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Atomically resolved scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) are
used to gain atomic-scale insights into the heteroepitaxy of lanthanum-strontium manganite (LSMO,
La; ,SrMnOs_5, x = 0.2) on SrTiOs(110). LSMO is a perovskite oxide characterized by several
composition-dependent surface reconstructions. The flexibility of the surface allows it to incorporate

nonstoichiometries during growth, which causes the structure of the surface to evolve accordingly. This
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happens up to a critical point, where phase separation occurs, clusters rich in the excess cations form at

the surface, and films show a rough morphology. To limit the nonstoichiometry introduced by non-
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1. Introduction

Perovskite oxides dominate a host of established and emerging
technologies due to their extraordinary tunability."* Charac-
terized by the chemical formula ABOj;, perovskites and related
crystal structures can accommodate about 30 elements on the A
site and over half the periodic table on the B site.® This opens up
the attractive possibility to control the interplay between spin,
charge, orbital, and lattice degrees of freedom and achieve
unique properties.* One example is La; ,Sr,MnO; ,
(lanthanum-strontium manganite, LSMO), which shows
doping-dependent transitions from metal to insulator and from
(anti)ferro- to paramagnetic, as well as interesting catalytic
properties.®™°

Because of their high sensitivity to stoichiometry and crystal
structure changes,'* the properties of perovskite oxides are best
explored by working with single-crystalline samples or bulk-like
epitaxial thin films. The growth of ideal perovskite-oxide films is
challenging, however. In pulsed laser deposition (PLD) - the
technique of choice for multielement oxides - many parameters
can affect preferentially one element or another in the
compound. These parameters include the laser energy density,
spot size, pulse duration, deposition geometry, pressure and
nature of the ambient gas, and deposition rate."*** Depending
on the precise values of the deposition parameters (sometimes
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optimal growth conditions, it proves useful to monitor the changes in surface atomic structures as
a function of the PLD parameters and tune the latter accordingly.

hard to reproduce in different laboratories'*'*'”), elements may
be preferentially ablated at the target, preferentially scattered by
the background gas, and have preferential sticking to the
substrate.” Put simply, stoichiometric targets do not warrant
stoichiometric films. The crystallinity, morphology, and other
macroscopic properties are also influenced. The effects are
more pronounced at thicknesses larger than a few nanometres.
LSMO films exemplify the struggle. Their morphology, compo-
sition, transport, and magnetic properties are highly sensitive
to the growth conditions.’®'** Crystalline precipitates during
nonstoichiometric growth are common.?*?*

The causes for morphological roughening are numerous and
intertwined. In the simple case of one-component films, depo-
sition rate, energetics, attachment kinetics at step edges,
mechanical stress, angle dependent rate, capillarity, viscous
flow, and nucleation are known to be relevant.>’*> These effects
are expected to play a role also within the growth of perovskite
oxides. This work demonstrates that additional effects — not
considered in traditional models and related to the surface
atomic details of the growing films - are important for under-
standing and controlling the complex growth behaviours of
perovskite oxides.

Perovskite oxides are known to exhibit a host of composition-
dependent atomic-scale surface structures (also named surface
reconstructions).*** Previous studies on SrTiO;(110) have
already shown that these reconstructions are critically impor-
tant during epitaxial film growth. If the deposition parameters
are not optimized and the growth is nonstoichiometric, excess
cations can segregate to the film surface® and alter its atomic
structure. The nonstoichiometry of the deposited material
might be minute but its influence on the surface atomic struc-
ture can be detected by reflection high-energy electron
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diffraction (RHEED),"* low-energy electron diffraction (LEED),
and scanning tunneling microscopy (STM).** Importantly, these
changes can alter the growth mechanisms*>** and the surface
morphology: if reconstructions with different sticking proper-
ties develop and coexist on the surface, pits might develop on
the low-sticking areas.™

The existence of surface reconstructions does not solely
bring negative implications. As it was shown for SrTiO3,* it also
opens up attractive opportunities. In cases where all the intro-
duced non-stoichiometry segregates to the surface of the
growing film, optimal growth conditions and stoichiometric
growth with virtually unlimited accuracy can be achieved by
monitoring the changes in the surface atomic structure as
a function of film thickness and deposition parameters.*

