JPhys Materials

TOPICAL REVIEW « OPEN ACCESS

Pulsed laser deposition of oxide and metallic thin films by means of

Nd:YAG laser source operating at its 1st harmonics: recent approaches
and advances

To cite this article: S K Chaluvadi et al 2021 J. Phys. Mater. 4 032001

View the article online for updates and enhancements.

K A\ \ A\ \ A\ \ A\ \ A\ A\ N R A\ N

@ The Electrochemical Society
240th ECS Meeting ORLANDO, FL

Orange County Convention Center Oct 10-14, 2021

IFT. iy

Abstract submission deadline extended: April 23rd SUBMIT NOW

This content was downloaded from IP address 151.51.31.214 on 15/04/2021 at 09:00


https://doi.org/10.1088/2515-7639/abe661
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu5YESTk6jDFGQoiD6FM6iPMMnrd_aYPcspZ2Rpc8BAN2lKA85f27qOwsXuwjQuA77kFjZmpeFz4U2aMxG_YPkzBA7KMZsjEMFZiAaOdM7NDPxeUjJDecHP8Sda95x3as66slHCeJtROCgQbP-1vvvrz1aHQajFKn4jwwEQ0cvHidEQaKzZrTZyzNBsWjtSdp5cS9WfxilBWUA7rGo4uQSPAsVozfihC0ddr1PJVlQEqxtMzW98rHHg0CYNhlkdQFNnMzoXdzxsXohkQQ9jo4Vo&sig=Cg0ArKJSzDg37IWxKOiD&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/240/cfp.cgi%3Futm_source%3DIOPJournals%26utm_medium%3DPDFCover%26utm_campaign%3D240AbstractExtended%26utm_content%3DExtendedDeadline

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
2 November 2020

REVISED
28 January 2021

ACCEPTED FOR PUBLICATION
15 February 2021

PUBLISHED
14 April 2021

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL

J. Phys. Mater. 4 (2021) 032001 https://doi.org/10.1088/2515-7639/abe661

Journal of Physics: Materials

TOPICAL REVIEW

Pulsed laser deposition of oxide and metallic thin films by means
of Nd:YAG laser source operating at its 1st harmonics: recent
approaches and advances

S K Chaluvadi' @, D Mondal*@®, C Bigi' @, D Knez' ©, P Rajak"*({, R Ciancio' ©, J Fujii' @,
G Panaccione' ©, I Vobornik' @, G Rossi"’© and P Orgiani"*

CNR-IOM, TASC Laboratory in Area Science Park, 34139 Trieste, Italy

International Centre for Theoretical Physics (ICTP), 34100 Trieste, Italy

Department of Physics, University of Milano, 20133 Milano, Italy

1
2
3
* CNR-SPIN, UOS Salerno, 84084 Fisciano, SA, Italy

E-mail: pasquale.orgiani@spin.cnr.it

Keywords: pulsed laser deposition, thin films, XRD, STM, ARPES

Abstract

Quantum materials are central for the development of novel functional systems that are often
based on interface specific phenomena. Fabricating controlled interfaces between quantum
materials requires adopting a flexible growth technique capable to synthesize different materials
within a single-run deposition process with high control of structure, stoichiometry, and
termination. Among the various available thin film growth technologies, pulsed laser deposition
(PLD) allows controlling the growth of diverse materials at the level of single atomic layers. In PLD
the atomic species are supplied through an ablation process of a stoichiometric target either in
form of polycrystalline powders or of a single crystal. No carrier gases are needed in the deposition
process. The ablation process is compatible with a wide range of background pressure. We present
results of thin-film growth by PLD obtained by using an Nd:YAG infrared pulsed laser source
operating at its first harmonics. With respect to the traditional PLD systems—based on excimer
KrF UV-lasers—optimal conditions for the growth of thin films and heterostructures are reached
at large target-to-substrate distance. Merits and limitations of this approach for growing oxide and
non-oxide thin films are discussed. The merits of an Nd:YAG laser to grow very high-quality thin
films suggest the possibility of implementing compact in-situ setups e.g. integrated with analytical
instrumentation under ultra-high vacuum conditions.

