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Abstract

A dynamic model for nanosecond dry laser cleaning (DLC) is discussed. Formulas for the time-dependent thermal expansion

of the substrate, valid for temperature-dependent parameters are given. Van der Waals adhesion, the elasticity of the substrate

and particle, as well as particle inertia are taken into account for an arbitrary temporal profile of the laser pulse. Time scale

related to the size of the particles and to the adhesion/elastic constants is revealed. Cleaning proceeds in different regimes if the

duration of the laser pulse and its edges are much shorter/longer than this characteristic time. Utilization of resonance effects and

steep fronts of cleaning pulse are suggested. Simple expressions for cleaning thresholds are discussed. Numerical results are

presented for the cleaning of Si surfaces from spherical SiO2 particles.
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1. Introduction

Laser cleaning [1] is under consideration for many

manufacturing processes [2,3]. In dry laser cleaning

(DLC), one usually compares cleaning and adhesion

forces [4–6]. Recently, it has been realized that nano-

second DLC requires consideration of dynamic effects

[7–11]. Using the approach introduced in [8,9], we

discuss the influence of experimental parameters on

DLC, and make experimental suggestions. In parti-

cular, usage of laser pulses with steep fronts and

periodic modulation of intensity may improve DLC.

2. Theoretical framework: adhesion potential,
evolution equation, and thermal expansion

Recently, we formulated laser cleaning problem as

an escape from the potential under the action of a time-

dependent force [8,9]. Main results can be summar-

ized as follows. Particle with the radius r and a plane,

approach by a distance h (see Fig. 1). Approximate

potential and force that take into account Van der

Waals attraction and elastic energy [12] are

U ¼ �2prhjþ h5=2r1=2ð2
5
�EÞ;

F ¼ 2prj� h3=2r1=2�E; (1)

where j is the work of adhesion (over the contact area

2prh) and ð1=�EÞ ¼ 3=4ðð1 � s2Þ=E þ ð1 � s2
pÞ=EpÞ

characterizes elastic properties of the substrate and

the particle (index ‘‘p’’). E is Young’s modulus and s
the Poisson’s ratio. Equilibrium values of h0 and U0 are

h0 ¼ 2pj
�E

� �2=3

r1=3; U0 ¼ � 3
5
ð2pjÞ5=3�E

�2=3
r4=3:

(2)

Detachment occurs when h ¼ 0 and requires pull-out

force F0 ¼ 2prj. Parabolic approximation to the
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potential in Eq. (1) yields frequency and period of

small oscillations:

o0 ¼ 3

51=2ð2pÞ1=3

j�E2

r7r3
p

 !1=6

� v4
sj

r7r

� �1=6

� 0:5 � 109 s�1; t0 ¼ 2p
o0

� 10 ns; (3)

where vs is the sound velocity. Estimations assume

r � 1 mm and material parameters from the Table 1.

Let l be the surface displacement in the laboratory

frame. Then Newton’s equation, with the force from

Eq. (1) in the reference frame fixed with the substrate,

reads (dot stands for time derivative and m is the

particle mass):

�h ¼ � 1

m

@U

@h
þ�l: (4)

Expansion of the particle and damping can be included

into consideration [8,9]. We consider here only quasi-

static unilateral expansion of the substrate relevant for

nanosecond DLC. Surface displacement l and velocity

are given by

lðtÞ ¼ 1 þ s
1 � s

bfaðtÞ
3cr

; _l ¼ 1 þ s
1 � s

bIaðtÞ
3cr

; (5)

where fa and Ia are the absorbed fluence and intensity.

Excimer laser pulse is approximated by

IðtÞ ¼ I0
t

t
exp � t

t

� �
: (6)

With this definition f ¼ I0t, and the full widths half

maximum (FWHM) pulse duration tFWHM � 2:45t.

3. Cleaning threshold for a single pulse

If the pulse is short, i.e. t ! t0, cleaning force �l
dominates during the pulse. Neglecting the potential in

Eq. (4) we obtain

_h � _l ) hðtÞ � h0 þ l; _hðtÞ � 0: (7)

Here, l is the total thermal expansion of the substrate.

