λπ /aq , i.e. ≈λ 157 nm. Intensity is understood as a square of the 
electric vector. 
 
 These diagrams are shown in Fig. 6. One can see a big difference in the 
far field and near field intensity distributions, e.g. the main directional lobe 
in the near field region is narrower in the far-field region, new lobes appear 
in back scattering diagram, etc. 

According to this diagram one would expect that optical resonance 
strongly influenced the near-field scattering characteristics compared to far-
field characteristics. As an example, in Fig. 7 the laser radiation intensity 
under the transparent particle is shown. The calculation is performed on the 
basis of the Mie theory. This intensity is clearly a near-field characteristic. 
One can see variations of this intensity are by the order of magnitude higher 
than in the extinction (far-field characteristic) shown in Fig. 5. Big 
variations of intensity inside the particle (see in Fig. 3) are important for 
nonlinear optics in microspheres (Fields, 2000).  

The concept of the optical resonance suggests high variations in 
cleaning efficiency with a small change in size parameter. It is different 
from conventional point of view (Lu, 2000 a; Mosbacher, 2001), which 
suggests the dry laser cleaning efficiency varies monotonously with particle 
size. A  similar  comment  can  be done with respect  t o  increase of cleaning 
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Fig. 5. The extinction coefficient Q (ext) versus size parameter q is calculated with the 
help of (14) for a spherical silica particle with n = 1.6. The arrows indicate particular 
values, examined in the paper of Lu, 2000 a: q = 1.48 (a = 0.25 µm, λ = 1.064 µm) 
and q = 11.81 (a = 0.5 µm, λ = 0.266 µm). The insertion shows the resonance 
structure within the range 11 ≤ q ≤ 12.   
 
 
 
 
efficiency for shorter wavelength radiation (Lu, 2000). Fig. 8 shows a big 
effect in the intensity distribution within the range of size parameter 
variation between the two nearest optical resonances (maximal intensity 
varies twice, when the q varies just of 2 % !). Once again, we should remind 
that under the approximation of the Mie theory one ignores the secondary 
scattering effects, produced by radiation reflected from the substrate surface, 
see in Fig. 1.  
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Fig. 6.  The polar diagrams for the far field (r à l) and near field (r = a ~ l, a = 0.5 
µm, λ = 0.266 µm) scattering. The standard representation (Born & Wolf, 1999) is 
used, i.e. the polar angle corresponds to q, while the radius vector in the plots is 
proportional to the perpendicular intensity I^. The diagrams are normalized to unity 
in the direction of direct scattering, i.e. at q = 0. 
 
 

3. Particle on the surface. Beyond the Mie theory. 
 
The effect of secondary scattering can be qualitatively understood under the 
following simplification. Let us consider that reflected radiation is presented 
by a plane wave (in reality it is a spherical wave). This yields:  

 

                                                   ( )
( )πm

m

IR
I

I
01

0
−

= ,                                               (17) 

 
where R0 is reflection coefficient, and ( )θmI  is a distribution of intensity 
versus polar angle from the Mie theory.  
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Although formula (17) is applicable just for ( ) 10 <πmIR  and exceeds 
the true value of intensity, it shows by a correct way the main effect of 
reflection, i.e. a fast increase of field enhancement at resonant points with 
increase of size parameter. 

One can see in Fig. 7 important consequences of the substrate reflection 
onto the optical resonance effect. Oscillations of the intensity versus size 
parameter become more pronounced with a higher surface reflection  

coefficient. The effect can be seen even with a small reflection R0 = 0.02. 
The surface played the role of a resonator mirror for a spherical cavity. This, 
in turn, leads to a sharpening in intensity distribution. Inhomogeneity in 
laser intensity leads to temperature distribution inhomogeneity, producing a 
“ hot point”  under the particle. It results in 3D-thermoelastic deformations, 
which are quite different from conventional 1D thermal expansion model 
(Kelly, 1993; Lu, 1997).  The  important  limitation of  1D model is that it 
does not permit a fast backward motion of the substrate surface. As a result, 
1D model predicts threshold fluences for laser cleaning, which exceed the 
experimental values by the order of magnitude (Luk’yanchuk, 2001, 2002c; 
Zheng, 2001; Arnold, 2002).  

Formula (17) is quite crude and valid just for qualitative consideration. 
For quantitative analysis one can use the exact solution of the problem 
“ particle on the surface” . Bobbert & Vliger, 1986 a, found this solution. 
Although this solution is rigorous, the idea of the solution is rather simple.  

Let a wave Vin (e.g. a plane wave) be incident on this system. If the 
sphere was absent we could satisfy the boundary conditions at the interface 
between the ambient and the substrate by adding a wave VR (just Fresnel 
reflection in the case of a plane wave). In the presence of the sphere there 
will be an additional scattered wave SW  as a result of the currents flowing 
inside the sphere. But this wave will also be reflected by the substrate –  i.e. 
induce currents flowing inside the substrate and will give rise to a secondary 
reflected scattered wave SRV . The fields SRV and WS, once again, should 
be linearly related by some matrix Â , characterizing the reflection of 
spherical waves by the substrate: 
 
                                                       SSR WAV ⋅= ˆ .                                   (18)  
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Fig. 7. The intensity distribution under the particle with refractive index n = 1.6.  
Solid line presents solution from the Mie theory. Dashed lines show variation in 
intensity, caused by reflection of substrate. These lines are according to 
approximating formula (17) for small (R0 = 0.02) and high (R0 = 0.35) substrate 
reflection coefficients.  
 
 

Consider (18) together with overall equation 
 
                                                       ( )SRRinS VVVBW ++⋅= ˆ

.                  (19)  
 
one can easily find the formal solution in terms of  inV  and RV vectors:  
  
                                       )(ˆ)ˆˆ1̂( Rin-1S VVBABW +⋅⋅−= .                      (20)  
 

Thus, the technical problem is related to the calculation of  “ reflection 

matrix” ,  Â ,  and the inverse matrix  ( ) 1ˆˆˆ −
− AB1  in the above equation.  The  
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Fig. 8. The intensity distributions (z-component of the Poynting vector) along the x-
coordinate for different size parameters q. Values q = 11.58 and q = 11.34 
correspond to the nearest maximal and minimal values of Q(ext) within particular 
optical resonance (see insertion in Fig. 5). We use in calculations λ = 0.266 µm and 
the variation of the size parameter was due to a variation in the particle size. For two 
upper curves particle sizes were, 2a  =  0.98 and 0.96  µm, respectively. 

 
 
 
numerical calculations with exact formula (20) were presented by 
(Luk’yanchuk, 2000) for the SiO2 particles on the silicon substrate. In 
papers of (Bobbert, 1986 a, b) authors used the expansion of inverse matrix. 
Some particular cases were also analyzed: perfectly conducting substrate or 
far-away scattered field.  Examples of practical calculations for Si particles 
on the silicon substrate were presented by Wojcik, 1987.  They were done 
with the help of discrete numerical solutions of Maxwell’s equations. This 
direct way needs a powerful computer or even supercomputer (calculations 
were performed with CRAY 2 supercomputer). Although during the last 
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decade there was big progress with these computations (Mishenko, 2000), 
the exact solutions are still interesting for both, practical calculations, and as 
a test problem for solution of Maxwell equations. The semianalytical field 
calculations using the Multiple Multipole (MMP) technique (Hafner, 1990) 
and ring multipoles (Zheng, 1990) were mentioned above. An example of 
calculations with these methods was demonstrated recently for polystyrene 
particles on the Si substrate (M ü nzer, 2002). 

The B̂ -matrix in (20) is presented by Mie formulae, while for the Â -
matrix (which describes reflection of the spherical wave) the following 
formulae were found by Bobbert & Vlieger, 1986 a: 
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and indexes plus and minus indicate the symmetrical and antisymmetrical 
combinations   
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The )(cosand)(cos αα sp rr functions in (22) present the Fresnel 

reflection coefficients for parallel and perpendicular polarization. 
Coefficients d arise due to rotation matrix, for each plane wave propagating 
in another direction than the z-direction we need to express the basic Mie 
solution in rotated coordinate system  ( )ϕθ ′′,,r  in terms of those in the 
coordinate system ( )ϕθ ,,r , i.e. transform the spherical harmonics. This 
transform can be done with the help of addition theorem for Legender 
polynomials, which yields (Rose, 1957): 
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Here rotation matrix D is expressed through the Euler angles 
( )γβα ,, arising during rotation of ( )ϕθ ,,r  system to obtain the ( )ϕθ ′′,,r  
system. The argument απ −  in formulae (22) and (25) expresses the angle 
of reflected light. Indexes ff ′and  in (21) indicate transitions between the 
electrical, ef = , and magnetic, hf = , components. 

Suppose the incident wave vector k to be in the x-z plane of the 
coordinate system )cos ,0 ,(sin iik θθ=k , k is the absolute value of the wave-
vector, iθ  is the incident angle, and amplitude |E|=1. If the plane wave is p-
polarized (electric vector in the plane of incidence i.e. x-z plane ), inV  and 

RV have components, see in Bobbert & Vlieger, 1986 a:  
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If it is s-polarized (electric vector normal to the plane of incidence) 

inV  and RV have following components:   
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With the incident, reflected and scattered waves available, the Debye 
potential with respect to the total electromagnetic field (which is necessary 
for calculation of Poynting vector), can be expressed as: 
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where 
SRmevl and 

SRmh vl mean the corresponding elements of the vector 
SRV , as given by (18), and scattering coefficients 

Sme wl and 
Smh wl are 

derived from (20). Functions m
lΠ  and m

lψ  are solutions of scalar Helmholtz 
equation:   
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where the spherical harmonics are defined by 
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Spherical Hankel and Bessel functions in (30) are given by formulae (6) 

and (3): 
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The electric and magnetic fields can be derived from the Debye 

potentials (29) by a well-known formulae, see e.g. Born & Wolf, 1999: 
 
                                    ( ) )( DikD he rrE ×∇+×∇×∇= ,       
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                                ( )[ ])( DikD eh

m rrH ×∇−×∇×∇= ε .                (33) 
 

Thus, formula (29) presents the final result of calculations, all 
quantaties within these formulae were defined above. Probably some of the 
written formulae were not explicitly derived in Bobbert 1986 a, b papers, 
but they follow from these papers after some simple transformations.  

