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Expansion dynamics of the plasma produced by laser ablation of BaTiO 3
in a gas environment

J. Gonzalo,? C. N. Afonso,” and |. Madariaga
Instituto de Optica, CSIC, Serrano 121, 28006 Madrid, Spain

(Received 23 July 1996; accepted for publication 3 October 11996

The expansion dynamics of the plasma produced by excimer laser ablation of Badsheen
studied by spatially resolved optical emission spectroscopy over a broad gas pressure range
(10”740 mbay, the gas being either reactivexygen or inert (argon. The results obtained in

both environments are qualitatively similar and they show that there is a distance-related pressure
threshold above which the expansion dynamics differ from that of the free-expansion regime
observed in vacuum. Analysis of the results in the framework of the drag model as well as the shock
wave model show that the plasma expansion can be well described by the drag model for the initial
stages of the expansion, whereas a delayed shock wave model is required for long distances to the
target or high gas pressure. ®97 American Institute of Physids$S0021-897¢07)02302-3

INTRODUCTION resolved real-time emission spectroscopy. The results are
analyzed in the framework of the drag and shock wave mod-
Ferroelectric materials are very attractive for differentels, with the range of validity of both models being dis-
technological applications such as nonvolatile random accessissed.
memories, capacitors, surface acoustic wave devices, and
nonlinear optical devices, among othérMany ferroelec- EXPERIMENT

trics, including BaTiO;, have a perovskite-type crystalline Laser ablation of BaTiQhas been carried out using an

structure that is similar to that of the high-superconduct- ; - a .
ors (HTSO).22 The success of pulsed laser deposition in pro—ArF excimer lasei\=193 nm, 7=12 ns full width at half-

ducing HTSC films has, thus, heightened the interest in usinmaximun). The target is mounted in a rofating holder and
icing Hi. ! » N€19 . . - %Iaced in a vacuum chamber evacuated to a residual pressure
this technique to produce films of materials with similar

p of 107 mbar. The laser beam is focused on the surface of
structure, such as ferroelectrits.

The plasma expansion dynamics produced by laser ablzyje target at an incidence angle of 45° giving a laser energy

tion of HTSC targets has been widely studfedThese stud- density of 2 Jjcrh In order to study the influence of gas

. ressure on the plasma expansion dynamics, either oxygen or
ies have shown that parameters such as the laser energy den- " . .

. : Ty o argon is dynamically allowed in the chamber up to pressures
sity or the gas pressure determine the natdfe! kinetic

7-9,12 .. . . . of 40 mbar.
energy, and distribution of species reaching the The plasma formed during the laser ablation process is

2,13 ; ; _
_séubstrgté, ttrl}ys, w;}fluen::m_gt_the th;]rpf:jology_,t h(;);n}g%%ne analyzed by means of spatially resolved real-time emission
Ity, and crystafline characteristics of the deposited Tims. spectroscopy in the spectral range 380-620 nm and at dif-

Similar results have already been reported for Bagflims, ferent distances from the targéd—20 mn). The plasma

since the ferroelectric response, the refractive index, the ... is imaged onto the entrance slit of a SPEX spec-
composition, and the crystalline orientation of the films havetrometer with magnification ok2. Depending on the dis-

been found to depend on the laser energy density and OXY9&Bnce to the target), two different slit widths were consid-

16-18 )
pressuré: Therefore, the study of the influence of _the ered in order to improve the signal-to-noise ratio. The

tant i to determine th i wih diti : 0rré'sulting spectral and spatial resolutions were: 0.03 nm and
Ba:;]Tig:?i?m: etermine the optimum gro conditions forg, pm for d<14 mm and 0.1 nm and 13@m for long

. 8 distances. As has been described elsewh&t&] the light
In an earlier work® we have reported that the change