Thus, energy acquired at the end of the pulse is due to

change in h (deformation). Cleaning will take place

(after the pulse) if the accumulated (potential) energy

is higher than the detachment energy—‘elastic

energy’ cleaning regime. This results in:

Uðh0 þ lÞ > 0

) l >
5

2

� �2=3

�1

 !
h0 � 0:84h0: (8)

If the pulse is long, i.e. t @ t0, one can solve Eq. (4) in

a quasi-static approximation. Oscillations are only

weakly excited and cleaning force always balances

the force from the adhesion potential:

1

m

@U

@h
� �l: (9)

Fig. 1. Schematic of the particle–substrate deformation. Solid

lines: boundaries of substrate and particles; dashed lines: imaginary

non-deformed boundaries; dash-dotted lines: initial position of the

substrate and not heated (but displaced) particle; l: substrate

displacement; r: current particle radius; Dr: particle expansion; z:

position of the particle center referred to initial (non-deformed)

substrate; h: total deformation; hp and hs: fractions of total

deformation belonging to the substrate and the particle; a: contact

radius; e: equilibrium distance between adhering surfaces. Adhe-

sion potential U(h) is shown schematically.
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To clean, one has to overcome the biggest adhesion

force during the pulse—‘inertial force’ cleaning

regime. The force is maximal with h ¼ 0 and is

positive in our notations. This results in:

�m�lmax > F0: (10)

Detachment occurs in the deceleration phase [4] due to

the inertia of the already accelerated particle. The

same expression holds with strong damping.

Consider long (t @ t0) pulse, which ends abruptly,

so that _l falls from _lf to 0 within time tf ! t0. During

the pulse, the position h changes weakly. At the pulse

end, the particle ‘instantaneously’ acquires ‘velocity’
_h � �_lf away from the substrate (Eq. (7)). If its kinetic

energy exceeds that of adhesion, the particle will

detach. This is ‘kinetic energy’ cleaning regime with

the criterion:

1
2

m_l
2

f > jU0j: (11)

Similar considerations apply for the leading front of

the pulse. In other words, to produce strong ‘force’, the

pulse should not necessarily be short. It is enough if it

has steep fronts.

We employ the potential from Eq. (1), the thermal

expansion from Eq. (5), and rewrite Eqs. (8), (10), and

(11) in terms of the particle radius r, pulse duration

t and fluence f. This yields cleaning thresholds:

fcl > 3
1 � s
1 þ s

cr
bA

0:84
2pj
�E

� �2=3

r1=3; t ! t0

j
rp

t2

r2
; t @ t0

3ð2pÞ1=3

51=2

j5=6

r1=2
p

�E
1=3

t
r5=6

; t @ t0; tf ! t0

8>>>>>>>>><
>>>>>>>>>:

(12)

Expansion of the particle and temporal profile of the

pulse modify coefficients in Eq. (12) [8,9]. In the

second expression Eq. (6) was assumed. The last

expression assumes If � f=t.

The dependences in Eq. (12) on pulse duration t are

monotonous—shorter pulses are better. With t < t0,

further decrease in t is useless. The dependence on the

particle radius r is non-monotonous. There exists an

optimal r for a given t, with t0ðrÞ � t. With bigger r,

t0ðrÞ @ t, the cleaning force is shorter than the oscil-

lation cycle, and cleaning proceeds in the ‘elastic

energy’ regime. Heavy particle almost does not move

during the pulse, hence the substrate surface moves

faster than the center of the particle. This leads to an

increase in elastic energy (compression of substrate

Table 1

Parameters used in the calculations

Pulse duration ta (ns) 11 (27 FWHM) (KrF)

2.86 (7 FWHM) (Nd–YAG)

4.2 (7 FWHM) (Nd–YAG, Gaussian)

Substrate Si

Specific heat c (J g�1 K�1) 0.72

Volumetric thermal expansion b (K�1) 7.7 � 10�6

Poisson’s ratio s 0.27

Young’s modulus E (dyn cm�2) 1.6 � 1012

Density r (g cm�3) 2.3

Absorption coefficient a (cm�1) 1.67 � 106 (KrF); 9 � 103 (Nd–YAG)

Absorptivity A 0.5b, 0.39 (KrF); 0.63 (Nd–YAG)

Particle SiO2

Specific heat cp (J g�1 K�1) 1

Volumetric thermal expansion bp (K�1) 1.65 � 10�6

Poisson’s ratio sp 0.17

Young’s modulus Ep (dyn cm�2) 0.73 � 1012

Density rp (g cm�3) 2.2

Work of adhesion j (SiO2–SiO2) (erg cm�2) 68.4

a See Eq. (6).
b Value used in Figs. 3–6.
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and particle) and detachment after the pulse. Detach-

ment occurs in the first backward swing of oscillations

(Fig. 2a). Increase in threshold is due to bigger equi-

librium h0 and adhesion energy in Eq. (2) for larger

particles. With small particles t0ðrÞ ! t, the response

of the oscillator to the ‘low frequency’ force is ineffi-

cient. Cleaning proceeds quasi-statically, with small

fast oscillations in h superimposed on the slow ‘drift’

in h that obeys force balance (Fig. 2b).

