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Electronic temperature and density of the plasma produced by nanosecond
ultraviolet laser ablation of LiF

F J. Gordill/o-Vézquez,a) A. Perea, A. P. McKiernan,” and C. N. Afonso
Instituto de Optica, C.S.I.C., Serrano 121, 28006 Madrid, Spain

(Received 6 December 2004; accepted 15 March 2005; published online 25 Aprjl 2005

Optical emission spectroscopy is used to investigate the spatial evolution of the electron temperature
(Te) and electron densityN,) in the plasma generated by laser ablation in a vacuum of a
wide-band-gap material, such as LiF, with a pulsed 193 nm excimer laser operating at a fluence of
1.5 J cm? close to the threshold. It is found that, wheréagin the range of 18 cm™) decreases

by a factor of 2 as the distance to the target increaBesxhibits a sharp decreagieom 1.85 eV

to 0.66 eV between 1 and 2 mm from the target and it remains practically constant for longer
distances from the target. These results provide direct measurements of the electron temperature and
density during nanosecond laser ablation of LiF.ZD05 American Institute of Physics

[DOI: 10.1063/1.1922574

Laser ablation has become a very promising tool for ~ The plasma was generated by ablating a LiF crystal with
both advanced micromachining and thin film depositian. 193 nm(6.4 eV photonslaser pulses from an ArF excimer
most of the cases, a plasma formed by neutral and ionizeldser having a full width at half maximurtFWHM) pulse
species is produced whose dynamics has been widely studieiiration =20 ns and a repetition rate of 10 Hz. The target
in order to understand the physical mechanisms controllingvas mounted in a rotating holder and placed in a vacuum
the thin film deposition process and properfiés. chamber evacuated to a residual pressure of 1.0

Lithium fluoride (LiF) is a wide-(~13.5 eV} band-gap X 107 mbar. The angle of incidence of the laser beam was
material with interesting applications in integrated opfics. 45°, and the laser energy density at the target surface was
However, the synthesis of LiF thin films has scarcely beerl-5 J cm? (iradiance ~0.075 GW cm?) which is slightly
reported in literature. LiF films have mostly been grown byabove the threshold for seeing a visible plasma. The plasma

thermal evaporation leading to low-quality filfig.In addi- ~ Was X2 imaged onto the 2@m entrance slit of a 0.75 m
tion, there has only been one successful trialgrow good- monochromator with a spectral resolution of 0.045 nm. This

quality LiF thin films by pulsed laser depositidPLD) out ~Mmage was scanned along the normal to the target with a
of different experiments resulting in rough filM The spatial resolution of 0.18 mm. The light was finally collected

main difficulties found when synthesizing LiF films by PLD by a photomultiplier(lS ns “?e tim¢conngcted to a boxcar
have been related to the ultraviol&tV)-induced defect for- averager/gated integrator with a gate wide enough to catch

mation and to the ejectiSmf particles of sizes of up of gm t‘lbrf malnltpart of thtedtrﬁn&entt, \tNh;Ch Orlr_we;ans abfoit 700f ns.
at high laser fluences. e results presented here start at a distance of 1 mm from

A limited number of works have been focused to thethe target to be sure that the contribution from the continuum

study of the fundamental plasma parameters in PLD, such Lan be neglected. The collected intensities are corrected by

. normalized factors considering the spectral response of the
the electron temperature and/or the electron density, that cal oo .
; s photomultiplier and the grating of the spectrometer.
be of interest for the study of the plasma reactivity, the en- L . .
The estimation o, has been carried out by measuring

ergy transport into the_ plasma, the role played by plasmfixhe Stark broadening of the spectral profiles of an isolated
lons (whose cor_1centrat|on equal th?t of _th(_e elecgcamj the line of Li I. The latter is a well-established and reliable tech-
plasm'a formatlon process vyhgn |rrad|at|ng W'de'ba[]%'ga%ique for measuring electron densities in medium to high-
materials Wlth6pulsed UV radiation from excimer lasers. density plasma$’ Stark broadening of well-isolated lines
A recent work reports interesting results on the compgrisonfrom neutral atoms is predominantly caused by electron-
betweeh nanqsecor(ds) and femtosecon(fs} PLD,Of LiF atom collisions, the FWHM of the Stark-broadened lings,

at relatively high laser fluenced2.5 J/cm) including ex- being related td\, (in cm3) by:Y’

tensive optical emission spectroscop@PES studies, al- © '
though no measurements Nf and T, were provided. In this Ne
regard, measurements Nf andT, in the near-surface region 106
of the luminous plume formed by laser ablation of wide- ) ] _
band-gap materials have only been indirectly or partiallyvhereWis an electron impact parameter which, for the cho-
reported-* Therefore, the aim of the present work is to Sen Li I line [\o=610.3 nm from the triplet(3d°Dyy; 5/
determine the spatial evolution ®f, and T, in the plasma —2PP12.32], is @ weak function of the temperature and

produced by pulsed UV laser ablation of LiF crystals. only changes by a factor less than 1.07 over the temperature
range of 2500 K—20 000 K We have used=0.216 A to
determineN,.*®

a . ; e
Author to whom correspondence should be addressed; electronic mail: .
vazquez@io.cfmac.csic.es In order to extract the Stark broadening from the total

®permanent Address: Andor Technology Ltd., 7 Millenium Way, Springvale EXPerimentally measureq line broadening, we have to previ-
Business Park, Belfast BT12 7AL, Northern Ireland. ously deconvolute the different effects that contribute to the

d=2wW

A, 1)
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FIG. 1. Representative wavelength resolved OES spectra of the 610 nm LfIG. 2. N, as a function of the distance to the target surface using the
line at three distances from the LiF target. The raw experimental line and théme-integrated configuration.
smoothed line are shown together at each distance.