) T o emitted is collected by a photomultipli€l5 ns rise tim
observed in the refractive index of BaTj@ilms grown at ! ! y ap ultiplie ! imé

bove 10mb lated t h . that is connected to a boxcar averager for spectrum record-
gas pressures above tmbar was related 1o a change m,ing, or to a 500 MHz digitizer for transient emission mea-
the plasma expansion dynamics for target—substrate dis-

tances greater than the plume length. The aim of this work is‘%urements.
thus, to analyze the expansion dynamics of the plasma 9eXESULTS
erated by laser ablation of a BaTj@rget in the presence of
either a reactivéO,) or inert (Ar) gas over a wide pressure Figure 1 shows an emission spectrum recorded in
range (10 '—40 mbay). The nature and velocity of the spe- vacuum at a distance of 2.4 mm from the target. There are a
cies ejected from the target have been studied by spatialliarger number of lines, most of them related to neutf@e,

Ti*) and ions(Ba**,Ti**). No emission from oxidized spe-

cies could be detected under any of the conditions studied,

dpresent address: Dept. of Applied Physics, University of Hull, HU6 7RX,

Hull, UK. although emission from BaOand TiO" was very carefully
BElectronic mail: cnafonso@pinarl.csic.es looked for since the presence of these species has been re-
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FIG. 1. Emission spectrum of the plasma produced by laser ablation of
BaTiO; in vacuum (107 mbap recorded at a distance of 2.4 mm from the
target surface. The transitions marked with an arrow are those studied in this
work.

ported during laser ablation of YBaCu@®efs. 4, 6, 10, and

11) and Ti:AlLO5 (Ref. 20, respectively. The emission lines
are identified according to standard tabulatfdrend those
studied on this work are marked with an arrow in Fig. 1.
‘Table | summarizes the emission lines studied in this work,
along with the electronic transition responsible for their pres-
ence and the lifetime of the excited stafed strong contri-
bution from the continuum emission overlaps that of the ex-
cited species in the neighborhood of the target 0.5 mm).

This contribution has been reported during ablation of sev-
eral materials and it disappears when increasing the distance
from the targef.®°Figure 2 shows emission transients cor-
responding to the emission line at 553.6 (B&a*) recorded

at a distance of 4 mm from the target in different environ-
ments: vacuum, 1 mbar of oxygen and 20 mbar of oxygen. It
is clearly seen that the presence of an atmosphere has a

TABLE |. Electronic transition, lifetime, and species responsible for the
emission lines studied in this work.

Intensity (a.u.)

3_
2
1
0 T T v T
0 1 2 3 4 5
Time (us)

FIG. 2. Emission intensity transients from the*Bemission line at 553.6
. nm recorded ai = 4 mm from the target surface {r—) vacuum--) 1 mbar

of O, and (- ---) 20 mbar of Q.

strong influence on the observed emission. Both the emission
intensity maximum ;) and the time at which this maxi-
mum is observedtf,) are pressure dependent. Moreover,
increasing the gas pressure also produces a broadening of the
emission transients.

The dependence of, andt,, on the oxygen pressure for
the line at 553.6 nniBa*) are shown in Figs. @ and 3b),

Intensity (a.u.)

g
[
E
=

Specie Wavelength Transition Lifetimas)

Ba™* 389.2 6d 2Dy,—6p 2P, 6

Ti* 394.9 y °DY,—a °F, 20

Tit* 4395 z °Fyp—a 2Dy 106

Ba* 458.0 6p? 'D,—6p °PY 14

Ti* 490.0 y 3H2—a %G,

Ba™* 493.4 6p 2P%,— 65 %S, 10

Ba* 553.6 6p PY,—6s% 13, 8

tion.
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FIG. 3. (8) Maximum emission intensityl{;) and(b) its delay with respect

to the laser pulset(;) as a function of the oxygen pressure applied. The
results are recorded at distancegAf A) 4 mm, (O, @) 15 mm, and(],