This work builds on previous studies on SrTiO; homoepitaxy.
It focuses on LSMO films deposited on well-defined SrTiO5(110)
substrates (see Section S1 of the ESIt for details on the setups and
the growth) ref. 58. It investigates how the surface atomic struc-
tures of LSMO evolve during growth as a function of different
parameters and film thicknesses, and how to leverage such
changes to optimize the deposition parameters. The concepts are
showcased by depositing under controlled conditions, where one
parameter at a time is carefully modified - in this case, the value
of the O, background pressure (po,) within the incongruent
transfer regime, where the lighter Mn species scatter more than

pO, during growth
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the heavier La and Sr, leading to enrichment in La and Sr (Mn) at
higher (lower) O, pressures. The surface evolution is monitored
with XPS and STM. Akin to SrTiO;, non-stoichiometries shift the
surface atomic structure along established surface phase
diagrams, following their substantial segregation to the
surface.**** When the excess material cannot be accommodated
by a suitable surface reconstruction, it precipitates in the form of
clusters rich in the excess cations. Nonetheless, appropriate
ultrahigh vacuum (UHV)-based surface treatments can heal the
surface. A method is presented to optimize the PLD parameters
to grow high-quality multielement films. Different from typical
practices, it does not rely on ex-situ, post-mortem, bulk analyses.
Rather, it leverages the changes in surface atomic structure that
follow the partial segregation of non-stoichiometry. Ex-situ bulk
analyses are offered to support the quality of the films and
provide a link with standard characterization techniques.

2. Insights into the growth of
LSMO(110)

This section addresses the role of po, during PLD on the
morphology and composition of LSMO(110) films. Fig. la—c
show the STM morphology of three thin films grown at po,
values ranging between 5 x 10~° mbar and 0.2 mbar (all other
parameters are nominally the same: 1 Hz laser repetition rate,

3x 1072 mbar
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Fig.1 Effect of po, during PLD on the morphology and composition of LSMO(110) films. (a—c) Top row: 300 x 300 nm? STM images (Vsample =
+2 V, liunnet = 0.2 nA) of thin films (9 layers, = 2.5 nm thickness) grown at 1 Hz, 1.9 J cm™2,700 °C, and 5 x 10> mbar = po, = 0.2 mbar; bottom
row: 15 x 15 nm? STM images, high-pass-filtered for displaying purposes. (d) XPS intensity ratios of Mn 2p, La 4d, and Sr 3d peaks as a function of
Po,: lower po, yields Mn-richer surfaces (the analysis includes an additional datapoint of a 9-layer-thick film grown at 5 x 10~% mbar). Note that
the Sr signal originating from the substrate cannot be decoupled from the one in the film.
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1.9 ] cm 2 laser fluence, 700 °C substrate temperature). All films
have the same thickness of =2.5 nm or 9 layers, where one layer
corresponds to the separation between two (110) planes,
=0.276 nm.

In Fig. 1, all films appear atomically flat on the scale of a few
hundred nanometres (top row). On a smaller scale (bottom
row), different surface structures with different periodicities
(i.e., different surface reconstructions) are evident. The same
reconstructions were observed by depositing sub-monolayer
amounts of Mn on a stoichiometric film in order to establish
a quantitative surface phase diagram of LSMO(110).*
Comparing this phase diagram with Fig. 1 reveals that the films
grown at lower pressures exhibit reconstructions richer in Mn.
This is confirmed by the XPS analysis of Fig. 1d. Note that the
variation of the Mn/La XPS intensity ratio (Fig. 1d) by more than
a factor of 1.6 is much higher than what would be possible in
perovskite-type LSMO according to the bulk phase diagram.*
While STM shows different surface reconstructions (Fig. 1a-c),
all these surface phases are based on the same perovskite lattice
of the underlying layers.** There is no evidence for the forma-
tion of different phases in the deeper layers of these films. This
indicates that the stoichiometry variations at the surface are
larger than in the deeper layers of the film.