1. Introduction

Quantum materials exhibit unique physical phenomena at their surfaces, especially if grown in ultra-thin
films with epitaxial strain induced by the substrate or by the interface in heterostructures with other
functional materials [1—4]. In this respect, the thin film technology is currently able to go beyond the
single-crystals technology. In particular, this allows the investigation of physical properties in the limit of
single atomic layers, through the controlled deformation of the structural parameters by substrate induced
strain and growth of multi-layers, providing key information for the development of real layered device
applications [3-5]. It therefore stems from the need to use flexible growth techniques capable of synthesising
a large variety of functional materials within the same dedicated apparatus. In this respect, even though
molecular beam epitaxy (MBE) has been widely used for decades to grow very high quality thin and
ultra-thin films and multilayers, strong limitations arise on the compatibility of diverse materials (e.g.
transition metals and rare earths) within the same ultra-high vacauum (UHV)-system, due to possible
cross-contamination. On the contrary, pulsed laser deposition (PLD) is known to be a very versatile tool with
several great flexibility in the choice of materials to grow, easy tunability in the film growth rate, and full
suitability for growing heterostructures and the control of volatile elements [6, 7]. In a PLD system, the single
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Figure 1. Typical energy profile of a KrF excimer (a), an early-stage (b) and a new-generation state-of-the-art (c) Nd:YAG lasers,
respectively; for all of the laser spot, the effect of using a shadow-mask (blue) to tentatively improve the uniformity of the energy
profile is shown; threshold energy Ery, (red dotted line) is also reported; in particular, in the case of the inhomogeneous laser
beam (b), sub-threshold region (yellow) is enlightened by a black arrow. Energy profiles obtained by thermal paper at the output
of the laser window are also reported for a KrF (a) and a state-of-the-art Nd:YAG (c) lasers, respectively.

atomic species of complex materials are supplied through an ablation process of a target—in form of
poly-crystalline powders and/or single crystal—by the irradiation of a focused highly intense pulsed laser
beam impinging onto the target at an angle of 45° or 60° [8, 9] from the surface normal. Multi-layered
heterostructures can be easily engineered by positioning alternate the different targets in the laser focus, in a
continuous vacuum condition [10, 11]. PLD shares with other deposition techniques the high cleanness of
the growth environment which prevents contamination, as well as the extremely low deposition rate
achievable during the growth (down to 0.01 nm s~ !). Moreover, since the propagation of the plume of
ablated materials is inhibited only at very high background pressure (i.e. several mbar), deposition processes
at such a high partial pressure are indeed possible. Such a capability is particularly important during the
growth of materials containing highly volatile elements (e.g. oxygen, selenium), whose re-evaporation rate
can be reduced by increasing the background pressure.

Most of the PLD systems are routinely equipped with a KrF excimer pulsed laser source (A = 248 nm),
where the laser pulses are produced by an electrical discharge within a gaseous mixture of the halogen F and
the noble Kr gases in a buffer gas made of Ne. As the product of ionization of Kr ions into Kr™, a metastable
KrF dimer is created with a characteristic lifetime of tens of nanoseconds, which chemical dissociation
produces photons in the ultra-violet (UV) range. The typical spot size of a KrF laser pulse is about 3 cm?
while their energy range from 300 to 700 m]J (panel (a) in figure 1) [12]. Laser pulses are subsequently
focused on targets with a typical energy density of about 2-3 ] cm~2. Even though excimer lasers are widely
used in PLD laboratories worldwide, safety issues (e.g. presence of highly poisoning F gas) can limit their
dissemination, e.g. in users facilities.

An alternative strategy based on the use of solid state lasers has emerged. In particular, considerable
activity has been dedicated to Nd:YAG lasers in which an Nd-doped Y3Al50;; Yttrium Aluminum Garnet
rod is optically pumped by a Krypton flash tube. One of the most important characteristics of such a laser
source is nowadays the high energy output of the fundamental harmonics emitting in the Infra-Red (IR)
region at 1064 nm (i.e. up to 1-2 J). The typical spot size of a Nd:YAG laser pulse is 5-6 mm diameter wide,
corresponding to an energy density of 3—4 ] cm~? for an unfocused beam. Such an energy per laser pulse is
so intense that Nd:YAG lasers are capable to ablate materials without need of focusing on target. Moreover
higher harmonics radiation can be generated with suitable crystal converters, reaching the UV range (e.g.
fourth and fifth harmonics emitting at 266 nm and 213 nm, respectively) [13]. Yet, until the last decade [12],
the spatial uniformity of the laser beam energy has raised concerns for their application in PLD.

