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Abstract. Laser radiation at.06 um from a pulsedNd:YAG  optical time-of-flight measurements in the nanosecond time-
laser was focused onto a multielemé&fda,CuzO7 target in  scale range [15-19], interferometry [20], and laser-induced
vacuum and the plasma thus generated was studied usifigorescence [21]. However, most of them have been aimed
time-resolved spectroscopic techniques. Line broadening @t identification of ablated species and on the evaluation of
theBal emission line ab535 nmwas monitored as a func- their velocity distributions. In our previous experiment it was
tion of time elapsed after the incidence of a laser pulse on thiund that the temporal distributions of various ionic, atomic
target. Measured line profiles of barium species were used nd molecular species were strongly influenced by the spa-
infer the electron density and temperature, and the time evdial position of the plume from the target and the laser fluence
lution of these important plasma parameters has been workeded [15].

out. Besides the identification of the different species gener-
ated, most of the time-resolved measurements have focused
PACS: 52.50Jm: 52.70 kz on dynamics of ejected species from the surface. In the pub-

lished studies, however, little attention has been paid to the

fundamental parameters of the plasma such as electron tem-

perature(Te), electron densityne), and their evolution after

Pulsed laser ablation has become a very successful method fbe initiation of the laser plasma. Several diagnostic tech-

the deposition of high-quality superconducti8a,CuzO;  niques are employed in the determinationngfand T, in-

thin films [1-4]. Because of this and other technological ap€luding Thomson scattering [22], emission spectroscopy [23—

plications, considerable efforts have been made to understa28], Langmuir probe [26, 27], and interferometry [20, 28]. In

the dynamics of the laser-ablated material. The ablation prahis paper we describe the temporal behaviour of the differ-

cess is accompanied by formation of a bright plasma plument aspects of the emission spectra of laser-generated plasma

expanding from the target. The laser-induced plasma is chafrom YBa,CusO;. Also, the temporal dependence of the two

acterized by plasma temperature, density, particle expansiafital parameters, electron temperature and electron density, is

velocities, particle charge states and internal fields due tdeduced. The Stark-broadening method is used for the deter-

charge separation during plasma expansion. mination of electron density, and the ratio of line intensities
Optical methods are the most suitable for performingof the successive ionization states is used to elucidate the

the deposition process control. However, the solution o&lectron temperature. Using gated-integration techniques we

the processing control problems depends on understandimgport here the time variation of Stark broadening which di-

the basic physics and chemistry associated with laser—targectly gives the evolution of the internal electric field within

and particle—particle interaction occurring within the laser-the plasma.

induced plasma plume. The emission spectra obtained from

a multicomponen¥Ba,CuzO; target show numerous emis-

sion lines and bands corresponding to neutral particles, iorfls Experimental

and diatomic molecules. The dynamics of the laser-ablated

YBa,Cu;O7 plume has been studied by various technique®etails of the basic experimental arrangements are given

such as optical emission spectroscopy [5-9], streak ph@lsewhere [29,30]. The plasma was generated by abla-

tography [10, 11], optical absorption spectroscopy [12—14]tion of a high-purity sample of superconducting compound

