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Abstract
For thin film synthesis of complex oxides, one of the most important issues has always been how to oxidise the material. For a
technique like pulsed laser deposition, a key benefit is the relatively high oxygen background pressure one can operate at, and
therefor oxidation should be relatively straightforward. However, understanding the microscopic oxidation mechanisms turns out
to be rather difficult. In this perspective, we give a brief overview of the sources of oxidation for complex oxide thin films grown
by pulsed laser deposition.While it is clear what these sources are, their role in the kinetics of the formation of the crystal structure
and oxygen stoichiometry is not fully understood.
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1 Introduction

The role of pulsed laser deposition for (superconducting) ox-
ides became of significance with the announcement by the
Venkatesan group in mid-1987 [1] that they were able to grow
thin layers of the early-1987 discovered by Chu et al. [2] high
Tc material YBa2Cu3O7-d (YBCO). In the seminal paper by
Dijkkamp et al., it was recognised that with the technique
pulsed excimer laser evaporation (now commonly known as
pulsed laser deposition while other terms are also used in
literature: laser sputtering, laser-assisted deposition and an-
nealing, pulsed laser evaporation, laser molecular beam epi-
taxy, laser-induced flash evaporation, laser ablation, etc. [3]),
superconducting films were produced of this material. More
importantly, they have shown that the complex (‘123’) stoi-
chiometry of the target material was retained in the thin layer,
as was measured by RBS. To quote the authors: ‘As to the
mechanism of the deposition, we feel that the similarity in
stoichiometry between the bulk material and the deposit is
due to the highly nonequilibrium nature of pulsed laser
heating’… ‘...material is most likely ejected in the form of

fairly large molecular clusters, which may explain the preser-
vation of the stoichiometry in the deposited film, in particular
the high oxygen content’. In the years that followed, a lot of
attention was paid to the nature of the laser-target interaction
and the influence of the laser parameters on the quality of the
thin films. For example, in the table taken from Norton et al.
[4], it can be seen how the different parameter settings were
prioritised in terms of their role in the formation of an epitax-
ial, crystalline film (Table 1).

To better understand the ‘miracle’ of stoichiometry in PLD,
the modelling and experimental study of plasmas have taken a
prominent role very early on, revealing a transient and highly
complex mixture of constituents, ranging from atoms, ions,
molecules and larger clusters [5]. Of particular interest to most
researchers has always been the cation stoichiometry arriving
at the substrate surface (and with the relative angle to the laser
focal point), both as a function of ablation parameters that
were used as well as the exact pressure and composition of
the background gas. Some noteworthy examples from litera-
ture are studies on the laser-target interaction in relation to the
stoichiometry of the thin film [6–9] on plasma dynamics
[10–21] or in particular the effect of substrate heating on the
plasma heating [22–24]. For complete reviews on the PLD
technique, recommended texts are given in [25–27]. From
these studies, it is clear that both the background gas used
and its pressure play a prominent role in the temporal devel-
opment of the plasma plume as well as the oxidation of the
film material.
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Next to the study of the typical PLD parameters, in situ
monitoring of the growth kinetics has also led to various
models on the surface kinetics, mostly based or derived
from existing models developed for metals and ‘standard’
semiconductors. While we refrain from an in-depth discus-
sion here and refer to existing literature [e.g. 28–30], we
would like to emphasise that PLD is characterised by a
very high ‘instantaneous’ deposition rate due the inherent-
ly pulsed nature of deposition. That leads to very high
nucleation rates and typically high step densities, which
results in high growth rate just after the deposition pulse,
a feature that sometimes can be exploited when dealing
with species of high volatility. However, a complete pic-
ture of the oxidation chemistry inside the plasma and the
role of the surface chemistry has been largely ignored to
date. For example, the effect of oxidation and termination
on diffusivity cannot be explained by the existing models.