In the limiting case of the pulse with sharp trailing

edge, the substrate stops instantaneously, while the

particle continues to move—‘kinetic energy’ cleaning

regime. It is shown in Fig. 2c for a rectangular pulse.

Leading edge of the pulse gives a particle (relative)

velocity towards the substrate. Resulting oscillations

are unaffected by the expansion with constant velocity.

Trailing edge adds velocity in the opposite direction.

Kinetic energy regime is especially attractive for small

particles. Its threshold has much weaker dependence

on r compared to the force cleaning regime. Though

our formulas refer to spherical particles, the adhesion/

elasticity interplay should result in a similar behavior

for arbitrary particles.

4. Influence of the pulse duration and shape,
and adhesion parameters

Dependence of threshold fluence for cleaning,

fcl, on t and material parameters can be understood

from the limiting Eq. (12). In Fig. 3, numerical

results for transitional regimes are shown as well.

Parameters used in the calculations are listed in

Table 1. They correspond to SiO2 particle on c-Si

surface (adhesive contact is SiO2–SiO2). Absorptiv-

ity A ¼ 0:5 is assumed. Melting thresholds estimated

Fig. 2. Schematic movement of the particle in the adhesion

potential slightly above the cleaning threshold. Laser pulse is given

by Eq. (6). (a) Elastic energy cleaning regime for big particle: short

pulse, 2tFWHM ¼ 0:1t0; (b) inertial force regime for small particle:

long pulse, 2tFWHM ¼ 10t0; (c) kinetic energy regime for small

particle: long rectangular pulse, 2tFWHM ¼ 10t0, and sharp fronts

with tf ! t0.

Fig. 3. Calculated influence of the pulse duration and material

parameters. Laser pulse is given by Eq. (6) and parameters are

listed in Table 1. Solid curve: tFWHM ¼ 27 ns; dashed curve: 10

times shorter pulse; dotted curve: 10 times weaker work of

adhesion j; dash-dotted curve: both materials are three times

stiffer; dash-dot-dotted curve: both materials are three times softer.

Melting thresholds for tFWHM ¼ 27 and 2.7 ns are indicated by

thinner lines.
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from Eq. (13) for surface absorption are shown by

thinner lines:

fm �
ffiffiffi
p

p

2

DTm cr
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DtFWHM

p
: (13)

The change in t does not influence the removal of big

particles. For small particles shorter pulses are better.

Damage free cleaning window shrinks with decreas-

ing t. Change in work of adhesion j is more critical

for smaller particles, as expected from Eq. (12). If both

materials are taken stiffer/softer by changing their

Young’s modules, this does not affect (inertial)

removal of small particles, but makes elastic removal

better/worse.

Fig. 4 shows how kinetic energy cleaning regime

arises. The pulse given by Eq. (6) is cut at the point of

maximum intensity t ¼ t with a 100 ps shutter. The

results for the first and second part of such a pulse

demonstrate slope corresponding to a kinetic regime

for small particles. The difference is due to different

FWHM. Kinetic regime allows one to increase

damage free cleaning window.

Thin curves refer to a rectangular pulse with the

same FWHM. Two curves differ in rise/fall time tf.

With tf ¼ 1 ns, small particles again follow force

cleaning regime—such tf is too large for them. The

origin of oscillations in fcl(r) dependence is clarified

by Fig. 2c. If the trailing edge of the pulse arrives at the

right time, detachment is facilitated. Similar, but less

pronounced effect can be seen for the first part of the

pulse given by Eq. (6). It is absent for the second part,

as here the steep leading edge alone determines

detachment condition.

5. Resonance effects

Existence of internal frequency for the adhering

particle suggests that resonant effects can be employed

to improve cleaning. Resonance does not allow one

to decrease cleaning threshold below that of a very

short pulse with the same fluence. But it permits one

to use modulated pulses that are longer, and therefore,

have higher damage threshold, without significant

loss of efficiency. This should increase damage free

cleaning window. Consider sinusoidally modulated

intensity:

I ¼ I0ð1�cosð2pnltÞÞ; I � 0; for nlt > Nl: (14)

Calculated threshold for Nl ¼ 10 such pulses is shown

in Fig. 5. Here, f is the overall fluence in the pulse

train, as it determines the damage threshold estimated

from the Eq. (13) using total duration of the pulse train

tFWHM ! ttotal ¼ Nl=nl. Melting fluences are shown

Fig. 4. Influence of the pulse shape. Laser pulse with

tFWHM ¼ 27 ns is given by Eq. (6). Solid curve: full pulse; dashed

curve: first part of the pulse cut with tf ¼ 100 ps; dotted curve:

second part of the pulse; thinner curves: rectangular pulse,

tFWHM ¼ 27 ns; thin solid curve: tf ¼ 100 ps; thin dotted curve:

tf ¼ 1 ns. Melting thresholds for tFWHM ¼ 27 and 13.5 ns are

indicated by thinner straight lines.