YBap;CuzO7 using pulses of wavelengthO6um from a Q-

* Present Address: Department of Physics, Sree Narayana College, Punaf{VitchedNd:YAG laser with repetition ratd0 Hzand pulse
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provided with optical windows for laser irradiation and spec-bremsstrahlung are the dominant emission mechanisms. The
troscopic observation of the plasma produced from the targesituation occurs typically at electron temperatures of a few
During these studies the pressure inside the vacuum charaV. In general, the main sources of continuum emission are
ber is kept at- 10-2 pascal. The target was rotated about arbremsstrahlung radiation and radiative recombination [34].
axis parallel to the laser beam to avoid nonuniform pitting of  Beyond100 ns the line-to-continuum ratio increases and
the target surface. The bright plasma emission was viewefthally the spectrum consists of mainly ionic and atomic lines.
through a side window at right angles to the plasma expanAt shorter time delays, ionic species are predominant, but
sion direction. A section of the plasma was focused onto théor time delays exceeding00 ns molecular species are also
slit of a 1 meter Spex monochromator (model 1704, gratebserved along with ionic and atomic species. From these
ing with 1200 grooves per mm blazed%00 nm maximum  studies, it is presumed that the electronically excited states
resolution0.015 nn) using appropriate collimating and fo- are not produced immediately after laser irradiation. Gener-
cusing lenses so as to have one-to-one correspondence withy, the densities of the particles in a laser-produced plasma
the sampled area of the plasma and the image. The recondith similar fluence are in the range d6'’ cm~3 and these
ing was done by using a thermoelectrically cooled Thorn EMIdensities are sufficient to justify the assumption of occurrence
Photo Multiplier Tube (PMT), which was coupled to a “box- of collisional processes among the particles in the plasma.
car” averagefgated integrator (Standford Research SystemsAs the velocity of the particles in the expanding plume has
SRS 250). The averaged output from the boxcar was fed tbeen found to be high~(5 x 10° cm s, which corresponds
a chart recorder, which for the present study averaged out the 13 eV) [15, 35], the collision between particles which have
intensities from 10 pulses. For Stark-broadening studies, th@gh kinetic energy may lead to electronic excitation of the
resolution of the monochromator was kept at its maximuntomponent atoms, ions or molecules. It is also noted that the
by keeping the slit widths at minimum possible values forplasma emission lasts for more thEdOus (Figs. 1b and 2b).
acceptable signal-to-noise ratios. Although, at least qualitatively, the results confirm the
presence of strong emission lines fraf, Y II, Bal, Ball,
CulandYO (A — X) in the plasma, features corresponding

2 Results and discussion to Cu ll, BaO andCuQ, may be present, but are very weak.
Since these spectra were recorded very close to the target sur-
2.1 Time-resolved emission spectra face @ mm), it is understandable that the emission intensities

due to oxide species are very weak, since they are expected
To understand the detailed aspects of laser-beam interactitm be formed only by recombination processes [15]. The rela-
with the target material and recombination processes followtively weak intensity observed for th@u Il emission lines is
ing the laser ablation, time-resolved studies of the emissiodue to the higher ionization potential oCaatom (7.726 eV)
spectra from the plasma offer the most convenient approachompared tBa (5.211e\) andY (6.378 e\) [36]. Since the
The noninvasive nature of detection suggests that using thenization potentials of these lines are much greater than the
emission as a signal source for process monitoring in lasexcitation energy of the laser photorisi6 eV), the mechan-
ablation would be ideally suited for designing an automatedsm of ionization is possibly due to a multiphoton process.
laser-ablation, superconducting thin-film deposition appara-
tus. The well defined highly luminous plasma plume was )
observed duringNd:YAG laser ablation ofYBa,CusO; and ~ 2-2 Electron density measurements
we note that the plume extended normal to the target surface L e
up to a distance- 3 cm Time-resolved spectra were recorded | "€ usual method for determination of electron density is the
by setting the gate width of the boxcar averagerltons Measuring of the broadening of a swtabk_a emission “”9 of
and choosing a sectiohmm away from the target. Typical the laser-plasma spectrum. Stark broadening is the dominant
spectra, as recorded under different regimes of the plasnfio@dening mechanism in laser-produced plasmas. In such
expansion, are shown in Figs. 1 and 2. Each spectrum cof-Case the glectron density can _be deduced from the full width
responds to the average accumulated data over 10 laser shgtd1alf maximum (FWHM) of a line.
and it corresponds to a distancelofimfrom the target sur- The full width at half maximum,Axyz, of a Stark-
face. Prominent emission lines observed, together with corrroadened line without ionic contribution is given by the sim-
sponding literature values and assignments are also shown P!€ relation [23]

The laser ablation process can be classified into three Ne
regimes: evaporation of the target material, interaction of thé\A1/2 = 2W (1016) A,
evaporated cloud with incident laser beam resulting in cloud
heating and plasma formation, and expansion and rapid coolvhereW is the electron-impact parameter which can be in-
ing of the plasma [31]. During the initial stagés 100n3,  corporated for different temperatures [23].
the continuum emission dominates over line emission. As We have selected the line-broadened profile of the atomic
time evolves, the line-to-continuum ratio increases. The corBa at 5535 nnm (6p1P‘§ — 68'Sp) for the electron-density
tinuum radiation, or bremsstrahlung, occurs when a free eleeneasurements. There are three types of mechanisms that can
tron collides with another particle and makes a transition tdroaden an emission line: resonance broadening, Doppler
another free state of low energy, with the emission of a phobroadening, and Stark broadening. The effect of resonance
ton. Electron—electron collisions do not produce radiation exbroadening is proportional to the ground state number density
cept at relativistic velocities [32,33]. In a plasma which isand the transition oscillator strength. Since the reported value
sufficiently hot, most of the atoms are stripped of all theirfor resonance broadening f&a | at 5535 nm is relatively
orbital electrons and hence electron—ion recombination ansimall [37], the contribution due to this type of broadening can
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Fig. 1a,b. Plasma emission spec-