We use “ Mathematica-4”  software (Wolfram, 1999) for calculations. 
First of all we examine the calculation accuracy and different particular 
cases, some remarks should be done. First, the integrand in equation (21) 
contains a highly oscillating function. This is the so-called Weyl type 
integrals (Stratton, 1941; Morse & Feshbach, 1953; Bobbert & Vlieger, 
1986 a) defined by    
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where ( )βα ,Y m

l  are the spherical harmonics, related to associated Legendre 
polynomials (Wolfram, 1999). 

For typical calculations it was insufficient to use the Laguerre 
polynomial approximation method, which was recommended in Bobbert, 
1986 b. Thus, everywhere we use the “ honest”  integration in (34). The 
integral (34) is defined in the plane of complex variable, α , along some 
special path. We construct the integration contour as 
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where c is any positive real value, and x varies from zero to infinity. Along 
this integration contour we found that, at the cost of longer calculation time, 
a stable value can be achieved. The matrix elements of Â  have to be 
calculated only for non-negative m values, the negative parts can be 
mirrored as: 
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We found that the cut-off parameter maxl  within the sum (29) should be 
two units greater than that recommended by Barber & Hill, 1990, i.e. 

34 31
max ++≈ qql . We calculate not the field directly, but the Debye 

potentials, which should be further differentiated according to (33). This 
implies that higher accuracy can be achieved with this truncating level. 
Verification was made by setting the same refractive indexes for the 
substrate and the medium (the reflecting matrix is zero). The result was 
compared with the Mie scattering. Another verification was done by setting 
the reflex index of the particle equal to the medium (the scattering matrix is 
zero), the result was compared with the Fresnel reflection. The numerical 
deviation within all the calculated quantaties (E, H, Pointing vector) was 
less than 5% withing the range ar ≤ .  

The results of calculations are presented in Figs. 9-11. These pictures 
illustrate the main peculiarities of “ particle on the surface”  solution 
compared with the conventional Mie theory.  

From Fig. 9 one can see that the true solution demonstrates 1.5 times 
higher intensity in the center than the Mie solution. Here we set solution 
slightly below the substrate to see the absorbed radiation. This result was 
expected, because  the multi-reflection of radiation between the particle and 
the substrate results in more energy flowing into the substate.  

The FWHM for the intensity distribution is even smaller than for the 
Mie solution. It means that the near-field sharpening effect shown in Fig. 8 
for Mie solution will not diffuse due to secondary scattering. This result can 
be understood from the overall energy flux conservation within the range of 
the particle size.  

One can see in Fig. 9 new oscillations (compared to Mie solution) in the 
intensity distribution. In the limit of geometrical optics such oscillations 
present the well-know effect, Newton rings, which arise due to interference 
of scattered and reflected radiation. Position for the dark Newton rings can 
be written as (Born & Wolf, 1999): 

 

                                          ,...2,1,
2

22 =−−= mraam
m

λ                          (37)  

 
Formally, applying this formula for a = 0.5 µm and λ = 0.266 µm one 

can expect the appearance of three Newton rings at r = 0.34, 0.44 and 0.49 
µm.  
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Fig. 9.  Near-field light intensity along the radial axis with j = 45 o, calculated with 
the Mie theory (triangular) and from reflective Â  matrix (circles). The enhancement 
by the reflection of the substrate is observed near the contacting point. The ripple 
structure near the pedestal is shown in the insertion in the range between 0.1 µm and 
0.25 µm (first two “ rings” ).  
 

 
Nevertheless, the necessary condition, a à λ, for formula (37) does not 

fulfill and this simplified consideration is not valid.  Although the number of 
the ripples corresponds approximately to (37) some additional maximums 
arise. Some of these maximums exist with Mie solution (see insertion in Fig. 
9) and they enhanced due to secondary scattering effects.  

To analyze the origin of the sidelobe structure, we lift the particle above 
the substrate with a small distance d, and examine the intensity profile on 
the substrate. The Newton rings should shrink inwards with increasing d. 
The result of this examination is shown in Fig. 10. It shows that sidelobes 
firstly (up to the d = 3 nm)  move outwards with increasing d, which implies  
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Fig. 10. Scattered light intensity on the substrate versus radial coordinate for 
different lifting distances δ  between particle and the substrate. Light intensity drops 
drastically with increasing of lifting distance. The side-lobe structure shifts firstly 
outward with the distance, then inward. The insertion shows the trajectory of the 
maximum for the second “ ring”  is in between 0.1 µm and 0.5 µm. 

 
Fig. 11. Scattered light intensity in the “ shadowed”  area on the surface of Si and 
glass substrates. Higher light intensity is achieved on Si substrate due to its high 
reflectivity. Distribution of intensity, calculated from the Mie theory is also shown. 
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that the ripples are mainly due to the reflection of the near-field scattered 
light. Nevertheless with further increasing of d they start to move inward. 
Thus we consider that this is a complex superposition of near-field Newton 
rings with Mie scattering. The noticeable effect is the decreasing of maximal 
intensity in near field region. It permits by purely optical way to measure the 
shift d by the order of 1 nm! It is significantly more sensitive than the 
interferometric method; it is the idea for new type of micros copy.  

To analyze the role of the particle and substrate materials, in Fig. 11 we 
present the light intensity distribution in the “ shadowed”  area under the 
aluminum particle, with two different substrates (Si and glass). The 
reflectivities of the two subsrates are significantly different, about 0.7 and 
0.08, respectively. It is found that the near field light intensity on Si is 
higher than that on a glass surface. A similar effect can be responsible for 
the variation of the optical breakdown threshold of gas near different 
surfaces (Prokhorov, 1990). 

One of the pecularities of the Mie solution is the typical double-peak 
structure in the intensity distribution  for  small  particles,  see  in Fig. 4. 
The substrate reflection and secondary scattering can qualitatively change 
this picture. Due to the sharpening effect the amplification of intensity in the 
center is higher than at its periphery. Thus, at some range of parameters 
double-peak Mie structure may transfer into the single-peak structure for the 
particle on the surface. Calculations with MMP technique (Mü nzer, 2002) 
confirm this effect; it depends on the size parameter (see further in Section 
7.1). This effect was found experimentally as well, see in Fig. 12.  
 
 
4. Adhesion potential and Hamaker-Lifshitz constant  

 
The particle is attracted to the surface by Van der Waals force, which 

occurs due to dipole interactions. Although the corresponding potential 
varies fast versus distance, as 6−r (Landau & Lifshitz, Quantum 
Mechanics), nevertheless, it presents the long-range interaction, e.g. 
contribution of this interaction to the free energy is not additive, it depends 
on the body shape and configuration (Lifshitz & Pitaevsky, Statistical 
Physics, Part 2).  If one considers the particle as a deformed sphere, see in 
Fig. 13, then, according to Hamaker, 1937 the attraction force is given by  
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Fig. 12. Field intensity enhancement and ablation pattern underneath colloidal 
particles with diameters of 800 nm (top) and 320 nm (bottom) on a silicon substrate. 
The direction of the electrical field is orientated in the vertical direction. Calculated 
field enhancement by neglecting the influence of the substrate (a). Ablation pattern 
resulting from illumination by a fs laser pulse (experiment) (b). Calculation 
including the influence of the substrate (c). From Mü nzer, 2002. 
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where a is radius of the particle, h is separation distance (h º 4 Å ), rc  is 
radius of contact, The Lifshitz constant ωh  is related to Hamaker constant 

A  by ω
π

h
4
3

=A . The Hamaker constant depends on the properties of the 

particle, substrate and medium. 
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This attraction force is very big; it is sufficient to say that the maximal 
pressure within the range of “ point contact”  consists, typically, of 10 Kbar 
and higher (Bowing, 1988). It is clear that this high loading leads to elastic 
or even plastic deformation of the material. Analysis of these deformations 
as well as the general problem of adherence is still under discussion; see, 
e.g. Rimai, 1995. Hertz did the first examination of pressure distribution 
within the contact area in 1882; this distribution follows to parabolic law: 
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see analysis of the Hertz solution, for example, in §  9 in Landau & Lifshitz, 
Theory of Elasticity. 

Assuming Hertzian distribution, Derjaguin, 1934 found the relation 
between the radius of contact, rc, and loading force, lP , for spherical 
particle: 
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Fig. 13.  Schematic for the particle on  the surface.  The attracting force in (38) is the 
result of integration with h á a  and  rc á a.            
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where σ1,2 and Ε1,2 are the Poisson coefficients and Young’s modulus for the 
particle and substrate, without the external loading force, lP , is presented 
by the first term in (38). We denote this force as 0P . The adhesion-induced 
deformations are quite complex, and some other factors (adhesion forces 
outside the area of contact, etc.) should be taken into account to describe the 
experimental data well. At present, two models of adhesion are commonly 
acceptable: Derjaguin-Muller-Toropov (DMT) model for “ hard”  materials 
(Derjaguin, 1975, 1980; Muller, 1980, 1983) and Johnson-Kendall-Roberts 
(JKR) model for “ soft”  materials (Johnson, 1971, 1976).  The transition 
between the two models was also discussed (Maugis, 1992, 1995). Without 
discussing the details, we want to pay attention just to the phenomena of 
instability, important for understanding laser cleaning. Namely, under the 
action of external force, P, the size of the contact in JKR-theory varies as 
(Johnson, 1976): 
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where γ  is a surface energy per unit area (work in separating the surfaces), 
it includes loading due to adhesion. Sign “ plus”  in (41) corresponds to 
stable, and “ minus”  to unstable brunches of the solution. 