W) 20 mm from the target surface and correspondiip ®, A) the Ba'*
emission line at 493.4 nm and (o], O, A) the B& emission line at 553.6

nm. The intensity recorded at 4 mm cannot be directly compared to that
recorded at 15 and 20 mm since it has been recorded with a higher resolu-
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FIG. 4. Maximum emission intensityt (;) of the B& emission line at 553.6 8
nm as a function of the gas pressure applied. Results are recorded either in &
(A, H) oxygen or(A, ) argon at distances of 4 and 13 mm from the target -g 10+
surface. a
0~ : . ; :
respectively, for three distances from the target: 4, 15, and 20 0 2 4 6 8 10
mm. Note that the high,, values for 20 and 15 mm are not Time (ps)

in the same scale than those for 4 mm, since in the former
two cases it was necessary to increase the width of the spet!G. 5. Distance at which the maximum emission intensigy)(from the
trometer slit to improve the signal-to-noise ratio. In all CasesBa** emission line at 493.4 nm is observed as a function of its delay with

. . . respect to the laser pulsg/). Results were collected i@ 10 ! mbar and
Iy increases with oxygen pressure up to a maximum vaIu@o

) 1 mbar of oxygen pressure. The results obtained in vaciirare also

that depends on the distance from the target, and then dercluded for comparison. The dashed lite) shows the best fit obtained

creases sharply to zero for higher pressures. Both the pressingthe dragmodétl = d[1 — exp(— pt)] — do, withd;=26 mm,5=0.45

sure at which the maximum dfy, is observed and that at “Sili dp=0.1 mm for 10° mbar, and d;=15 mm, p=0.67

Which y becomes zero depend on the distance ffom thes . te 00 1 B Lo e e e (1) S e b

target; the higher the d|§tance the lower the pressure. Figuig _ (k/p)¥5 andk’ = 1.42, t,=0.80 us, dy=0.3 mm for 10~ mbar and

3(b) shows thatty, remains constant and close to the valuek’ = 0.92, t, = 0.49 us, d, = 0.3 mm for 1 mbaf. The full line shows the

obtained in vacuum, up to a pressure threshold that agaiinee-expansion regime.

depends on the distance to the target. For pressures above

this thresholdty, increases sharply, this increase being con-

sistent with the reduction in the ejected species velocity thaline at 493.4 nm(Ba'*) in an oxygen pressure of 1& mbar

has been widely reported in the literature in the presence of EFig. 5(@] and 1 mbar{Fig. 5b)]. The results obtained in

gas environmerft®>’~°12Figure 3b) includes thet), values vacuum are also included for comparison and they show a

not only for the emission line at 553.6 nfBa*), but also for  linear dependence over the whole range of distances for

that at 493.4 nniBa**). It is clearly seen that the results are which emission could be detected. When an oxygen pressure

very similar for both species, with the same results observets applied, the emission can be detected at greater distances

both for the maximum emission intensity curve, which is not(~20 mm) and higher delay$~5 us) than in vacuun{~10

shown in Fig. 8a), and for the other species studied. mm and 1us). The dependence is no longer linear for dis-
The influence of the gas pressure lgp andty, for the  tancesd > 10 mm at an oxygen pressure of F0mbar, or at

different emission lines considered in Table | has been alsshorter distances for higher pressures. Similar features are

studied in an argon environment. The results obtained in ambserved for the other emission lines studied or when the gas

gon and oxygen show similar features as can be seen in Figeas changed to argon. The velocities calculated from the

4, where the dependence lgf on the gas pressure for both slope @d/ty) in the linear region are in the range 10-13

argon and oxygen is shown for the emission line at 553.6 nmx 10° cm/s for neutrals and 13— 24 10° cm/s for ions. The

(Ba*) at 4 and 13 mm from the target. Although the emissionresults obtained in a gas pressure are, thus, consistent with a

is detected over a similar pressure range for the two gaslowing down of the ejected species due to interactions with

environments, the relative increaselgf with respect to the the gas species as has been pointed out above and widely

emission detected in vacuum depends on the nature of theported.

