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Abstract. The composition and homogeneity of barium ti-
tanate films grown by pulsed-laser deposition at different sub-
strate temperatures (room temperature,700◦C) and gas envi-
ronments (O2, Ar) in a broad pressure range (10−7–1 mbar)
are correlated to the plasma expansion dynamics. It is found
that the deposited films present an excess ofBa in the inter-
mediate pressure range (10−2< P< 10−1 mbar) and a peaked
distribution ofBa to Ti atoms ratio, that is not related to either
the substrate temperature or the nature of the gas environ-
ment. The results are discussed in terms of the dependence of
the plume length (LP) on the gas pressure and the existence
of scattering processes for distances (d) from the target lower
thanLP and the diffusion of the ejected species forLP< d.

PACS: 81.15 Fg; 77.84 Dy; 78.47 +p

Barium titanate (BaTiO3) is a promising material for the
fabrication of opto-electronic integrated devices such as non-
volatile random-access memories, thin film capacitors, or
infrared sensors [1], that require high-quality crystalline
and oriented films with smooth surfaces. Nevertheless, al-
though different techniques have been used to date to grow
BaTiO3 thin films, for example molecular beam epitaxy [2],
rf sputtering [3], plasma-enhanced MOCVD [4], sol–gel [5],
and pulsed laser deposition (PLD) [1, 6–10], the deposited
BaTiO3 films are in some cases amorphous or polycrystalline
and may even present a non-ferroelectric cubic phase.

Among all the deposition methods PLD is a very promis-
ing technique because of its ability to grow stoichiometric
films of complex oxides in reactive environments, provided
suitable experimental conditions are used. In fact, it has been
reported that it is possible to grow highly orientedBaTiO3
films, although the substrate temperature (TS) and the oxygen
background pressure appear as critical parameters that deter-
mine the final step of the film formation [1, 6–8, 10].TS deter-
mines the amorphous or crystalline character of the deposited
films, whereas the presence of anO2 environment not only
has an influence on the crystalline structure when growing
films at highTS, but it may also ease the formation of volatile
oxides during the film deposition. These volatile oxides may

be re-evaporated from the growing film and therefore modify
the film composition [1, 11]. In addition, prior to the arrival
of the ejected species at the substrate, the presence of a gas
environment has a strong influence on the expansion of the
laser-produced plasma. It modifies the kinetic energy [12–15]
and the spatial distribution of the ejected species present in
the plasma [12, 16–18], and it may also induce compositional
changes in the deposited films [1, 12, 17]. Therefore, a more
complete understanding of the influence of the different depo-
sition parameters on the structural and physical properties of
the films is required.

The aim of this work is then to correlate the stoichiom-
etry and material distribution of the deposited films with
the plasma expansion dynamics in a broad pressure range.
The composition, homogeneity and crystalline structure of
the films were analysed by Rutherford backscattering spec-
trometry (RBS) and X-ray diffraction (XRD), and spatially
resolved real-time optical emission spectroscopy was used to
study the nature and dynamics of the species present in the
plasma. The results are analysed in terms of the expansion dy-
namics of the plasma and the interaction processes between
the ejected species and the gas atoms or molecules.

1 Experimental

Laser ablation of a rotatingBaTiO3 ceramic target was per-
formed by using either a frequency-quadrupledNd:YAG laser
(λ= 266 nm, τ = 7 nsFWHM) or anArF excimer laser (λ=
193 nm, τ = 12 nsFWHM). The target was placed in a vac-
uum chamber evacuated to a residual pressure of10−7 mbar
and the selected laser beam was focused onto the target sur-
face at an incident angle of45◦. Films were grown in a broad
pressure range (10−7 to 1 mbar) either inO2 or Ar environ-
ments. In the case of theNd:YAG ablation, the films were
grown onMgO substrates held at700◦C and placed3.5 cm
from the target surface. In the case of theArF ablation, films
were grown onSi(100) substrates held at room temperature
(RT) and placed at3.1 cm from the target surface. In both
cases, the laser energy density was2 J/cm2 and the repetition
rate5 Hz.
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The plasma formed during theArF laser ablation of the
BaTiO3 target was imaged with×2 magnification onto the
entrance slit of a spectrometer (SPEX,0.05-nm resolution).
The plasma emission was analysed at different distances
from the target (0.4, 1.3, 1.5, and2.0 cm) as a function of
the gas pressure, the spatial resolution being130µm. The
emitted light was collected by a photomultiplier (15-ns rise
time), connected to a500 MHz digitizer for transient emis-
sion measurements. Further details of the experimental setup
can be found elsewhere [12, 13, 18].