In the PLD growth technique, the ablation process (i.e. a solid-vapor transition of the target) is
characterized by a threshold energy Er;, which depends on the material [8, 9]. When the laser pulse energy is
well above Ery, it mostly result into a congruent ablation of the target and the obtained films do not show
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any sign of clusters/droplets. However, for the laser pulses whose energy lies in proximity of the E7y, value,
spurious phases in submicron areas, precipitates and structural defects can be produced [14]. In this respect,
excimer lasers generate highly uniform laser pulses [12] whose energy profile can be further improved by
using an optical mask to remove the peripheral region of the beam (panel (a) in figure 1). On the other
hands the early-stage Nd:YAG lasers systematically led to the presence of small droplets embedded in the
grown films. The droplets have been associated to the spatial inhomogeneity of the laser beam produced by
the Nd:YAG rod (panel (b) in figure 1) thus limiting in fact their use in the growth of high quality thin films
[12]. In the last decade, however, a considerable effort has been spent in optimizing the spatial profile of the
laser pulse’s energy beam, which nowadays shows similar characteristic with respect to the laser beam
produced by an excimer laser (panel (c) in figure 1).

By taking the advantage of the new generation Nd:YAG laser source, here, we report on the progress on
PLD grown thin films by using such source as integrated as alternative source to KrF in the UHV PLD system
of the NFFA user facility in Trieste [15]. Instead of following the traditional usage of higher harmonics of
Nd:YAG lasers, we show that, by using the fundamental wavelength, the congruent ablation of both metallic
(i.e. iron selenide FeSe) and insulating (i.e. titanium dioxide TiO;) targets can be successfully achieved.
Unexpectedly, the IR-radiation of the fundamental harmonics of Nd:YAG lasers at 1064 nm—corresponding
to impinging photons with energy of about 1.16 eV—is proved to be efficiently absorbed by insulating
materials characterized by large value of the band-gap (e.g. 3.4 ¢V for anatase TiO,). Even though a large
number of oxide materials are known to show metallic surface states upon a continuous irradiation in UHV
condition, the ablation process of TiO, (as well as other oxide materials such as CeO,, LaAlO3, SrTiO3)
immediately starts since the very first laser shots. Rather than the presence of a conducting layer at their
surface, the absorption of IR-radiation might be correlated to the formation of in-gap states (i.e. 0.5-1.5 eV
from Fermi’s edge). As a matter of fact, even a very small amount of oxygen deficiency has been proved to
create localized states within the band gap [16—19] and their occurrence might very effectively explain how a
1.16 eV can be absorbed and produces its ablation. Finally, by fine tuning the target-to-substrate distance,
droplets free thin films with improved surface structural properties can be obtained.

By exploiting the full output energy of the Nd:YAG laser sources, the ablation of materials characterized
by an extremely high E7y, is therefore possible. By increasing the target-to-substrate distance, beam-assisted
growth diagnostics can rely on higher incident angles; similarly, time-of-flight based techniques investigating
the plume dynamics would be further refined by the increased target-to-substrate distance [20]. Finally, the
use of the fundamental emission line further simplifies the setup.

