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ABSTRACT ‘Laser cleaning’ thresholds based on the local ab-
lation of substrate material are studied theoretically. Results are
compared with the experimental data on the cleaning of silicon
wafers from spherical silica particles using laser wavelengths at
248, 532 and 1064 nm. Calculations take into account local en-
hancement in the laser-light intensity and are based on analytical
solutions for the temperature distribution. Influence of vapor at-
mosphere on cleaning thresholds is studied experimentally and
theoretically. Here cleaning is assisted by explosive vaporiza-
tion of capillary condensed water. A possibility to increase the
window for damage-free cleaning by varying the pulse duration
and laser wavelength is also discussed.

PACS 42.62.Cf; 81.65.Cf; 68.35.Np

1 Introduction

Dry laser cleaning (DLC) is a single-step method
of sub-µm particle removal from surfaces [1]. Earlier models
of DLC considered mechanisms based on the one dimen-
sional (1D) thermal expansion [2–4]. Field enhancement
near the particle leads to a local temperature rise and to
three-dimensional (3D) thermal expansion near the partic-
ulate [5–7]. This yields more realistic theoretical thresh-
olds [8], but still cannot describe experimental threshold flu-
ences over the broad range of particle radii.

At the same time, experiments often reveal damage at the
positions of removed particles [7, 9–11]. In certain cases, this
damage seems to be a prerequisite for cleaning. We consider
laser cleaning based on local ablation and explore expected
dependence of the cleaning fluence φcl on particle radius r.
Besides, we consider the influence of capillary condensed wa-
ter and discuss the possibility to avoid damage using longer
absorption lengths in the substrate.

2 Overview of optical field enhancement

Transparent spherical particles, (silica, polystyrene
(PS), etc.) are often used in laser cleaning experiments to
get well-defined and reproducible conditions [2, 3, 5, 7, 9, 10].
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The exact distribution of the scattered field can be calculated
only numerically [9–11]. In general, small particles with radii
r < λ behave like dipoles (subscript ‘d’), with polarizability
proportional to their volume. This leads to an additional 3D in-
tensity contribution Md ∝ (kr)2 underneath the particle. Here
k = 2π/λ is the wave-number and kr the Mie parameter. The
width of the intensity enhanced region is wd ∼ r. Transparent
spheres with r � λ act as aberrated lenses. According to geo-
metrical optics (subscript ‘g’) the intensity is confined within
a cone of radius wg. The caustic surface of this cone has higher
intensity than its interior. Besides, saggital rays intersect on
the symmetry axis, creating a caustic line (subscript ‘c’). As
a result, the central intensity under the particle is comparable
with that in the aberrated focus and localized within a radius
wc. Figure 1 shows the caustic line in the center, the caustic
ring, and the geometrical region, which contains the largest
fraction of the total power.

FIGURE 1 Normalized z-component of Poynting vector Sz under a particle
of radius r = z = 3.1 µm, n = 1.4, λ = 248 nm. Mie parameter kr = 78.54.
The peak Mc in the center originates from the central caustic line with the
width wc . wg is the width of caustic cone
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Central line Caustic cone Geom. region Abber. focus Ideal focus

Width b k−1 ∼ λ λ2/3r1/3 r λ3/4r1/4 k−1 ∼ λ

Area s k−2 ∼ λ2 λ2/3r4/3 ∼ br r2 λ3/2r1/2 k−2 ∼ λ2

Intensity I kr (kr)1/3 const kr (kr)2

Power P ∼ Is λr λ1/3r5/3 r2 λ1/2r3/2 r2

P fraction (kr)−1 (kr)−1/3 const ∼ 1 (kr)−1/2 const ∼ 1

Stationary T ∼ Ib ∼ P/b r λ1/3r2/3 ∼ Ir r λ−1/4r5/4 λ−1r2

TABLE 1 Asymptotic behavior
of the enhanced intensity under the
large transparent spheres

Table 1 (deduced from [12]) summarizes the different
contributions to the energy that ‘flows’ through the particle.
Which contribution determines local ablation threshold de-
pends on the laser pulse duration τ . For ps pulses the radial
heat conduction is negligible, and the onset of ablation will be
determined by the highest intensity in the center. For ns pulses
the intensity distribution will be smeared out and the overall
average intensity is important. We describe this by an equiva-
lent Gaussian beam, though the actual intensity is larger near
the circumference.