N . . (d) 30115, (€)50s, and (f)100ys.
350 394 438 481 525  The spectra are charted at a dis-
b ( ) tance 1 mm away from the target
wavelength {(nm surface and at a laser fluence of
360 Jcm2

be neglected. Doppler broadening, which is due to differentonditions, since the expansion velocities of B& atoms
Doppler shifts (i.eAx = Av,/C) experienced by the species are~ 5 x 10° cm s™* [35] which contribute a broadening fac-
in different regions of the plume having different velocity tor ~ 0.1 A. Under these conditions Stark broadening, due to
components,, can also be ruled out in our experimentalcollisions with plasma electrons, is the dominant broadening
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Fig. 2a,b. Time-resolvedYBa,CuzO7
(d) plasma emission spectra in the wave-
length rangeiir 525-700 nm The
L 1 | spectra are charted at a distadcem
away from the target surface and at
525 569 613 656 700 a laser fluence o860 JcnT2. Time
delays (a)200 ns (b) 500 ns (¢) 5us,
b wavelength (nm) (d) 30s, (€) 50ps and (f) 100ps

1 Il

process. The electron impact paramet@h values for the by Singh and Narayan [40]. It is also noted that the values
Bal 5535 nmtransition are not available in the literature, but of electron densities are essentially constant at higher laser
values are available for the corresponding A8fp> n!S,  fluences [39]. The saturation in electron density at higher flu-
transitions of the elemenidg, Be andCafrom the same pe- ences is presumably due to plasma shielding. The absorbing
riodic group [38]. The latter values increase approximatelyplasma generated by the leading edge of the laser pulse pre-
linearly with n®> and this dependence was extrapolated tovents light from reaching the surface. The prominant mechan-
yield aW value of~ 1.6 x 102 A for Bal 5535 nmtransi- ism responsible for plasma absorption at these fluence levels
tion at a temperature dfo 000K SinceW values are weak is inverse bremsstrahlung [25].

functions of temperature and vary by a factor of less than 2 The temporal evolution of electron density deduced from
over the temperature rand® 006-80 000K the determin- Stark broadening of thBa | 5535 nmtransition is shown in
ation of electron density deduced using tWsvalue should Fig. 4. These measurements were made at a distnua

be reliable. from the target surface and at a laser fluenc878 J cni?

A typical Stark-broadened profile &a | at the5535nm  (power densityt2 GW cn1?). For these studies the gate width
line with a theoretically fitted Lorentzian curve is given in of the boxcar was set 40 ns Because the spectral line emis-
Fig. 3. We have measured electron density variation using th&on is masked by the continuum emission, the electron dens-
Stark-broadening method as functions of distance of separay for time < 200 nscould not be measured by this method.
tion from the target, time after the elapse of the laser pulsé\evertheless, we can still characterize the temporal evolution
and laser fluence. The variation of electron density as a fun@f ne, which diminishes rapidly with time up t600 nsand
tion of distancez shows az~! dependence [39] which is in then levels off. The fast decay rate can be attributed to plasma
good agreement with the adiabatic expansion model predictgatopagation while the slowing and leveling off at larger times
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Fig. 4. Time evolution of electron density &mm from the target surface.
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are probably due to recombination. It may also be noted th
electron density showsta? dependence on time which is in

104

accordance with adiabatic expansion model.

2.3 Electron temperature measurements

Electron temperature was determined from the relative inter@
sities of neutral and ionized barium spectral lines. We hav§;
used spectral lines of successive ionization states since in this
case the energy difference between the upper levels of the
lines is increased by the ionization energy of the lower ioniza-

tion state [23, 26]. Electron temperature measurements were 0-50

made using the equation

x

fg)L/S Enx

/%3 3/2
f'g }[4773/233%]1 [@} e (AE/KD

)
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where AE = (E' — E+ E — AEy), the primed quantities
represent relevant data for the spectral line emitted by the
species with higher ionization statéy is the ionization en-
ergy of the hydrogen atonil8.6 eV), E., is the ionization
energy of the atom or ion in the lower ionization state, and
AE is the correction factor of the energy due to plasma in-