gas, this increase being higher in argon than in oxygen. This

result is similar to that reported earlier during laser ablatiorblSCUSSlON
of HTCS?®
Figure 5 shows the dependence of the distaijefiom The results presented here clearly show that the plasma

the target at which the maximum emission intensity;)(  expansion dynamics are strongly affected by the presence of
occurs on the delay of this maximum with respect to the lasea gas environment. The emission intensity,) increases
pulse ty). The data have been collected for the emissiorsignificantly above a pressure threshold and is independent

J. Appl. Phys., Vol. 81, No. 2, 15 January 1997 Gonzalo, Afonso, and Madariaga 953

Downloaded-24-Feb-2010-t0-161.111.180.191.-Redistribution-subject-to—AlP-license-or-copyright;~see-http://jap.aip.org/jap/copyright.jsp



of the reactive or inert character of the gas environment d=d{[1—exp— Bt)]—do, (1)
[Figs. 3@ and 4. The lifetime(7) of the excited states stud- ) . o ) ) )
ied, shown in Table |, is always of the order of tenths of nsWheregis the slowing coefficient; is the stopping distance
while the time at which the maximum emission is observed®f the plume, andl, is a boundary condition to take into
(ty) in the presence of a gas environment is of the order ofccount the fact that it is necessary to wait a certain time
a few us [Fig. 3b)]. Since 7<ty,, the observed intensity interval, of the order of the lifetime of the excited state,
increase for pressures above a threshold value has to be feefore emission occurs dt= 0 (Ref. 8. The best fits to the
lated to species that have been excited during the plasnfPerimental results shown in Fig. 5 are also included in Fig.
expansion due to either collisional excitations or to electron®: and itis clearly seen that the agreement is excellent for the
impact excitation or to recombinatiéi?®?*The ionization of ~ iNitial states. For a pressure of 1 mi#ig. &b)] and for
the gas species provides the necessary free electrons to pfdnes longer than 4us, the drag model predicts distances
mote excitation phenomena, and thus, an increase in thglghtl_y sh_orter than those observed expe_rlmentally. .The
emission intensity?2* Nevertheless, the emission intensity SIOPPINg distanceor length of the plume obtained from this
decreases above a pressure threshold that depends on fAgdel is 26 or 15 mm for oxygen pressures of d@r 1
distance from the target. This behavior has been observé&b‘f‘r’ respectlvely. Thesg results are nevertheless in contra-
beforé®?*and has been attributed to different processes sucfliction "Zvﬂ‘lgthe_ experimental results reported in the
as electron impact ionization of metastable speciag ( literature; > =which show that BaTi@films can be grown
+e A" + 2e), collisional quenching&* + Mgoy—A" under similar experimental conditions on substrates located
[} slow H
+ Mis) (Refs. 12 and 28 or the confinement of the plasma at d|staqces to the target larger thﬂm mm.
to a limited region at high gas pressufés*The former two At higher pressures, the formation of a blast wave has
processes lead to the formation of ionized species and shounfen observeti>** Under these conditions the shock wave
induce an increase in their emission intensity that is not ex

model describes well the plasma expansion for a limited
perimentally observed. The latter process is, therefore, morg19¢€ O.f distances tha’; depend on the gas pre”s%ﬁee!d IS
likely and is in good agreement with the sharp increase o etermined by@) thg distance from the target at V.Vh'(.:h the
t,, observed at high gas pressufig. 3b)]. If we assume mass of the gas displaced by the ejected material is much
that the amount of material ejected per pulse does not depe

igher than the mass of the ejected material dndhe dis-
on the gas pressure, the observed increasg sfiggests that tance from the target at which the plasma pressure becomes
the plasma expands more slowly at high pressures. The de

