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Abstract

Laser heating of particles formed in an Ar/CCLF; rf plasma has been studied.
Time resolved spectra show blackbody-like curves with temperatures between
2600 K and 3600 K. The time delay between the onset of the laser pulse and
the particle emission is due to heating of the clusters. It depends on the particle
radius and the laser fluence. A model for heating and thermal decomposition
of the clusters has been developed. This model gives a very good description of
the observed phenomena. Laser heating allows to determine the particle size and
density from a single measurement.

Introduction

Particle formation in surface processing plasmas is a widely recognized problem
[1, 2]. As present research aims at a full control of particle containing plasmas,
one of the major experimental tasks is the in situ determination of the particle size
and density. The commonly used laser light scattering is an experimentally easy
technique, but the interpretation of the data is tedious and requires knowledge (or
assumptions) of the refractive index of the material. For particles much smaller
than the wavelength of the scattered light (i.e. in the Rayleigh scattering regime)
the efficiency of scattering decreases drastically as the intensity is proportional
to the sixth power of the radius. We propose a new detection method based
on laser heating of the dust particles. A high power laser is used to heat the
particles and the subsequent bright white light emission is monitored by means
of time resolved optical emission spectroscopy. The broad band emission intensity
is much stronger than the laser scattering signal and the intensity ratio increases
for smaller particles [3]. Moreover, this technique is free from stray light problems,
which disturb scattering experiments.

Theory

When a laser beam strikes the cluster surface, part of the energy is absorbed,
causing the particle to be heated. Energy is lost by radiation, thermal conduction
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and evaporation or decomposition of the particle [4]. At low pressures thermal
conduction can be neglected and radiation losses become important only at very
high temperatures (above 5000 K), which are not realistic in our case. Therefore
the absorbed laser energy is consumed by heating and evaporation of the particles.
The energy losses due to particle evaporation or thermal decomposition can be
related to the decrease rate of the particle radius: H/ V. (dr/dt), where H (about
3 eV) is the energy of the decomposition process (J/released molecule) and V,,
the molecular volume in the solid state of the released species (m®/molecule).
The energy balance for a particle can be now written as:

4 dT H dr
gTPCE = Qavs] — 4Vm”d—t (1)

where p and C are the solid state mass density (kgm™2) and heat capacity
(Jkg™'K™"). The first term on the right hand side describes the laser heating,
where [ is the laser fluence (Wm™2). Qqps is the absorption efficiency, which can
be determined from Mie theory. In the initial phase of particle heating the loss
terms can be neglected. From the above an estimate for the heating time can
be obtained. When a particle is heated up to a sufficiently high temperature,
evaporation or decomposition become important. The flux of evaporated ma-
terial from the particle surface is given by n,c/4 where ¢ = (8ksT/wM)M/? and
ns is the density of the evaporated material at the cluster surface. Here M is
the molecular mass of the released species (CF3). The surface density n, can be
related to the surface temperature by the equilibrium Clausius-Clapeyron rela-
tion: n.kT = Bexp(—0/kyT). Here § and B are material dependent integration
constants; @ reflects the energy needed to release a molecule from the surface
(approximated by the H) and B the saturated vapor pressure. The values of
the constants for the particle material are unknown and must be fitted to the
experimental data. Finally the kinetic equation for the particle radius can be
derived:

dr c ¢ B
E = szns = VmZkb—T exp(—H/ka) (2)

In order to simulate the evaporation/decomposition process, Eqs. 1 and 2 will
be integrated numerically.

Experimental
The teflon-like particles are formed in a capacitively coupled, parallel plate 13.56

MHz discharge, containing 10% CCI,F; in argon. The pressure is 200 mTorr, the
rf input power is 100 W and the total gas flow is 30 sccm. A detailed description
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Figure 1: A typical emission spectrum Figure 2: Wavelength integrated laser-
(solid curve). The dashed curve is a induced emission (~ 300 - 1000 nm)
blackbody fit to the data, correspond- from the particles under standard
ing to a temperature of 3600 K. plasma conditions (solid curve) and

normalized laser stray light (fluence:
8x10® Wm~2, dashed curve).

of the setup is given elsewhere [4]. Some experiments have been performed in a
‘dusty’ argon plasma (i.e. a pure argon plasma, obtained by closing the CCl,F,
flow in an Ar/CCl,F; plasma.