There exist finer effects, related to waves undergoing total
internal reflection within the spheres. Evanescent tails of these
waves contribute to the intensity distribution in the near field.
They are stronger if certain (Mie) resonance conditions are
met [3, 7]. However, such effects are difficult to observe due
to dispersion in particle sizes, absorption and deformations.
The subsequent treatment neglects the effect of Mie reso-
nances and describes the average behavior of slightly different
particles [8]. To derive general trends, we will use the semi-
empirical approximation

I(�) = I0
[
1 − S exp(−�2/w2

sh)+ M exp(−�2/w2)

+Mc exp(−�2/w2
c)

]
(1)

where � is the radial coordinate. The first term refers to ho-
mogeneous irradiation. The second term refers to the shadow
under the particle [7, 8]. It disappears for small particles,
due to the size-dependent coefficient S that changes from
0 to 1 in the region where the geometrical optics becomes
relevant [6].

S = C(kr)2

1 +C(kr)2
with C = n2 −1

n2 +2

√
(4 −n2)3

27n4
; wsh = r +λ .

(2)

The third term combines dipole and geometrical optics
enhancements [6].

M ≈ Md Mg

Md + Mg
with Md = 2

n2 −1

n2 +2
(kr)2

and Mg = 27n4

(4 −n2)3
−1 (3)

w = wd +C(kr)2wg

1 +C(kr)2
with wd = r

and wg = r

√
(4 −n2)3

27n4
. (4)

The last term in (1) refers to the central caustic line under
the sphere and disappears for small kr. From the asymptotic
(Table 1) and the comparison with the numerical investiga-
tions based on Mie formulas [8] we choose:

Mc = 2(n −1)krS and wc = λ/5. (5)

The empirical coefficient 2(n − 1) gives reasonable num-
bers over the broad range of sizes. All these approximations
work for weakly absorbing spheres with 1.1< n <1.8 and
for the intensity understood as z-component of the Poynting
vector [8].

Figure 2 shows the contributions of different terms in (1)
and compares them with the averaged Mie results from [8].
With small particles the temperature rise is dominated by 1D
contribution. With micron-sized particles, the highest inten-
sity is reached in the central caustic line. However, the main
contribution to the temperature still comes from the geomet-
rical part due to its larger total fraction of power (see Table 1).
Only for very large particles the maximum temperature is due
to the caustic line in the center.

FIGURE 2 Contribution of different terms in (1) to intensity (a) and
temperature (b). Dotted curve – shadow S; dash-dotted curve – dipole-
geometrical contribution M; dashed curve – central caustic spot Mc; solid
curve – total central intensity 1− S + M + Mc; thin solid curve in a – exact
averaged Mie result for Sz [8]; Refractive index n = 1.5. Temperature rise in
b refers to φ = 0.1 J/cm2 and the parameters of KrF laser
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3 Temperature calculations

The central temperature rise induced in the sub-
strate by each of the Gaussian terms in (1) can be estimated
from the expression (7.5.1) in [1] convoluted with the tempo-
ral pulse profile I(t). Material parameters are assumed to be
constant and their definitions and values are listed in Table 2.
The other parameters are the same as those in [13]. For the
thermal diffusivity and absorption coefficient of Si average
values that correctly predict the homogeneous melting thresh-
old were used. Measured threshold values are included in
Table 2. The particle temperature was estimated by neglect-
ing any thermal contact with the substrate (ref. [7]) and using
the absorption cross-section σa ≈ 4

3πr3 αp
n

[
n3 − (n2 −1)3/2

]
from [14]. Bulk quartz is rather transparent at wavelengths
under study. However, one cannot exclude the influence of an
elevated hydrogen content in colloidal particles and/or the ex-
istence of surface states.