Fig. 5. Resonance effects for 10 sinusoidal pulses (Eq. (14)).

Parameters are listed in Table 1. Circular frequency of oscillations

nl for each curve is given in the legend. Melting thresholds are

indicated by thinner lines. Dash-dotted line refers to a train of 100

pulses.
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by straight lines for each repetition frequency (i.e.

overall pulse duration). Large-scale behavior of fcl(r)

resembles that of a single pulse. But if the frequency of

modulation is in resonance with adhesion frequency,

fcl drops sharply.

The number of oscillations Nl should not be large.

Due to non-linearity of potential in Eq. (1), resonant

minimum corresponds to t0ðrÞ � 1:1=nl, not to linear

t0ðrÞ ¼ 1=nl expression, and resonance saturates even

without damping. Dash-dotted curve shows the thresh-

old for 100 oscillations with 100 MHz. Resonance is

much narrower and will be smeared out by the dis-

persion in parameters. Damage threshold in this case

coincides with dotted damage threshold line, i.e.

damage free cleaning window is smaller for 10 oscil-

lations. This window narrows also for higher frequen-

cies, but as dashed curve (1 GHz) illustrates,

resonance may allow one to clean particles, which

otherwise would have been impossible to remove.

The situation is even more promising for rectan-

gular modulation (with 50% duty ratio). In the same

notations as in Eq. (14) with I0 being the average

intensity

I ¼ 2I0; n < nlt < n þ 1
2

0; n þ 1
2
< nlt < n þ 1

�
(15)

where n ¼ 0; . . . ;Nl � 1. Train of rectangular pulses

combines resonant influence with the advantage of

kinetic energy cleaning regime due to the presence of

steep fronts (Fig. 6). Their rise/fall time tf (time

constant of a shutter) is indicated in the legend after

a slash. Calculations are presented mainly for

tf ¼ 100 ps, which is short enough to ensure kinetic

energy cleaning regime. For small particles, fcl(r)

dependence is weaker than in Fig. 5 due to the

difference between force and kinetic energy cleaning

regimes in Eq. (12). Dash-dotted curve for 100 MHz

illustrates that as in Fig. 4, shutter time of 1 ns is not

short enough to ensure kinetic energy regime for small

particles. Dash-dot-dotted curve corresponds to

tf ¼ 10 ps and almost coincides with 100 ps curve.

Comparing Figs. 5 and 6, we see that for particles

bigger than resonant ones, there is little difference

between sinusoidal and rectangular modulation. For

smaller particles, steep fronts of rectangular modula-

tion make secondary resonances more pronounced and

decrease thresholds. Thus, rectangular modulation

should be preferred, unless this complicates technical

realization.

For the practical implementation, it is important

that fluences considered in Figs. 5 and 6 imply high

intensities. Thus, with CW lasers with power

P � 1 W, tight focusing (several mm) is required.

CW lasers with P � 100 W are less restrictive. Other

possibilities include: fast modulation of pulsed (e.g.

excimer) lasers, splitting of the pulse and usage of

optical delay lines to produce pulse train, usage of

mode locking with moderate (5–10) number of locked

modes. Comparison of experimental results for clean-

ing of SiO2 particles from Si will be presented else-

where.

6. Conclusions

We considered the DLC problem with nanosecond

pulses as an escape from the adhesion potential under

the action of a cleaning force related to thermal

expansion. Besides pull-out force F0, the parameters

of the adhesion potential most important for DLC are

the period of oscillations t0 and equilibrium defor-

mation h0. The laser pulse duration t should be

compared with t0, and the overall thermal expansion

l with h0. Expressions for the cleaning threshold fcl

are derived. With t < t0 (big particles) cleaning

takes place in the ‘elastic energy’ regime, which

requires l > h0 resulting in fcl / r1=3. With t > t0

(small particles), cleaning occurs in the ‘inertial

Fig. 6. Calculated resonance effects for 10 rectangular pulses

(Eq. (15)). Frequency of oscillations and tf are given in the legend.

Melting thresholds are indicated by thinner lines.
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force’ regime, which requires decelerations

�m�lmax > F0, leading to fcl / t2/r2. With t > t0,

but steep edges of the pulse tf ! t0, cleaning requires

that particle kinetic energy exceeds that of adhesion

m_l
2

f =2 > jU0j. This leads to fcl / t/r5/6 for the

‘kinetic energy’ regime. This increases damage free

cleaning window for small particles. Utilization of

resonance effects by modulation of laser pulses is

suggested. The results are easily generalized to the

case of absorbing particle or when both materials

absorb [8,9].
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