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Abstract: Research on ultrathin quantum materials requires full control of the growth and surface
quality of the specimens in order to perform experiments on their atomic structure and electron states
leading to ultimate analysis of their intrinsic properties. We report results on epitaxial FeSe thin
films grown by pulsed laser deposition (PLD) on CaF2 (001) substrates as obtained by exploiting the
advantages of an all-in-situ ultra-high vacuum (UHV) laboratory allowing for direct high-resolution
surface analysis by scanning tunnelling microscopy (STM), synchrotron radiation X-ray photoelectron
spectroscopy (XPS) and angle-resolved photoemission spectroscopy (ARPES) on fresh surfaces. FeSe
PLD growth protocols were fine-tuned by optimizing target-to-substrate distance d and ablation
frequency, atomically flat terraces with unit-cell step heights are obtained, overcoming the spiral
morphology often observed by others. In-situ ARPES with linearly polarized horizontal and vertical
radiation shows hole-like and electron-like pockets at the Γ and M points of the Fermi surface,
consistent with previous observations on cleaved single crystal surfaces. The control achieved in
growing quantum materials with volatile elements such as Se by in-situ PLD makes it possible to
address the fine analysis of the surfaces by in-situ ARPES and XPS. The study opens wide avenues
for the PLD based heterostructures as work-bench for the understanding of proximity-driven effects
and for the development of prospective devices based on combinations of quantum materials.

Keywords: FeSe; pulsed laser deposition; scanning tunneling microscopy; angle-resolved photoemis-
sion spectroscopy

1. Introduction

Quantum materials under confined geometries, such as in ultrathin films host emer-
gent physical phenomena induced by, e.g., the epitaxial stress imposed by the underlying
substrate or arising at the interface with other material systems [1–4]. Much interest is
currently devoted to iron selenide (FeSe) that is a member of the ’11 family’ of Fe-based su-
perconductors [4]. FeSe has a simple quasi-two-dimensional crystal structure (i.e., Fe layer
sandwiched between two adjacent Se layers), belongs to P4/nmm space group and under-
goes a structural phase transition from tetragonal to orthorhombic at ∼90 K [5]. For 100 K
< T < 300 K, a nematic state—electronic order that breaks the rotational symmetries without
changing the translational symmetry of the lattice, has been observed [6,7]. Interestingly,
at low temperatures, FeSe becomes superconducting with a bulk Tc ∼ 8 K which can raise
to 35 K under hydrostatic pressure [8]. Even though several reports on FeSe thin films
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indicate that the variation of Tc from ∼4 K to ∼100 K is related to epitaxial strain and
film thickness [9–18], the significant Tc ∼ 70 K measured in a single atomic layer of FeSe
film deposited on a SrTiO3 (001) substrate [14] was associated with interfacial coupling.
It is thus necessary to have access to high-quality single-crystalline FeSe ultrathin film
specimens for fine analysis studies as well as to explore potential electronic applications in
quantum devices.

In order to distinguish between the effect of interfacial coupling with other functional
materials (e.g., SrTiO3) from purely substrate-induced strain mechanisms, it is necessary to
adopt flexible thin film deposition techniques which allow the growth of a large variety of
quantum materials within the same growth system, as well as to perform advanced in-situ
characterization of the grown surfaces. In this respect, although molecular beam epitaxy
(MBE) has been widely used to obtain very high quality FeSe thin and ultrathin films [19,20],
severe limitations arise if heterostructures need to be grown due to compatibility issues
generated by the presence of diverse materials within the same deposition system. On the
other hand, Pulsed Laser Deposition (PLD) has superior tunability of the growth rate
along with the flexibility to grow in-situ multiple heterostructures, and adequate control of
volatile elements [21,22]. Progress has also been made in the growth of chalcogenides and
superconducting thin films by atomic layer deposition (ALD) technique [23,24].

Here, we report a study of epitaxial FeSe thin films as grown on (001)-oriented CaF2
single crystal substrates [25,26] using PLD and in-situ high precision characterization of
atomic order, stoichiometry, electron states and Fermi surface. The information gained
from ex-situ X-ray diffraction (XRD) and X-ray reflectivity (XRR) has allowed refining
the growth protocol of FeSe films in single-phase with four-fold symmetry and with a
well-defined epitaxial relationship with the substrate. The in-situ analysis by scanning
tunneling microscopy (STM) has revealed either screw-type spirals on the samples surface
or step flow growth depending on the deposition parameters, and ultimately confirming
the growth of continuous layers without voids at the surface. The stoichiometry of the films
was confirmed by in-situ core level synchrotron radiation photoemission spectroscopy
(XPS) while the polarization-dependent in-situ ARPES allowed to analyse the electronic
band structure and Fermi surfaces of the specimens down to the ultrathin limit. The results
open wide perspectives for the realization of planar devices based on PLD multi-layered
heterostructures as work-bench for the understanding and control of quantum materials
and their combinations.