Nuclear microanalysis was used to study the elemental
composition of the deposited films. The depth distribution of
Ba andTi cations and the film thickness were determined by
Rutherford backscattering spectrometry (RBS) using a4He+
beam and by simulating the results with the RUMP pro-
gram [19]. X-ray diffraction with aCuKα radiation was used
in the θ−2θ Bragg–Brentano geometry to determine the
crystallographic structure of the films deposited onMgO at
TS= 700◦C and the nature of the phases formed.

2 Results

Figure 1a shows the dependence of the relative content of
Ba (CBa= NBa/(NBa+NTi)) on the oxygen pressure of films
grown on heated (700◦C) MgO substrates. The plotted values
correspond to the thicker region of the films. The relative
content ofBa is close to that of the ideal composition of

Fig. 1a,b.Barium relative content (NBa/NBa+NTi ) as a function of the gas
pressure of films depositeda in O2 on heated (700◦C) MgO substrates and
b in O2 (4) or argon (◦) on Si substrates at room temperature. TheBa rela-
tive content is measured at the thicker region of the films and thelines are
only a guide

BaTiO3 (CBa=CTi = 0.5) for films grown either at low (P≤
10−2 mbar) or high (P ≥ 2×10−1 mbar) oxygen pressures,
whereas the films show a largeBa excess in the intermediate
pressure range,CBa being a maximum (CBa= 0.58) for films
grown at≈ 10−1 mbar.

The composition and structural characteristics of laser-
deposited barium titanate films might depend on the com-
bined effect of the substrate temperature (TS) and the gas
pressure. Therefore, in order to study the process responsible
for theBaexcess observed in the intermediate pressure range,
films were grown onSi substrates held at RT either inO2 or
in an inert (Ar) environment. Figure 1b shows the dependence
of theBa relative content (CBa) on the gas pressure. No sig-
nificant differences are observed in the results obtained either
in O2 or Ar. Furthermore, comparison of Fig. 1a and Fig. 1b
shows that theBa relative content follows a similar pattern
of behaviour to that observed for the in situ high-temperature
grown films: the composition differs from the stoichiometric
one only for films grown in the intermediate pressure range.

The presence of a gas environment during the film de-
position also induces a change in the angular dependence
of the film composition, as it can be seen in Fig. 2 for the
CBa/CTi ratio for films deposited onSi substrates held at
room temperature. Similar qualitative results are obtained in
O2 (Fig. 2a) andAr (Fig. 2b) environments. Films deposited
at low pressures (≈ 10−4 mbar) show an almost constant
CBa/CTi ratio at all measured angles. When the gas pressure
is increased to the critical value of≈ 10−1 mbar, theCBa/CTi
ratio of the deposited films is no longer uniform and shows
a maximum at the centre of the distribution. Finally, films
grown at higher gas pressures (≈ 6–9×10−1 mbar) show
an angular dependence on theCBa/CTi ratio similar to that
obtained in vacuum, but with a slightly lowerBa relative
content.