One can see in Fig. 14 that applying the negative force (tensile) with 
the critical load P = - Pc the jump-like disconnection of the particle arises. 
On the contrary, one can approach particle to the surface without load, but at 
the moment, when particle touches the surface the jump-like adhesion force 
arises.  

This hysteresis can be seen well when the load of the particle is 
performed with the help of atomic force microscope (AFM), which is shown 
in Fig. 15. Such an experiments are very popular now to estimate the 
Hamaker constants, see, e.g. (Shaefer, 1995; Mizes, 1995).  

The Hamaker constant is used as phenomenological parameter in the 
DMT and JRK theories. This constant meanwhile can be calculated from the 
“ first principles” . In the macroscopic theory, the Van der Waals interaction 
in a material medium is regarded as brought about through a long-
wavelength electromagnetic field; this concept suggested by Lifshitz, 1955 
(see also Landau & Lifshitz,    Electrodynamics of Continuous Media)  
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Fig. 14. Contact size-load, according to Eq. (41). In the paper of Johnson, 1976 the 
experimental points are shown additionally. They cover well the stable branch. 
 
 
 
 
 
 

includes not only thermal fluctuations but also the zero-point oscillations of 
the field.  

The Lifshitz theory is based on the theory of electromagnetic 
fluctuations developed by (Leontovich & Rytov, 1952; Rytov, 1953). Later, 
the Lifshitz formula was proved from the microscopic point of view, using 
methods of the quantum theory of field (Dzyaloshinski, 1959; 1960 a, b). 
The force F  acting on a unit area of two bodies (“ 1”  and “ 2” ) separated by 
a gap of width h, filled with a liquid (or some other substance “ 3” ) in the 
frame of microscopic theory is expressed through the complex dielectric 
constants ( ) ( ) ( ) 321 ,,i,i iii =′′+′= ωεωεωε  of three materials, see e.g. 
monograph (Abrikosov, 1965): 
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Fig. 15.  AFM point-contact mode measuring the pull-off force of tip from NiP, Ge 
and Si substrates. The pulling force reflects different Hamaker constants of these 
substrates. The relative ratio of jumps is equal approximately to the ratio of 
corresponding Hamaker constants. Hamaker constants for Si and Ge have been 
reported in literature, data for NiP is original from Zheng, 2000. 
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During the summation in (42) the term with n = 0 should be taken with 

weight 2/1 , and the values of 1ε , 2ε  and 3ε  in (43) are considered as 
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functions of the imaginary frequency niω , i.e. ( )niωεε = . When the bodies 
are separated by vacuum, 13 =ε . 

Formula (42) can be simplified, when the temperature T  is sufficiently 
small (change from summation to integration, see details in Lifshitz & 
Pitaevsky, Statistical Physics, Part 2). Some further simplifications can be 
done with the help of Kramers-Kronig relation.  In the static limit, when the 
permittivities iε  are replaced by their electrostatic dielectric constants 0iε  
formula (42) can be written as (see formula (82.4) in Lifshitz & Pitaevsky, 
Statistical Physics, Part 2): 
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This formula was used for calculations in Lifshitz & Pitaevsky, 
Statistical Physics, Part 2. In the limit of two good metals, ∞→= 2010 εε , 
the highest attraction force, ∞F , is reached (numerical number is presented 
for h = 4 Å ) 
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In Fig. 15 we present the dependence of attraction force for two 

identical insulators ( 02010 εεε == ) versus dielectric constant 0ε  in the same 
units as Fig. 18 in Lifshitz & Pitaevsky, Statistical Physics, Part 2: 
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One can see in Fig. 16 that the function ( )0εΦ  varies from 1 (at 

∞→0ε ) to 0.35 (at 10 ≈ε ), as it was found in Lifshitz & Pitaevsky, 
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Statistical Physics, Part 2. This function has a shallow minimum at 610 .≈ε . 
The structure of this minimum is shown in the insertion of Fig. 16.  

Another approximation for the Lifshitz constant ωh  (or for Hamaker 
constant A) can be derived from (42), taking into account the first terms in 
the sum. For the identical materials in vacuum the Lifshitz constant is given 
by (see, e. g. Lee, 1990; Israelachvili, 1991):  
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Here ε ′  is the real part of the complex dielectric function, it can be 

expressed through the imaginary part, ε ′′ , with the help of Kramers-Kronig 
relation 
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The Hamaker constant was calculated from formula (47) using spectral 

data for many metals (see, e. g. Osborne-Lee, 1988). The simple formula for 
Hamaker constant follows under the approximation of the Drude theory, 
where the dielectric permittivity is given by 
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In the Eq. (49) pω is plasma frequency and γ is frequency of collisions. 

Substituting (49) into (48) and performing integration in (47) one can easily 
find 
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Because for metals, typically, γ á pω , one can use the asymptotic 

expansion 
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Some examples of calculations with formula (47) and (50) are shown in 
Table 1. The Drude parameters and optical spectra for three metals were 
taken from Shiles, 1980; Palik, 1985; Ordal, 1985; Qiu, 1995.  

 
 
 
 
 
 
Fig. 16. Function 
Φ, which presents 
the attractive force 
according to Eq. 
(46) between two 
identical insulators 
( 02010 εεε == ) 
versus dielectric 
constant 0ε . 
 
 
 
 

Parameters Al Cu Au 
Plasma frequency, pω   [s-1] 2.24 1016 1.12 1016 7.81 1015 

Collision frequency, γ  [s-1] 1.24 1014 1.38 1013 6.6 1013 

Lifshitz constant, ωh  [eV] 
from formula (50) 

8.11 5.15 5.37 

Lifshitz constant, ωh  [eV] 
from the whole spectrum integration 

8.59 
 

10.7 12.3 

 

         Table 1. Calculations of the Lifshitz constant for pairs metal-metal. 
 

One can see from Table 1 that for Al, the Lifshitz constant calculated 
from the approximation based on Drude theory is close to the number from 
the integration of the whole spectrum. However, for Cu and Au, a big 
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difference exists between the results that are calculated from the two 
methods. This difference reveals the fact that for Cu and Au, the free-
electron approximation of Drude theory is not suitable for their spectrum 
curve, since the 3S electron of these metals exerts strong effect outside the 
kernel shell. Therefore to Au and Cu, the “ honest”  integration through the 
whole spectrum is preferred for calculating Lifshitz - Hamaker constant. 
Klimchitskaya, 2000, did the generalization of the Lifshitz formalism for the 
case when the spatial dispersion can be important, in addition to the 
frequency dependence. 

With very small particles the pressure under the particle within the 
contact region, 2

cr/FP π=  is growing up, from equation (38) follows: 
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Radius of contact depends on the particle radius: µar

c
∝ . The value 

=µ 32  follows from the DMT - model, see Eq. (40).  This exponent is 
typical for elastic deformations. Other exponents were also discussed in the 
literature (Rimai, 1995). Exponent =µ 21  is typical for plastic 
deformations.  For elastic deformation from (53) follows the growth of the 
pressure with a decrease of particle size. We mentioned above that the 
pressure, developed under the small particle varies typically from a few tens 
to a few hundreds Kbar. One can expect noticeable variations in pressure, 
when 0502 .rah c ≥ . On the other hand dielectric constant ε varies with 
pressure, one can consider, for simplicity, a linear dependence  
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where P/ ∂∂ε can be tried as constant.  

Variation in the Lifshitz constant versus ε (or dependence P = P(ε) 
between the flat surfaces) can be estimated, e.g. from (46).  What is 
important is that the curve P = P(ε) has the “ Arrhenius-like”  shape. The 
roots of the equation are given by points where two dependences (46) and 
(53) are crossed. This situation is typical for Semenov diagram in the theory 
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of combustion (see, e.g. Karlov, 2000). Depending on the value of P/ ∂∂ε  
coefficient equation may have one or three solutions. With higher loading 
pressure we have a higher ε and higher attraction force. This positive 
feedback may lead even to bistability in optical parameters (or in Lifshitz -
Hamaker constant, or in attraction force) versus particle size.  

The bistability versus particle size (or versus external loading force) 
looks like optical phase transition what is very attractive to use for a high-
density information recording. This topic needs special discussion, which is 
out of the frame of the present paper. 
 
5. Temperature under the particle 
 

 

The temperature rise developed under the particle plays a decisive role for 
further analysis. A growth of temperature leads to thermal expansion of 
material, i.e. thermal deformations and stresses. Thus, we have to discuss 
temperature distribution within the substrate, ( )t,z,y,xTT = , in more 
detail. This temperature distribution can be found from the heat equation:  
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where surface intensity is understood as 
 
                                      ( ) ( ) ( )tIy,xSt,y,xI z 0= .                                     (56)  
 

Here zS is a z-component of the Poynting vector (12) above the 
surface, for the unit incoming intensity and function ( )tI 0 describes the 
temporal pulse shape. A0 is the substrate absorptivity, α is the absorption 
coefficient and κs is thermal conductivity of the substrate. The problem is 
that distribution ( )y,xS z  can be sufficiently complex due to near-field 
focusing (see e.g. examples shown in Sections 2 and 3).  One can 
significantly simplify the problem, considering the near-field light intensity 
in the symmetric Gaussian form  

 



B. S. Luk′yanchuk et al., Optical resonance and near-field effects in dry laser cleaning 

 139

                                       ( )
2
0

2

0
rr

z eSy,xS −
= ,                                 (57) 

 
 
 

where r  is radial coordinate, 0r  is the radius of Gaussian beam, 0S is the 
field enhancement factor. 

