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The expansion dynamics of the plasma produced by excimer laser ablation of BaTiO3 has been
studied by spatially resolved optical emission spectroscopy over a broad gas pressure range
(1027–40 mbar!, the gas being either reactive~oxygen! 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. ©1997 American Institute of Physics.@S0021-8979~97!02302-5#
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INTRODUCTION

Ferroelectric materials are very attractive for differe
technological applications such as nonvolatile random ac
memories, capacitors, surface acoustic wave devices,
nonlinear optical devices, among others.1 Many ferroelec-
trics, including BaTiO3, have a perovskite-type crystallin
structure that is similar to that of the high-Tc superconduct-
ors ~HTSC!.1,2 The success of pulsed laser deposition in p
ducing HTSC films has, thus, heightened the interest in us
this technique to produce films of materials with simil
structure, such as ferroelectrics.3

The plasma expansion dynamics produced by laser a
tion of HTSC targets has been widely studied.4–9These stud-
ies have shown that parameters such as the laser energy
sity or the gas pressure determine the nature,6,10,11 kinetic
energy,7–9,12 and distribution of species reaching th
substrate,12,13 thus, influencing the morphology, homogen
ity, and crystalline characteristics of the deposited films.13–15

Similar results have already been reported for BaTiO3 films,
since the ferroelectric response, the refractive index,
composition, and the crystalline orientation of the films ha
been found to depend on the laser energy density and ox
pressure.2,16–18 Therefore, the study of the influence of th
gas pressure on the plasma expansion dynamics is an im
tant issue to determine the optimum growth conditions
BaTiO3 films.

In an earlier work,18 we have reported that the chang
observed in the refractive index of BaTiO3 films grown at
gas pressures above 1021 mbar was related to a change
the plasma expansion dynamics for target–substrate
tances greater than the plume length. The aim of this work
thus, to analyze the expansion dynamics of the plasma
erated by laser ablation of a BaTiO3 target in the presence o
either a reactive~O2) or inert ~Ar! gas over a wide pressur
range (1027–40 mbar!. The nature and velocity of the spe
cies ejected from the target have been studied by spat
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resolved real-time emission spectroscopy. The results
analyzed in the framework of the drag and shock wave m
els, with the range of validity of both models being di
cussed.

EXPERIMENT

Laser ablation of BaTiO3 has been carried out using a
ArF excimer laser~l5193 nm,t512 ns full width at half-
maximum!. The target is mounted in a rotating holder a
placed in a vacuum chamber evacuated to a residual pres
of 1027 mbar. The laser beam is focused on the surface
the target at an incidence angle of 45° giving a laser ene
density of 2 J/cm2. In order to study the influence of ga
pressure on the plasma expansion dynamics, either oxyge
argon is dynamically allowed in the chamber up to pressu
of 40 mbar.

The plasma formed during the laser ablation proces
analyzed by means of spatially resolved real-time emiss
spectroscopy in the spectral range 380–620 nm and at
ferent distances from the target~0–20 mm!. The plasma
emission is imaged onto the entrance slit of a SPEX sp
trometer with magnification of32. Depending on the dis
tance to the target (d), two different slit widths were consid
ered in order to improve the signal-to-noise ratio. T
resulting spectral and spatial resolutions were: 0.03 nm
60 mm for d,14 mm and 0.1 nm and 130mm for long
distances. As has been described elsewhere,8,13,19 the light
emitted is collected by a photomultiplier~15 ns rise time!
that is connected to a boxcar averager for spectrum rec
ing, or to a 500 MHz digitizer for transient emission me
surements.