teraction which is given by

& [4mng1Y3
AEOO=3Z—|:7;e:| ,

4reg
wherez = 2 for singly ionized species [23].
For temperature calculations, we make use of recorded in-
tensities for theBa Il 614 nmand649.8 nmlines and theBa
I, 577.7nmand5535 nmlines. Details of the spectroscopic
constants of these lines were taken from [23]. The electron
temperature measurements were carried out as functions of
distance from the target surface, time after the initiation of
the plasma, and incident laser fluence. The electron tempera-
ture follows az~%® dependence on distance from the target
surface [39]. With increase in laser fluence, the electron tem-
perature is found to increase up to a specific value, beyond
which it saturates. The saturation in electron temperature at
higher fluences is again due to the absorption of the laser
beam by the plasma medium [39].
The electron temperature calculations were made at dif-
ferent instants during the plasma evolution by keeping the
gate width of the boxcar averagerl nsbut by varying the
delays. At shorter time delays, continuum emission occurs
and line intensity detection is rather difficult. The continuum
stems from the elastic collision of electrons with ions. The
intensity of the continuum decreases with increasing delay
time. The calculated plasma temperature and its variation as
a function of time after the initiation of the plasma are shown
in Fig. 5. In the early stage of plasma evolution, the electron
temperature is very high and changes very rapidly. However
at times> 1us, the plasma is found to be at much lower
temperatures and thereafter the temperature continues to re-
main fairly stable, aroun@.6-0.7 eV for a long period. The
electron temperature followsta? dependence on time dur-
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Fig. 5. The variation of electron temperature with time. These spectra were
recorded3 mm from the target surface and at a laser fluenc818 J cn?
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ing the initial periods up to~ 1 s which is in accordance 9.
with the theoretical adiabatic expansion model by Rumbsy10.

and Paul [41].
Since we have assumed that the plasma is in local thery
modynamic equilibrium (LTE) for our analysis of electron

temperature, it is worthwhile checking the minimum density 13.
14.

condition for LTE, [42]:

Ne > 1.4 x 10“TY?(AE)%cm™ (4)
For the transition with the largest gap535nm), AE =
2.24 eV and the highest temperatu?es €V, the lower limit
for ne is 2.5 x 10 cm3. Our observed values of, are al-
ways greater than this limit implying that the LTE approxima-
tion assumed for our analysis is valid.

16.

3 Conclusions

2
The present work has identified the major luminescent
species in the plume did:YAG laser-ablatedYBa,CuzOy

spectroscopic means. Line intensities of the successive ion-

ization states were used for the determination of the electrone.

temperature and the Stark-broadened profile oBhétran-

sition at5535 nmwas used for the measurement of electron?’-

density. Both the electron temperature and the electron densy
ity show at—2 type dependence on the time elapsed after the
laser pulse.

Acknowledgement§.he present work is partially supported by the Depart- 30.

ment of Science and Technology, Government of India. SSH and CVB are
grateful to the Council of Scientific and Industrial Research, New Delhi and

University Grant Commission, New Delhi for financial support. 32
33.

References 34.
1. P.Tiwari, S. Sharan, J. Narayan: Appl. Phys. L8%.357 (1991) 35.

2. D.B. Chrisey, G.K. Hubler (eds.Pulsed Laser Deposition of Thin
Films, (Wiley, New York 1994)
3. R.K. Singh, O.W. Holland, J. Narayan: J. Appl. Ph§8. 233 (1990)

4. A.Kuhle, J.L. Skov, S. Hjorth, I. Rasmussen, J.B. Hansen: Appl. Phys.37.

Lett. 64, 3178 (1994)

5. T.J. Geyer, W.A. Weimer: Appl. Phys. Le&4, 469 (1989)

6. P.E. Dyer, R.D. Greenough, A.lIssa, P.H. Key: Appl. Phys. L58t.
534 (1989)

7. O.Auciello, S. Athavale, O.E. Hankins, M. Sito, A.F. Schreiner, N. Bi- 40.
41.
8. X.D. Wu, B. Dutta, M.S. Hegde, A. Inam, T. Venkatesan, E.W. Chase, 42.

unno: Appl. Phys. Lett53, 72 (1988)

C.C. Chang, R. Howard: Appl. Phys. LeS4, 179 (1989)

11.