This distribution fits well the “ true”  distribution of near-field light 
intensity when latter has “ one-peak”  distribution.  The example in Fig. 17 
demonstrates the main lobe of the “ true”  field is quite close to the Gaussian. 
The contribution of intensity oscillations on the periphery (side lobes) can 
be ignored. The special cases where these side lobes can be important are 
discussed further. 

The “ two-peak”  distribution, similar to shown in Fig. 4 can be 
approximated by “ two-peak”  Gaussian profile: 
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For a linear heat equation the necessary solution can be presented 

through the Green function. For a nonlinear case, when functions 
0A,,c ss κ and α depend on the temperature, it needs numerical calculations 

and great calculation time. In the case of Gaussian profile (57) solution of 
linear heat equation is presented by a well-known formula: 
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where sss c/ ρκχ = is the thermal diffusivity, S0 field enhancement factor 
(dimensionless) and F - function is given by 
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The smooth pulse shape, ( )tI 0 , for excimer laser can be described by 
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Fig. 17. The “ true”  intensity profile and its fitting by Gaussian beam. The “ true”  
intensity (see in Fig. 9) presents the result of solution of the problem “ particle on the 
surface”  for 0.5 µm (radius) SiO2 particle on the surface of Si substrate along 

045=ϕ  (this presents non-polarized radiation). Radiation wavelength =λ 266 nm. 
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where FWHMt.t 4090=l  (the duration of the pulse defined at the full width at 
half maximum), the laser pulse energy is given by Φπ 2RE =l , and Φ  is an 
averaged fluence (input fluence).  

Having done as many simplifications, as possible, we shall estimate the 
field enhancement factor S0 from the Mie theory and then estimate 0r  value 
from the overall energy conservation condition. The particle geometrical 
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cross-section as 2Rπ , area of the main lobe of scattered light can be 
expressed as 2

0rπ . The area of all the side lobes (with the same efficient 
“ brightness”  of scattering) is expressed as 2

1rπ ; here 1r  is effective radius. 
One can defines 1r  by such a way that the ratio of corresponding cross-
sections will give the field-enhanced factor ( )2

1
2

0
2

0 rrRS += . Typically, the 
variation of r1 is within the limits: 010 rr << . This consideration yields the 
following estimation for radius 0r  
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Although it is not a strong relation, it is sufficient for estimations. In Fig. 
17 one can see S0 = 33 for r0 = 0.05 µm.  From (62) follows 0.044 < r0 < 
0.087 µm. The width of near-field focusing intensity distribution is shown in 
Fig. 18. It is clear that r0 value oscillates versus the particle size. This width 
is typically in between 50 and 100 nm, which is very attractive for many 
applications. 

Using values S0 and r0 one can estimate the temperature rise from (59). 
This estimation shows that maximal temperature versus particle size 
oscillates (see in Fig. 19). Solving linear heat equation we used parameters 
of Si at T = 300 K, which are presented in Table 2. In reality, the “ true”  
temperature is higher than in Fig. 19, because the optical and 
thermophysical parameters of Si strongly vary with temperature. The role of 
temperature dependent parameters can be seen in Fig. 20, where the solution 
of nonlinear heat equation is presented. 

Oscillations in the temperature can be more pronounced than in Fig. 19 
due to secondary scattering effect, which leads to higher intensity variations, 
see in Fig. 7. Figure 20 b shows behaviors of 1D and 3D temperature 
distributions for the field enhancement, where two distributions yield 
approximately the same maximal temperatures. Nevertheless one can see 
that 3D distribution produces a faster heating and cooling.  

 
Table 2. Parameters of Si at room temperature (300 K). 

 
 

ρs,   g/cm3 cs, J/(g K) κs, W/(cm K) λ, nm α, cm - 1 R0 

2.3 0.72 1.23 248 1.7 106 0.61 
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Fig. 18. Field enhancement factor, S0 calculated from the Mie theory (a) and the 
width of near-field focusing (b) estimated from formula (62) for upper and lower 
limits. The refractive index n = 1.6 and the radiation wavelength λ = 248 nm. 
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Fig. 19. (a) Maximal temperature, under the particle. (b) Delay time, when tempera-
ture reaches its maximal value (b). Field enhancement factor, S0, and r0 values are 
taken from Fig. 19. Two solid curves correspond to upper and lower limits in Fig. 19 
b. The dash curves are calculated for κ = 1.42 W/cm K.  Laser pulse width, FWHMt = 
23 ns and fluence Φ = 1 J/cm2. 
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Fig. 20. (a) Temperature profile at the central point under the particle, calculated 
with non-linear heat equation by finite difference method (FDM) (Ozisik, 1994). 
Solution of linear heat equation yields the lowest maximal temperature. (b) 
Comparison of 3D (with field enhancement effect) and 1D solutions (without field 
enhancement) of linear heat equation.  
 

In reality, the temperature under the particle is influenced by complex 
distribution of intensity, see e.g. Fig. 4 or Fig. 9. This distribution consists 
of 3 parts: 1) out of particle at r > a it tends to homogeneity 1D intensity I0; 
2) in the region of enhanced radiation at r < r0 it tends to enhanced field 
intensity S0I0; 3) in the region of “ shadow” , a < r < r0, intensity is rather 
small.  One can neglect oscillations within the shadow region and the 
particle edge, and approximate the total intensity distribution by a sum of 
three Gaussian distributions (see in Fig. 21):  
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where 0Sar =0 , this provide conservation of energy.  We shall call this 
simplified distribution (63) as “ 1D + 3D heat model” . An example of the 
calculation of the temperature rise with this model is shown in Fig. 20 b.  
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Fig. 21. Schematic for the intensity distribution on the substrate surface under the 
transparent particle. It can be approximated by the sum of three Gaussian 
distributions (63). 
 
 
6. Dynamics of the particle, 3D effects 

 
A particle on the surface performs its motion in the field of adhesion 
potential, which consists Van der Waals attraction and elastic forces. When 
the temperature is smaller than the melting temperature, then the main 
cleaning effect of laser action is related to material thermal expansion.  

When the substrate expands, the position of the substrate surface, sz , 
varies with time, ( )tzz ss = , ( ) 00 =sz . The particle displacement is a 
function of time t , say ( )tzz f= . Then the varying deformation 
parameter, ( )tδ  at time t  can be expressed as 

 
                                      ( ) ( ) ( ) ( ) 0δδ +−+= tztztzt fps .                         (64)  
 

Here term ( ) ( ) ( )taTtz s
p

Tp α=  describes the effect of the particle 
heating due to thermal contact. We assume that the temperature of the 
particle is the same as the substrate surface temperature, ( )p

Tα  is the linear 
thermal expansion coefficient for the particle (we use additional superscript 
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to distinguish the particle and substrate materials). If no external load acts 
on the particle, the initial deformation parameter δ0 is expressed in DMT 
theory by 
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where σp,s  and Εp,s are the Poisson coefficients and Young’s modulus for the 
particle (index “ p” ) and substrate (index “ s” ), ωh  presents the Lifshitz 
constant. 

The acceleration due to the elastic force can be expressed (Lu, 2000) by:  
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where pρ  is the density of the particle and we neglect the energy losses due 
to plastic deformations and sound generation (Luk`yanchuk, 2001; Arnold, 
2002). When the substrate expands, the position of the substrate surface, sz , 
varies with time, ( )tzz ss = .  This expansion is the driving force for dry 
laser cleaning. The initial conditions for Eq. (66) are  
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The surface position, ( )tz s , is given by the z-component of the vector 
of displacement, ( )t,z,y,xuu =  at z  = 0. To find this displacement 
vector one should solve the equation of thermal elasticity (Landau & 
Lifshitz, Theory of Elasticity; Sokolnikoff 1956): 
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where ( )s
Tα  is the linear  thermal expansion coefficient for substrate and 

( )t,z,y,xTT =  is the temperature distribution within the substrate.  
The solution of the equation (68) for the stationary problem (laser beam 

with Gaussian intensity distribution) was presented in Welsh, 1988. This 
solution is valid for the calculation of the stresses and strains. Neverthel ess 
displacement, e.g. uz - component, which follows from this formal solution, 
contains logarithmic divergence, related to 1/r spatial distribution of the 
stationary thermal field at big distances (Arnold, 2002). Meanwhile, it is 
clear that the stationary limit is senseless, i.e. in the real physical situation 
the corresponding integrals should be cut off, and such calculations were 
presented recently (Luk`yanchuk, 2001). Nevertheless the cutting procedure 
is not strictly defined and it is more precise to use nonstationary solution 
(Luk`yanchuk, 2002 a, b). For different estimations we shall use parameters, 
listed in Table 3.  
 

