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Here we present an integrated ultra-high-vacuum (UHV) apparatus for the growth of complex materials and heterostruc-
tures. The specific growth technique is the Pulsed Laser Deposition (PLD) by means of a dual-lasers source based on an
excimer KrF ultra-violet and solid-state Nd:YAG infra-red lasers. By taking advantage of the two laser sources - both
lasers can be independently used within the deposition chambers - a large number of different materials - ranging from
oxides to metals, to selenides and others - can be successfully grown in the form of thin films and heterostructures. All
of the samples can be in-situ transferred between the deposition chambers and the analysis chambers by using vessels
and holders’ manipulators. The apparatus also offers the possibility to transfer samples to remote instrumentation, under
UHV conditions by means of commercially available UHV-suitcases. The Dual-PLD operates for in-house research as
well as user facility in combination with the Advanced Photo-electric Effect (APE) beamline at the Elettra synchrotron
radiation facility in Trieste and allows synchrotron-based photo-emission as well as x-ray absorption experiments on
pristine films and heterostructures.

I. INTRODUCTION

Quantum materials exhibit unique physical phenomena, es-
pecially at the interface in heterostructures with other func-
tional materials and/or at their surfaces1–4. Such a result is a
direct consequence of the recent progress of thin film technol-
ogy which is nowadays capable to provide multi-layered het-
erostructures with structural properties comparable to those
observed in single-crystals5–7. In this respect, Pulsed Laser
Deposition (PLD) growth technique has clearly been demon-
strated to be extremely efficient as well as tremendously flex-
ible in growing thin film and heterostructures of quantum
materials8–12. The main characteristic of a PLD system is
the capability to grow materials at a wide range of ambient
pressure (up to 1 mbar). As a matter of fact, differently from
other deposition techniques such as Molecular Beam Epitaxy
(MBE) or Sputtering, the single-atomic species are supplied
through an ablation process of a target in form of polycrys-
talline powders and/or single crystal by the irradiation of a
high-intense laser beam. Since the laser pulse duration (about
20 ns) is much shorter than the heat diffusion time, the energy
of the laser pulse is realized by the breaking of the molec-
ular links among the different atoms on the material surface
thus resulting in the ablation regardless of this last. The
use of the PLD technique also allows the deposition of ma-
terials/elements characterized by an extremely high evapora-
tion/sublimation temperature, which prevents their deposition
by conventional MBE. For instance, this is the case of the
strontium ruthenate SrRuO3 compound, which is generally

used as a metallic electrode as well as itinerant ferromagnetic
material in perovskite heterostructures and is very efficiently
deposited by PLD13. The ablation process does not require
any carrier gas for the deposition process (e.g. noble gas or
oxygen for the sputtering14) and the propagation of the ab-
lated plume of materials is stopped only at very high pressure
(i.e. several mbar) thus making the deposition process pos-
sible at those background pressure conditions (which are, for
instance, limited up to 10−5 mbar for MBE system5,15). Over
the last decades, we have therefore witnessed a tremendous ef-
fort by the material science community to develop the ability
to grow, probe, control, and investigate the structural as well
as the electronic properties of quantum materials, in particular
when piled up in form of digital heterostructures16.

We here report on an innovative system of the growth of
thin film by PLD which takes advantage of two indepen-
dent laser sources - namely an excimer KrF ultra-violet (UV)
and a solid-state Nd:YAG infra-red (IR) one17. Our sys-
tem - named Dual-PLD - has been able to deposit tens of
different materials in form of thin films and/or heterostruc-
tures with very high structural quality. Those materials have
not been limited to oxides18–20 – for which the merits of
PLD are well-acknowledged – but also selenides, dichalco-
genides and pure metals21–23. Moreover, being directly con-
nected to the Advanced Photo-electric Effect (APE) exper-
iments beamline24 at Elettra synchrotron radiation facility
within the same ultra-high-vacuum (UHV) manifold, all of
the surface-contamination problems have been avoided and
surface-sensitive experiments have been allowed on untreated
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FIG. 1. (upper panel) Top-view representation of the Dual-PLD system: the PLD-I (red), the Transfer Tube (yellow), and the PLD-II (blue)
chambers; in particular, within the Transfer Tube, the UHV-suitcase docking position is indicated by a green box; (lower panel) Sketch of the
sample transfer mechanism of the Transfer Tube; a zooming-in of the vessel for the APE (red box) and flag-type (blue box) sample holders; a
picture of the vessel with the APE sample holders is also reported with several 5 x 5 mm single-crystals glued on top of them.