In this perspective, we will give a brief overview of the
current state of knowledge on the origins of oxygen in
complex oxide thin films grown by PLD (possibly relevant
for other methods as well) and an outlook for the coming
years on. We will not be able to answer all the above ques-
tions but instead we will highlight the important clues from
experiment to stimulate the development of new models
and experiments.

2 Origin of Oxygen in Complex Oxides Grown
by PLD

2.1 Some Historical Notes

Interestingly, going back to the Dijkkamp paper [1], the au-
thors described that the first YBCO films were grown in a
background pressure of about 10−7 mTorr with the substrate
kept at 450 °C. These films required a post-annealing step to
obtain superconductivity (see left panel of Fig. 1 for the
resulting conduction properties of the films obtained this way).

Approximately 1 year later, researchers reported fully epi-
taxial superconducting thin films (see middle panel of Fig. 1),
grown at much higher temperature (> 700 °C), using a much
higher oxygen background pressure in the range of 0.1–
0.3 mbar [31] resulting in nearly perfect (super)conducting
YBCO thin films [32]. The reported increase in (oxygen)
pressure marked another important step in the synthesis of
oxide thin films, as none of the other existing physical vapour
techniques operated at such conditions (often activated forms
of oxygen have to be introduced, such as ozone or atomic
oxygen [33, 34]). The authors claimed at the time the PLD
technique to be a true ‘one step’ procedure, whereas in reality,
it was known that the superconducting phase would only form
upon cooling while increasing the oxygen background to

Table 1 Relationship between processing parameters and the microstructure development in thin films

Category Parameters Effect on process Possible effects on microstructure

Primary Laser wavelength
Laser power density
Laser pulse repetition rate

Thermal or non-thermal evaporation
Ratio of neutral to ionic species in the plasma

Retention of target stoichiometry
Formation of metastable microstructures Particulates

Secondary Substrate temperature
Oxygen partial pressure

Kinetic energy of ejected species
Surface mobility of ablated species
Oxygen content of film

Formation of metastable microstructures
Establishment of epitaxy
Control of crystal structure (orthorhombictetragonal)

Tertiary Substrate-pellet distance
Irradiated spot size

Film thickness
Thickness distribution across substrate

Not known

Taken from [4] with permission

Fig. 1 (left panel) Four-point probe resistance vs temperature
measurements for two films of approximately 300-nm thickness,
annealed as described in the text. (Solid line) On a (100) SrTiO3

substrate; (dotted line) on Al2O3 with resistivity in arbitrary units,
following a two-step process, taken from [1] with permission; (middle

panel) temperature dependence of the resistance of an YBa2Cu307-d film
on (00l)-SrTi03 grown at higher oxygen partial pressures, taken from [31]
with permission; (right) resistivity vs temperature plot of an early
YBa2Cu307-d thin film at fully optimised PLD conditions, taken from
[32] with permission
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several 100 mbar. In terms of crystallisation, it was shown that
using the PLD technique, one could form complex oxides
over a large range of oxidation conditions (see also discussion
below).

2.2 Three Sources of Oxygen

In principle, one can distinguish three sources of oxygen dur-
ing PLD: background by an oxidising gas such as O2, NO2 or
ozone (provided that the base pressure of the vacuum system
is sufficiently low), target/plasma and substrate. As was early
on recognised and also remarked above, for PLD, there is no
real upper limit to the background pressure that can be used.
Yet, it must be said that as a vapour phase deposition tech-
nique, 1 mbar is roughly the practical boundary above which
significant nucleation of larger particulates occurs [35] in the
‘plasma’ that expands towards a substrate and cools, a feature
that nowadays is used as a nanoparticle synthesis technique.
Therefore, a deposition can typically take place over 6 orders
of magnitude of oxygen partial pressure, which is a true ben-
efit when growing complex oxides consisting of various (tran-
sition metal) elements with different affinities for oxidation.

Chen et al. determined quite elegantly by 18O experiments
whether oxygen in the film originates from the background or
somewhere else, as a function of background pressure [36].