2. Experimental

PLD growth of epitaxial FeSe and TiO, thin films was performed using a Innolas Spitlight Compact 400-10
Nd:YAG pulsed laser source by means of its first harmonics at 1064 nm at the NFFA-APE facility of
IOM-CNR and Elettra in Trieste [15]. The pristine spot-size of the laser shot was about 5 mm in diameter
with a typical energy of 700 mJ, corresponding to an energy density of about 3.5 ] cm ™2 for the unfocused
beam. With the dual aim of avoiding the peripheral region of the laser spots as well as reducing the growth
rate per laser shot, an optical mask was used to reduce the spot-size from 5 to 2 mm in diameter. Laser pulses
were therefore focused on a stoichiometric polycrystalline FeSe target (purity 99.99%) and on a rutile TiO,
single crystal. The laser repetition rate was varied from 10 Hz down to 0.1 Hz. Epitaxial growth of FeSe and
TiO, thin films was performed under UHV conditions (i.e. base pressure in the range of 10~% mbar) and in
10~* mbar ultra-pure oxygen background atmosphere (purity at 99.9999%), respectively. The
substrate-to-target distance d was also varied from 5 to 10 cm. After the film growth, the samples were cooled
down to room temperature in about 15 minutes at the same background pressure deposition condition.
Structural characterization of the as-grown films was carried out ex-situ using a four-circle Panalytical X’pert
diffractometer with a Cu K,, radiation source. Chemical composition of the FeSe grown samples were
determined also ex-situ by energy dispersive spectroscopy (EDS) experiments carried out by Oxford LN,-free
X-Act Silicon Drift Detector and calculated by Aztec software. The atomic structure of the films was
investigated in cross-section by high-resolution transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED). Cross-sectional TEM samples were prepared with a conventional polishing
technique followed by dimpling and milling with Ar ions. HRTEM experiments were performed using a
JEOL 2010 UHR TEM equipped with a field emission gun and operated at 200 kV. Microscopy data analysis
was performed with the Gatan Microscopy Suite 3.20.1314.0 (GMS). The surface morphology of both FeSe
and TiO, was investigated in-situ, under UHV conditions, by atomic-resolution scanning tunnel microscopy
(STM) at the NFFA-APE-IOM beamline at the Elettra synchrotron facility. The surface long range order was
also probed in-situ by low-energy electron diffraction (LEED). Finally, the electronic states at the surfaces of
selected samples were investigated by in-situ angle-resolved photo-emission spectroscopy (ARPES) with
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Figure 2. (a) Symmetrical §—26 and (b) low-angle x-ray reflectivity scans of a FeSe thin film grown on STO (001) substrate
(simulation of low-angle x-ray reflectivity is also reported as red solid line); (c) typical LEED pattern of FeSe showing the 1 x 1
surface reconstruction.

synchrotron radiation (APE-LE beamline) and a Scienta DA30 hemispherical electron energy and
momentum analyzer which allows performing the band mapping over the extended areas of the Brillouin
zone without sample rotation. The overall energy resolution was set to 100 meV, and the angular resolution
was set to 0.2°.

3. Growth and characterization of iron selenide FeSe

Iron selenide FeSe has recently attracted a great interest because of the complex electronic phase diagram
shown as a function of temperature [21-25]. FeSe undergoes structural transition from tetragonal to
orthorhombic about 90 K. At intermediate temperatures (i.e. 100 K < T'< 300 K), a nematic state—namely
an electronic order that breaks the rotational symmetries without changing the translational symmetry of the
lattice—has been observed [26]. More interestingly, at lower temperatures (i.e. below 8 K), it finally becomes
superconducting [21]. Even though several reports on FeSe thin films indicate that the superconducting
critical T, can be tuned by the substrate induced epitaxial strain [27, 28] other works point to the electronic
interfacial coupling between film and substrate to interpret such a T' . enhancement in ultra-thin films
[29, 30]. It is, therefore, necessary to have access to high-quality single-crystalline FeSe ultra-thin films, for
both fundamental studies as well as to develop potential quantum devices.

From the structural point of view, FeSe has a simple quasi-two-dimensional crystal structure
(i.e. Fe lattice sandwiched between two adjacent Se layers) with space group belonging to P4/nmm [31]. The
in-plane a and the out-of-plane c lattice parameters are 0.377233 nm and 0.552249 nm, respectively. Despite
the large in-plane lattice mismatch with (001) SrTiO; (STO) showing a lattice parameter of 0.3905 nm (thus
corresponding to about —3.5% tensile strain), many experiments on FeSe thin and ultra-thin (i.e. single
monolayer) films have been reported when grown on this specific substrate due to the very high
superconducting critical temperature here observed [28, 29].

