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Abstract—This article first reports the preparation of supercon-
ducting FeSe films on fluorophlogopite-mica (F-mica) substrates by
the pulsed laser deposition technique. The quality of films is signif-
icantly improved by optimizing the deposition conditions, such as
substrate temperature and laser energy. Through mechanical ex-
foliation of F-mica substrates, the films obtain excellent flexibility.
After repeated bending in the atmosphere, the surface morphology
and superconducting properties of these films substantially remain
unchanged. Furthermore, we use a homemade device to apply
different stains to the film and conclude that the superconduct-
ing transition temperature could be enhanced under compressive
strain, whereas reduced under tensile strain. This article shows
the great potential of FeSe superconducting films to integrate with
future flexible electronic devices.

Index Terms—FeSe superconducting film, flexible electronics,
fluorophlogopite-mica (F-mica substrate).

I. INTRODUCTION

S EEKING superconducting materials with appropriate phys-
ical properties has always been an important frontier field

in condensed matter physics, which will facilitate the develop-
ment of techniques such as lossless power transmission [1], [2],
[3], magnetic levitation transportation [4], [5], and magnetic
resonance imaging [6]. Beyond that, the superconductors can
be used to fabricate high-performance electronic devices owing
to low microwave surface impedance [7], [8], [9], [10] and
Josephson effects [11], [12]. The iron-based superconductor has
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become an important family of high-temperature superconduc-
tors since its discovery in 2008 [13]. Among the iron-based
superconductors, FeSe has the simplest structure and chemical
composition. Besides, it has a high critical current densityJc [14]
and a high upper critical magnetic field Hc2 [15]. Especially, its
superconducting transition temperature Tc can be adjusted in a
wide range [16], [17], [18], [19], [20]. Therefore, FeSe has great
potential in the application of superconductors [21], [22], [23].

Flexible superconducting films are highly in demand in en-
gineering technologies, especially for future wearable or fold-
able electronics. However, current practical research works are
mainly focused on superconducting films on rigid substrates.
In other words, the information on the bending effect on su-
perconducting thin films is relatively lacking [24], [25], [26],
[27], which seriously limits the further development of flexible
superconducting electronic technology. Therefore, the urgent
task is to explore the growth of superconducting thin films on
flexible substrates and study their superconducting properties
before and after different deformations.

In this article, we choose fluorophlogopite-mica (F-mica)
[KMg3Al(Si3O10)F2] as the flexible substrate, which is a syn-
thetic 2-D van der Waals layered material with atomically
smooth surface, chemical inertness, thermal stability [28], [29],
[30], and excellent optical and mechanical properties, and has
been used to deposit a variety of oxides or nanocomposites [31],
[32], [33], [34]. The pulsed laser deposition (PLD) technique is
used to deposit FeSe thin films on F-mica substrates. Through
systematically adjusting deposition conditions, we successfully
grow superconducting FeSe films with Tc ∼ 6 K, which exhibit
well-textured features and superconductivity with Hc2 ∼ 15 T.
In addition, the properties of the flexible superconducting thin
films are stable and reversible after repeated bending and restor-
ing. Furthermore, we use the homemade device to study the
dependence of film’s Tc on the strain and find that the supercon-
ductivity of FeSe benefits from the compressive strain.

II. EXPERIMENTS

FeSe films with a thickness of ∼300 nm are deposited on F-
mica substrates by PLD with a KrF excimer laser (λ= 248 nm).
A target with a stoichiometric composition of FeSe0.97 is used,
and the distance between the target and the substrate is fixed at
∼50 mm. Before deposition, the chamber is evacuated to a high
vacuum better than 1 × 10−6 torr. The growth parameters, such
as laser energy, laser repetition rate, and substrate temperature,
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Fig. 1. Normalized resistance versus temperature (R–T) curves for FeSe/F-
mica thin films. The films are deposited (a) at different substrate temperatures
and (b) with different laser energies.

are adjusted according to the experimental requirements. X-ray
diffraction (XRD, SmartLab 9 kW) and scanning electron mi-
croscopy (SEM, SU5000) are used to characterize the crystal
structure and microstructure of films. The four-probe method is
used to measure the temperature dependence of resistance (R–T)
in the physical property measurement system (PPMS, Quantum
Design).

III. RESULTS AND DISCUSSIONS

The FeSe films are directly deposited on F-mica substrates
with a thickness of 0.5 mm. To achieve high-quality films,
many related deposition parameters have been studied. It is
well known that the crystal structure of FeSe is sensitive to
substrate temperature [35]. Therefore, we prepare the FeSe
films at different substrate temperatures, ranging from 300
to 450 °C. Meanwhile, laser energy (300 mJ), repetition rate
(4 Hz), and the annealing temperature (450 °C) keep constant.
The R–T curves of these films are measured, as shown in
Fig. 1(a). As the substrate temperature increases, the zero-
resistance superconducting transition temperatures (Tc0) of
films initially increase and then decrease. The highest Tc0 ∼ 5K
is reached when the substrate temperature is 350 °C. Hence,
we choose the optimal grown temperature of 350 °C for the
following depositions. Subsequently, we try the different laser