ﬁi_milar to the pressure of the gas environment. The expres-
sity of the plasma is, thus, increased in the region close to th

sion for the shock wave is
target, pr_omoting the cpnfiner_nent of the_ plasma. If the pres-  d=(k/p)*¥5-d,, 2
sure is high enough, this confinement will become more evi-
dent and will be limited to a finite region close to the target;whered, dq andt denote the same parameters aglink is
therefore, the emission observed at longer distances from tie constant proportional to the laser energy density, @l
target would tend to disappear. This reasoning is in verjhe gas pressure. If one takes into account that the shock
good agreement with the behavior observed experimentallyvave model can strictly be applied only after the mass of the
and shown in Fig. @&): when the pressure increases, thedas surrounding the shock wave is higher than the mass of
density of excited specieselated tol,,) at long distances the ablated materil (i.e., a timet, after the laser pul3ga
(i.e., 20 mm is much lower than at short distancés., 4 delayed shock wave should be considered as has been sug-
mm). For the highest pressurd0 mbay, the plasma has gested elsewher@.In this case, the expression for the shock
been confined to distances from the target of less than 4 mn¥y/ave becomes
?;ndcgonsequently, no emission is detected even at this dis- d=(k/p)Y5(t — t,) 25— d (2a)

The sharp increase @f, above a threshold of pressure where all the symbols denote the same parameters as in Eq.
[Fig. 3(b)] or distance(Fig. 5 is a clear indication that the (2) andt, is the boundary condition for the delayed shock
plasma expansion dynamics in the presence of a gas changave. The delayed shock wave model fits the experimental
with respect to the free-expansion dynamics followed inresults shown in Fig. 5 very well for times above thresholds
vacuum or for low pressures/short distante$®2*Under  of 0.80 and 0.49us for oxygen pressures of 18 and 1
these conditions, the plasma expansion process in a gas ambar, respectively. Extrapolating the simulations to long
vironment has been analyzed in terms of different modelslistances/times, it is clearly seen that the shock wave model
depending on the pressure range. For the early stages of epredicts an increasing function that is in contrast to the ten-
pansion and at low pressurés1 mbay, a drag model has dency to saturation predicted by the drag model. There is,
been considerefiwhich accounts for the scattering of the thus, no limit to the plume length within the framework of
ejected species by the gas atoms or molecifiéd?In this  the delayed shock wave model for pressures of‘lfbar,
model, the ejected species are considered as an ensemble thdiich is consistent with the results obtained during the
experiences a viscous force proportional to its velocity. Thegrowth of the BaTiQ films mentioned abov&!®1®
distanced from the target surface can be expressed as a A comparison of the fit of the experimental results to the
function of the timet at which the maximum of the transient two models considered shows clearly that the drag and shock
emission is observed according to the followingwave models are valid for the initial and final stages of the
equation>’?® expansion dynamics, respectively, with an intermediate
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being the only new feature observed. A distance-related pres-

1 20 mm sure threshold is observed above which a decrease of the
A 15 mm emission intensity and a slowing down of the ejected species
o} takes place, thus, suggesting a confinement of the plasma to
- 107 E o / regions close to the target for high pressures.
> o The slowing down of the ejected species has been ana-
g & p,o lyzed within the framework of the drag and shock wave
= gl Qb 4 mm models. It is concluded that the drag model describes well
l,?" o N the early stages of the expansion dynanigtsort distances
5% &)% %moo‘i/ whereas a delayed shock wave model is required for the final
A AR A.:"A AL DD stageqlarge distancesthe distance range of applicability of
20_3 o2 e 100 1‘61 02 each model being pressure dependent. Moreover, the delayed

shock wave model is also appropriate to describe the slowing
down of the ejected species above the distance-related pres-

FIG. 6. Delay of the maximum emission intensity with respect to the IaserSure threshold.

pulse ty) as a function of the oxygen pressure applied measured from the
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