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Abstract. We show that by decreasing the laser fluence it is possible to improve the oxidation process
in manganite thin films under low background oxygen pressure, allowing the in situ use of conventional
Reflection High Energy Electron Diffraction diagnostic. Films deposited at low fluence (corresponding to
a deposition rate per pulse lower than 10™2 unit cells per laser shot) show a two-dimensional growth mode
and possess very good transport properties without the necessity of any further post-growth annealing
treatment. A physical model, based on the plume-background interaction as a primary mechanism of film
oxidation during growth, is proposed to explain the experimental findings.

PACS. 79.20.Ds Laser-beam impact phenomena — 81.15.Fg Laser deposition — 75.70.-i Magnetic properties

of thin films, surfaces, and interfaces

1 Introduction

Nowadays, several techniques, as sputtering [1], molecu-
lar beam epitaxy (MBE) [2] and pulsed laser deposition
(PLD) [3] are routinely used to prepare high quality thin
films of manganites. One advantage of the PLD technique
is that high deposition rates can be achieved by simply in-
creasing the laser repetition rate. This approach has been
exploited to impose a “two-dimensional” growth mode in
perovskite systems by the so-called “interval deposition”
method. This method consists of depositing one unit cell
layer thick in a very short time, this is followed by a much
longer pause during which the material can crystallise [4],
though precisely in this high-deposition rate regime it is
often difficult to fully oxidise each layer during deposi-
tion [5]. Optimisation of the magneto-transport proper-
ties of manganite films depends strongly on achieving the
correct oxygen stoichiometry. More importantly for the
fabrication of multilayer oxide heterostructures it is of-
ten crucial that each layer is correctly oxidised during
deposition. Two different mechanisms for film oxidation
can be envisaged: either direct vapour oxidation during
deposition or oxygen diffusion through the surface into
the film after deposition. The former mechanism is ac-
tivated by a background of oxidizing gas and depends
on the gas pressure, the latter by post-deposition oxidiz-
ing and annealing treatments. Oxidizing gases, such as
O3 [6], N2O [7] and ozone [8] have been used. The differ-
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ence in the minimum pressure of oxidizing background at-
mosphere, needed for depositing manganite films with op-
timal magneto-transport properties and without necessity
of any annealing treatments, is an important experimen-
tal difference between MBE and PLD: usually, the back-
ground oxidizing gas pressure is much higher in the case
of PLD (0.1-1 mbar compared with less than 10~° mbar
in the case of MBE) [9,10]. In order to obtain optimised
properties in the case of PLD in situ [11] or ex situ [12]
oxygen annealings have been used. The physical proper-
ties such as the metal-insulator transition temperature,
the temperature where the maximum electrical resistivity
occurs (Thr), and the colossal magnetoresistance effect
(CMR) can be strongly influenced by a modification of
the oxygen content due to post-growth annealings [13,14]
(for a more complete review on the oxidizing annealing
treatment see Ref. [15]).

However, the utilization of high oxygen pressure
(about 0.1-1 mbar) during the PLD growth severely re-
stricts the full analytical capabilities of conventional Re-
flection High Energy Electron Diffraction (RHEED) sys-
tem for in situ control of growth, though a technological
solution at high oxygen pressure (in the range between
0.1 mbar and 1 mbar) [16-19] has been proposed.

In this paper we explore manganite deposition by PLD
in the regime of low pressure (lower than 10~% mbar) and
low laser fluence, corresponding to deposition rates per
pulse <102 unit cells/pulse, in which the film oxidation
occurs primarily as a result of the interaction of the plume
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Fig. 1. RHEED intensity oscillations during the growth of a
Lag.67510.33MnOs3 film, corresponding to a deposition rate per

laser pulse of 0.042 A/Iaser pulse. In the inset the RHEED
pattern of a 100 unit cells thick film is shown.

with the background gas. We find that it is indeed possi-
ble to deposit high quality manganite thin films by PLD
in this regime with atomically flat surfaces, and without
the need for any in situ or ex situ post-growth annealing
treatment.