The measurements on particle heating have been performed using a Nd:YAG laser
in the long pulse mode at 1064 nm. The pulse duration is 150 ps, the maximum
available energy is about 0.5 J and the beam diameter is 2 mm. The time resolved
emission spectra of the particles are recorded using the optical multichannel an-
alyzer (OMA). The time resolved wavelength integrated emission intensity has
been measured using a fast photo diode in combination with a digital oscillo-
scope. An optical filter (KG 3) has been used to discard scattering and stray
light at 1064 nm. In the simulations of the emission intensities the appropriate
transmission and sensitivity curves of the OMA, filter and photo diode have been
incorporated.

Results and discussion

The radiation caused by the particle interaction with a strong infrared laser beam
consists practically only of continuum, as can be seen in Fig. 1. No atomic or
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Figure 3: Wavelength integrated laser Figure 4: The calculated particle radius
induced emission (dots, see Fig. 2), (dotted curve) and the measured (dots)
and the numerical fit (solid curve) for and calculated (dashed curve) tempera-
a 1 pm particle. The onset of the laser ture during the decomposition process.
pulseis at t = 0 s.

molecular line (band) emission has been found, even in the extinction phase. The
wavelength dependence of the signal does change during the heating event. As
the wavelength of the emitted light is smaller than the particle size, the shape of
the continuum is best approximated by a simple Planck blackbody-like spectrum.

The wavelength integrated emission intensity as a function of time is shown in
Fig. 2. Laser stray light, displaying the actual laser pulse shape, is collected on
the window and given for comparison. The time delay between the laser onset
and the emission onset corresponds to the heating time of the particle. In this
period only little emission is observed, as the particle temperature is still low.

The heating event has been simulated using Eqgs. 1 and 2. The emission intensity
is given by r®P(\,T), where P is Planck’s function. The fit parameters are r,
H and B. The particulate radius determines the heating time (the time delay
of the maximum laser-induced emission signal) and the decomposition energy H
is chosen so as to accommodate the experimentally determined particle temper-
ature (~ 3600 K). Finally, 7 and B determine the decay of the emission, due to
the decrease of the particle radius in time. In Fig. 3 the experimental and theo-
retical emission curves as a function of time are plotted. It can be seen that an
excellent fit is obtained for 7 = 1 ym, B = 4.2x10® Pa and H = 3 eV. The time
dependence of the particle radius and temperature are shown in Fig. 4. It can be
seen that also the measured time behavior of the temperature is well reproduced
by the model. The temperature does not significantly change in time as long as
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Figure 5: Calculated time dependent Figure 6: The heating time of particles
emission (normalized) for several parti- as a function of laser fluence.

cle sizes (r) for 2x108 Wm™? laser flu-

ence.

the decomposition takes place, as the energy losses due to decomposition balance
the absorbed laser energy. As a result, dT'/dt =~ 0 in Eq. 1.

The simulated emission curves for several particle sizes are shown in Fig. 5 (nor-
malized to the particle surface, 72). It can be seen that both the heating time
and the decay time of the emission are functions of the particle radius. As the
emission intensity is proportional to the particle density, this technique allows
to determine both size and density from a single measurement. Eq. 1 predicts a
variation of the heating time with the laser fluence, as shown in Fig. 6. The heat-
ing time has been determined by fitting the experimental data with the solutions
of Egs. 1 and 2. The total emission intensity and spectral temperature have been
determined from the OMA spectra as a function of the laser fluence for three dif-
ferent plasma conditions (see Fig. 7). The emission intensities vary over several
orders of magnitude, dependent on plasma conditions, but the temperatures are
in all cases almost the same. This is an indication that the composition of parti-
cles does not depend on the dusty plasma conditions. The dashed curves in Fig. 7
are the dependences, predicted by the model. Again, a very good agreement with
the experimental data is obtained. The temperature increases strongly with laser
fluence until the temperature is reached, at which decomposition becomes impor-
tant (about 3000 X at 10 Wm™2). For fluences higher than this ‘threshold’ value
only a weak temperature increase is found. The decomposition speed increases
linearly with the laser power, which implies that at high fluences the particles
are destroyed faster and consequently the duration of the whole event is shorter.
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Figure 7: The laser-induced emission intensity (left) and the spectral tempera-
ture (right), obtained from the OMA spectra as a function of the laser fluence
(200 mTorr, 100 W and 30 sccm). Circles: 5% CCl3F;, 1 cm above the 1f elec-
trode (Intensity x5), triangles: ‘dusty’ Ar plasma, 1 cm above the rf electrode
(r = 1 pm), diamonds: ‘dusty’ Ar plasma, 2.5 cm above the rf electrode (r €100
nm), (Intensity x 100). The dashed curves represent simulations for a 1 um
particle.

Therefore it can be understood that the time integrated emission at high fluences
saturates and eventually decreases.
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