4 Conditions for ablative cleaning

When the local temperature under the particle be-
comes high enough, evaporation starts. This results in mo-
mentum transfer and removal of the particle. It is difficult
to define the exact threshold conditions for such a pro-
cess, due to uncertainties in the geometry of the heated re-
gion and high-temperature values of parameters. However,
the ablation rate obeys an Arrhenius law [1]. Near thresh-
old, evaporation consumes a small fraction of the absorbed
laser energy and the temperature is about proportional to
the laser fluence. Thus, the ablated volume and the pres-
sure of the vapor increases sharply in a narrow interval of
fluences. This makes the exact ablation temperature used
in the estimations unimportant. With ns laser pulses, sig-
nificant ablation requires temperatures around 1.5Tb to be
reached. For typical numbers, 10% increase in temperature
near 1.5Tb (Tb is a boiling point of material (see Table 2)
increases the ablation rate and the pressure tenfold (from

Pulse duration τ in 11 ns (27 ns FWHM) KrF, 248 nm
I(t) = I0

t
τ

exp(− t
τ
) 3.27 ns (8 ns FWHM) SH Nd : YAG, 532 nm

3.27 ns (8 ns FWHM) Nd : YAG, 1064 nm
Substrate c-Si
Thermal Diffusivity Ds 0.32 cm2/s
Melting point Tm s 1690 K
Temperature to reach 300 bar ≈ 1.43 Tb s = 1.43×2654 K = 3795 K
Speed of sound v0 0.93×106 cm2/s
Absorption coefficient αs 1.67×106 cm−1 KrF, 248 nm [1]

1×105 cm−1 SH Nd : YAG, 532 nm at 1000 K
5.8×102 cm−1 Nd : YAG, 1064 nm (averages that give right
melting thresholds)

Absorptivity As 0.39 KrF, 248 nm [1]
0.63 SH Nd-YAG, 532 nm [1]
0.7 Nd-YAG, 1064 nm [1]

Reported (calculated) 0.725 [19] (0.729) J/cm2 KrF, 248 nm
homogeneous melting threshold φm 0.28 [7] p. 164, (0.283) J/cm2 SH Nd : YAG, 532 nm

∼ 6 [1] p. 176, (5.98) J/cm2 Nd : YAG, 1064 nm
Particle SiO2
Melting point Tmp 1873 K
Temperature to reach 300 bar ≈ 1.54Tbp = 1.54×2503 K = 3854 K
Absorption coefficient αp 1.×103 cm−1

Refractive index n 1.5
Critical temperature, water Tcl 647 K TABLE 2 Parameters used in the

calculations

100 to 1000 bar [1]). Estimations show, that such pres-
sures easily overcome adhesion forces, though vaporiza-
tion of material in the contact area may eliminate adhesion
completely.

5 Experimental

Cleaning was performed either in vacuum or in
water vapor. A KrF laser (Lambda Physik LPX 205, 28 ns
FWHM) or a Nd : YAG laser (Continuum Surelight I-20, 6 ns
FWHM) were used. The KrF laser allowed homogenous ir-
radiation with fluences up to 0.5 J/cm2. The pulse energy was
tuned by an adjustable dielectric attenuator. A beam split-
ter placed between the attenuator and target, enabled in situ
measurement of the pulse energy. The Nd : YAG laser beam
required homogenization. Two options were used. 1) A quartz
rod produces high homogeneity, but limits the maximum flu-
ence at 0.5 J/cm2. 2) An aluminum waveguide results in lower
homogeneity, but allows fluences up to 1.5 J/cm2.