As one would expect, oxygen from the background became
increasingly prominent in the films with increasing back-
ground pressure. This is both an effect of the increased inter-
action (collisions) of the ejected atoms and molecules (see
Fig. 2 as an illustration of the visible changes of the plasma
plume as a function of background pressure), as well as an
enhanced direct exchange of the background oxygen with the
grown layer.

Regarding the plasma/target as a separate source of ox-
ygen, in 1998, it was shown by Lopez et al. that if imme-
diately (within a few seconds) after growing YBCO at
standard conditions the film would be quenched, supercon-
ductivity was still measured [37, 38]. In Fig. 3, Tc,0 is
plotted as a function of substrate-to-target distance. Also,
the oxygen pressure during growth was varied. Tc,0s up to
50 K were observed whereas films that were allowed to
equilibrate to room temperature at a fixed background
pressure were semiconducting, as expected. The authors
conclude that activated (atomic) oxygen must have been
present during deposition, which is known to have a much
higher effective oxidation power compared to molecular
oxygen. Both the target as well as the collisions in the
plasma plume could be sources of this activated oxygen.

Furthermore, several experiments pointed to the sub-
strate as a source of oxygen, in particular when the

Fig. 2 Photograph of the laser-
induced La0.6Sr0.4MnO3 plasmas
in vacuum at various pO2

[36].with permission

Fig. 3 Critical temperature (R =
0) of quenched films as a function
of the target substrate distance for
different oxygen pressures, taken
from [37] with permission
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deposition took place at relatively low oxygen back
ground pressures. In Fig. 4, it was shown that when
SrTiO3 was grown on substrates impregnated with 18O,
SIMS performed after growth detect its presence in the
film [39]. At higher temperatures, more 18O from the sub-
strate ended up in the film, presumably by diffusion. Very
recently, it was shown by the Wurzburg group using XPS
that d1-Ti would poorly stabilise on a substrate prone to
forming oxygen vacancies [40] and could act as a source
for oxygen rendering d0-Ti in the film (see Fig. 5). Either
the usage of a blocking layer or a more stable substrate
material would prevent the oxidation of Ti, leaving more
d1-Ti in the film, as the authors originally had set out to
achieve.

2.3 Growth Kinetics

To be able to correlate oxidation to the growth kinetics of
complex oxides, we first describe a more indirect experiment
that was conducted by Groenen et al. [41]. They grew
SrTiO3 thin films on SrTiO3 substrates varying the film
thickness. The experiment entailed the comparison of the
thickness inferred from both RHEED oscillations (nominal
thickness dest) (see right panel of Fig. 6) and XRD Laue-
fringes (measure thickness dfit) (see left panel of Fig. 6). The
fact that in XRD a film Bragg peak was at all visible was
due to the fact that the films were grown at conditions where

Fig. 4 a 18O SIMS depth profile of SrTiO3 on SrTi18O3 grown at Ts =
750 °C, 650 °C, and room temperature (pO2 = 1.5 10−5 mbar). b The
sharp drop of the 18O signal near the SrTiO3 surface for the film grown
at TS = 750 °C; taken from [39] with permission