Fig. 2 displays the intensity of the specular RHEED spot
versus the deposition time for three po, values. All depositions
occur in a layer-by-layer mode (one RHEED oscillation equals
one layer). Higher pressures produce longer periods, an indi-
cation that less material reaches the substrate. Moreover, the
intensities of the minima and maxima differ for the three films.
This is not necessarily always an indication for better or worse
layer-by-layer growth, however. The different surface recon-
structions developing during growth (Fig. 1) could potentially
cause diffraction conditions different from the starting point,
which may explain some amplitude variations of the intensity
oscillations.” Nevertheless, the more pronounced decay
observed in Fig. 2a probably indicates the slightly rougher
surface morphology of the corresponding film (observed in
STM, not shown here).

Growing thicker films at the same conditions as in Fig. 1a-c
induces dramatic morphology changes, see Fig. 3. The lowest
and highest pressures (5 x 10~ mbar, Fig. 3a; 0.2 mbar, Fig. 3c)
produce new features a few nanometres in height, located
mainly at the step edges and poorly conductive, as judged
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by the behaviour of STM. At the intermediate pressure of
4 x 1072 mbar, the surface preserves its flatness up to a thick-
ness of 132 nm. Note that the imperfect films shown in Fig. 3 are
significantly thinner: clusters appear at thicknesses of only 5.5
and 11 nm in Fig. 3a and c, respectively.

The bulk properties of films without clusters were charac-
terized with RBS and XRD, see Fig. S1 and S2, ESI.} The films are
stoichiometric and crystalline. RBS quantified the composition
as (Lag.78+0.035T0.22+0.03)1.06+0.0sMNO3, close to the target's
(Lag.70-+0.028T0.21:+0.02)0.96+0.06MNO3.  The analysis of XRD
reciprocal-space maps®*° reveals that the films are crystalline
but only partially relaxed - by 34.7% along [110] and 6% along
[001]. This is expected for heteroepitaxial films under slight
stress*® that relax by introducing misfit dislocations and form-
ing mosaics. The residual deformation in the film in all three
directions has an absolute value of less than 2 pm per unit cell.
Best-fit lattice constants and angles are reported in Table S1 of
the ESLY

Discussion

As mentioned in the Introduction, stoichiometric growth in
PLD can be achieved following the optimization of many
parameters,’> among others the oxygen background pressure
and the laser fluence.*” As discussed below, both parameters are
responsible for the growth behaviours summarized by Fig. 1
and 3.

Changes in the film composition as a function of po, in
multi-element oxides can be explained within the three-
pressure-regimes framework**** (regardless of the plume
composition right after the ablation, which can be affected by
the laser fluence, see below). At low-enough po , the ablated
species are congruently transferred to the substrate. At inter-
mediate pressures, lighter species are scattered more than
heavier ones and the film becomes enriched with the heavier
species as po, increases.® At very high po, in the so-called
shock-wave regime, all ablated species are slowed down
equally; they are kept confined in the plume and transferred
congruently to the substrate. These pressure regimes are iden-
tified not only by po, but also by the target-to-substrate
distance'® D (for the experimental setup used here, D = 55
mm). Here, the low-pressure regime occurs at po, = 5 X 1073
mbar: Below this value, there is no change in the XPS signals in
Fig. 1, indicating congruent transfer. The intermediate pressure
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Fig.2 RHEED oscillations during the growth of thin LSMO(110) films (=2.5 nm thick) at different po, (values indicated in the respective panels)
and otherwise identical growth parameters (1 Hz, 1.9 J cm~2, 700 °C). Note that the data do not correspond to the same films as shown in Fig. 1.
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Fig. 3 Accumulation of nonstoichiometry at the surface of LSMO(110) films. (a) 2.0 x 2.0 pm? AFM image and (b and c) 300 x 300 nm? STM
images of LSMO(110) films thicker than those in Fig. 1 grown at different po, and otherwise identical deposition parameters as to Fig. 1. Non-
stoichiometric growth conditions (a and c) result in poorly conductive, few nanometers-high features on the surface that are identified as
manganese- and lanthanum-oxide-rich clusters at low and high po,. respectively. Line scans over selected clusters are shown in the insets. (b)
Ideal stoichiometry leads to films without precipitates even at a large thickness.

regime occurs at 3 x 10 > =< po = 0.2 mbar: the Mn content
decreases with increasing pressure (Mn is the lightest cation in
LSMO).