Values for different materials Parameter 
Si Ge NiP SiO2 

Absorption Coefficient [cm-1] 1.7 106 1.6 106 5.7 105 1 

Absorptivity 0.39 0.35 0.71 0.95 
Density [g/cm3] 2.3 5.33 8.9 2.2 
Thermal Conductivity [W/cm K] 1.42 0.73 0.14 0.0146 
Heat Capacity [J/g K] 0.72 0.31 0.54 0.74 
Melting Temperature [K] 1685 1210 1200 1873 
Young Modulus [dynes/cm2] 1.3 1012 8.2 1011 2.0 1012 7.3 1011 

Poisson Ratio 0.28 0.3 0.31 0.18 
Linear Thermal Expansion [K-1] 2.6 10-6 6.0 10-6 12.0 10-6 0.54 10-6 
Hamaker Constant, A, [J] 
Lifshitz Constant,  ωh ,  [eV] 

2.5 10-19 
6.54 

3.1 10-19 
5.18 

1.2 10-19 
3.14 

0.5 10-19 
1.32 

 
Table 3.  Parameters used in the calculations (taken at T = 300 K). Optical 
parameters are given for λ = 248 nm (KrF excimer laser). Hamaker constant is given 
for the pair of identical materials, i.e. Si-Si, etc. Data for Hamaker constant (or 
Lifshitz constant) are taken from Bowing, 1988;  Visser, 1972; Heim, 1999. 
 

a) 1D model. 
This case is the simplest. We use solution ( )t,zTT =  of 1D heat 

equation. From this solution one can estimate the surface displacement by  
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                                       ( ) ( ) ( ) ( )∫+=
∞

0
12 dtt,zTtz s

Tss ασ .                          (69)  

 

The additional multiplier ( )sσ+12 in (69) appears when one considers 
the “ quasi-1D approach” , where displacements and stresses are considered 
to be equal zero at infinity (at x-y plane). This term without a detailed 
explanation was written in Prokhorov, 1990; Vicanek, 1994. The detailed 
examination of the thermal elasticity problem, which precisely introduces 
this term, is given in Arnold, 2002. For the “ true”  1D problem multiplier 

( )sσ+12 is absent. Experiment of Dobler, 1999, where corresponding 
displacement and accelerations were measured experimentally, was closer to 
“ true”  1D problem rather than “ quasi-1D approach” . 

Because of the energy conservation, one can write condition 
 

                                             ( ) ( )dzt,zTcdttIA
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0
1

0
1 ρ ,                          (70)  

 
here c and ρ are heat capacity and density of the heated substrate 
respectively, A is absorptivity of the surface.  If one considers a smooth 
pulse shape (61), then for the displacement holds the following formula:  
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For the rectangular laser pulse with the pulse duration lτ , a similar 

dependence is given by 
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here ( )xHΘ  is the unit step function (Heaviside function). Pay attention that 
the rectangular pulse produces infinite accelerations at 0=t  and lτ=t . 

The 1D model has natural restriction, related to absence of inward 
motion of the surface during cooling stage. To take into account this effect 
one should use the 3D thermo-elastic model. Effects related to temperature 
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dependencies of parameters (solution of non-linear heat equation) can also 
play important role.  

Although the heating process happens only within a short time interval, 
it determines both the kinetic energy and the elastic potential energy 
necessary to overcome the adhesion force.  

Condition for the particle removal can be written from the energetic 
consideration Lu, 2000: 
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Here v is understood as a relative velocity: ( )tv δ&= . Another condition 

is the so-called “ force criterion” , which follows from (66) and (40) at quasi-
static conditions: 
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Pay attention that the force criterion needs necessary condition 0<f && , 
i.e. it works just on the stage of particle deceleration. The transition between 
the two (force and energy) criterions was discussed in Arnold, 2002.  

An example of solution is shown in Fig. 22. The pulse shape with 
fluence 1 J/cm2 and dynamics of the surface temperature rise Ts = Ts(t) are 
shown in Fig. 22 a. The pulse duration is considered to be 23 ns, and the 
initial temperature is KT 300=∞ . Maximal surface temperature reaches 
1561 K, which is close to Si melting temperature Tm = 1685 K. With higher 
fluences we exceed the melting temperature.  

Different components of the deformation parameter (64) are shown in 
Fig. 22 b. The expansion, related to the thermal expansion of the particle is 
very small, pz « sz , mainly due to the small value of the particle’s thermal 

expansion coefficient, ( )p
Tα . Deformation parameter δ oscillates with 

amplitude 51.≈  Å  around the equilibrium value 30 ≅δ  Å . For the SiO2 
particle with a = 0.5 µm used in calculations, period of oscillations consists 

46.≈ ns. It is approximately 20 times longer than the period of the first 
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mode of the particle sound vibration, sp u/aT 4=  (Landau & Lifshitz, 

“ Theory of Elasticity” ), where 51055 ⋅= .u s  cm/s is sound velocity in quartz. 
We do not take into account these “ high frequency”  sound vibrations. We 
also neglect damping in “ low frequency”  oscillations. In principle, this 
damping occurs due to sound generation (Arnold, 2002) and due to plastic 
deformations in the particle-substrate contact area (Luk`yanchuk, 2001).  
Oscillation dynamics in dry laser cleaning was suggested in Luk`yanchuk, 
2001, 2002 a, b; Arnold, 2002. This dynamics permits resonant 
enhancement.  

Fig. 22 c presents characteristic velocities: ,, ppss zvzv && ==  ff zv &=  

and δ& . Although the condition pz « sz is fulfilled for all interesting 
parameters of laser cleaning with 248 nm radiation and SiO2 particles on the 
Si surface, velocities of expansion can be comparable, e.g. for 5 µm 
particles near the cleaning threshold, maxmax 2 ps vv ≈ .  

Fig. 22 d presents characteristic accelerations: ppss vava && == , , and 

ff va &= . Maximal accelerations due to substrate surface expansion can be 
smaller than maximal accelerations produced by particle heating, i.e. 

maxpa » maxsa . It holds for the big particles.  The dash line presents the 
critical acceleration for the “ force criterion” : 
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With fluence 1 J/cm2 δ&&  is close to reach this critical value. The 
“ energy criterion”  (73) presents a line on the plane of parameters { }δδ &, . 
When the phase trajectory of the system crosses the line, the condition for 
the particle removal is fulfilled (see in Fig. 23). The “ energy criterion”  
yields higher threshold fluence than those, which follow from the “ force 
criterion” .  For small particles with ≤a  1µm the removal occurs mainly due 
to big deformations δ .  

With bigger particles kinetic energy starts to play an important role: 
phase trajectory touches the energy criterion curve at the point with non-
zero value of velocity δ& .  
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Fig. 22. Dynamics of dry laser cleaning for 1µm SiO2 particle on Si surface: a) laser 
pulse shape and the surface temperature for laser pulse length 23 ns and fluence 1 
J/cm2; b) different components of displacement and deformation in accordance with 
(64); c) characteristic velocities: ffppss zv,zv,zv &&& === ; d) characteristic 

accelerations: ppss va,va && == , and ff va &= . Value ca  corresponds to critical 
acceleration, which follows from the “ force criterion”  (74). 
 

                                    
Although 1D model explains qualitatively behavior of the threshold 

fluence versus particle size, it yields threshold fluences by the order of 
magnitude higher than the experimental (see in Fig. 24). It means that some 
important physics is missing with 1D model.  

Another discrepancy is related to minimal size of the particle, which can 
be removed in dry laser cleaning. 1D model predicts the minimal size 

12 ≈a µm (a smaller size needs a surface temperature above the melting 
temperature). Meanwhile many groups reported about cleaning efficiency up 
to the size 0.2 µm in dry laser cleaning. Within the frame of 1D model there 
are no oscillations in threshold fluence, related to optical resonance.  
 

b) 3D model. 
To find the surface position, ( )tz s , we have to use solution of 3D heat 

equation and solution of 3D thermal elasticity problem (see in Appendix A 
Chapter 2).  We assume the  Gaussian  distribution  (57)  for  the  near -field  
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Fig. 23. Energy criterion curve, calculated from (73) and phase trajectory calculated 
from integration of  (66), (67). Particle size is 1µm. Pictures (a) and (b) correspond 
to different laser fluences. 
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where 1

2
01 4/ trz χς += , and F - function is given by formula (60). 

Solving the Newton equation (66) for the particle motion in elastic potential 
with driving force (76) one can see the main peculiarities of the particle 
dynamics with 3D model (see in Fig. 25).   
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Fig 24. Theoretical (for 1D and 3D models) and experimental results of the threshold laser 
fluences for SiO2 particles versus particle size for Si, Ge and NiP substrates. Excimer laser λ 
= 248 nm, pulse duration 23 ns. 
 
 

Although 3D expansion with the same intensity yields smaller zs values 
than 1D expansion, it is faster. As a result characteristic deformation 
velocities and accelerations can be comparable or even greater than in 1D 
case. The calculations shows that the threshold fluence for 3D model with a 
= 1 µm typically by the order of magnitude smaller than for 1D model (see 
in Fig. 24).  

Further improvement in the position of theoretical curve can be done 
with 1D + 3D model. This model considers the distribution of laser 
intensity, given by (63). Surface expansion is a combination of results given 
by formulae (71) and (76).  

With growth of the particle size the enhancement factor oscillates and 
possible maximum values becomes higher (see in Fig. 7).   For example, 
with a = 1 µm, λ = 248 nm and n = 1.6 the nearest maximum yields S = 343. 
It is clear that such high degree of the enhancement factor will be limited by 
the particle surface quality and it shapes deviation from the ideal sphere.  

Silicon substrate is a particular material with a strong temperature 
dependences of optical and thermophysical parameters. It needs solution of 
nonlinear heat equation. One can see in Fig. 20a that the nonlinearities yield 
a higher surface temperature.  The same  effect produces  combination of 1D  
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Fig. 25. Substrate expansion and particle movement for SiO2 particle on the Ge 
substrate. Laser fluence is 19.2 mJ/cm2.  Enhanced near-field light intensity is 
modeled as Gaussian beam with a radius of 0.1 µm. a) Laser intensity, I(t) and 
corresponding 1D and 3D temperature dynamics. Combined 1D+3D case is shown 
as well. b) Displacements z for the particle (p) and substrate (s) for 1d and 3D 
heating. c) particle displacement f(t) for 1D and 3D heating and d) corresponding 
particle velocities. 
 

  
and 3D model compared to 3D model (see in Fig. 20b). Both effects move 
the theoretical curve into the “ correct direction”  i.e. closer to experiment but 
we did not analyze the nonlinear problem in more detail.  