Vacuum DLC was performed in a chamber evacuated for
three hours and heated to 37.7±0.5◦ prior to irradiation, to
remove residual moisture. During irradiation, the pressure
inside the chamber was always below 2 × 10−4 mbar. The
storage time was shorter than 24 hours for particles with
2r < 1500 nm, and shorter than six hours for particles with
3280 nm and 5000 nm diameter.

Cleaning in water atmosphere was performed in a cham-
ber with a relative humidity (RH) between 94% and 97%,
a pressure between 31 mbar and 37 mbar and a temperature
between 23.5 ◦C and 27.5 ◦C. The partial pressure of other
gases was lower than 1 mbar.

The cleaning efficiency was determined by counting the
particles with a digitizing software. Pre-irradiated and a post-
irradiated picture of the same area on the wafer were com-
pared. This allowed for the detection of low cleaning ef-
ficiencies. Single-pulse cleaning thresholds φcl were deter-
mined from the fit of the cleaning efficiency plots in the linear
range.
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6 Comparison of experimental data and calculations

Theoretical and experimental cleaning thresholds
are compared in Fig. 3. Figure 3a refers to KrF radiation. 3D
thermal expansion is largely due to dipole-geometric term M
in (1). Caustic contribution to the thermal expansion is small
due to its small spatial scale.

The slope of φcl(r) curves predicted by the thermal ex-
pansion model (dashed curve) is too high. The slopes for the
φcl defined as the condition to reach substrate melting tem-
perature Tms, (dash-dotted curve) or 1.5Tbs (solid curves) are
about equal and agree well with the slope revealed by the ex-
perimental results. The thick solid curve was calculated with
the approximation (3)–(5), while thin solid and dash-dotted
curves in the ‘dipole’ region used more accurate averaged Mie
results from Fig. 2. With larger particles the discrepancy with
the Mie results is due to oscillations in the intensity of the cen-
tral caustic line, which almost does not influence temperature
(see Fig. 2). The agreement in values of φcl(r) is better if one

FIGURE 3 Theoretical and experimental values for the cleaning thresholds
of SiO2 particles from Si at different wavelength. Solid curve – threshold
based on the evaporation of the substrate. Dashed curve – threshold based
on the 3D thermal expansion of the substrate and particle. Dash-dotted curve
refers to a local melting of the substrate. a λ = 248 nm. Thin solid curve
uses exact averaged Mie results from Fig. 2. Experimental data: squares and
circles. The latter set was obtained under the controlled heating (3 h) and stor-
age time (< 24 h) conditions. b λ = 532 nm. Experimental points are taken
from [3]. c λ = 1064 nm

uses Tms as a threshold condition (dash-dotted curve, which
also uses Mie results in the dipole region). This fact seems to
be accidental and can be tentatively attributed to the approx-
imations. Among those are: influence of the substrate, which
may increase intensity enhancement (and decrease threshold)
by a factor of 2 [7, 11]; temperature dependences and uncer-
tainties in parameters due to poorly defined chemical compo-
sition and size effects, etc.

The theoretical melting curve may serve as an upper limit
for ‘damage free cleaning’. For small particles it approaches
the homogeneous melting threshold, while for large ones it
decreases strongly.

The larger discrepancy for the 1064 nm radiation (Fig. 3c)
is probably due to the strong temperature dependence of ab-
sorption coefficient at this wavelength. The ablative cleaning
model (unlike 3D thermal expansion model), yields reason-
able slope of the φcl(r) dependence for all three cases.

Damage under the particles was always observed exper-
imentally for the case of 532 nm and 1064 nm radiation. It
was claimed in [15] that cleaning threshold (for polystyr-
ene particles and 532 nm), coincides with that of local abla-
tion. With 248 nm damage was found near the threshold for
2r > 3000 nm, and at the fluences twice above threshold for
2r > 1500 nm. For smaller particles at such fluences no dam-
age was observed with dark field microscope, SEM or AFM.
However, the amount of ablated material can be so small, that
it is difficult to register damage.