If the laser fluence is chosen such that all the species are
ablated congruently at the target, the target has ideal stoichi-
ometry, and the sticking probability of all ablated species on the
surface is the same, it is possible to achieve near-ideal stoichi-
ometries by depositing within either the low- or the high-
pressure regimes. However, it is rare that all these conditions
are fulfilled. Tiny deviations in the laser fluence or pulse dura-
tion can affect the ablation significantly, inducing the prefer-
ential ablation of one element over another in the multielement
oxide. This is exemplified by the homoepitaxy of SrTiO;, where
congruent ablation is achieved only within a very narrow
window of laser fluence.'*'**3* Moreover, reproducing the laser
fluence in different PLD setups is challenging:* The spot size
and the intensity distribution within the spot affect the depo-
sition greatly;'* the most common way to adjust the UV pulse
energy, by changing the discharge voltage of the UV laser,
affects the pulse duration and beam divergences. Moreover, UV
laser gases age over time, causing increasing pulse-to-pulse
standard deviations and ill-defined fluences.

This work demonstrates how to achieve near-ideal stoichi-
ometries even when the ablation is incongruent by exploiting
the wider tunability window offered by the oxygen background
pressure: the cation non-stoichiometry caused by preferential
ablation can be mitigated by exploiting preferential scattering
effects within the intermediate-pressure regime.

The “intermediate-pressure” film of Fig. 3b has a composi-
tion close to that of the target (see RBS analysis in Fig. Sic,
ESIY). Then, according to the XPS data in Fig. 1d, films grown at
lower and higher po, (i.e., congruent transfer regimes) must be
Mn rich and Mn deficient, respectively. This means that Mn is
preferentially ablated at the target with the chosen laser fluence:
Mn-rich films are obtained at low po, because the Mn-enriched

7012 | Nanoscale Adv, 2023, 5, 7009-7017

plume is transferred congruently. The ideal stoichiometry is
achieved at a specific value of intermediate po, where the excess
Mn is scattered more than the heavy La species. Finally, at even
higher pressures, more than the excess Mn is scattered away
and the films grow La-rich. The preferential ablation of Mn at
the target is possibly caused by the laser fluence being too low.
Previous studies on SrTiO; homoepitaxy have shown that low
fluences produce Sr-rich films,*>*® probably because of the
higher vapor pressure of Sr compared to Ti; similarly, Mn could
be preferentially ablated at low laser fluences because of its
higher vapor pressure compared to La.

The different film compositions translate into different
atomic-scale surface structures (Fig. 1a-c). The changes in the
RHEED patterns of LSMO films grown at different po, observed
in the literature® likely arise from the different surface recon-
structions formed in each regime.

During SrTiO;(110) homoepitaxy, all non-stoichiometry
segregates to the surface and changes its composition and
atomic structure according to its composition phase
diagrams.">** While it is not possible to prove that such full
segregation occurs on LSMO(110) as well, several pieces of
evidence support that segregation occurs at least partially, as
seen by: (i) different surface structures forming on thin films
with different compositions (Fig. 1), (ii) the evolution of the
surface structures with increasing thickness (see Section 3), (iii)
the XPS intensities mentioned in the previous paragraph, and
(iv) the formation of non-conductive clusters when a critical
thickness is overcome (Fig. 3). Since LSMO is an electrical
conductor at room temperature, these clusters must consist of
a different material. Hence, they are reasonably assigned to
MnO, and LaO, excess introduced within the low- and high-
pressure regimes, respectively. This is supported by the fact that
similar clusters are observed after depositing large amounts
(more than =2 ML) of Mn and La on well-defined LSMO(110)
surfaces followed by short annealing times (<20 min); and by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Pinpointing the exact po, value for optimal LSMO(110) growth. (a-d) 12 x 12 nm? STM images of selected surface structures of the surface
phase diagram of LSMO(110),** obtained by depositing controlled amounts of La or Mn from La,Os and MnO targets in PLD plus annealing at
700 °Cand 0.2 mbar O, (see Methods section in the ESI;} 1 ML corresponds to the number of Mn sites in an (AMNO), plane of LSMO(110), i.e., 4.64
x 10¥ at. cm™2). (e-g) 70 x 70 nm? STM images of LSMO films of various thicknesses grown at different Po, always starting from LSMO(110) films
with the fishbone structure of panel (c). (€) 5 nm-thick film grown at 2.0 x 102 mbar O,, displaying patches of the Mn-rich (m x 1) structure of
panel (a). (f) 16 nm-thick film grown at 4.0 x 1072 mbar O,, with a surface reconstruction in between the fisnbone and (2 x 1). (g) 16 nm-thick film
grown at 4.5 x 1072 mbar O, with patches of the (1 x 1) and of the fisnbone reconstructions.