RESULTS

Figure 1 shows an emission spectrum recorded
vacuum at a distance of 2.4 mm from the target. There a
larger number of lines, most of them related to neutrals~Ba*,
Ti* ! and ions~Ba1* ,Ti1* ). No emission from oxidized spe
cies could be detected under any of the conditions stud
although emission from BaO* and TiO* was very carefully
looked for since the presence of these species has bee

,
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ported during laser ablation of YBaCuO~Refs. 4, 6, 10, and
11! and Ti:Al2O3 ~Ref. 20!, respectively. The emission line
are identified according to standard tabulations21 and those
studied on this work are marked with an arrow in Fig.
‘Table I summarizes the emission lines studied in this w
along with the electronic transition responsible for their pr
ence and the lifetime of the excited state.22 A strong contri-
bution from the continuum emission overlaps that of the
cited species in the neighborhood of the target (d,0.5 mm!.
This contribution has been reported during ablation of s
eral materials and it disappears when increasing the dist
from the target.7,8,19Figure 2 shows emission transients co
responding to the emission line at 553.6 nm~Ba* ! recorded
at a distance of 4 mm from the target in different enviro
ments: vacuum, 1 mbar of oxygen and 20 mbar of oxygen
is clearly seen that the presence of an atmosphere h

FIG. 1. Emission spectrum of the plasma produced by laser ablatio
BaTiO3 in vacuum (1027 mbar! recorded at a distance of 2.4 mm from th
target surface. The transitions marked with an arrow are those studied in
work.

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

Specie Wavelength Transition Lifetime~ns!

Ba1* 389.2 6d 2D3/2→6p 2P1/2
0 6

Ti* 394.9 y 3D1/2
0 →a 3F2 20

Ti1* 439.5 z 2F7/2→a 2D5/2 106
Ba* 458.0 6p2 1D2→6p 3P2

0 14
Ti* 490.0 y 3H5

0→a 3G4 •••
Ba1* 493.4 6p 2P1/2

0 →6s 2S1/2 10
Ba* 553.6 6p 1P1/2

0 →6s2 1S0 8
952 J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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strong influence on the observed emission. Both the emis
intensity maximum (I M) and the time at which this maxi
mum is observed (tM) are pressure dependent. Moreov
increasing the gas pressure also produces a broadening o
emission transients.

The dependence ofI M andtM on the oxygen pressure fo
the line at 553.6 nm~Ba* ! are shown in Figs. 3~a! and 3~b!,
of

his

FIG. 2. Emission intensity transients from the Ba* emission line at 553.6
nm recorded atd 5 4 mm from the target surface in~—! vacuum,~--! 1 mbar

of O2 and (. . . .) 20 mbar of O2.

FIG. 3. ~a! Maximum emission intensity (I M) and~b! its delay with respect
to the laser pulse (tM) as a function of the oxygen pressure applied. T
results are recorded at distances of~n, m! 4 mm, ~s, d! 15 mm, and~h,
j! 20 mm from the target surface and correspond to~j, d, m! the Ba1*
emission line at 493.4 nm and to~h, s, n! the Ba* emission line at 553.6
nm. The intensity recorded at 4 mm cannot be directly compared to
recorded at 15 and 20 mm since it has been recorded with a higher re
tion.
Gonzalo, Afonso, and Madariaga
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respectively, for three distances from the target: 4, 15, and
mm. Note that the highI M values for 20 and 15 mm are no
in the same scale than those for 4 mm, since in the for
two cases it was necessary to increase the width of the s
trometer slit to improve the signal-to-noise ratio. In all cas
I M increases with oxygen pressure up to a maximum va
that depends on the distance from the target, and then
creases sharply to zero for higher pressures. Both the p
sure at which the maximum ofI M is observed and that a
which I M becomes zero depend on the distance from
target; the higher the distance the lower the pressure. Fi
3~b! shows thattM remains constant and close to the val
obtained in vacuum, up to a pressure threshold that a
depends on the distance to the target. For pressures a
this threshold,tM increases sharply, this increase being co
sistent with the reduction in the ejected species velocity
has been widely reported in the literature in the presence
gas environment.4,5,7–9,12Figure 3~b! includes thetM values
not only for the emission line at 553.6 nm~Ba* !, but also for
that at 493.4 nm~Ba1* ). It is clearly seen that the results a
very similar for both species, with the same results obser
both for the maximum emission intensity curve, which is n
shown in Fig. 3~a!, and for the other species studied.