2 Experimental details

Lag.675r9.33MnO3 (LSMO) films deposition was carried
out using an excimer laser charged with KrF (248 nm
wavelength, pulse width 25 ns), varying the laser fluence
between 0.3-2.1 J/cm?. Substrates (5 x 5 mm? SrTiOj
(001) single crystals) were placed ~80 mm from the tar-
get on a heater at a growth temperature 7; ~ 650 °C. The
background atmosphere consisted of a mixture of Oy with
10% ozone. The average background pressure in the cham-
ber was fixed at 5 x 10™% mbar. The mixture of molecular
oxygen and ozone was injected through a narrow nozzle
placed in close proximity of the target and pointing to-
ward the plume. After the growth, samples were cooled
to room temperature in about 30 min in the growth at-
mosphere. No post-growth annealing treatments, either
in situ or ex situ, were carried out on the films. Reflec-
tion High Energy Electron Diffraction (RHEED) was used
in situ to monitor the surface quality. Due to the correla-
tion of the RHEED oscillations with the deposition rate
per laser pulse [20] it was possible to monitor the growth
rate through the intensity oscillations of the RHEED spec-
ular spot, for all the films deposited using different laser
fluences. As an example, in Figure 1, we show the specular
spot RHEED intensity oscillations during the initial stage
of the film deposition, corresponding to a deposition rate
per laser pulse of about 0.04 A /laser pulse, obtained using
a laser fluence of 0.3 J/cm?. In the inset of Figure 1 a typ-
ical RHEED pattern of a 100 unit cells thick film is shown.
The RHEED pattern of all the deposited films showed al-
most 2D features, independent of the deposition rate per
laser pulse used.
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Fig. 2. Resistivity versus temperature for two Lag.e7Sro.33
MnOs films grown, respectively at 270 pulses/unit cell (a) and
20 pulses/unit cell (b).
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Fig. 3. Metal-insulator transition temperature, Tasr, of
Lag.67Sr0.33MnOs3 films deposited by PLD at different growth
rates. The arrow pointing to the growth rate of about 20 pulses
per unit cell indicates the threshold for the occurrence of the
metal insulator transition.

3 Results and discussion

All films had the same thickness of 100 unit cells (about
400 A). The deposition rate per laser pulse was varied
whereas all other deposition parameters were left un-
changed. For such a thickness the presence of a magnetic
and electric “dead” layer [21], can be neglected. The resis-
tivity versus temperature measurements of LSMO films
grown at 0.3 J/cm?, which is near the ablation thresh-
old, show metallic behaviour with T, as high as 370 K,
comparable with the values obtained for the best single
crystals (Fig. 2a). Ty gradually decreases as the flu-
ence increases, and films grown at a fluence of 2.1 J/cm?
showed an insulating behaviour (Fig. 2b). The major ex-
perimental finding of our research is the strong depen-
dence of Th;r on the deposition rate per laser pulse,
shown in Figure 3. In order to check that such an ef-
fect could not be ascribed to a wrong cation stoichiom-
etry in films grown at higher deposition rates per pulse,
the film composition was confirmed to be equal to the
target, La(Sr):Mn = 0.7(0.3):1, by Rutherford Backscat-
tering Spectrometry. Furthermore, the structural quality
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Fig. 4. Isointensity contour plot in logarithmic scale of recip-
rocal space map around (103) asymmetrical reflection of an
optimised LSMO film grown on SrTiOs(STO) substrate. The
range of the logarithmic scale is from 18 to 15 000. Inset: (002)
symmetrical diffraction spectra.

of films grown at different rates was investigated by X-ray
diffraction (XRD) using a standard two-axes 6 —26 diffrac-
tometer in Bragg-Brentano focusing geometry. An addi-
tional axis allows the rotation of the sample around its
surface normal. The measurements were performed at the
Cu Ka wavelength. The perpendicular and the in-plane
lattice parameters were measured by symmetrical and
asymmetrical XRD, respectively. In symmetrical configu-
ration the 8 — 26 spectra also showed a notable size effect,
thanks to the high structural quality of the films along the
perpendicular crystallographic direction. In asymmetrical
configuration H—L reciprocal space maps around the (103)
reflection were performed in order to investigate the strain
and the epitaxial relationship between film and substrate.
All films resulted to be epitaxial relative to the substrate,
and no extra phases were detected.

The LSMO films were in plane matched to the SrTiO3
substrate (cubic with a = 3.905 A). According to the ten-
sile stress, the out-of-plane lattice parameters were found
to be contracted with respect to the bulk case. In Figure 4
we report the reciprocal space map around the asymmet-
rical reflection (103) for the optimised film, exhibiting a
Trr of about 370 K. Angular variables are transformed
in reciprocal lattice units (r.l.u.) and the map is presented
in terms of the H, L Laue indices normalized relative to
the lattice parameters of the STO substrate. In the in-
set, the (002) symmetrical reflection has been reported.
Within our experimental resolution, we can deduce that
the H-index has the same value for the film and the sub-
strate (103) peak, as an indication of the in-plane lat-
tice constant matching. Due to the presence of the tensile
strain the lattice parameter perpendicular to the plane re-
sults to be about 3.85 A, as deduced by the (002) reflection
and the value of the L-index of the (103) peak of the film
in the map. The perpendicular lattice parameter was ob-
served to increase from 3.83 A to 3.85 A with the decrease
of the deposition rate from 1.5x 107" to 1.4x 1072 A /laser
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Fig. 5. XRD spectra, of the (002) reflection, for four films de-
posited at the deposition rate per laser pulse of 1.4 x 1072,
32x107% 6.4 x 1072, 1.5 x 107" A/laser pulse, indicated
by continuous line, squares, circles and triangles respec-
tively. In the inset is showed the rocking curve of the (002)
LSMO reflection for a film deposited at a deposition rate of
1.5 x 107! A/laser pulse.

