Vol.7 No.2

NUCLEAR SCIENCE AND TECHNIQUES

May 1996

Plasma properties of laser-ablated Si target in air*

Wang Xiang-Tai ( £ 4 28), Man Bao-Yuan ( {#§ % JG), Wang Gong-Tang ( £ ),
Fan Xi-Jun ( 4 %&), Wang Jun ( £ %)
(Department of Physics, Shandong Normal University, Jinan 250014)

Xu Bing-Zhang ( #F#i %) and Mei Liang-Mo ( #§ B #)
(Department of Physics, Shandong University, Jinan 250100)

Abstract

In plasma emission spectra produced by pulsed laser ablation of Si target in air,

under the assumption of local thermodynamic equilibrium (LTE), the electron temperature
and the electron number density are calculated, respectively. It seems that LTE is valid in
early stage of the laser induced plasma evolution.
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1 Introduction

Recently, much more attentions are paid
to the evolution of the laser induced plasma on
the target surfacelll, since it is important for
both the basic understanding of laser-material
interactions and many practical applications,
for instance, the application of pulsed laser de-
position (PLD) for thin film growth2—4. Be-
cause of the highly transitory behaviour of
laser-produced plasma, it is the most impor-
tant to characterize the laser produced plasma
(LPP) in a time- and space-resolved way.
Wolfll studied the optical emission spectra
from LPP on laser-ablated SiO5 surface in vac-
uum using a time evolution- diagnostic tech-
nique. In this paper, optical emission spec-
troscopy is used to characterize the plasma pro-
duced by 1.06 pm, 10ns pulsed laser ablation

~of Si target in air. The temporal variation of

" the intensities of the spectrum lines was ana-
lyzed. Under the assumption of local thermo-
dynamic equilibrium (LTE), the electron tem-
perature and the electron number density in
the plasma were deduced from the relative line
intensity data and the Stark broadening data,
respectively. The LTE condition is discussed
finally. *

2 Experiment

The experimental arrangement is shown
in Fig.1. A Q-switched Nd:YAG laser (Quanta
Ray DCR-3), producing 1.06 um radiation in

Plasma emission spectra, Laser ablation, Properties of plasma, Time dependence

10ns pulse widths, was focused onto the sur-
face of Si target with mass fraction of 0.9999
in air. The laser induced plume was imaged
to the détecter of EG&G OMA with ISA H320
spectrometer with resolution of 0.01 nm by two

‘lenses. The space- and time-resolved emission
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Fig.1 Schematic diagram of the experimental
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spectra of the plume are measured with the
same method as Ref.[1]. The measured’ spec- -
trum data were calibrated in wavelength and
intensity carefully. The laser power densities
used in the experiment are 1.0~10.0 GW/cm?.

3 Results and discussions

3.1 Plasma emission evolution

When a target was irradiated by the
pulsed laser beam, a bright spark was observed
on the target surface, which indicated the ig-
nition of a plasma. Fig.2 shows an evolution
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of a continuum emission from the plasma pro-
duced on a Si target in the wavelength range of
485~510nm, which recorded at 1.0mm from
the target surface.

This continuum emission was attributed
to both elastic collisions of electrons with ions
and atoms (free-free emission) and the re-
combination of electrons with ions (free-bound
emission)®l. The intensity of the continuum
decreases with increase in the delay time. From
Fig.2 one finds that there is a very broad peak
appearing around 500.5 nm wavelength, which
evolves into two narrower peaks when delay
time t4 > 150ns. The peak is attributed to
the singly charged N1 ions in the air plasma.
Fig.3 depicts the evolution of the spectrum in
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Fig.2 Spectrum of air plasma on Si target
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Fig.4a Spectral line of N* at 399.5 nm

3.2 Electron temperature

Under the assumption of LTE, the elec-
tron temperature in the plasma can be deter-
mined by relative line intensity measurements.
If one observes two isolated lines, say line 1
and line 2 with central wavelength A; and A,
respectively, emitting from the same atomic or
ionic species, and if the level population are

278 nm< A < 292 nm, recorded at the distance
of 2mm from the target surface, with delay
time varying from 200ns to 1800 ns. The iso-
lated lines of the excited neutral Si atoms are
clearly identified at A =288.15nm. As known,
the concentration of an electron state of the
atoms is proportional to the intensity (the area
under its emission line), the area evolution for
each isolated identified peak can yield a time-
of-flight information for various excited species.
As well, the evolution of the relative intensities
and the widths of the isolated lines can be used
to deduce time-resolved features of the temper-
ature and the number density of the electrons
in the plasma as long as the LTE is valid.
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Fig.3 Evolution of spectral line Si(I) at 288.1nm
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Fig.4b Spectraf line of N* at 444.7nm

distributed according to the Boltzman law, the
relative intensity of these two lines, € /e can
be givenl®:

€ _ fm'n 1 gn 1))
E% N fmn(z)gngz)(ﬁ)a (1)
expl— Eall)~ En(2)

where fn.(?) (i=1, 2) is the absorption oscil-
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lator strength for the transition m — n, g,(%)
(=1, 2) the statistical weight of the lower level,
E,.(?) the energy of the upper energy state m
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Fig.5 Electron temperature vs delay time

and 7 the electron temperature. From Eq.(1)
the electron temperature can be determined
provided fon, g and E,, are known. The
atomic spectra data needed in Eq.(1) can be
found in Ref.[6]. In this paper we used two
Nt jon lines (measured at the distance of
1.0mm from target surface) at A =399.5 nm
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Fig.6a FWHM of spectral line 399.5 nm emitted
from Nt ion vs delay time

and A =444.7 nm to obtain the electron temper-
ature. The two lines are shown in Fig.4. The
calculation results are shown in Fig.5. From
Fig.5, it can be seen that the electron temper-
ature is about 2.0eV at 60ns, and then gradu-
ally rises to the peak temperature T=3.9¢eV at
190ns, after this cooled to 1.9V rapidly.
3.3 Electron density

The electron density in the plasma can be
calculated from the measurement of the Stark
broadening of the isolated lines by using LTE.
Fig.4a and Fig.4b shows that the spectral lines
are approximately as Lorentzian line shapes,
so FWHM of the observed line was corrected
by subtracting the contribution by instrumen-
tal line broadening using:

(2)

where A is the full width at half-maximum
(FWHM). Fig.6a and Fig.6b are the measured
FWHM and wavelength shift of N* 399.5nm
spectral line versus delay time at 1.0 mm posi-
tion from target surface.

AAl'eal = AAobserved - AAinstrument
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Fig.6b The wavelength shift of 3909.5nm (N™)
vs delay time

For singly ionized nonhydrogenic ions, the full width at half-maximum, AJ, is given by!®:

Adyjz =2W(5 16)+35A(

where the width is in Aand the electron density
N is in em™3. The coefficients W and A, both
independent of density and slowly varying with
temperature, are the electron-impact width pa-
rameter and the ion-broadening parameter, re-
spectively. The parameter Np is the number of

1.2N;/® 3)

7)1~ 5)A

016

particles in the Debye sphere as given by:
[T(eV)]*/?
[N(cm™*)]/

The broadening coefﬁcients W and A can
be found in Ref.[7]. The contribution from ion

Np =1.72 x 10° (4)
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broadening was small, typically less than 0.03
nm for the conditions of this experiment, so
the width was mainly due to electron-impact
broadening. Using Eqs.(3,4) and the measured
Stark broadening data of the 399.5 nm N line,
the electron density is obtained as shown in
Fig.7. From Fig.7, one can find that the elec-
tron density is very high in the laser induced air
plasma. At tq = 90ns the density is 7.0 x 108
cm~2, and then gradually decays exponentially
to 1.0 x 108 cm—3,
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Fig.7 Electron density vs tq (Z=1mm)

The high electron density is very
favourable for preparing materials in PLD and
for LTE to be valid. A necessary condition for
LTE is satisfied!®!.

N > 1.4 x 10"TY2(AE,,)%cm™2  (5)

where T is the temperature in eV, AE,,,, the
energy difference between the upper and lower
states in eV. The highest temperature is T =
3.9eV. Using these values in Eq.(5), we ob-
tained the lowest limit of the electron density
of 1.9x10" c¢cm™2. The value of N obtained
from the Stark broadening data is 1.0 x 10'®
cm~3, which is much higher than the lowest
limit value. Therefore, it seems that the LTE
assumption used in the evaluation of N and T

in the early stage of the plasma evolution is
valid. However, laser induced plasma is a tran-
sitory phenomenon, LTE is only applied to a
limited time interval and spacial positions.

Normally, Eq.(3) is valid in the parameter
range of Np > 2 and 0.05< A(N,/10'%)1/4 <
0.5. Here, we put the obtained temperature
T =3.9eVand N = 2.5x10%cm~? into Eq.(4)
can yield Np value of 7.2, which is much larger
than 2. We have also tested whether the con-
dition 0.05 < A(N./10%6)}/* < 0.5 is satisfied,
and found that it is true.

4 Summary

In the early stage of plasma evolution the
electron temperature is high to 2~3 eV, and is
varying very rapidly. When the time is longer

‘than 190ns the electron temperature in the

plasma is cooled down. The density is as high
as ~ 10%cm~3. From our calculation results,
it is found that LTE is valid in the early stage
of the laser induced plasma evolution.
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