Differently from other selenides [32, 33], FeSe thin films were grown in UHV condition with the
expected Fe:Se = 1:1 chemical ratio as confirmed by EDS experiments. The growth parameters were initially
optimized by monitoring the structural properties of the thin films. Symmetrical §—26 scan (panel (a) in
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7.00 nm

Figure 3. STM topography images of FeSe thin films grown at 420 °C and the substrate-to-target distance of about 5 cm (a) and
10 cm (b), respectively.

figure 2) of a FeSe film grown at 420 °C on a (001) STO substrate shows only the (00/) diffraction peaks thus
indicating the preferential c-axis growth direction, without any trace of secondary phases or other
crystallographic orientation. The out-of-plane lattice parameter ¢, determined from the FeSe (001)
diffraction peak, was calculated to be approximately 0.551 nm, which is equal with the values reported for
the relaxed films. FeSe film thickness and its surface roughness were then investigated by low-angle x-ray
reflectivity (XRR), as shown in panels (b) in figure 2. Simulations of the low-angle XRR (red curve in panel
(b) in figure 2), performed by means of the IMD package of XOP software [34] (red curve in panel (b) in
figure 2) fully matched the design value of 25 nm. XRR oscillations were recorded up to 26 values of about
5°, while, above this angle, the oscillations fell below the experimental sensitivity of the x-ray diffractometer,
thus inferring a very low surface roughness. Finally, in-situ LEED experiments measured at the electronic
kinetic energy of 100 eV (panel (c) in figure 2) did show sharp diffraction spots arranged in a
square-geometry with no sign of surface reconstruction.

To gain further insights regarding the surface structural order of the FeSe films, in-situ STM
experiments—using an atomic resolution ultrahigh vacuum (UHV-STM) apparatus at room
temperature—were also performed. Even though FeSe films exhibited very good structural features—as
proved by the combination of XRD, XRR and LEED—a consistent number of spirals and nm-wide droplets
were observed by means of STM (panel (a) in figure 3). These droplets were distributed uniformly on the
film surface without any preferential positions. It is noteworthy to underline that the very presence of such
droplets is somehow commonly observed in thin films grown by Nd:YAG-based PLD [35].

In order to reduce the number of spirals as well as the density of droplets in the film, FeSe films were
therefore grown by substantially increasing the substrate-to-target distance d up to about 10 cm. As a matter
of fact, at this deposition condition (i.e. 10~® mbar), the expected mean free path for the ablated single atoms
from the PLD target is larger than the used substrate-to-target distance while the probability of large clusters
to reach the substrate may be reduced. Accordingly, the amount of materials condensing onto the substrate
surface should simply scale with the solid angle (i.e. ~d?) therefore further reducing the growth rate without
affecting the Fe:Se chemical ratio. As shown in panel (b) in figure 3, the STM topography image revealed
atomically flat terraces along with a sizable reduction (i.e. 70%) of droplets. Moreover, differently from the
film grown with smaller substrate-to-target distance d, the remaining droplets are no longer randomly
distributed over the entire film surface but appear concentrated at the edges of the film’s terraces. Therefore,
to further reduce the possible number of nucleation sites for the droplets, the deposition temperature was
slightly increased from 420 °C to 450 °C and to 470 °C (panels (a), (b) and (c) in figure 4, respectively).

The average terrace widths measured along the white solid line on the film surface was about 20-30 nm
for the FeSe film grown at 420 °C (panels (a) and (e) in figure 4), whereas, by increasing the substrate
deposition temperature to 450 °C, the terrace widths have been increased up to 80 nm (panels (b) and (f) in
figure 4). As expected, the higher thermal mobility of ad-atoms onto the film surface favored the formation
of wider terraces to which corresponded a reduction of droplets on the surface of the film. A further increase
of the deposition temperature (i.e. 470 °C), however, reduced the number of droplets, yet the average width
of film terraces was slightly reduced from 80 to 60 nm (panels (c) and (g) in figure 4). Irrespective of the
substrate deposition temperature, the average height of the droplets measured was about 2—-3 nm and the
root mean square (RMS) roughness values of all the films lie below 0.5 nm i.e. one unit cell height of FeSe.
Even though the droplets on the film surface were extremely reduced in number, the formation of droplets at
any deposition conditions (e.g. temperature of substrates, growth rate) might indicate that a residual spatial
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Figure 4. STM topography images of FeSe thin films grown at substrate-to-target distance of 10 cm and at different temperatures
(namely 420 °C (a), 450 °C (b) and 470 °C (c), respectively, in the scan area of 200 x 200 nm?). The atomic resolution of the
zoomed area marked as the black box in (c) in the scan area of 12 X 12 nm?. The corresponding line-profiles of all the samples are
shown in (e)—(h) graphs.
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Figure 5. ARPES map at Fermi (a) and valence band spectra measured along I'-M direction (b) of FeSe film measured using
horizontally polarized light of 85 eV excitation energy, respectively.