15.

17.
18.

19.
20.

21.
2.

23.

as neutral and ionized atoms along with diatomic molecules?4
We have estimated the electron temperature of the plasma by

. T. Mochizuki,

29.

36.

38.
39.

W.A. Weimer: Appl. Phys. Lett52, 2171 (1988)

O. Eryn, K. Murakami, K. Masuda, A.Kasuya, Y. Nichima: Appl.
Phys. Lett.54, 2716 (1989)

P.E. Dyer, A. Issa, H. Key: Appl. Phys. Leb7, 186 (1990)

2. R.A. Al-Wazzan, J.M. Hendron, T. Morrow: Appl. Surf. S€i6-98,

170 (1996)
D.B. Geohegan, D.N. Mashburn: Appl. Phys. L&8, 2345 (1989)

R.A. Al-Wazzan, J.M. Hendron, T. Morrow: Appl. Surf. S8, 345
(1996)
S.S. Harilal, P. Radhakrishnan, V.P.N. Nampoori, C.P.G. Vallabhan:

Appl. Phys. Lett.64, 3377 (1994)

S.S. Harilal, R.C. Issac, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallab-
han: J. Appl. Phys80, 3561 (1996)

S.S. Harilal, R.C. Issac, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallab-
han: J. Appl. Phys81, 3637 (1997)

S.S. Harilal, R.C. Issac, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallab-
han: Jpn. J. Appl. Phy26, 134 (1997)

K.L. Saenger: J. Appl. Phy66, 4435 (1989)

G.K. Varier, R.C.Issac, C.V.Bindhu, S.S. Harilal, V.P.N. Nampoori,
C.P.G. Vallabhan: Spectrochim. Acta, ParbB 657 (1997)

T. Okada, N. Shibamaru, Y. Nakayama, M. Maeda: Appl. Phys. Lett.
60, 941 (1992)

S.B. Cameron, M.D. Tracy, J.P. Camacho: IEEE Trans. Plasma4sci.
45 (1996)

H.R. Griem:Plasma SpectroscopyvicGraw-Hill, New York 1964)

S.S. Harilal, R.C. Issac, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallab-
han: J. Phys. (30, 1703 (1997)

S.S. Harilal, R.C. Issac, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallab-
han: J. Appl. Phys82, 2140 (1997)

R.H. Huddlestone, S.L. Leonarf@tasma Diagnostic Techniquééaca-
demic, London 1965)

J.M. Hendron, C.M.O. Mahony, T.Morrow, W.G. Graham: J. Appl.
Phys.81, 2131 (1997)

K. Hirata, H.Ninomiya, K.Nakamura, K.Maeda,
S. Horiguchi, Y. Fujiwara: Opt. Commuii2, 302 (1989)

S.S. Harilal, R.C. Issac, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallab-
han: Pramana - J. Phy46, 145 (1996)

S.S. Harilal, R.C. Issac, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallab-
han: Spectrochim. Acta, Part 3, 1527 (1997)

31. W.K.A. Kumudini, Y. Nakata, T. Okada, M. Maeda: Appl. Phys5&

289 (1994)

T.P. HughesPlasmas and Laser LightAdam Hilger, England 1975)
L.J. Radziemski, D.A. Cremerkaser-induced Plasmas and Applica-
tions (Marcel Dekker, New York 1989)

Y.B. Zeldovich, Y.P. Raizer:Physics of Shock Waves and High-
Temperature Hydrodynamic Phenome@aademic Press, 1966)

S.S. Harilal: Ph.D. thesis, Cochin University of Science and Technol-
ogy (1997)

R.C. WeastCRC Handbook of Chemistry and Physi{@RC Press,
Florida 1988)

D.B. Geohegan: iRulsed Laser Deposition of Thin FilgiS.B. Chrisey,
G.K. Hubler (eds.) (Wiley, New York 1994)

A.H. El-Astal, T. Morrow: J. Appl. Phys80, 1156 (1996)

S.S. Harilal, C.V. Bindhu, V.P.N. Nampoori, C.P.G. Vallabhan: Appl.
Spectro., in press (1998)

R.K. Singh, J. Narayan: Phys. Rev4B, 8843 (1990)

P.T. Rumsby, J.W.M. Paul: Plasma PHy&247 (1974)

G. Bekefi:Principles of Laser PlasmagJohn Wiley & Sons, New
York 1976)