samples (e.g. angular-resolved photo-emission spectroscopy,
scanning tunnel microscopy, low-energy electron diffraction,
x-ray absorption and magnetic dichroism, magneto-optical
Kerr effect)18–21. Such flexibility has been fully used to sup-
port a user-driven program for the synthesis of materials in
form of thin films and heterostructures25,26. The Dual-PLD
encompasses the fabrication of a range of several quantum
materials with emphasis on the effect of interface properties
which are accessible by use of the digital approach in thin
films and heterostructures. The Dual-PLD provides new vi-
able routes to determine the true nature of the quantum phe-
nomena at the interface/surface of such a class of artificial ma-
terials and to precisely craft their physical properties.

II. SYSTEM OVERVIEW

The suite of the UHV-apparatus forming the Dual-PLD
system is shown in Figure.1. The two deposition cham-
bers - namely PLD-I and PLD-II - are interconnected by a

home-built UHV bidirectional linear transfer system located
in the Transfer Tube27. This last is also equipped with a fast-
intro UHV chamber for the loading/unloading of the samples
and a docking port for the UHV transferring of the samples
(e.g. Ferrovac VSN40S). Between the PLD-I and the Trans-
fer Tube, an ad-hoc adaptive connector is present to adjust
the main axis of PLD-I with the transfer arm coming from
the APE-beamline. A bi-directional transfer rail has been de-
signed and home-built at CNR-IOM and is allocated in the
Transfer Tube. The traveling of the vessel is controlled by
two independent cranks connected to the bottom flange of the
Transfer-Tube (see lower panel of Figure.1); in particular, one
allows the moving of a displaceable rail (i.e. in Figure.1 the
rail is at its maximum elongation on the right) for a total trans-
fer distance of about 2 m with a UHV envelope limited to only
1.1 m external encumbrance; a second crank allows to move
the vessel hosting the sample holders along the entire length
of the displaceable rail.

The single crystals for the thin film deposition can be
mounted on a variety of sample holders that are heated up by
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FIG. 2. (a) Sketch of the heating block for flag-type sample holders;
(b) top-view picture of the heating block with the position of the
DC 400W halogen-lamp with respect to the flag-type sample holder
docking slot; (c) picture of loading/unloading of the flag-type plate
with two samples glued on top of it.

a DC 400W halogen-lamp generated radiation (e.g. OSRAM
64663HLX - see Figure.2); in particular, for the transferring
to the APE end-stations, samples up to 10 x 5 mm lateral di-
mensions and 0.1-1 mm thickness can be hosted on home-built
sample holders; in addition, larger samples (i.e. up to 14 x 14
mm lateral dimensions) can be hosted on flag-type sample
holders (e.g. Ferrovac SHOS)28.

The Dual-PLD system is equipped with two replicas of the
same deposition chamber (Figure.3)29 and it is dedicated to
the growth of nanostructured complex materials in form of
thin films, multi-layers, and heterostructures. Both the cham-
bers are equipped with a multi-target carousel (namely, pc-
remotely controlled 4- and 6-target carousels manufactured by
Demcon TSST30) for allowing the growth of different materi-
als within the same deposition run. The ablation process is ob-
tained by using an Innolas Spitlight Compact 400–10 Nd:YAG
pulsed laser source by means of its first harmonics at 1064 nm
and a Coherent COMPex 102-F KrF laser source operating at
248 nm. In particular, the excimer laser source can be used
in both the PLD chambers by means of mirrors to guide the
laser beam into the depositions chambers. However, only one
PLD chamber (namely, the PLD-I) is also equipped with the
Nd:YAG laser, with its laser beam being directly guided into
the chamber without the use of any mirrors. The pristine spot
size of the Nd:YAG laser shot is about 6 mm in diameter with
a typical energy of 700 mJ, corresponding to an energy den-
sity of about 2.5 J 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 opti-
cal mask was used to reduce the spot size from 5 to 2 mm in
diameter. Differently, the pristine spot size of the KrF laser
shot is about 3 x 1 cm with a typical energy of 340 mJ, cor-
responding to an energy density of about 0.1 J cm−2 for the
unfocused beam. By taking advantage of a set of mirrors,
both the radiation from the KrF and the Nd:YAG laser can