7 Influence of ambient humidity

The cleaning in humid atmosphere was mentioned
in [15, 17]. Water meniscus is formed between the particle and
the substrate due to capillary condensation. The volume of
the capillary condensed water for complete wetting is about
Vl ≈ 4πR2

Kr where Kelvin radius RK can be expressed via gas
constant RG, density �l , molar weight µ and surface tension
coefficient σ of the liquid:

RK ≈ µσ

�l RGT ln(RH−1)
= 0.52 nm

ln(RH−1)
. (6)

The cleaning conditions can be understood along the lines
similar to those of ablative cleaning. There exist, however,
certain differences. Critical temperature Tcl of water is low,
so that with large overheating water will vaporize explosively.
Unless RH is close to 1, RK and Vl are rather small and
condensed water may not contribute significantly to the re-
moval of large particles. Thus, for RH cleaning one has to
have enough water and to heat it ‘well above’ Tcl. Figure 4
shows cleaning thresholds measured in vacuum and with high
RH = 94%–97% together with the calculated fluence neces-
sary to achieve substrate evaporation, melting and critical
temperature of water. The calculations were performed as in
Sects. 2–6 (without exact Mie results) and did not include the
influence of water on optical or thermal problem.

High RH improves cleaning of particles with r < 300 nm,
and increases cleaning threshold for larger particles. The
values of the RH thresholds gradually deviate from the curve
corresponding to melting or evaporation of the substrate, to
the dashed curve corresponding to the critical temperature of
water. This suggests the following scenario: Water conden-
sate does not change the cleaning mechanism, but gradually
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FIGURE 4 Comparison between the cleaning thresholds at 248 nm in vac-
uum (filled symbols, the same as in Fig. 3a) and in RH = 94%–97% (open
circles). Solid curve – threshold based on the evaporation of the substrate,
dashed curve – threshold based on the critical temperature for water. Dash-
dotted curve – melting of the substrate

contributes to the cleaning force. Its contribution becomes
significant when the volume (or radius) of condensate is com-
parable with that of ablated material. Using estimation for Vl

from above and wg from (4) we get:

4πR2
Kr > πw2

gh ⇒ r <
4R2

K

h

27n4

(4 −n2)3

or, comparing the radii,

2
√

rRK > wg ⇒ r < 4RK
27n4

(4 −n2)3
(7)

RK(RH = 0.95) = 10 nm, and with h = 10 nm, both estima-
tions yield r < 0.5–1 µm for n = 1.4 −1.5. This is in qualita-
tive agreement with the experimental results in Fig. 4.

It is unclear why cleaning threshold increases for average-
sized particles. If they are cleaned via a thermal expansion
mechanism, capillary condensation may increase threshold
via capillary force. For an ablative cleaning mechanism this
is irrelevant, as the water shall evaporate before the clean-
ing starts. This seems to be the case for the particles with
2r > 3000 nm, where the damage was always observed. Water
may also weaken focusing of radiation. Besides, if the evap-
oration of the water alone does not start particle removal, the
energy spent on its evaporation will be spent in vain. Similar
experiments with the Nd : YAG laser did not reveal significant
difference between the vacuum and RH cleaning.

8 Principal limitations for damage-free DLC based
on thermal expansion

The damage threshold is determined by the sur-
face temperature, while the thermal expansion l (which is the
driving force for damage-free DLC) by the integral of this
temperature over the heated depth. For weak absorbers the
latter is determined by the absorption length. Thus, a wave-
length with weaker substrate absorption may be advantageous
for DLC. This was the rationale behind the Nd : YAG cleaning
experiments presented above.