The influence of the gas pressure onI M and tM for the
different emission lines considered in Table I has been a
studied in an argon environment. The results obtained in
gon and oxygen show similar features as can be seen in
4, where the dependence ofI M on the gas pressure for bot
argon and oxygen is shown for the emission line at 553.6
~Ba* ! at 4 and 13 mm from the target. Although the emiss
is detected over a similar pressure range for the two
environments, the relative increase ofI M with respect to the
emission detected in vacuum depends on the nature of
gas, this increase being higher in argon than in oxygen. T
result is similar to that reported earlier during laser ablat
of HTCS.8

Figure 5 shows the dependence of the distance (d) from
the target at which the maximum emission intensity (I M)
occurs on the delay of this maximum with respect to the la
pulse (tM). The data have been collected for the emiss

FIG. 4. Maximum emission intensity (I M) of the Ba* emission line at 553.6
nm as a function of the gas pressure applied. Results are recorded eit
~m, j! oxygen or~n, h! argon at distances of 4 and 13 mm from the targ
surface.
J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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line at 493.4 nm~Ba1* ) in an oxygen pressure of 1021 mbar
@Fig. 5~a!# and 1 mbar@Fig. 5~b!#. The results obtained in
vacuum are also included for comparison and they sho
linear dependence over the whole range of distances
which emission could be detected. When an oxygen pres
is applied, the emission can be detected at greater dista
~;20 mm! and higher delays~;5 ms! than in vacuum~;10
mm and 1ms!. The dependence is no longer linear for d
tancesd . 10 mm at an oxygen pressure of 1021 mbar, or at
shorter distances for higher pressures. Similar features
observed for the other emission lines studied or when the
was changed to argon. The velocities calculated from
slope (d/tM) in the linear region are in the range 10–1
3105 cm/s for neutrals and 13–143 105 cm/s for ions. The
results obtained in a gas pressure are, thus, consistent w
slowing down of the ejected species due to interactions w
the gas species as has been pointed out above and w
reported.

DISCUSSION

The results presented here clearly show that the pla
expansion dynamics are strongly affected by the presenc
a gas environment. The emission intensity (I M) increases
significantly above a pressure threshold and is indepen

r in
t

FIG. 5. Distance at which the maximum emission intensity (I M) from the
Ba1* emission line at 493.4 nm is observed as a function of its delay w
respect to the laser pulse (tM). Results were collected in~a! 10

21 mbar and
~b! 1 mbar of oxygen pressure. The results obtained in vacuum~h! are also
included for comparison. The dashed line~--! shows the best fit obtained
using the dragmodel@d5 df@12 exp(2 bt)# 2 d0, withdf526mm,b50.45
ms21, d050.1 mm for 1021 mbar, and df515 mm, b50.67

ms21, d050.0 mm for 1 mbar#. The dot line (. . . .) shows the best fit
achieved with the delayed shock wave model@d 5 k8(t 2 ts)

2/5 2 d0, with
k8 5 (k/p)1/5 andk8 5 1.42, ts50.80ms,d050.3 mm for 1021 mbar and
k8 5 0.92, ts 5 0.49 ms, d0 5 0.3 mm for 1 mbar#. The full line shows the
free-expansion regime.
953Gonzalo, Afonso, and Madariaga
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of the reactive or inert character of the gas environm
@Figs. 3~a! and 4#. The lifetime~t! of the excited states stud
ied, shown in Table I, is always of the order of tenths of
while the time at which the maximum emission is observ
(tM) in the presence of a gas environment is of the orde
a few ms @Fig. 3~b!#. Since t!tM , the observed intensity
increase for pressures above a threshold value has to b
lated to species that have been excited during the pla
expansion due to either collisional excitations or to electr
impact excitation or to recombination.8,23,24The ionization of
the gas species provides the necessary free electrons to
mote excitation phenomena, and thus, an increase in
emission intensity.12,24 Nevertheless, the emission intensi
decreases above a pressure threshold that depends o
distance from the target. This behavior has been obse
before23,24and has been attributed to different processes s
as electron impact ionization of metastable species (A*
1 e2→A1 1 2e2), collisional quenching (A* 1 M slow→A1