Fig. 5 Ti 2p3/2 XPS spectra of
LTO films prepared on various
substrates. a A strong impact of
the substrate choice on the
titanium valence is detected. b
Oxygen out-diffusion from the
different substrates into the LTO
films (see text for details). Taken
from [40] with permission
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a slight off-stoichiometry was to be expected, giving rise to
a slightly different average unit cell size in the thin layer
compared to the stoichiometric substrate material.
Surprisingly, a thickness difference of about 10% was mea-
sured, which is well outside the range of error when
counting RHEED oscillation to determine growth rates.
Upon closer inspection of the specular RHEED intensity
while depositing, one can clearly see strong oscillations for
the first unit cells, with a typical cusp-shape for so-called
layer-by-layer growth. However, after a certain thickness (8,
11 and 7 for the three thicknesses, respectively, see right
panel of Fig. 6), the oscillation ceases and the RHEED pat-
tern becomes that of a more 3D type surface (not shown),
indicative of 3D island growth. The authors reasoned that
despite the fact that under the conditions used, an expected
lack of oxidised Ti arriving on the surface would lead to off-
stoichiometry and reduced kinetics, oxygen available from
the substrate would diffuse to the surface and help overcome
the unfavourable conditions and sustain perfect growth, in-
distinguishable from the substrate for XRD, but only for a
certain thickness. The discrepancy between the expected
thickness (dest) and measured thickness (dfit) matched the
perfect growth layer for all three samples.

Next, using an advanced laser-induced fluorescence
technique, a full compositional spatio-temporal map of
the plasma plume became a reality [42, 43]. These

measurements revealed oxidation of the transition metal
species in a relatively narrow pressure window, typically
from 10−2 to 10−1 mbar. With this insight, a relation was
made to the type of growth mechanism of thin films and
the arrival of certain oxidation states of these species [44].
For SrTiO3, it was concluded that sticking and surface dif-
fusivity leading to perfect layer-by-layer growth and stoi-
chiometric (Sr:Ti = 1:1) films are connected to the arrival
of fully oxidised Ti4+ species. A similar story holds for
other compounds, such as SrVO3 (‘optimal’ species V4+,
which means SrVO3 can be over-oxidised at too high pres-
sures) [45] and it is hypothesised that many of the optimal
conditions of complex oxide materials as reported in liter-
ature can be ‘explained’ [46]. Even when using non-oxide
substrates, for example in the case of oxide growth on Si
with a native oxide present [47], similar considerations are
relevant.

3 Outlook and Conclusions

We look forward by first bringing a few unusual observations
regarding growth kinetics to the attention. The first example is
the step flow-like growth seen for perovskite SrRuO3.
Rijnders et al. observed that during the deposition of the first
few monolayers of this material, a change from layer-by-layer

Fig. 6 Left: XRD simulation
results shown at three different
thicknesses. Samples were grown
at 0.01 mbar partial oxygen
pressure and a total pressure of
0.08 mbar, aimed thickness
derived from initial growth speed
is respectively 75ML (a), 100ML
(b), and 150ML (c). Right:
corresponding specular RHEED
intensity recorded during
deposition. The insets show the
AFM topology of the substrates
on which the films are grown,
taken from [41]
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growth to step flow-like growth occurs, which was linked to a
switch in the terminating layer at the surface, i.e. from B-side
RuO2 to A-side SrO, respectively [48]. Another remarkable
observation that wasmade is the extreme wetting difference of
PLD grown SrRuO3 on the two different terminations of an
untreated DyScO3 substrate (see Fig. 7). Due to the strong
difference in diffusivity, only growth takes place on the B-
side terminated terraces [49], leading to crystalline ribbons
of film material instead of a uniform layer. Other examples
of the sensitivity of the growth kinetics on the terminating
layer have been reported, for example BiFeO3 [50]. We note
here that typically these materials are grown under ‘high pres-
sure’ conditions (pO2 > 0.1 mbar) resulting in oxidised cation-
ic species arriving on the surface. To our knowledge, this
sensitivity to termination is not observed in the low-pressure
regime and therefore, we assume that the combination of ter-
mination and oxidation state of the arriving species are inti-
mately responsible for the observed surface kinetics.

We conclude that the sources of oxygen in PLD complex
oxide thin film growth have become clear and should be con-
sidered with every new film-substrate combination or
heterostructure while looking for the optimal growth condi-
tions. In our opinion, it is necessary to develop experiments

and new kinetic models for the growth of complex oxides. The
observations related to surface termination and kinetics hint to
the microscopic and complex surface diffusion mechanisms
that deserve our attention in the future.
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