2. Materials and Methods

Epitaxial FeSe thin films were grown on 001-oriented CaF2 single crystal substrates
by PLD technique using an Nd:YAG laser source of 1064 nm wavelength (fundamental
harmonics) at the all-in-situ NFFA facility at Trieste (Italy) that also integrates the APE
beamlines of IOM-CNR at the Elettra synchrotron radiation source, STM and low energy
electron diffraction (LEED) [27,28]. The laser energy density, pulse width and the spot
size is 4–5 J-cm−2 , 6 ns, and 2 mm in diameter, respectively. Ablation of a high-purity
commercial stoichiometric FeSe target was used for the films’ growth. The as-received
substrates were rinsed, sonicated in ethanol and subsequently dried under N2 atmosphere.
During the deposition process, the substrate temperature was kept at 420 ◦C and the target-
to-substrate distance d was varied between 6.8 and 7.5 cm for optimizing growth kinetics.
The FeSe films were deposited at background pressures of 10−8–10−7 mbar with different
laser repetition rates (1–0.1 Hz). The structural and thickness characterizations were
performed ex-situ by means of PANalytical X’Pert four-circle XRD and X-Ray reflectivity
(XRR). The film stoichiometry was probed by energy dispersive spectroscopy (EDS) and
electrical transport measurements were performed by standard four-probe Van der Pauw
technique. The surface topography of the freshly grown films was probed in-situ by
STM [29]. Ultraviolet to soft X-ray radiation photoemission spectroscopy (ARPES and XPS)
experiments were carried out exploiting the beam characteristics of both APE beamlines
receiving variable polarization radiation from dedicated APPLE-II undulator sources
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of the Elettra storage ring. XPS spectra were acquired by using horizontally polarized
light with photon excitation energy of 900 eV and with the Omicron E125 hemispherical
electron energy analyzer. ARPES spectra were acquired with linearly polarized (vertical
and horizontal) light using a Scienta DA30 hemispherical analyser operated in deflection
mode [30].

3. Results
3.1. Structural Properties

Figure 1a shows the long-range θ–2θ symmetrical XRD scan of a FeSe films grown on a
CaF2 (001) substrate. The FeSe films have a (00l) orientation, pointing a preferential growth
direction along the c-axis. The (002) and (004) peaks of FeSe are almost superimposed
within those of the substrate peaks. The out-of-plane lattice parameter c calculated from the
(001) peak of FeSe is ≈0.551 nm, in agreement with the values reported for an unstrained
film [9]. The in-plane epitaxial relationship between the FeSe film and the CaF2 (001)
substrate is determined by the XRD φ scans around (−2 −2 4) CaF2 and (0 −2 4) FeSe
asymmetric peak reflections, as shown in Figure 1b. The peaks for both the substrate and
film are separated by 90◦ demonstrating a four-fold symmetry, with the (100) plane of the
FeSe film aligned parallel to the (110) plane of the substrate [4,31]. As a result of the optimal
lattice matching between the diagonal of CaF2 with the in-plane lattice parameter of FeSe,
the film grows with an in-plane rotation of 45◦ with respect to the substrate. The full-width
half maxima (FWHM) obtained for the FeSe (001) rocking curves is 0.61◦ (Figure 1c), similar
to the FWHM reported in the literature [31]. The surface long-range order was probed
in-situ by LEED on a freshly grown FeSe film, shown in Figure 1d. The LEED pattern
acquired at 100 eV incident electron energy displays sharp diffraction spots with four-fold
symmetry square lattice rotated by 45◦, i.e., along the substrate surface cell diagonal.

Figure 1. (a) θ–2θ XRD pattern of a FeSe film deposited by PLD on a CaF2 (001) substrate; The
symbols ‘F’, ‘S’, ‘*’ indicate the film, substrate and characteristic x-rays peaks, (b) asymmetric Φ scans
along (0 −2 4) of FeSe and (−2 −2 4) of CaF2 reflections, (c) rocking curve performed around the
(001) peak of the FeSe film, (d) LEED pattern of the FeSe film on a CaF2 (001) substrate measured at
100 eV.
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Figure 2a shows the reciprocal space maps (RSM) performed around the asymmetric
Bragg reflections of (−2 −2 4) CaF2 and (0 −2 4) FeSe film. The diffraction intensities of the
film and substrate do not align along the same in-plane scattering vector Qx, confirming
that the film is relaxed. The film thickness measured by XRR of approximately 45 uc,
is shown in Figure 2b. Numerical simulations of the low-angle XRR data (i.e., solid
curve in Figure 2b) are performed using the IMD package of the XOP software [32]. XRR
oscillations can be seen for 2θ values up to 5 degrees and above it, the oscillations fall below
the experimental sensitivity of the x-ray diffractometer [33,34]. The estimated growth
rate of the film is ≈0.13 Å per laser pulse. Temperature-dependent electrical transport
measurements show metallic nature (not shown here) with room-temperature resistivity of
≈700 µΩ-cm. The calculated residual resistivity ratio (R300K/R20K) is ≈2.15 for the film on
CaF2 substrate, estimating that the Tc of the films considered here lies below 3 K.
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Figure 2. (a) Asymmetric reciprocal space maps of (0 −2 4) FeSe film and (−2 −2 4) CaF2 substrate, (b) X-ray reflectivity
curve of a FeSe film showing both experimental data (circles) and simulation (solid lines) deposited on CaF2 (001) substrate.