inhomogeneity in the laser beam energy profile is still present in the new generation ND:YAG lasers.
Nevertheless, STM topography of FeSe films did show a substantial absence of those droplets and always
showed the atomically resolved Fe arrangement (panel (d) in figure 4). It is crucial to underline that both the
structural as well as the electronic properties probed by XRD and resistivity measurements (always ranging
from 200 to 400 u£) cm at room temperature) were not able to reveal sizable differences among the FeSe
samples, being them more sensitive to the bulk of the materials. This result paves the way for identifying the
correct experimental conditions to optimize the surface of the film with respect to the number of droplets or
width of terraces.

In order to ascertain the correlation between the structural and physical properties of PLD-grown FeSe
thin films (e.g. the residual presence of droplets), in ARPES experiments were performed. The high surface
sensitivity of ARPES at UV and soft-X ray energies and the direct mapping of electron band dispersion
provide the best test of quality of the film’s surface (e.g. surface roughness, presence and extension of
undesired spurious phases) [36—38]. Similar to STM investigations, ARPES experiments were carried out on
the freshly grown FeSe samples transferred in-situ from PLD growth chamber directly under UHV
(<107 mbar). The Fermi surface and the band dispersion along I"-M high symmetry direction of a FeSe
film measured by ARPES technique at 45 K temperature and with a linearly polarized (horizontal -HP)
photon beam of energy of 85 eV are shown in panels (a) and (b) in figure 5, respectively.

The Fermi surface measured with HP light (panel (a) in figure 5) displays elliptical shape along k, at
I"-point and flower-shaped with four lobes centered at the M-point of the Brillouin zone, respectively.
Consistently, the valence band spectra taken along the I'-M high symmetry direction shows Fe t,, derived
hole-like band at the I'-point, which creates the elliptical shape of the Fermi surface [38]. At the M point of
the valence band (panel (b) in figure 5), two electron-like and two hole-like bands which are again derived
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Figure 6. (a) Symmetrical —26 and (b) low-angle x-ray reflectivity scans of an anatase TiO, film grown on LaAlO3 (001)
substrate (simulation of low-angle x-ray reflectivity is also reported as red solid line); (c) typical LEED pattern of TiO, showing
the (4 x 1)—(1 x 4) surface reconstruction.

from the Fe t,, states were observed, form the earlier described flower-shaped pockets at the Fermi surface
[38]. The overall observed ARPES features are in very good agreement with the ones measured on cleaved
single crystals [39] and thin films grown by MBE [28, 29], thus demonstrating the very high structural
quality of FeSe thin films grown by PLD using the fundamental harmonics of Nd:YAG laser.

4. Growth and characterization of anatase titanium dioxide TiO,

Differently for the PLD-growth of highly metallic targets (e.g. FeSe), the use of Nd:YAG pulsed laser sources
for insulating targets—such as oxide materials—is less commonly used. Oxide thin films are usually
deposited by means of UV-radiation produced by excimer lasers [11, 40—43], resulting in very high quality of
the surface and structural properties [17, 44-46]. Reports show that the use of Nd:YAG laser source for the
growth of oxide thin films is mostly confined to its higher (from second to fifth) harmonics [13, 47, 48] and
the wavelength falling in UV-range. However, we here show that very high quality oxide thin films can be also
obtained by using the fundamental emission of Nd:YAG laser with wavelength falling in the IR-region at
1064 nm. In particular, we will exploit the possibility of using such a laser source in growing epitaxial thin
film of anatase titanium dioxide TiO, which is among the most investigated oxide material for possible
applications in photo-catalysis, quantum electronics and many other fields. Epitaxial anatase TiO, thin films
were grown on (001)-oriented LaAlO; (LAO) substrate at 700 °C under 10~* mbar of oxygen background
pressure. Similarly to the previous case, the crystallographic properties of the films, as well as their surface
long range order, were probed by ex-situ XRD and XRR and in-situ LEED