FIG. 3. Sketch of the deposition chamber (Demcon TSST’s target
carousel is also included in the sketch30); the two independent lasers
are focused on the selected target and their paths are enlightened by
different colors; in the inset, a zooming in of the target-substrate area
with a sketch of the plume.

be independently focused on the selected target position. This
allows the use of both lasers depending on the specific needs.
While both lasers efficiently ablate powders-pressed pellets
and single crystals, Nd:YAG laser appears to be more efficient
in ablating metal-disk targets (e.g. Fe, Co)10,31,32. As a matter
of fact, laser sources with short wavelengths are widely uti-
lized to ablate wide band-gap insulators while failing for the
ablation of metals due to their small absorption in UV range.
However, the possibility to have access to IR solid-state laser
in the same chamber extends the range of materials that can
be in-situ laser-ablated. One PLD-chamber (namely, PLD-II
in Figure.1) is also equipped with a Near-Ambient-Pressure
Reflection High Energy Electron Diffraction (NAP-RHEED)
system (SPECS NAP-RHEED RHD-30) allowing the in-situ
monitoring of the growth up to 1.3 mbar. The base pressure of
both the chambers is in the range of 10−9 mbar.

III. PERFORMANCES AND RESULTS

In order to assess the flexibility of the Dual-PLD system,
we give here two examples of the high-quality, stoichiomet-
ric films achievable by alternating the use of the KrF UV and
the Nd:YAG IR lasers sources. In particular, FeSe/TiO2 bi-
layered heterostructures have been grown on (0 0 1) oriented
SrLaAlO4 (SLAO) substrates by using the Nd:YAG laser for
the FeSe top-layer and the KrF for the TiO2 buffer-layer.
PLD growth of epitaxial FeSe and TiO2 thin films was per-
formed using a stoichiometric poly-crystalline FeSe target
(purity 99.99%) and on a rutile TiO2 single crystal. The laser
repetition rate was varied from 10 Hz down to 0.1 Hz. Epi-
taxial growth of FeSe and TiO2 thin films was performed
under UHV conditions (i.e. base pressure in the range of
10−8 mbar) and in 10−4 mbar ultra-pure oxygen background
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FIG. 4. (upper panels) Low-angle x-ray reflectivity scans of a TiO2
and a FeSe thin films grown on SLAO (0 0 1) substrate, respectively;
simulations of low-angle x-ray reflectivity is also reported as solid
lines; in particular surface roughness values of 0 Å(red), 4 Å(green)
and 8 Å(blue) are simulated for all the presented structures; (lower
panel) typical LEED pattern of TiO2 and FeSe single-layers grown
on SLAO substrate showing the 4 × 1 and 1 × 1 surface reconstruc-
tions, respectively.

atmosphere (purity at 99.9999%), respectively. As previously
reported23, the substrate-to-target distance d was set to 10 cm
to minimize the presence of FeSe particulates on the film’s
surface23,31,32. After the film growth, both FeSe and TiO2
single layers as well as FeSe/TiO2 bilayered heterostructures
were cooled down to room temperature at the base pressure
of the chambers in the range of 10−8 mbar. Structural char-
acterization of all the films was carried out ex-situ using a
four-circle Panalytical X’pert diffractometer with a Cu Kα ra-
diation source. The surface morphology as well as the sur-
face long-range order were investigated in-situ, under UHV
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FIG. 5. Reciprocal space maps of a FeSe/TiO2 bilayered heterostruc-
tures grown on SLAO substrate around the (0 1 5) FeSe, (0 1 9) TiO2
and (0 1 11) SLAO asymmetric reflections.

conditions, by atomic-resolution scanning tunnel microscopy
(STM) and low-energy electron diffraction (LEED), respec-
tively.