pulse (Fig. 5). Dho et al. [22] found a similar behaviour
in the perpendicular lattice parameter of Lag 7Srg.sMnOg
films increasing the background oxygen pressure. Such a
behaviour was ascribed to a partial relaxation of the more
oxidised films. The crystallographic quality of the films
was not affected by the change of the deposition rate per
laser pulse, as confirmed by the value of the full width at
half maximum of the rocking curve that resulted to be,
for all the deposited films, comparable with that of the
substrate, smaller than 0.08°. In the inset of Figure 5 the
rocking curve of the (002) reflection of the LSMO film, de-
posited at a deposition rate of 1.5 x 107! A/ laser pulse,
is reported as an example.

We ascribe the striking dependence of T);; on the de-
position rate per pulse to the different degree of oxidation
of the La g7Srp.33MnQO3 films. To prove that interaction
between plume and background atmosphere, rather than
direct oxidation of the film surface during the deposition
process, is responsible for the higher level of oxidation
of film deposited at lower laser fluences, we have intro-
duced pauses, several minutes long, after the deposition
of each unit cell in order to increase the oxygen diffusion
into the film. Several films have been grown in these mod-
ified conditions at different fluences, but no increase of
Ty has been detected. However, at a background pres-
sure of 5 x 10~* mbar we should be still in a collisionless,
vacuum-like regime, where interaction between plume and
background atmosphere is expected to be negligible, with
a mean free path of the order of tens of centimetres. On
the other hand, the observed interaction effects indicate
that the local background pressure in the plume vicinity
is at least 1072 mbar, with a mean free path smaller of
one centimetre, where frequent collision processes start to
occur between the expanding plume and the background
gas [23]. A large increase of local background pressure in
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the proximity of a thin nozzle has been observed in similar
experiments [24].

Calculations in reference [25] have shown that, in
the collision regime, the plume front is strongly com-
pressed and a compressed layer of the background gas,
in front of the plume, is quickly “snowploughed” by the
expanding plume. Under our experimental conditions, the
density of the unperturbed background gas can be esti-
mated to be about 10'* cm™3. The plume density, esti-
mated from the amount of deposited atoms onto the sub-
strate for each laser pulse, can be estimated to be about
10'2-10" cm—2 for the deposition rate of 0.02 A/laser-
pulse and 0.4 A/ laser-pulse respectively. These densities
were much lower than the background gas density in
the compressed layer (about 106 cm=3 from Ref. [24]),
which moves together with the expanding plume. It is now
very likely that strong plume oxidation takes place in the
mixing region where the interaction between the ablated
material and the background gas is maximum. A demon-
stration of this effect on a different system is given in refer-
ence [26], in which the expansion of an Al plume in molec-
ular oxygen was investigated and the formation of A1O was
detected in the mixing region. In these conditions, the ex-
panding plume can drag most of the background gas po-
sitioned in front of the plume. As a consequence, the ratio
between the density of the background gas and the ablated
species, in the mixing region, would be higher in the case
of a lower growth rate. Furthermore, in the present case, a
larger amount of atomic oxygen is expected in this region
as a consequence of the frequent collisions between ozone
molecules in the background atmosphere and the high-
energy plasma particles. These phenomena can explain
why lower fluence, and growth rate, yield higher plume
oxidation and consequently higher Th/;.

4 Conclusions

In this paper we studied the properties of manganites
films, deposited by PLD in low background pressure con-
ditions (<1073 mbar), as a function of the fluence. We
have demonstrated the fundamental role played by the
fluence in order to optimise the oxidation process of the
plume. We have correlated the film oxygen stoichiometry
with the fluence, and consequently with the plume oxidiza-
tion. We have obtained high quality as-grown manganite
films using the in situ RHEED diagnostic at low oxygen
pressures (1071073 mbar). The resulting films possess a
high metal-insulator transition temperature (Tasr), with-
out necessity of any further post annealing treatment. We
explained the experimental results by a physical model
based on the interaction of the expanding plume with the
oxidizing background gas.

We would like to acknowledge useful discussions with R.
Bruzzese and S. Amoruso.
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