The symmetrical —26 XRD scan (panel (a) in figure 6) only contains anatase diffraction peaks,
indicating that the sample was single phase and well oriented, with the possible occurrence of secondary
phases or other crystallographic orientations below the accuracy of the measurement. Surface roughness of
the film was therefore probed by low-angle XRR (panel (b) in figure 6) and evaluated by numerical
simulations performed by means of the IMD package in the XOP software (red curve in panel (b) in figure 6)
[34]. Similar to the FeSe case, XRR oscillations were recorded up to 26 values above 5° when eventually they
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Figure 7. (a) STM topography image of a TiO, thin film grown at substrate-to-target distance of about 5 cm; (b) cross-sectional
HRTEM of the same films in the proximity of the flower-shaped structure; (c)—(d) SAED of a flower-shaped domain (red arrows
correspond to diffraction spots associated to the rutile phase).

60nm

i T

Figure 8. STM topography images of a TiO, thin film grown by first harmonics Nd:YAG laser at substrate-to-target distance of
about 10 cm (a) and by KrF laser at substrate-to-target distance of about 5 cm (b), respectively.

fell below the experimental sensitivity of the x-ray diffractometer. The crystal quality of the films extends up
to the surface, as confirmed by LEED (4 x 1)—(1 x 4) surface reconstruction in the panel (¢) in figure 6. The
ensemble of these data clearly does not reveal any substantial differences between the TiO; thin films grown
by either the excimer UV-radiation [17] or the Nd:YAG IR-radiation.

To gain insights on the structural features of TiO, thin films at nano and sub-nano scales, in-situ STM
experiments were also performed in the scan area of 300 x 300 nm?. Similarly to the previous case, the
experiments were performed in-situ immediately after the growth of the samples. Differently from the FeSe
case, in which nano-meter droplets were observed over the entire surface of the film, the STM topography of
a TiO, film—grown at typical target-to-substrate distance d of about 5 cm—did not show any sign of
droplets. However, much larger (i.e. 80 nm) flower-shaped structures embedded in the atomically flat film
(panel (a) in figure 7) were observed. In order to understand the nature of such flower-shaped structures, we
performed HRTEM experiments (panels (b)—(d) in figure 7). Cross-sectional HRTEM revealed that the large
part of the TiO, film shows the typical modulated structure associated with the occurrence of oxygen
vacancies, self-organizing into regular arrays of planar defects [44, 49-51]. In addition, SAED experiments
(panels (¢) and (d) in figure 7, respectively) indicated that the poly-crystalline nature of those flower-shaped
structures corresponds to rutile clusters embedded into the anatase matrix.

The evidence that the thickness of both the film and the flower-shaped structures appear to be identical
and their crystalline nature is not compatible with a droplet formation taking place during the ablation
process [35]. However, such rutile clusters might be related to the growth of spurious phases nucleated from
nanometer-sized droplets at the very beginning of the film growth. Therefore, similarly to the FeSe case, with
the aim of reducing the possible occurrence of droplets as well as the growth rate of the TiO, films, the
substrate-to-target distance d was increased up to about 10 cm. As a matter of fact, even at O,
background pressure of 10~* mbar, the expected mean free path of ablated single atom:s is larger than the
substrate-to-target distance while it could be smaller for ablated large cluster of material. As shown in panel
(a) in figure 8, STM topography image revealed that the TiO, thin films did grow with atomically flat
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Figure 9. ARPES map at Fermi (a) and energy dispersion at center of the second Brillouin zone (b) of the annealed sample of a
TiO, film measured with a photon energy of 46 eV with HP of the light, respectively. The parabolic dispersion of the 2DEG is
enlightened by red dotted curves.
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Figure 10. Symmetrical #—26 scan of a FeSe/TiO; bilayered film grown on LAO substrate (asterisks are due to the characteristic
wavelengths of the unmonochromatized x-ray source).

termination with no trace of neither droplets nor flower-shaped rutile poly-crystalline domains (panel (a) in
figure 8). Such a result confirms that TiO; thin films grown by 1st harmonics of Nd:YAG laser is structurally
equivalent to those grown by excimer lasers (panel (b) in figure 8).