The different cleaning efficiencies of 1.0 µm silica particle from Si, Ge 
and NiP surfaces were examined, see in Fig. 26. It is found that the laser 
cleaning efficiency increases sharply along with the laser fluence. For 1.0 
µm particles, threshold laser fluences exist at about 100 mJ/cm2 for Si, about 
30 mJ/cm2 for Ge, and about 8 mJ/cm2 for NiP substrate. It is also concluded 
that particle removal from NiP is the easiest in the three substrates, while 
removal from Si is the most difficult.  
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Comparing the physical parameters of the materials, see in Table 3, one 
can see the Van der Waals force of particles on Ge is the greatest of the 
three substrates, while the adhesion force on NiP is only about 32 of Ge. 
However, particle removal is related not only to the adhesion force, but also 
to the optical and thermal properties of the substrates. For Si, the 
absorptivity and thermal expansion coefficients are much less than for Ge 
and NiP. Therefore higher laser fluence is required to remove particles from 
Si substrate. Removal from NiP is the easiest, not only because the adhesion 
force is the least of the three substrates, but also because its absorptivity and 
thermal expansion coefficients are much greater than the other substrates. 
The small thermal conductivity of NiP also contributes to its low threshold, 
since the real heating process is more analogous to “ pointing heating”  due to 
the near-field effect. This experiment demonstrates that substrate thermal 
expansion certainly plays an important role in dry laser cleaning mechanism. 
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Fig. 26. Cleaning curves for NiP, Ge and Si substrates (from Zheng, 2001). 
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Nevertheless the 1D thermal expansion model consistently yields values, 
which are by one-two orders of magnitude higher than experimental data 
(see in Fig. 24). At the same time 3D model yields values much closer to 
experiment. For example, for NiP substrate 3D model practically coincides 
with experiment. Pay attention that 3D effects in heating and deformation 
play an important role of for both, transparent and absorbing particles.  
 
 
7. Comparison with experimental results 
 
 
 

In this section we will discuss experimental findings that allow a 
verification of the theoretically predicted intensity enhancement in  the near 
field of particles resting on a surface. Besides their interest from a 
fundamental point of view, these experiments are of great importance for 
applications such as laser cleaning of particles on surfaces.  
 
7.1. Local substrate ablation – a probe for optical near fields 
 
Clearly, any conclusive evidence for the presence of intensity enhancement 
in the near field of particles at surfaces should rely on directly accessible 
experimental facts. Indirect indications such as the removal of particles at  
lower laser fluences than predicted by theory (Lu, 2000a) can be considered 
as a hint, however, they strongly rely on the correctness of the respective 
theory.  

The most common approach for probing near fields at small particles is 
the application of Scanning Near Field Optical Microscopy (SNOM) (Durig, 
1986). Although this is a well-established technique it inevitably disturbs 
the field distribution around the particle by the presence of the probe itself.  

We therefore chose a new and different approach in order to probe 
undisturbed near field distributions as were found in laser cleaning 
applications (Leiderer, 2000; Lu 2000c, 2002; M ü nzer, 2001; Mosbacher, 
2001; Mü nzer, 2002; Huang, 2002 a, b). In this approach we use the 
substrate, that is already present anyway, as the imaging medium, and 
consequently do not rely on the introduction of an additional probe into the 
field. Surface modifications due to structural transitions, defects formation, 
oxidation, melting or evaporation that are induced by the intensity 
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enhancement at the enhanced laser intensity can be detected by optical, 
electron or scanning probe microscopy.  
 
 
7.1.1 Morphology of near field-induced damage sites  
 
Typical examples for such modification sites are shown in Fig. 27. In order 
to clearly relate any observed modification to the former particle sites, we 
have marked the initial positions of the colloidal spheres by evaporating a 
thin (10 nm) SiO2 layer onto the sample after application of the colloidal 
particles and before the laser irradiation (Leiderer, 2000). After the 
application of the laser pulse the particles have been removed, and the 
sample was inspected in a Scanning Electron Microscope (SEM). As can be 
seen from Fig. 27 a), the particles size and their position could be 
determined by a contrast in the SEM pictures due to the different thickness 
of the oxide layers in and outside the particle site. By a comparison of the 
hole diameters on wafers with and without the additional oxide layer we 
have checked that this layer did not influence the optical properties of the 
particles.  
 

 
Fig. 27. Holes generated due to local field enhancement at laser-irradiated 
particles on a silicon wafer. In 27 a) and 27 b) the particles were PS spheres 
with a diameter of 1700 and 320 nm, respectively; in 27 c), irregular alumina 
particles with an average size of 400nm were used. The side lengths of the 
displayed squares are 6800 nm, 4970 nm, and 1300 nm for a), b) and c), 
respectively (from Leiderer, 2000). 
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The displayed image represents a shadowgraph of a cluster of six 
particles, which were removed. At the center of each particle a hole was 
created, just at the positions where the numerical calculations predict the 
highest laser intensity. Similar holes were found also for smaller particles 
(see Fig. 27 b). The laser used here had a FWHM of 150 fs and a 
wavelength of λ = 800 nm. By the choice of this short pulse length we 
minimized the heat diffusion in the silicon substrate and made sure that any 
ablation pattern reflected the actual intensity distribution at the particle.  

As it turned out in all experiments where we removed particles by laser 
irradiation with ps and fs pulses, this removal was always accompanied by 
the appearance of such holes. Hence the particle removal –  or “ cleaning”  
process can be directly related to the ejection of material from the wafer, 
which then also leads to the observed crater formation. One might argue that  
realistic contaminants that have to be removed by laser cleaning applications 
are typically   not   of   spherical   shape. Also for irregular contaminants 
such as Al2O3 powder, however, field enhancement takes place –  but in 
contrast to the spherical particles in asymmetric patterns –  giving rise to the 
generation of holes also. An example of such a structure is shown in Fig. 27 
c).  

 
 

100nm
 

Fig. 28. AFM image of a singe hole created by irradiation of a 370 nm PS sphere 
with laser pulses from a frequency doubled Ti: Sapphire-laser (λ = 400 nm) (from 
Mü nzer, 2002) 
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While in laser assisted particle removal the generation of holes due to 
local substrate ablation is an undesired, defect creating process, it may as 
well be utilized for nanolithographic surface structuring purposes (Leiderer, 
2000; Lu, 2000c, 2002; Mü nzer, 2001; Mü nzer, 2002; Huang, 2002 a, b). By 
controlled application of a colloidal suspension, deposition of isolated PS 
spheres at any desired concentration onto the substrate is possible. Such 
isolated spheres can be used to create single holes. An example is shown in 
Fig. 28. In order to decrease the hole’s size, the illumination wavelength 
was decreased to 400 nm and particles with a diameter of 370 nm have been 
illuminated. AFM imaging of the holes created this way reveal a hole 
diameter of about 100 nm –  about one quarter of the applied laser 
wavelength or even one eight’s part of the wavelength (Huang, 2002a). 

An exciting possibility besides the fabrication of single holes is the 
exploitation   of   self-organization   processes,   e.g.  the  utilization  of  2 -D 
colloidal monolayer, for the structuring process (Burmeister, 1998). 
Illumination of an array of particles by an ultrashort laser pulse leads  to  an 
 

 

 
 
Fig. 29. Hole arrays formed after illumination of a hexagonal colloidal monolayer 
with fs (FWHM= 150 fs, λ=800 nm) laser pulses. Left: silicon substrate, right: 
germanium substrate (from Mü nzer, 2002). 
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array of holes. This is shown in Fig. 29 where hexagonal monolayer of 
polystyrene spheres arranged on silicon and germanium substrates have been 
used to create hexagonal hole patterns. Being a parallel technique this 
method allows the structuring of large substrate areas and can result in a 
million holes and more for a single shot, limited only by the size of the laser 
spot. A similar technique was used to produce nanosize patterning in 
metallic films shown in Fig 30 (Huang, 2002 a, b). It was demonstrated that 
ns excimer laser produced a lattice of holes with a size below 50 nm (using 
140 nm PS particles, see in Fig. 31).  

 
 

7.1.2. Parameters influencing field enhancement induced ablation  
 
As already discussed above, the laser pulse length considerably influences 
the morphology of the field enhancement induced defect patterns in the 
substrate. Whereas laser pulses with FWHM in the ps and sub-ps range lead 
to well-pronounced ablation patterns, nanosecond laser pulses lead to a 
completely different defect shape. An SEM image of such a shallow, 
broadened melting pool is shown in Fig. 32.  

 

 
Fig. 30. SEM image of periodic pit arrays formed after illumination of isolated 1.0 
µm SiO2 particles on an Al film surface by a single laser pulse (FWHM = 23 nm, λ 
= 248 nm) with a laser fluence of 300 mJ/cm2 (from Huang, 2002 a, b). 
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Fig. 31. SEM image of periodic pit arrays formed after illumination of isolated 140 
nm polystyrene particles on an Al film surface by a single laser pulse (FWHM = 
23 nm, λ = 248 nm) with a laser fluence of 300 mJ/cm2 (from Huang, 2002). The 
smallest holes are of diameters ≈ 300 Å  (from Huang, 2002 a). 
 