3.2. Scanning Tunneling Microscopy

To determine the surface topography and surface roughness of the films, in-situ
room temperature STM measurements were performed [29]. Inset of Figure 3d shows
the schematic of the PLD system depicted with the target-to-substrate distance d used as
control parameter for tuning and optimizing the growth kinetics. Figure 3a shows the STM
topography image of 28-uc FeSe film in the scan area (200 × 200) nm2 as deposited at 1Hz
laser frequency and target-to-substrate distance d ∼ 6.8 cm. The surface topography reveals
atomically flat terraces and uniformly distributed dot-like features. Moreover, the STM
image in Figure 3a confirms the onset of screw-type growth mode. In order to minimize
the density of dot-like features on the film surface, d has been progressively increased
from 6.8 to 7.5 cm over the sample’s series. As d is increased, the growth rate of the film
decreases [35]. The reduction in growth rate favors the uniform arrangement of the ablated
incoming species, until the step flow growth regime is stabilized. A STM topography
for a 28-uc FeSe film grown at 0.1 Hz and d ∼ 7.5 cm is shown in Figure 3b, displaying
uniform step flow growth and over 70% reduction in the density of dot-like features.
The calculated root mean square (RMS) roughness of the 28-uc FeSe layer is ∼0.35 nm.
Inset of Figure 3b shows the line profile along the solid line indicating the step height of
∼0.56 nm, i.e., equivalent to the height of one FeSe unit cell. When reducing the thickness of
the FeSe film from 28 uc to 1.5-uc, the step flow growth is maintained and the layers are
continuous as shown in Figure 3c. This indicates that our PLD grown films are uniform
over the whole substrate surface. Compared to typical PLD growth parameters (i.e., d ∼
4–5 cm, laser frequency of 3–10 Hz) [31,36], here, we have dramatically increased the d to
7.5 cm (i.e., about a 70%–80% increment) and reduced the laser frequency to 0.1 Hz (i.e., 1
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laser pulse for every 10 s) for the growth of FeSe films. Such extreme fine-tuning is essential
for achieving atomically-flat FeSe surfaces by the 1st harmonic Nd:YAG laser. The high
quality of the resulting films is also confirmed by atomic-resolution STM topography of
FeSe film in the scan area of (5 × 5) nm2 reproduced in Figure 3d [37].

Figure 3. STM topography of a FeSe film grown by PLD. 28 uc film deposited at (a) d = 6.8 cm,
(b) d = 7.5 cm, respectively. Inset to (b): line profile measured along the solid line in (b). (c) 1.5 uc
FeSe deposited at d = 7.5 cm, (d) (5 × 5) nm2 atomic resolution STM topography of the surface in (a).
Inset to (d): Schematic of the PLD system.

3.3. X-Ray Photoemission Spectroscopy

The core-level XPS spectra of the Fe 2p and Se 3d of the FeSe films measured in-situ by
transferring the films to the APE-HE beamline end-station, are shown in Figure 4. The XPS
spectra were recorded with the sample surface oriented at 45◦ with respect to the incident
photon radiation. The energy interval considered in Figure 4a covers the binding energy
range including both the Se 3d and Fe 2p core levels. The photoemission spectrum shows
different components and a numerical de-convolution made after subtracting a Shirley
background, and by using mixed Gaussian-Lorentzian line shapes constrained by the
spin-orbit splitting and statistical intensity ratios. It is found that the Se 3d spin-orbit split
components 3d5/2 and 3d3/2 are located at 54.8 and 55.65 eV binding energies, while the
contribution from Fe 3p is located at 54.9 and 56.6 eV [38,39]. Fe 2p XPS core-level spectra
with metallic Donjiac-Sunjic broadening is shown in Figure 4b with the expected spin-orbit
and intensity ratio are fully consistent with earlier reports on FeSe and FeTe films [40].
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Figure 4. Core-level XPS spectra of (a) Se 3d along with its fitted components (solid lines) and (b) Fe
2p spectra of FeSe films.