The determination off, is done using the well-known

broadening of the spectral line: The instrumental broadeningoltzmann plot technique and assuming local thermody-
(linked to the spectral resolution of the monochrompgord ~ Namic equilibrium(LTE).”“*"Therefore, we have consid-
Doppler and Stark broadenings. The contribution from Dop-ered three spectral emission lines from I(BIL0.3 nm, 460.2

pler broadening~0.1 A at FWHM) can be neglected when Nm, 413.2 nm corresponding to the transitions with the
compared to the Stark broadening resulting from collisiongreatest difference between their corresponding upper energy
of neutral atoms with charged particles that dominate folevels so as to make the method selected for meastliing
plasma densities above Yam 31 Thus, the total FWHM, Mmore accuraté In addition, these three Li | emission lines

b, can reasonably be approximated by the expressih: were selected in such a way that none of them end in the
ground energy level of Li | so as to minimize their self-

absorption by the plasma.

b= (d_z +g? )1/2+ d ) Figure 3 shows a Boltzmann plot at a distance of 3 mm
4 s 2’ from the target where the straight line is given by
equation?®%®
which has an accuracy of 183 and whered is the FWHM ™ 14
due to Stark broadening, argl,<=0.45 A is the measured |n<L) =-——E +C, (3)
contribution of the instrumental functidiconsidered Gauss- OiA; Te

ian). In order to determingy,, a lithium hollow cathode \herec is a constant and is the relative intensity of the
lamp was used. Sindeandg,s are known, the Stark broad-  gnission line of wavelength; (nm), g; is the statistical
ening d can be derived from Eq(2) and related toNe \yeight of the upper excited level with energy(cm™?), and
thro!lgh expressioft). Ass_um|(r)19 that the error in measuring A(s}) is the transition probability for spontaneous radiative
the instrumental FWHM is* 5%, the use of expressm{ﬂ)_ mission taken from the Kurucz atomic line database main-
would produce an error in the Stark width and in the derive ained by the Harvard-Smithsonian Centre for

Ne that is less than=10%. Therefore, we think that the pro- e’

dure followed is robust h to allow the derivation of > OPMYSICS:
(r:eli ugle \? Iowef IS'NI'O ust enough to aflow the derivation o In general, the closer the experimental points to the
eliable values Toie. strai%ht line fit, the better accuracy is achieved in obtaining

The experimental recorded emission spectrum only ex=- 2025 : o :
hibited a few lines of the easily excitable Li I. Neither the ¢ 11uS: the good linear fitting to the experimental data

e e . s of the three-point Boltzmann plot presented in Fig. 3 indi-
(very d|ff|cu!t to excne} Lill "!"es. nor the F I lines(visible F ates that LTE really holds in our plasma as expected from
| emission lines require excitation of energy levels above 1

21 ; LT he relatively high values of the measured electron density.
eV)™ appear in the spectrunk | emission I|ne§ have been Moreover, a necessaiyhough not sufficientcondition for
recently observed by other authtfrin PLD of LiF but only having LTE is thatNy(cm™3) = 1.4x 104 TV2x (AR If

e = . e .

using fs laser pulses and much higher laser fluences than the .
ones used in the present work. we apply this rule to .the less favo_rable case.of our §et of
Figure 1 shows representative wavelength resolved OE@easurements, that is, the_: tran5|t|on~a5300|ated with the
spectra of the 610 nm Li line at three distan¢eé$ mm, 4.5 wavelength 413.2 nm of Li | withAE=3.00 eV andT,
mm, and 5.5 mmfrom the LiF target. The raw experimental
lines are shown together with the corresponding smoothed
lines. It can be seen from this figure that there is no self-
absorption. Consequently, we can use this optically thin line
to extract the Stark width from its FWHM.

Figure 2 shows the time-integratéd, calculated from
expressior(1) and(2) as a function of the distance to the LiF _ 2
surface. The\, values show a variation of less than a factor 15, g':egger'n:fm“ .
of 2 within the 5 mm length region analyzed. It is interesting
to note that the present experimeritldata cannot be fitted
to the 1M law predicted for a free expansidfrom a point
_SOUI’CG into a large volumevhich ha_s been usually re_pozgted FIG. 3. Boltzmann plot performed at 3 mm away from the LiF target sur-
in plasmas produced by laser ablation of mefagraphite’ face. The solid line shows a linear fit of the experimental data from whose
and YB@CU307,24 but not of wide-band-gap materials. slope the electron temperature is obtained.
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FIG. 4. Time-integrated, from the LiF plasma as a function of the distance
to the LiF surface.
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