TiO2 thin films were grown by using the KrF excimer
pulsed laser source at a typical energy density of about
2 J/cm−2 resulting in a deposition rate of about 0.08 Åper
laser shot18,33,34. The bulk crystallographic properties of the
grown samples were explored by means of XRD. In particu-
lar, typical θ /2θ spectra only show the (0 0 l) peaks, indicating
the preferential c-axis orientation of the film along the [0 0 1]
substrate crystallographic direction with no trace of impurity
phases (not shown here). The surface roughness of the grown
films was probed by low-angle x-ray reflectivity (XRR) and
reported in the upper panel of Figure.4. Numerical simula-
tions of the low-angle XRR data (i.e., line-curves in Figure.4)
were performed by means of the IMD package in the XOP
software35,36. XRR oscillations are recorded up to 2θ values
of 5◦, while, above this angle, the oscillations fall below the
experimental sensitivity of the x-ray diffractometer37.

FeSe thin films were grown by using the Nd:YAG pulsed
laser source with a typical deposition rate of about 0.13 Å
per laser shot22. As for the anatase TiO2, also in the case
of FeSe, θ /2θ spectra only show the (0 0 l) peaks, indicating
the preferential c-axis orientation of the film along the [0 0 1]
substrate crystallographic direction with no trace of impurity
phases (not shown here). Similarly to the previous case, low-
angle XRR was performed to evaluate the surface roughness
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FIG. 6. (upper panel) Low-angle x-ray reflectivity scans of a
FeSe/TiO2 bilayered heterostructures grown on SLAO (0 0 1) sub-
strate; simulations of low-angle x-ray reflectivity are also reported
as solid lines; in particular surface/interface roughness values of
0 Å(red), 4 Å(green), and 8 Å(blue) are simulated for all the pre-
sented structures; (center) BF-TEM image of a FeSe/TiO2 bilay-
ered heterostructure on SLAO substrate (in the inset, zooming out
of the interfacial regions); (lower panel) typical LEED pattern of
a FeSe/TiO2 bilayered heterostructure showing the 1 × 1 surface
reconstruction and STM topography images in the scan area of
300 × 200 nm2 (the corresponding line-profile is shown below).

of the grown films (middle panel in Figure.4). Also in this

case, XRR oscillations are recorded up to 2θ values of 5◦

then falling - above it - below the experimental sensitivity of
the x-ray diffractometer. The upper limit of the RMS surface
roughness was therefore estimated to be about 6 Å.

Even though the XRR fitting algorithm is based on a
monochromatized X-ray source with negligible lateral inho-
mogeneities of the beam (while we used a lab-based un-
monochromatized X-ray beam), the surface root-mean-square
(RMS) roughness was estimated to be about 6 Å, correspond-
ing to less than one single TiO2 unit cell. Yet such a value
must be considered as an upper limit for the surface RMS. As
a matter of fact, the actual surface of the thin films was found
systematically smaller when probed by in-situ scanning tun-
nel microscopy18,20,37,38. Nevertheless, the results of the XRR
analysis provided a structural characterization of the samples
on a millimeter scale rather than a micrometer one.

Finally FeSe/TiO2 bilayered heterostructures were grown
by using the combination of both laser sources. In particular,
the TiO2 buffer-layer was deposited at 700◦ and 10−4 mbar
of oxygen pressure, then the grown film was cooled down in
UHV-condition to 300◦ and then the FeSe top-layer deposition
was performed.

XRD θ–2θ scans showed both the layers films have a (0 0 l)
orientation, pointing a preferential growth direction along
the c-axis (not reported here). The in-plane epitaxial rela-
tionship between the FeSe top-layer, TiO2 buffer layer, and
the SLAO substrate is determined by reciprocal space maps
around the (0 1 5), (0 1 9) and (0 1 11) asymmetric reflections,
respectively (Figure.5). The diffraction intensities of the TiO2
buffer-layer and the SLAO substrate do align along the same
in-plane scattering vector Qx, confirming that the full strain
condition for the TiO2 buffer-layer. However, the maximum
of the diffraction peak related to the FeSe top-layer is slightly
centered at lower Qx (i.e. corresponding to a slightly larger
in-plane lattice parameter), confirming the tendency of FeSe
to structurally relax after a few layers22.

Besides the thickness of the constituent layers, XRR sim-
ulation provided an estimate of the interface roughness be-
tween them (Figure.6). Again, XRR oscillations are recorded
up to 2θ values of 5◦ thus inferring to a very low interface
roughness and a negligible amount of chemical interdiffusion
among the layers.