We will discuss the limit of particles with r � λ. For clean-
ing in microelectronics, micromechanics, etc., particles that
cannot be removed by conventional methods are typically

below 100 nm in size. Field enhancement becomes less pro-
nounced for such particles. Small particles are removed in
force regime [6, 7] −ml̈ ∼ ml/τ2 > F0. The temperature rise
at the surface should not exceed that of melting, ∆Tms. The
biggest expansion can be achieved with the largest depth of
expanding material. In the most favorable 1D case without
radial 3D heat conduction [8], heated depth can be approx-
imated as the sum of absorption and thermal lengths lα and
lT [1]. With the shorter pulses this is the former. Thus, the
maximum damage-free thermal expansion can be approxi-
mated as lmax ≈ β1∆Tms(lα + lT), where β1 = 1+σs

1−σs

βs
3 is the

(1D) coefficient of thermal expansion [6, 7]. Combining this
with the force removal criterion, we get the margins for expan-
sion l that ensure damage-free cleaning:

β1∆Tms(lα + lT) > l > ξ1
F0(r)τ2

m(r)
. (8)

Here and below ξi ∼ 1 are dimensionless coefficients de-
pending on the approximations used. Resolving this inequal-
ity for r we get the restriction on the sizes of particles that
can be removed without damage. For FWHM τF we assume
τ = 0.41τF.

r > ξ2

(
ϕ

�pβ1∆Tms

)1/2
τF

(lα + ξ3
√

DsτF)1/2

≈ 0.1τF

(lα +0.16
√

τF)1/2
. (9)

The last equality is written for SiO2/Si using values from
the Table 2 with ξ1 = e2, ξ2 = 0.41(3e2/2)1/2 = 1.37, ξ3 =√

π/2 ≈ 0.89 (see [1, 7]). It assumes that r and lα measured in
µm and extit τF in ns. The family of such curves is presented in
Fig. 5. In addition we require lα + lT < v0τF, so that the finite
speed of sound v0 does not decrease the rate of thermal expan-
sion [18]. This estimates the limit of removable size for the 1D
DLC mechanism: r > 0.032

√
τF (dashed line). One can see

that excimer lasers are not ideally suited for the cleaning of
sub-µm particles due to their strong absorption and long pulse
duration (upper corner bounded by the thick solid and dot-
ted line). The most suitable seem to be 10–100 ps pulses with
lα ∼ 0.1–1 µm (dash-dotted curves). For Si this suggests the
usage of IR lasers with λ ∼ 5–10 µm, especially at high dop-
ing levels and temperatures where absorption length shrinks
into µm range. In addition, longer wavelength decreases Mie
parameter kr and therefore the field enhancement.

9 Conclusions

Theoretical analysis of DLC experiments at three
different laser wavelength shows that the model based on
local ablation describes the slope of fluence vs. size thresh-
old curves better than the model based on the (3D) thermal
expansion. Nevertheless, exact correspondence with the ex-
periments cannot be achieved.

Quantitative comparison of the theory with experiment re-
quires full-fledged numerical 3D calculations, which take into
account temperature dependences of thermo-physical, optical
and adhesion parameters of the substrate and particle, as well
as changes in geometry during the laser pulse.
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FIGURE 5 Limits for damage-free DLC as a function of FWHM pulse
duration. Curves are indexed by the absorption length in the substrate as
described in (4). Dotted curve indicates the duration of the typical excimer
and Q-switched lasers. Dashed curve indicates the onset of the decrease in
thermal expansion rate due to finite sound velocity

High RH improves cleaning of small particles, hinders
that of particles with 600 nm < 2r < 3 µm, and has no ef-
fect on larger ones. This is attributed to the gradual contribu-
tion of the capillary condensed water to the ablative cleaning
mechanism.

One can try to avoid damage associated with the local
intensity enhancement by shifting cleaning laser wavelength
into IR region where absorption of Si substrate is weaker, and
Mie parameter kr responsible for the intensity enhancement is
lower.
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