the previously reported formation of MnO, precipitates in
epitaxial LSMO(001) films under Mn-rich conditions.*

The 3D clusters form when the surface cannot accommodate
the excess cations by modifying its atomic structure. It was
already reported that Mn (La) species stick less on Mn(La)-richer
surfaces.” A careful inspection of the LaO, clusters in Fig. 3c
reveals that they actually consist of pits surrounded by tall rims
- similar to the features formed during the Ti-rich homoepitaxy
of SrTiO;(110)."* There, the formation of pits was assigned to
surface-dependent sticking and diffusion effects. The case of
LSMO(110) appears similar. At La-rich conditions, the surface
structure shifts towards La-rich reconstructions;** at a critical
composition, it becomes more favourable to nucleate and grow
La-rich clusters than to incorporate more La in the surface
structure.

Preferential sticking effects could act as a self-adjusting
feedback mechanism for the film stoichiometry under slightly
nonstoichiometric conditions: for slightly La-rich fluxes, the
surface will gradually shift towards A-site richer reconstruc-
tions, onto which Mn sticks better, such that the surface shifts
back towards Mn-richer structures. Now more La sticks, and so

© 2023 The Author(s). Published by the Royal Society of Chemistry

on. In principle, the forgiveness of this growth mechanism can
allow growing atomically flat and stoichiometric films even
under slightly nonstoichiometric conditions. However, as dis-
cussed above, this will work only up to a certain point: if the
cation non-stoichiometry introduced by the incoming flux
exceeds the capability of the surface to accommodate the non-
stoichiometry via a change of the surface structure, oxide clus-
ters form instead. One should also mention that, compared to
SrTiO5(110), the surface reconstructions of LSMO(110) are
separated by larger compositional differences.**** Hence, larger
deposited non-stoichiometry can be accommodated at the
surface of LSMO(110) films while yielding atomically flat films
over a larger window of growth parameters.

One expects non-stoichiometry to accumulate at surfaces
rather than in the bulk when forming bulk defects is compar-
atively more costly.*>** Interestingly, the bulk phase diagrams of
Lay gSr9,MnO; (ref. 45) show that cation excesses are not easily
incorporated in the bulk at UHV-compatible pressures. At
atmospheric pressure, the system can accommodate significant
excess of oxygen (and, possibly, cations). Nonetheless, our data
show that excess Mn tends to float to the surface and change the

Nanoscale Adv., 2023, 5, 7009-7017 | 7013
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surface atomic structure. Thus, non-stoichiometry segregation
appears to be a powerful effect even in those perovskite oxides
whose phase diagram would allow creating bulk defects.

3. Strategies to obtain ideal films

This section illustrates a strategy to pinpoint the optimal growth
conditions for LSMO(110) films (in this case, the value of po,
required to create a stoichiometric film in spite of the Mn-rich
ablation). Several films were grown within the optimal range
around 10~ mbar (see Section 2). The corresponding surface
structure changes were monitored with STM. Fig. 4 summarizes
the results. For reference, the top row of Fig. 4 reports the
surface phase diagram of LSMO(110) in the relevant po_ range.**
Before each deposition, the surface was prepared to exhibit the

‘fishbone’ reconstruction of Fig. 4c, ie., a <$i g) super-
structure. This reconstruction as well as the other surface
structures and their short-hand notation are described in ref.
44.

First, 5 nm were grown at 2.0 x 10> mbar O,. The surface
(Fig. 4e) is atomically flat but exhibits patches of the (m x 1)
structure of Fig. 4a, indicating that this pressure introduces
a significant Mn excess. Indeed, when continuing growth at this
oxygen pressure, MnO,-rich clusters are formed at 10 nm
thickness (not shown).