Nanostructures of FeSe/TiO2 bilayered heterostructures
were investigated by Bright-Field Transmission Electron Mi-
croscopy (BF-TEM) using a JEOL 2010 UHR TEM equipped
with a field emission gun and operated at 200 kV. Cross-
sectional TEM samples were prepared with a conventional
polishing technique followed by dimpling and milling with Ar
ions. This preparation procedure had been proven to minimize
structural and chemical modifications of cross-sectional TEM
samples and had successfully been applied to other oxide thin-
film systems34,39,40. The structure of the heterostructure over
the whole image is homogeneous, with a very smooth surface
and free of significant defects (Figure.6). No structural differ-
ences were detected among the near-interface region and far
from it, as well as no traces of spurious phases or segregation
of crystalline phases other than those expected.

Similarly to FeSe and TiO2 single layers, the surface long-
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TABLE I. Materials grown by Dual-PLD during 2017-2022 period according to the research framework within which the synthesis has been
performed, namely In-house activity, and the NFFA-Trieste and NFFA-Europe user programs (RE and TM stand for Rare-Earth and Transition-
Metal, respectively; asterisks indicate the materials for which the growth protocol has been developed on-demand).

In-house activity NFFA-Trieste NFFA-Europe

Bi2Se3
12,37,41 *Dy-doped SrTiO3 *FeTe *V2O3

42–44

TiO2
18,45 *SrNbO3

33,38 *Fe(Te0.5Se0.5) *Fe-doped TiO2

SrRuO3
46 *YBa2Cu3O7 *Fe *TM-doped SrTiO3

La0.7Ba0.3MnO3
47 *LaNiO3

48 *MnSe2 *BaTiO3

La0.7Ce0.3MnO3
47 *WO3 *MoS2 *RE-doped CeO2

49,50

La0.7Sr0.3MnO3 *LaVO3 *Fe3O4 *RE-doped MgO
BiFeO3 *ZnO *MgGa2O4 *FeSe22

Cr4Te5 *CeO2 *MgCr2O4 *YSZ-8%
*LaAlO3 *Bi2WO6

*CaMnO3

range order was probed in-situ by LEED on a freshly grown
FeSe/TiO2 bilayered heterostructure, shown in Figure.6. The
LEED pattern acquired at about 100 eV incident electron en-
ergy displays sharp diffraction spots with a four-fold symme-
try square lattice along the substrate surface cell edge. Inter-
estingly, the TiO2 (4 x 1) surface reconstruction appears not to
induce any surface reconstruction in the FeSe top-layer. Fi-
nally, the surface topography and surface roughness of the
FeSe/TiO2 bilayered heterostructure were determined by in-
situ room temperature STM measurements. STM topogra-
phy image of the scan area (200 x 300) nm2 (Figure.6) reveals
atomically flat terraces and uniformly distributed with a step
height of ∼ 1.2 nm, i.e., equivalent to the height of about one
TiO2 or two FeSe unit cells. Such a value is consistent with
the RMS obtained from the XRR analysis performed on a mil-
limeter scale. The occurrence of atomically flat surfaces and
the absence of spurious extra phases make these films ideal
candidates to investigate the intrinsic physical properties of
FeSe/TiO2 heterostructures as a function of constituent lay-
ers.

IV. CONCLUSIONS

The Dual-PLD system here described allows exploiting the
large structural flexibility of thin films to highlight the role of
the electronic correlations in quantum materials as a function
of several controlled parameters (e.g. dimensionality, chem-
istry, strain, thickness). The combining use of two indepen-
dent laser sources - namely a KrF UV and a Nd:YAG IR lasers
- has allowed us to successfully grow a large number of differ-
ent materials - ranging from oxides to metals, to selenides and
others - in the form of thin films and heterostructures. During
a 2017-2022 five-year period, the Dual-PLD facility has been
used to grow 36 different materials in form of thin films and/or
heterostructures (Table 1). Such flexibility has been fully used
to support a user-driven program for the synthesis of materi-
als in form of thin films and heterostructures. As a matter of

fact, the largest part of its scientific activity has been triggered
by external users and has mostly involved the development
of previously unknown growth protocols (indicated by aster-
isks in Table 1). The Dual-PLD system provides new viable
routes to unique samples and combinations for the research of
the nature to unambiguously determine the true nature of the
quantum phenomena at the interface/surface of a vast class of
artificial materials and, consequently, to precisely craft their
physical properties.
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