1 M fast) ~Refs. 12 and 23!, or the confinement of the plasm
to a limited region at high gas pressures.6,8,24The former two
processes lead to the formation of ionized species and sh
induce an increase in their emission intensity that is not
perimentally observed. The latter process is, therefore, m
likely and is in good agreement with the sharp increase
tM observed at high gas pressures@Fig. 3~b!#. If we assume
that the amount of material ejected per pulse does not dep
on the gas pressure, the observed increase oftM suggests tha
the plasma expands more slowly at high pressures. The
sity of the plasma is, thus, increased in the region close to
target, promoting the confinement of the plasma. If the pr
sure is high enough, this confinement will become more e
dent and will be limited to a finite region close to the targ
therefore, the emission observed at longer distances from
target would tend to disappear. This reasoning is in v
good agreement with the behavior observed experimen
and shown in Fig. 3~a!: when the pressure increases, t
density of excited species~related toI M! at long distances
~i.e., 20 mm! is much lower than at short distances~i.e., 4
mm!. For the highest pressure~40 mbar!, the plasma has
been confined to distances from the target of less than 4
and consequently, no emission is detected even at this
tance.

The sharp increase oftM above a threshold of pressu
@Fig. 3~b!# or distance~Fig. 5! is a clear indication that the
plasma expansion dynamics in the presence of a gas ch
with respect to the free-expansion dynamics followed
vacuum or for low pressures/short distances.4,5,7,8,24Under
these conditions, the plasma expansion process in a ga
vironment has been analyzed in terms of different mod
depending on the pressure range. For the early stages o
pansion and at low pressures~,1 mbar!, a drag model has
been considered,7 which accounts for the scattering of th
ejected species by the gas atoms or molecules.7,8,10,12In this
model, the ejected species are considered as an ensemb
experiences a viscous force proportional to its velocity. T
distanced from the target surface can be expressed a
function of the timet at which the maximum of the transien
emission is observed according to the followin
equation:5,7,25
954 J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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d5df@12exp~2bt !#2d0 , ~1!

whereb is the slowing coefficient,df is the stopping distance
of the plume, andd0 is a boundary condition to take int
account the fact that it is necessary to wait a certain ti
interval, of the order of the lifetime of the excited stat
before emission occurs atd 5 0 ~Ref. 8!. The best fits to the
experimental results shown in Fig. 5 are also included in F
5, and it is clearly seen that the agreement is excellent for
initial states. For a pressure of 1 mbar@Fig. 5~b!# and for
times longer than 4ms, the drag model predicts distanc
slightly shorter than those observed experimentally. T
stopping distance~or length! of the plume obtained from this
model is 26 or 15 mm for oxygen pressures of 1021 or 1
mbar, respectively. These results are nevertheless in co
diction with the experimental results reported in t
literature,2,16,18which show that BaTiO3 films can be grown
under similar experimental conditions on substrates loca
at distances to the target larger than;26 mm.

At higher pressures, the formation of a blast wave h
been observed.4,5,25 Under these conditions the shock wa
model describes well the plasma expansion for a limi
range of distances that depend on the gas pressure4,5,7 and is
determined by~a! the distance from the target at which th
mass of the gas displaced by the ejected material is m
higher than the mass of the ejected material and~b! the dis-
tance from the target at which the plasma pressure beco
similar to the pressure of the gas environment. The exp
sion for the shock wave is

d5~k/p!1/5t2/52d0 , ~2!

whered, d0 andt denote the same parameters as in~1!, k is
a constant proportional to the laser energy density, andp is
the gas pressure. If one takes into account that the sh
wave model can strictly be applied only after the mass of
gas surrounding the shock wave is higher than the mas
the ablated material5,7 ~i.e., a timets after the laser pulse!, a
delayed shock wave should be considered as has been
gested elsewhere.25 In this case, the expression for the sho
wave becomes

d5~k/p!1/5~ t2ts!
2/52d0 ~2a!