Similarly to the previous case, the electronic properties of the TiO, films grown by first harmonics
Nd:YAG was investigated at their surface by in-situ ARPES experiments thus providing a indirect probe of its
structural quality. As reported in literature [48, 52], we have observed a two dimensional electron gas
(2DEG) laterally modulated by the (4 x 1)—(1 X 4) surface reconstruction occurred at (001) surface of
anatase TiO; thin films (figure 9). These ARPES features are in very good agreement with the ones measured
on epitaxial anatase TiO; thin films grown by means of excimer as well as fifth harmonics of Nd:YAG lasers.

5. Growth and characterization of FeSe/TiO, bi-layers

With the final aim to show the high flexibility of the PLD over other growth techniques, heterostructures
based on metallic non-oxide FeSe and insulating oxide TiO, constituent layers were grown. By taking
advantage of the similarities between the crystal structure of FeSe and TiO,, FeSe/TiO, bi-layers were
therefore grown on (100) oriented LAO substrates. Accordingly to the optimized growth parameters for the
single layers, the target-to-substrate distance d was set at about 10 cm. TiO, layer was deposited at high
temperature (i.e. 700 °C) and at 10~* mbar of oxygen pressure, while the FeSe layer was deposited at lower
temperature (i.e. 450 °C) and in UHV condition (i.e. <107 mbar). As expected, ex-situ structural
characterizations by XRD only showed the (00/) diffraction peaks for both TiO, and FeSe thus
demonstrating the preferential orientation along the [001] direction (figure 10).

Similarly to the previous cases, surface long range order and roughness were investigated by in-situ LEED
and STM, respectively (figure 11). As expected, similarly to FeSe thin films directly grown on single-crystal
substrates, LEED pattern did show the simple 1 x 1 surface reconstruction of FeSe layer grown on top of a
TiO; thin film. Moreover, the STM topography image measured in the scan area of 300 x 300 nm? (panel (b)
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Figure 11. (a) LEED pattern showing the FeSe 1 X 1 surface reconstruction and STM topography image (b) of a FeSe/TiO; bilayer
grown on LAO substrate. (c) Atomically resolved STM topography of the same FeSe/TiO, bilayer.

in figure 11) ruled out the presence of both droplets and spurious domains at the surface of bilayered
heterostructures. The measured RMS roughness values of the bilayers are about 0.55 nm, i.e. equivalent to
the unit cell height of the FeSe. In particular, atomically resolved STM topography (panel (c) in figure 11) did
show the expected in-plane squared coordination of the Fe atoms at the surface of FeSe/TiO, bilayer.
Therefore, together with the LEED diffraction spots and STM topography investigations reveals that the
overall surface quality of the FeSe/TiO, bilayer are equally comparable with the individual FeSe layer. The
ensemble of the structural data does provide evidence of the very high quality of the FeSe/TiO, bilayer grown
by PLD within a single-run deposition process.

6. Conclusions

In conclusion, we have reported the successful growth of both oxides and non-oxides epitaxial thin films by
PLD using a Nd:YAG pulsed laser source. Differently from the literature, the fundamental emission at 1064
nm was used for growing iron selenide FeSe as well as anatase titanium dioxides TiO, thin films. With
respect to conventional PLD based on using excimer KrF UV-lasers, the optimal growth conditions were
obtained by substantially increasing the target-to-substrate distance to about 10 cm. By exploiting the
flexibility and compatibility of oxide/non-oxide materials in the same PLD growth system, bilayers of
epitaxial FeSe/TiO, were successfully deposited in a continuous deposition process. In-situ STM topography
of the as grown FeSe/TiO, bilayers did show an atomically flat surface without droplets and/or undesired
spurious crystallographic phases or orientation. The results show that Nd:YAG laser based PLD adds to the
unique flexibility of the technique also for fabricating multiple heterostructures of very high quality, and the
compactness and compatibility with in-situ surface analysis setups.
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