The absence of any significant effects related to the na-
ture of the gas was checked further by growing films at an
elevated substrate temperature (700◦C) either inO2 or Ar en-
vironments. The crystalline structure of the films was studied
by X-ray diffraction and Fig. 3 shows two typical X-ray spec-
tra obtained for films deposited inO2 andAr at 0.5 mbar. In

Fig. 2a,b.Angular distribution of the barium to titanium ratio (CBa/CTi ) of
films deposited onSi substrates at room temperaturea in O2 (N, •, �)
andb in argon (4, ◦, �) environments at (N, 4) 2.4×10−4 mbar, (•, ◦)
1.0×10−1 mbar, (�) 9.0×10−1 mbar, and (�) 6.0×10−1 mbar
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Fig. 3. XRD diffraction spectra for films deposited on heated (700◦C) MgO
substrates in5.0×10−1 mbarof O2 and argon

both cases, the two main peaks detected were identified as the
(100) and (200) diffraction lines characteristic of theBaTiO3
phase, thus indicating that the deposited films are strongly
textured, with theirc axis oriented along the direction perpen-
dicular to the substrate surface.

Finally, in order to analyse the influence that the presence
of a gas environment has on the plasma expansion dynamics,
we have studied the plasma emission by using optical emis-
sion spectroscopy. The emission spectra from theBaTiO3
laser-produced plasma was studied in the wavelength range
390–600 nmand in different environments: vacuum,O2, and
Ar. No emission from excited oxidised species (BaO∗ or
TiO∗) could be detected. The observed emission lines cor-
respond to neutrals (Ba∗, Ti∗) or ions (Ba+∗, Ti+∗) and were
identified according to standard tabulations [20]. In this study
the Ba+∗ (493.4 nm), Ti+∗ (439.5 nm), Ba∗ (553.6 nm), and
Ti∗ (394.9 nm) emission lines were considered. However,
since the gas pressure has a similar effect on the emission
characteristics of the different lines, only results related to the
Ba∗ emission line are presented. Further details of the plasma
expansion kinetics can be found elsewhere [13].

Figure 4 shows the dependence of the maximum transient
emission intensity (IM) (Fig. 4a) and its delay with respect
to the laser pulse (tM) (Fig. 4b) on theO2 pressure for the
Ba∗ emission line at two distances from the target surface
(0.4 and2.0 cm). For ease of comparison, the values ofIM
presented in Fig. 4a have been normalised to the maximum
intensity recorded for the emission at each distance. It is
observed howIM increases with the oxygen pressure up to
a maximum value that depends on the distance to the target,
and then decreases sharply to zero for higher pressures. The
pressures at which the maximumIM is observed and at which

Fig. 4. a Maximum emission intensity (IM ) andb its delay with respect to
the laser pulse (tM ) as a function of theO2 pressure applied. The results
are recorded at (4) 0.4 cm and (�) 2.0 cm from the target surface and cor-
respond to theBa∗ emission at553.6 nm. For ease of comparison, the data
plotted in a have been normalized to the maximum intensity measured at
each distance. Thedashed linesin a are only a guide

IM becomes zero also depend on the distance to the target;
the higher the distance, the lower the pressure. At0.4 cm the
emission is detected in the whole range (10−7 to 20 mbar), but
at 2.0 cm the range is much narrower (10−3 to 1 mbar). Fig-
ure 4b shows thattM remains constant and similar to the value
measured in vacuum up to a pressure threshold that again
depends on the distance to the target, whereas at higher pres-
surestM increases sharply. Similar features were observed
for the different emission lines considered in eitherO2 or Ar
environments.

3 Discussion

The high-temperature in situ growth of oxide films by PLD
depends not only on the incident flux of the various species
reaching the substrate, but also on the atomic phenomena tak-
ing place at the surface of the growing films. In general, the
flux of the species arriving at the substrate depends either on
the laser–target interaction, which may determine the nature
of the ejected species [18, 21], or on the plasma expansion
dynamics, mainly determined by the gas pressure [9, 12–15].
On the other hand the processes taking place at the surface
of the growing film, which determine the nature and stability
domain of the crystalline phases formed in the deposited ma-
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terial, are related to the substrate temperature (TS) and the gas
pressure (generallyO2) [1, 10, 11].