 

 
 

Fig. 32.  Scanning electron microscope image of a typical melting site induced by 
field enhancement after ns laser illumination. In comparison to fs laser induced hole 
structures the morphology of the damage site is clearly smeared out due to heat 
diffusion in the silicon substrate (from Mosbacher, 2002). 
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Another parameter that might influence the field enhancement process 
considerably is the presence of the substrate itself. It was pointed out 
(Luk`yanchuk, 2000), that in numerical calculations the intensity is 
increased by a factor of 1.5 as a consequence of the presence of a silicon 
substrate. Also the calculations based on the 3D model in the above sections 
strongly suggest, that the substrate should have a major influence on the 
process.  

Motivated by these predictions we have conducted a set of experiments 
that allow the imaging of the actual field distribution at particles on surfaces 
and compared these experimental findings to calculations for free space 
(purely Mie-theory) and calculations including the substrate. The results of 
this comparison are shown in Fig. 12.  

Neglecting the influence of the substrate we computed on the basis of 
the Mie theory the field of polystyrene particles in the substrate plane by an 
algorithm taken from Barber, 1990. The patterns resulting from these 
calculations are shown in Fig. 12a for a 320 nm (bottom) and an 800 nm 
(top) particle illuminated by a plane wave with a wavelength of 800 nm. 
They exhibit a double-peak structure with a distance between the maxima of 
about 300 nm for both particle sizes, whereas the absolute value of the 
intensity enhancement differs by a factor of 4.5.   

In a next step we compared these calculations to the experimental 
results shown in Fig. 12b. As previously shown (Mü nzer, 2001), fs laser 
irradiation of particles on surfaces creates an ablation pattern underneath 
each illuminated particle. For constant laser fluences, all sites of ablation 
exhibit the same morphology. Underneath particles 320 nm in diameter, the 
ablation pattern shows a double hole structure, yet the distance between the 
maxima is obviously smaller than for the free space calculation. The pattern 
formed underneath an 800 nm particle does not show two peaks at all, but 
exhibits an elliptical shape. 

Apparently, the Mie calculations differ substantially from the 
experimental findings. However, this theory holds only for an illuminated 
sphere in free space, thus neglecting the influence of the substrate. 
Consequently, these differences can be attributed to the influence of the 
silicon surface on the field distribution (see above in the Section 3).  

In order to investigate this in more detail we performed semianalytical 
field calculations using the Multiple Multipole (MMP) technique (Hafner, 
1990). Advantage was taken of the mirror symmetries of the problem and 
ring multipoles (were used to model the scattered fields both in the substrate 
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and in vacuum). Optical constants were taken from Palik, 1998. The result 
of these calculations is shown in Fig. 12c. The calculated field distributions 
fit the experimental findings well, if for the particles 800 nm in diameter we 
compare them to the results obtained in the substrate (10 nm below the 
surface) and for the smaller particles with those above (10 nm above the 
surface). The reason for this needs some further investigation. Besides the 
effect of ablation in the central part of the hole one observes the formation 
of a rim around the ablated area. In the development of this rim structure the 
dynamics of the melt influenced by viscosity and surface tension may play a 
role. 
 
 
7.2. Near-field effects in the laser cleaning process 
 
The above-described experimental results clearly show the importance of 
near field effects for the field of laser cleaning. In the following will 
illustrate these consequences.  
 
7.2.1. Experimental details 
 
For dry laser cleaning we determined the removal efficiency and the 
cleaning thresholds in laser fluence for contaminants of different sizes and 
materials. We deposited individual spherical colloidal polystyrene 1 (PS) on 
industrial silicon wafers in a spin coating process described in Mosbacher, 
2002b. Prior to particle application the wafers were cleaned in an ultrasonic 
bath in isopropanol (IPA). The samples prepared in this way were irradiated 
by a single Nd: YAG laser pulse (λ = 532 nm, FWHM = 8 ns) either in 
ambient conditions (relative humidity 30-40%) or in high vacuum (HV, 10-6 

mbar). In ambient cleaning a flow of pressurized, filtered air was used to 
blow away the removed particles and to prevent their redeposition.  
 Under ambient conditions particle removal in the cleaned area (about 
1 mm2) was detected by a light scattering technique (Mosbacher, 2000). A 
5 mW HeNe laser illuminated a spot with a diameter of 0.5 mm, which 
corresponds to several hundred particles monitored, its scattered light was 
detected by a photomultiplier. The monitored area was much smaller than 
the illuminated area, therefore in this case the laser fluence can be 
                                                           
1 IDC, Portland, Oregon, USA 
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considered as almost homogeneous. In HV we determined the fluences 
necessary for particle removal by inspecting the illuminated spot with an 
optical microscope prior and after the laser pulse. We measured the 
threshold cleaning fluence relatively to the melting threshold of Si, 
monitoring the reflected light of the HeNe laser with ns time resolution. As 
the laser fluence for the onset of melting of silicon is well known, this can 
be used for a conversion of relative fluences into absolute numbers.  
  
7.2.2. Variation of the size parameter 
 
Within the frame of the Mie theory the extent of intensity enhancement in 
the near field of the particle critically depends on the size parameter q = 
πd/λ, where d denotes the particle diameter and λ the applied wavelength. 
When the secondary scattering of reflected radiation is taken into account 
(see Section 3) both parameters d and λ influenced independently. 
Experimentally there exist two approaches of varying q parameter in laser 
cleaning experiments, either by changing the particle size or by varying the 
wavelength. We will discuss both in the following.   

 
Fig. 33.  Threshold in the applied laser fluence for particle removal in DLC in 
ambient air.  Particles smaller in diameter than 110 nm could not be removed (from 
Mosbacher, 2002a)   
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7.2.2.1. Variation of the particle size 
 
First we have studied particle removal in ambient conditions. This 
environment represents the conditions that may be found in a possible future 
application of the process.  
 In Fig. 33 the thresholds in applied laser fluence for the removal of PS 
particles are plotted as a function of the particle size. From this diagram one 
can obtain a lot of information on the process, especially on the role of field 
enhancement. 
 First we would like to bring to mind two very important thresholds in 
the laser cleaning process. One of them is the threshold for the onset of 
melting of the bare substrate. As dry laser cleaning is aimed for an industrial 
application, any change of the structure of the silicon wafer, i.e. the silicon 
substrate and a native oxide layer of specified thickness, as induced by 
melting has to be strictly avoided. From experiments (Kurz, 1983; Lowndes, 
1983; Boneberg, 1993) this melting threshold is known to be about 280 
mJ/cm2, which therefore represents the upper limit of applicable laser 
fluence. The second threshold, also indicated in Fig. 32, is the cleaning 
threshold of the steam laser cleaning process. In previous investigations 
(Mosbacher, 2000) we found this threshold to be independent of the particle 
diameter (60-800 nm) and material (PS, SiO2, Al2O3).  
 In order to obtain information on the dependency of the cleaning 
threshold on the particle size we investigated many different particle 
diameters in the range of 110-2000 nm.  
 At first sight the shape of the curve follows an r - k –  trend, where r 
denotes the particle radius and 1 < k < 2. This monotonic behavior was 
predicted theoretically (Bäuerle, 2000), and in fact already the first 
publications on dry laser cleaning reported that smaller particles are harder 
to remove than larger ones (Zapka, 1991a; Tam, 1992; Engelsberg, 1993). If 
one looks closely, however, one discovers additionally an oscillating 
behavior of the threshold fluences as function of the particle diameter. This 
is illustrated in Fig. 33 by the line connecting the data points and reflects the 
resonant enhancement of the incoming laser intensity in the near field of the 
particles.  
 However, it should be pointed out, that the line connecting the data 
points is just a guide to the eye and does probably not describe the exact 
field enhancement efficiency as function of the particle diameter. The 
number of the discrete particle sizes used in our experiments is not 
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sufficient to resolve this dependency. Nevertheless the resonances account 
for the deviation of the curve from a smooth, monotonic shape.  
 Besides decreasing the applied laser fluence necessary to remove 
particles, field enhancement underneath the particles is responsible for 
surface damage by local melting/ablation of the substrate, as shown in 
Section 7.1. Depending on the pulse length used for the cleaning laser, and 
hence the thermal diffusion length during this laser pulse, local ablation 
leads either to the formation of steep holes (ultrashort pulses <100 ps) or 
shallow melting/ablation sites (nanosecond pulses).  
 In dry laser cleaning using ultrashort pulses the removal of a particle is 
always accompanied by the formation of a hole, i.e. the hole formation 
threshold is identical with cleaning threshold. Consequently in this case the 
particles are removed by the momentum transfer of the ablated species 
rather than by thermal substrate expansion –  local ablation acts as a cleaning 
mechanism (Mosbacher, 2001). This shows very clearly that for a damage 
free dry laser cleaning ultrashort pulses are not suitable.  

 
Fig. 34.  Atomic force microscopy (AFM) image of a damage site after dry laser cleaning 
using ns pulses. The damage site was created by an agglomerate of three PS spheres 800 nm 
in diameter. Note the typical damage morphology: a shallow trench surrounds a central 
hillock  (from Mosbacher, 2002 and 2002c). 
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 Against this background also for the case of ns pulses we focused our 
interest on the determination of the local melting/ablation thresholds in 
addition to the cleaning thresholds. Instead of the melting threshold of the 
bare silicon surface this damage threshold represents the true upper limit for 
the applicable laser fluence and is by its nature particle dependent. For the 
determination we made use of the Gaussian spatial beam profile of our 
cleaning laser. Due to this profile a spatial variation in the cleaned area 
corresponds to a variation in the locally applied laser fluence. In a post 
process analysis we investigated the cleaned areas of our samples with an 
AFM. By this method we imaged the field enhancement induced damage 
sites (cf. Fig. 12 for an SEM image), a typical example can be seen in 
Fig. 34. 