As learned from Fig. 1, higher values of p, should introduce
less Mn. By growing a film of 5 nm thickness at 4.0 x 10>
mbar, the surface structure remains essentially the same as the
starting point (not shown). Nonetheless, increasing the thick-
ness to 16 nm (Fig. 4f) reveals a mix of the fishbone recon-
struction (solid oval) and a reconstruction between the fishbone
and the (2 x 1),* indicating that the conditions are still Mn-
enriching. Thus, the pressure should be increased further.

Growing 16 nm at po, = 4.5 x 10" mbar on SrTiO; pushes
the surface toward the other end of the surface phase diagram
(Fig. 4g): patches of the (1 x 1) reconstruction of Fig. 4d (A-site
richer than the fishbone) coexist with fishbone-reconstructed

Optimal p0,: 4.2 x 1072 mbar

o

Fig.5 LSMO(110) film grown at optimized conditions. (a) 70 x 70 nm?
and (b) 500 x 500 nm? STM images of 16 nm-thick and of 70 nm-thick
LSMO(110) films, respectively, grown onto a fishbone-reconstructed
LSMO(110) surface at 4.2 x 1072 mbar O,. Both morphologies are
atomically flat. At the atomic scale, (1 x 1) patches are visible [orange in
panel (a)l.
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areas. However, these conditions are still not ideal: larger
thicknesses produce increasing areal coverages of (1 x 1) fol-
lowed by the formation of AO,-rich clusters.

The ideal condition is reached at 4.2 x 10> mbar. A film of
16 nm thickness shows a small (1 x 1) coverage (Fig. 5a). A flat
surface is maintained up to 70 nm thickness (Fig. 5b).

This section has shown how to grow flat films by detecting
the non-stoichiometry from its influence on the surface recon-
struction and adjusting po, accordingly. Notably, it is also
possible to recover films with precipitates by means of appro-
priate UHV treatments. Section S3 of ESIT shows that alter-
nating annealing at oxidizing and reducing conditions favors
surface diffusion and the flattening of the surface (as shown in
ref. 55, this is a common behavior of oxide materials). This
strategy is more effective than standard sputtering-annealing
cycles.

4. Conclusions

This work addresses the correlation between non-stoichiometry
(systematically tuned by varying the O, background pressure),
surface morphology, and surface atomic structures in PLD-
grown LSMO(110) films by combining chemical analysis by
XPS and atomically resolved STM. The often-overlooked surface
atomic details have important implications for the growth. The
surface can incorporate excess cations to a limited extent. In
addition, the film composition may be influenced by preferen-
tial sticking. The composition-dependent surface atomic
structures offer a precise metric to optimize the PLD parameters
and achieve high-quality films. Since non-stoichiometries tend
to segregate to the film surface and are prone to change its
surface atomic structure, a stable atomic-scale surface structure
at increasing film thicknesses indicates that the chosen PLD
parameters yield a close-to-stoichiometric growth. On the other
hand, a shift in the surface atomic structure indicates that
cation are introduced. To achieve close-to-
stoichiometric films and avoid precipitation of undesired pha-
ses, the PLD parameters should be tuned such that the atomic-
scale structure of the surface remains stable.

Monitoring the details of the surface atomic structures of the
film also sheds light on previously disregarded mechanisms
inducing morphological roughening. When the introduced
non-stoichiometry exceeds a critical value, the surface cannot
accommodate the excess cations by changing its atomic struc-
ture anymore. Instead, clusters of the excess material develop at
the surface. In such cases, alternating annealing treatments at
oxidizing and reducing conditions is an effective means to
remediate the surface morphology.

Many phenomena observed during the growth of
LSMO(110), including non-stoichiometry segregation that alters
the surface structure, surface-dependent incorporation of
deposited cations, and phase separation, seem to be a general
trait of perovskite oxides and possibly many other multi-
element compounds.’'***%” A growing number of systems is
reported to exhibit composition-related surface reconstructions
with an apparent tendency to accommodate cation excesses.
The authors contend that the findings reported here reflect
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general behaviours of complex oxide films, independent of the
growth technique. The insights and methods presented can
guide the growth optimization of perovskite-oxide films.
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