where all the symbols denote the same parameters as in
~2! and ts is the boundary condition for the delayed sho
wave. The delayed shock wave model fits the experime
results shown in Fig. 5 very well for times above thresho
of 0.80 and 0.49ms for oxygen pressures of 1021 and 1
mbar, respectively. Extrapolating the simulations to lo
distances/times, it is clearly seen that the shock wave mo
predicts an increasing function that is in contrast to the t
dency to saturation predicted by the drag model. There
thus, no limit to the plume length within the framework o
the delayed shock wave model for pressures of 1021 mbar,
which is consistent with the results obtained during t
growth of the BaTiO3 films mentioned above.2,16,18

A comparison of the fit of the experimental results to t
two models considered shows clearly that the drag and sh
wave models are valid for the initial and final stages of t
expansion dynamics, respectively, with an intermedi
Gonzalo, Afonso, and Madariaga
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distance/time interval existing in which both models fit t
experimental results reasonably well. The limits of applic
bility of each model and the common interval in which bo
models can be applied clearly depend on the gas pressu

The sharp increase oftM shown in Fig. 3~b! suggested a
change in the plasma expansion dynamics that depend
the relationship between the pressure and the distance
the target. There is a first pressure interval seen in Fig.~b!
in which the values oftM show only a slight increase with
pressure~i.e., pressures lower than 5 mbar ford54 mm!.
For higher pressures, a sharp increase oftM is observed and
therefore, it is for these high pressures for which the sh
wave model most likely applies. From Eq.~2!, it is then
possible to obtain the dependence oftM on pressure for a
fixed distance5,8

t5~d5/k!1/2~p2ps!
1/2, ~3!

where all the symbols denote the same parameters as in~2!,
d0 has been neglected sinced0 ! d, and the termps has been
introduced to account for the pressure threshold above w
the shock wave is observed at the distanced from the target.
Figure 6 shows both the experimental results obtained for
emission line at 553.5 nm~Ba* ! and the theoretical fits
achieved using Eq.~3!. It is clearly seen that the shock wav
model fits the experimental results very well above
distance-related pressure thresholds (ps), which decrease a
the distance from the target increases~compareps58 mbar
at 4 mm to 43 1022 mbar at 20 mm!. It can, thus, be con-
cluded that the shock wave model describes very well
existence of distance-related pressure thresholds a
which the delays diverge from those observed in the fr
expansion regime occurring in vacuum.

CONCLUSIONS

The comparison of the emission spectra obtained du
the ablation of BaTiO3 in vacuum, oxygen, and inert argo
shows the same emission lines, the change in their inten

FIG. 6. Delay of the maximum emission intensity with respect to the la
pulse (tM) as a function of the oxygen pressure applied measured from
Ba* emission line at 553.6 nm at~n! 4 mm, ~s! 15 mm, and~h! 20 mm
from the target surface. The dashed line~--! shows the fit of the experimen
tal results obtained with the delayed shock wave model@ t 5 k9(p 2 ps)

1/2,
with k9 5 (d5/k)1/2, andk9 5 0.54, ps57.97 mbar for 4 mm,k9 5 5.48,
ps50.23 mbar for 15 mm, andk9 5 10.39, ps50.04 mbar for 20 mm#.
J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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being the only new feature observed. A distance-related p
sure threshold is observed above which a decrease of
emission intensity and a slowing down of the ejected spe
takes place, thus, suggesting a confinement of the plasm
regions close to the target for high pressures.

The slowing down of the ejected species has been a
lyzed within the framework of the drag and shock wa
models. It is concluded that the drag model describes w
the early stages of the expansion dynamics~short distances!
whereas a delayed shock wave model is required for the fi
stages~large distances!, the distance range of applicability o
each model being pressure dependent. Moreover, the del
shock wave model is also appropriate to describe the slow
down of the ejected species above the distance-related p
sure threshold.
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