Imaging damage sites at different locations in the cleaned areas and 
especially at their borders, which correspond to the cleaning threshold 
fluence, we determined the damage threshold for each particle size. For all 
particles investigated the cleaning threshold was identical with the damage 
threshold. Damage free dry laser cleaning was not possible applying the 
laser parameters we used!  

The AFM images contain even more information on the particle removal 
mechanism as they reveal quantitative topographic information. All the 
investigated damage sites showed the same features: a “ trench”  surrounded 
a central “ hillock” . Generally spoken the hillock was lower at high laser 
fluences and the trench deeper, for low laser fluences a hillock was 
detectable but the trench almost disappeared. In Fig. 35 we have plotted in a 
double logarithmic graph the mean trench depths for the investigated 
particles for damage that occurred at the cleaning/damage threshold.      
 This plot clearly shows two regimes: for particles smaller than about 
250 nm in diameter the depth remains almost constant at about 1 nm. For 
larger particles we found a strong increase in the trench depth, the volume 
of the hillock was smaller than that of the trench –  ablation had taken place.  
  From this observation we conclude, that even for dry laser cleaning 
using nanosecond pulses local ablation of the substrate plays a role as 
cleaning mechanism for “ large”  particles where the field enhancement is 
higher and thus provides fluences high enough for ablation. At smaller 
particles field enhancement probably causes local melting, but no ablation.  
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7.2.2.2. Variation of the laser wavelength 
 
A doubtless probing of the optical resonances in dry laser cleaning is not 
possible by a variation of particle sizes, as they are available only in certain, 
discrete diameters. On the contrary, it is possible to vary the laser 
wavelength continuously using an optical parametrical oscillator (OPO). For 
our dry laser cleaning experiments we chose a wavelength interval from 
500 nm to 630 nm. It contains the wavelength of the frequency doubled Nd: 
YAG laser (532 nm) used in the previous experiments, and the refractive 
index of silicon –  one parameter that influences the field distribution at the 
particle - does not vary too much in this wavelength range.  
 In Figure 36 we show the experimental results for the wavelength-
dependent cleaning thresholds of particles with diameters of 370, 400 and 
450 nm, respectively. The laser wavelength was varied in steps of 5-10 ± 
0.2 nm, comparable to the standard deviation of the particle diameter size 
distribution. As the optical properties of the silicon substrate vary in the 
wavelength interval used, we have plotted the cleaning threshold in the 

 
Fig. 35.  Trench depth of the damage sites as a function of the particle size when 
the particles were removed in DLC applying the threshold cleaning fluence. For 
particles larger than 250 nm in diameter the depth increases strongly with the 
particle size, for smaller particles it remains almost constant (from Mosbacher, 
2002 and 2002c) 
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absorbed laser energy as function of the size parameter, i.e. the incident 
laser intensity was corrected by the wavelength dependent reflectivity.   
 Taking a look at the results for the particles 370 nm and 450 nm in 
diameter, one can see that the absorbed energy per area necessary for 
particle removal decreases with increasing size parameter (corresponding to 
decreasing laser wavelength). This can be ascribed to the higher absorptivity 
of silicon at smaller wavelengths, which facilitates particle removal via field 
enhancement induced local ablation.  
 The same overall trend is present for the particles 400 nm in diameter, 
as well. However, at a size parameter of 2.3 –  2.4 a plateau can be observed 
which reflects the expected non-monotonous dependence of the cleaning 
threshold on the size parameter in the presence of a resonant enhancement 
of the incoming laser radiation.   

 
7.2.3. Influence of the incident angle 
 
Usually in laser cleaning studies the samples to be cleaned are irradiated at 
an incident angle perpendicular to the substrate surface. Consequently, the 

 
Fig. 36. Variation of the dry laser cleaning threshold as function of the size 
parameter when the laser wavelength is varied (from Mosbacher, 2002d). 
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maximum intensity of the laser light due to field enhancement is located 
right underneath the particle in the substrate surface plane. Especially for 
particles larger in size than the wavelength, where the field enhancement 
pattern is quite similar to a “ point-focus”  known from geometrical optics, 
the location of this maximum intensity is crucial for the cleaning 
performance as it leads to the local surface ablation.  
 A deviation from the perpendicular incidence results in a displacement 
of the maximum field intensity away from the contacting point. Such a 
displacement should result in a drop in the cleaning efficiency, and indeed 
this could be confirmed experimentally (Zheng, 2001). Silicon samples with 
particle contamination (SiO2, diameter 2.5µm) on the surface have been 
irradiated by a KrF excimer laser (FWHM ≈ 23 ns, λ=248 nm) at incident 
angles ranging from 0°-30°. The incident laser fluence of 43 mJ/cm² was 
chosen well above the cleaning threshold fluence of about 5 mJ/cm², which 
should result in a complete particle removal. However, as the experimental 
results displayed in Figure 37 show, this is not the case for incident angles 
different from 0°. On the contrary, the efficiency decreases with increasing 
incident angel, and for angles above 15° no particle removal was detected. 

Besides the cleaning efficiency we plot the uniform laser intensity as 
function of the incident angle. This intensity is proportional to ( ) θθ cosA , 
where θ  is the incident angle, and A is the absorptivity. The variation of 
incident angle from 0o to 15o causes the effective laser fluence to drop less 
than 3.5% (see in Fig. 37) –  negligible in comparison with the efficiency 
drop.  

From the calculation based on the Mie theory (Zheng, 2001) follows 
that the near-field light intensity in agreement with the experimental results 
declines from 100% to zero, when the tilting angle increases from 0 o to o15 . 
 
7.2.4. Influence of the surface roughness 
 
Another nontrivial consequence of near field focusing can be found from the 
dependence of the cleaning efficiency on the surface roughness. The 
roughness by itself leads to a decrease in the Hamaker force because of a 
smaller contact region. The theoretical prediction shows that due to this the 
particle adhesion force drops with the presence of very small roughness 
(Whitehouse,  1970;  Schaefer,   1995;   Soltani,  1995) .  It   was   confirmed  
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Fig. 37. Cleaning efficiency versus incident angle (from Zheng, 2001). The uniform 
light intensity and the Mie solution are nornalized to 100 % at normal incidence.  
 
experimentally in static experiments with AFM (Schaefer, 1995). At the 
same time the roughness leads to a  “ lifting”  of the particle above   the 
surface, which results in a fast decrease in the near-field light intensity. 
Roughness amplitude of 50 nm reduces the laser intensity by a factor of two 
(see in Fig. 10). Thus, in spite of the reduction of the Hamaker force, one 
should expect a decrease of cleaning efficiency due to fast decrease of laser 
intensity with particle lifting. 

The cleaning curves for different samples (with different roughness 
amplitude) are shown in Fig. 38. The SiO2 particle size was 1.0 µm. One can 
clearly see decrease in the cleaning efficiency versus surface roughness.  

 
8. Conclusion 
 
The theory of dry laser cleaning, based on 1D thermal expansion of the 
substrate was the dominant model for the last 10 years. This theory predicts 
qualitatively correct results; nevertheless it yields the quantitative 
discrepancy with experiment by one-two orders of the magnitude. One can  
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see from Figs. 24, that the 1D theory cannot explain experimental results on 
dry laser cleaning for  both  small  and  big  particles. It means that some 
important physics is missing with 1D model. The results of recent papers 
(Arnold, 2002) do not confirm the 1D thermal expansion mechanism either.  

The main idea of our latest examinations was that instead of a 1D model 
one should use a 3D model, based on the ideas of near field focusing and 
optical resonance effect, which are very sensitive to wavelength, particle 
size, incident angle and surface morphology. 

Our examinations show, that for transparent spherical particles with a 
size comparable or even smaller than the laser wavelength, the optical 
resonance and substrate reflection produce under the particle an “ enhanced”  
near-field light intensity, which may exceed the incident laser intensity by 
one or two orders of magnitude.  

The present work was devoted to the examination of the mentioned 3D 
effects in theory and experiments. The results can be summarized as 
follows: 
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Fig. 38. Cleaning curves for samples with different roughness. The surface 
roughness increases with the alphabatic order from δ = 0 (a) to δ ≈ 50 nm (h). 
From Zheng, 2001. 
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1) The threshold fluence for laser cleaning strongly depends on the particle 
sizes (smaller particles need higher fluence). This dependence does not 
follow the law 2−∝Φ Rth  (see in Fig. 33) 

2) Field enhancement and its consequences play a major role in the dry 
laser cleaning process. Within the thermal expansion mechanism the 
near-field focusing should result in strong angular dependence in the 
cleaning efficiency vs. angle of radiation incidence, which was 
confirmed experimentally (see in Fig. 37).  

3) Rapid decrease in the near field intensity with particle lifting should 
yield decrease in cleaning efficiency with surface roughness (in spite of 
decrease in adhesion force vs. roughness). This effect was confirmed 
experimentally (see in Fig. 38).  

4) New peculiarities arise with ultrashort, femtosecond laser pulses. First 
the enhanced intensity leads to a local ablation of the substrate, which 
acts as a cleaning mechanism and results in particle ejection via 
momentum transfer (Mosbacher, 2002a). Second this enhanced intensity 
is the main source of substrate damage in the dry laser cleaning process.  

5) The theory (Luk`yanchuk, 2000) predicts a rapid variation in the 
cleaning efficiency with a change of wavelength (for fixed size of 
particles) due to optical resonance effect. To check this prediction 
experiments with a tunable laser have been carried out, which revealed 
evidence of optical resonances (Mosbacher, 2002d).  
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