The results presented in Figs. 1a and 1b show that films
with similar composition are obtained when growing films ei-
ther at700◦C or RT, the film composition being dependent
only on the gas pressure. Moreover, the reactive character
of the O2 environment does not play an essential role, since
amorphous films with similar composition (Fig. 1b) and an-
gular distribution (Fig. 2) are obtained at RT, and textured
crystalline films (Fig. 3) are obtained at700◦C, in eitherO2
or Ar environments. Therefore, the results above presented
suggest that the changes observed in the film composition
should not be related to either the substrate temperature or
to the gas nature. They are related instead to the changes ob-
served in the plasma expansion process that takes place when
the pressure of the gas environment is increased. The increase
in tM observed when the gas pressure is increased (Fig. 4b)
evidences that the presence of a gas environment produces
the deceleration of the species present in the plasma, be-
cause of the interaction of the ejected species with the atoms
or molecules of the gas environment. If the pressure is high
enough, the gas environment may confine the plasma to a fi-
nite region [13, 14, 21], as is suggested in our experiments by
the high value oftM at d= 2.0 cm when the gas pressure is
increased (tM ≈ 12 000 nsat1 mbar) (Fig. 4b) and by the fact
that the range of distances from the target surface at which
the emission is observed decreases when the gas pressure is
increased (Fig. 4a). If we consider that the plasma expands
adiabatically once the laser pulse has ended, it is possible to
estimate the plume length according to the expression [22]:

Lp= A [(γ −1)E]1/(3γ) P−1/(3γ)V(γ−1)/(γ−3) , (1)

where A is a geometrical factor related to the shape of the
laser spot at the target surface,γ is the ratio of specific heats
(Cp/Cv), E is the laser energy per pulse,P is the gas pres-
sure, andV is the initial volume of the plasma (V ≈ v0τ ×
spot size,v0 being the initial species velocity andτ the laser
pulse duration). For a given set of experimental conditions
A, E, andV are fixed andγ can be estimated to be in the
range1.3–1.4 [22]. Therefore it is possible to rewrite (1) in
the form:

Lp=CP−1/(3γ) , (2)

whereC is a parameter that only depends on the experimen-
tal conditions. In a previous work [9] we showed that for
a given distance to the target (d), it is possible to estimate
LP experimentally from Fig. 4 by assuming thatLP≈ d for
the pressure at whichIM(d) becomes zero. The experimen-
tal and the calculated values obtained from (1) are plotted
in Fig. 5 as a function of theO2 pressure and the agree-
ment is very good. The extrapolation of the calculated curve
shows clearly that for our target–substrate distance (dTS) and
gas pressures below10−1 mbar, the plume length is longer
than the target–substrate distance (LP > dTS), whereas the
opposite (LP< dTS) is true for higher pressures. Therefore,
the film growth regime will be different for films grown at
pressures below and above≈ 10−1 mbar. This value is in ex-
cellent agreement with the pressure at which theBa relative
content has a maximum value as was shown in Fig. 1.

In the pressure range in which the films were grown
(P≤ 1 mbar) the interactions between the ejected species and

Fig. 5. Plume length (LP) determined experimentally from the (�) Ba∗
emission at553.6 nm as a function of theO2 pressure. Thefull line cor-
responds to the best fit obtained using the adiabatic expansion model
(LP=CP−1/3γ , whereγ = 1.4 andC= 1.7). The target–substrate distance
(dTS) used in the experiment (3.1 cm) is marked as adashed line

the gas atoms or molecules have been understood in terms
of the scattering of the ejected species by the gas atoms or
molecules [12, 14, 16–18]. In this case, the effect of the gas
environment on the angular distribution of the deposited ma-
terial film composition should be related to the mass and
size of the species present in the plasma. Assuming that
the plasma is mainly formed by atomic species (Ba andTi)
and considering a simple scattering model based on hard
spheres [16], it is possible to estimate the mean free path of
Ba or Ti atoms inO2 according to the expression [23]:

λ1= kBT/πPd2
12 , (3)

wherekB is the Boltzmann constant,T is the temperature of
the gas,P is the gas pressure, andd12= (r1+ r2) is the im-
pact parameter (r1 andr2 being the radii of the species 1 and
2). Taking into account the masses and atomic radii ofBa, Ti,
andO2 [24] (mTi = 48,mBa= 134,rO2 = 1.8 Å, rTi = 2.0 Å,
andrBa= 2.8Å) it is possible to estimate the mean free path
of Ba (λBa) and Ti (λTi) species in anO2 pressure. At low
pressures (P< 10−2 mbar) the values ofλBa andλTi are of
the same order or even larger than the target–substrate dis-
tance (dTS= 3.1 cm). Therefore, the scattering probability is
very low and the expansion velocity of the ejected species
will be similar to the observed in vacuum. This means that
the value oftM should remain very close to that measured in
vacuum in agreement with the experimental results plotted in
Fig. 4b. Furthermore, assuming that the sticking coefficient
of each element is equal to unity, the atomic composition
measured in the deposited films can be reasonably consid-
ered as a measurement of the flux of the incident species, and
therefore the angular distribution and composition of the de-
posited material should be similar to those of films grown in
vacuum (Figs. 1 and 2). When the gas pressure is increased
λBa andλTi decrease and the effect of the gas environment
becomes significant. At the pressure of10−1 mbar, when
LP≈ dTS, the calculated mean free paths areλBa≈ 0.08 cm
andλTi ≈ 0.13 cm. In this caseλBa∼ λTi � dTS and thus the
expected number of collisions that theBaandTi atoms would
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experience is high enough to consider that the dominant ef-
fect is that of the masses. Therefore, sincemBa>mTi, a lower
broadening of theBa angular distribution can be expected on
the deposited films. In such conditions the relative amount
of Ba species that travel along the normal to the target will
be higher than that ofTi, thus leading to a maximum in the
CBa/CTi ratio at the centre of the distribution. This reasoning
is in very good agreement with the results shown in Fig. 2.
Furthermore, this process depends only on the mass and size
of the ejected species and gas atoms or molecules. Thus, since
rO2 ≈ rAr and mO2 = 0.8mAr, the effect should be qualita-
tively similar inAr andO2 environments as is experimentally
observed (Figs. 1 and 2).

At higher pressures (P> 10−1 mbar) the plume length is
smaller than the target–substrate distance (Lp < dTS). There-
fore, once the ejected species have reachedLp and lost their
kinetic energy, they should be transported by diffusion from
LP to the substrate [15, 22]. As a consequence of the scat-
tering suffered by these species at distances shorter than the
plume length, their angular distribution at the plume bound-
ary (LP) is not the same forBa andTi as discussed above.
BeyondLp, and since the ejected species have been thermal-
ized [14, 16], their movement betweenLp and the substrate
is random. Therefore, the species initially having the broader
angular distribution (Ti) will provide a higher relative amount
of species in the forward direction (i.e. the center of the de-
posit) as they simulate a planar diffusion slightly better. As
a consequence, films grown at pressures above10−1 mbar
should exhibit not only a decrease in the thickness, as ex-
perimentally observed, but also a decrease of theCBa at the
center of the distribution when compared to the films grown at
10−1 mbar, (i.e. whenLP≈ dTS). Furthermore, this decrease
should be higher for higher pressures as experimentally ob-
served in Fig. 1.

4 Conclusions

The composition and the angular dependence of theBa/Ti
relative content of barium titanate films grown by PLD de-
pend only on the pressure and not on the nature (reactive or
inert) of the gas environment. At low gas pressures, the scat-
tering of the ejected species by the gas atoms or molecules
is the dominant process that determines the relativeBa/Ti
content of the deposited films. At high oxygen pressures, the
combination of the initial scattering and the further diffusion
that takes place once the ejected species have been thermal-
ized is the process that determines the film composition. The

combination of these effects leads to films enriched inBaand
with a peaked angular distribution ofBa to Ti ratio for those
pressures for which the plume length is close to the target-
substrate distance.
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