3.4. Angle Resolved Photoemission Spectroscopy

The electronic band structure of the FeSe films was probed by ARPES at the APE-LE
end station [30]. The measurements were carried out at 45 K using both horizontally
and vertically polarized light of hν = 85 eV. Horizontal/vertical polarization (HP/VP)
directions were parallel/orthogonal to the plane of the synchrotron orbit, and the light
incidence angle at normal emission was 45◦ with respect to the sample surface normal.
In this configuration, the VP vector lies fully in the sample plane, while the HP has both
in-plane and out-of-plane components. Therefore, while VP may probe the states primarily
originating from in-plane orbital contributions, HP is sensitive to the states originating from
both in-plane and out-of-plane orbitals. In the experiment considered here, the Γ-M high-
symmetry direction was aligned parallel to the analyzer slit, which is also perpendicular to
the plane of the synchrotron orbit, i.e., parallel to the VP vector.

Here, we are showing as an example on how the topography of the FeSe film surface
changes its electronic states while probing with ARPES. When the growth mode of the
film is screw-type with droplets present on the film surface (Figure 3a), the Fermi surface
maps probed by arpes using HP (Figure 5a) and VP (Figure 5b) shows very broad with
no distinct features observable either at Γ or at M-point, respectively. Therefore, we have
progressively increased the d to minimize the droplets and maintain step-flow growth
mode, and to obtain sharp bands as discussed below.

Figure 5. ARPES measurements of a 28-uc FeSe film deposited at d = 6.8 cm on CaF2 measured with
a photon energy of 85 eV at 45 K. ARPES maps measured with (a) HP (b) VP of the light, respectively.

Figure 6a,b show the Fermi surfaces measured with HP and VP, respectively, for
the 28 uc FeSe film grown on CaF2 substrate. In Figure 6a an ellipse with the major
axis oriented along kx is centered at the Γ-point, and around the M-point, a horizontally
(vertically) located intense (weak) bone-shaped states are observed. An ellipse centered
at the Γ point detected with VP has its major axis along ky (Figure 6b), and 4 lobes of
weak equal intensity are observed at the M point. The horizontal and vertical cuts of
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Figure 6a measured along the Γ-M high symmetry direction using HP light are shown
in Figure 6c,e, respectively. A hole-like band with different kF in each cut is detected at
the Γ-point. The band at Γ in the vertical cut (Figure 6e) is sharper than the band in the
horizontal cut (Figure 6c). This difference results in the elliptical shape of the photoemission
distribution observed in the Fermi surface (Figure 6a). By changing the polarization to
vertical (Figure 6d,f), we observed that the 2 cuts were exchanged. That is, the sharper
and wider bands at Γ are observed in the horizontal (Figure 6d) and vertical (Figure 6f)
cuts, respectively, which rotates the ellipse at the Γ-point in the Fermi surface by 90◦ as
seen in Figure 6b [41]. The bands observed in the horizontal cut at the M-point and mea-
sured with HP (Figure 6c) correspond to bone-shaped features as seen in the Fermi surface
reported in Figure 6a, whereas, no bands were observed when measured at the M-point in VP
(Figure 6b,d). Taking into account that the sensitivity to electron band states depends on vari-
ous factors such as the polarization of light, experimental geometry and the photon excitation
energy [42,43] etc, it is concluded that the overall contribution of the bands at the Γ and M
points are mostly derived from the Fe t2g states. The overall ARPES data from the PLD
grown films are consistent with those reported for FeSe crystals and MBE films [8].

Figure 6. ARPES measurements of a 28-uc FeSe film deposited at d = 7.5 cm on CaF2 measured
with a photon energy of 85 eV at 45 K. ARPES maps measured with (a) HP (b) VP of the light. (c,d)
Horizontal cuts along the Γ-M direction; (e,f) vertical cuts along the Γ direction taken from (a) and
(b), respectively.

4. Conclusions

In summary, we have demonstrated fabrication of very high-quality epitaxial FeSe
thin films on CaF2 (001) substrates by PLD technique and studied their structural, mor-
phological and electronic properties. By tuning the PLD deposition parameters such as
target-to-substrate distance d and the laser frequency, the step-flow growth with atomically
flat surfaces has been achieved. The band structure observed in ARPES also confirms the
excellent surface quality of the films, as the data are compatible with the best ones obtained
so far on cleaved FeSe single crystals and MBE films. These findings open wide perspec-
tives for the PLD growth technique which is suitable for in-situ growth of heterostructures,
e.g., by combining oxides and/or (topological) chalcogenides and potentially supercon-
ducting selenides, enabling to study exotic electronic configurations, such as Majorana
fermions, and ultimately to explore proximity-induced effects and interface functionalities
potentially relevant for device applications.
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