Fig. 2. (a) XRD spectra of θ–2θ scan for FeSe/F-mica, and (b) normalized
R–T curves of the FeSe/F-mica film, measured under different applied magnetic
fields. In the inset, the stars are the Hc2 data extracted from (b) and the solid
line shows the fit by WHH model [38]. The Maki parameter α = 3, and the
spin-orbit coupling constant λso = 1.

energies, i.e., 300, 350, and 450 mJ, because the laser energy
usually affects the plumpness and the stoichiometry of the plume
[36]. Fig. 1(b) displays the R–T curves for the films with different
laser energies, which shows the highest Tc0 ∼ 6 K (onset
transition temperature of 9 K) is achieved using the laser energy
of 450 mJ. Above all, we successfully fabricate superconducting
FeSe films on F-mica substrates through careful adjustment of
deposition conditions.

Furthermore, we characterize the crystal structure and elec-
trical transport properties of the film with Tc0 ∼ 6 K. Fig. 2(a)
shows the θ–2θ XRD patterns of the FeSe/F-mica. Only the FeSe
(00l) peaks can be observed, indicating that although there exists
a nonnegligible mismatch of in-plane lattice parameters between
FeSe film and F-mica substrate [37], the FeSe film still displays
c-axis orientation. This suggests that FeSe has a well-textured
feature along the c-axis direction, as reported in previous work
[26]. In addition, we estimate the c-axis lattice constant as∼5.53
Å, similar to that of bulk FeSe [41], thus the lattice strain in our
FeSe/F-mica is small. Fig. 2(b) shows the R–T curves of the
film under different applied magnetic fields perpendicular to
the film surface. The applied magnetic field H changes from 0
to 9 T and the interval ΔH is 1 T. It is noted that Tc0 of the
FeSe film gradually decreases with the increase of the magnetic
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field, but the film keeps superconducting transition even if the
applied magnetic field is up to 9 T. Thus, we extract Hc2(T )
of the FeSe/F-mica using 90% of the normal-state resistance
of the film. Then, the Werthamer–Helfand–Hohenberg (WHH)
formula [38]

−Hc2 (0) = 0.7TcdHc2/dT |Tc (1)

is employed to fit Hc2(T ), which gives that Hc2(0) of FeSe/F-
mica is 14.5 T, as shown in the inset of Fig. 2(b). Although the
out-of-plane upper critical magnetic field of FeSe/F-mica is rel-
atively low [16], both Tc0 and crystal structures are comparable
to that of FeSe films on MgO, LaAlO3, and other rigid crystal
substrates [35]. We also believe that the film quality could be
further improved by optimizing the deposition conditions.

The main purpose of this article is to fabricate and study the
flexible superconducting film. Considering the F-mica substrate
exhibits a sheet/layered structure and the interlayer van der
Waals interaction is weak, it is possible to peel off the overlayer
from F-mica creating an unconstrained or free-standing flake
[37]. In addition, the F-mica usually has good flexibility when
its thickness is less than 20 μm [39]. Therefore, we use the
mechanical exfoliation method to cleave the F-mica substrate
with a thickness of 0.5 mm into thin flakes of ∼10 μm. The
picture of the exfoliated sample is shown in Fig. 3(a), from
which we can see that the FeSe/F-mica could be easily bent.
We then repeatedly bend the sample with the homemade device
(over 100 times in different directions and the maximum strain
is ∼0.46%) and compare its physical properties with that of
the pristine. Fig. 3(b) and (c) show the surface morphology of
the pristine and after-bending samples, respectively. It is found
that the after-bending FeSe/F-mica does not display obvious
wrinkles or cracks, indicating the good ductility of FeSe. In fact,
the surface morphology has been checked on different film spots
with different magnifications. In addition, it could be seen from
the SEM micrographs that the FeSe film deposited on F-mica is
dense. Fig. 3(d) and (e) show the XRD patterns and R–T curves of
the pristine and after-bending samples, respectively. We find that
both the crystal structure and the electrical transport property are
barely affected by mechanical exfoliation and repeated bending.
Note that there are three peaks corresponding to the impurity
phases, which may come from the nonoptimal growth conditions
and result in a lower Tc0 of the sample [35], [36], [42]. All these
results suggest that the mechanical characteristics, crystalline
structures, and superconducting properties of the flexible FeSe
film are stable under bending, which is promising for future
flexible superconducting devices.

As a matter of fact, our flexible superconducting FeSe film
provides a good platform for investigating the response of super-
conductivity to the applied strain [24], [40]. Fig. 4(a) shows the
schematic of different bending configurations, with the flex-out
and flex-in corresponding to the tensile and compressive strain,
respectively [37]. When the curvature radius R is much larger
than the sample thickness t, the magnitude of applied strain ε
could be calculated by ε = t/2R [24], [43]. That suggests that
the smaller R is, the larger ε will be. In our experiments, the
flexible FeSe/F-mica sample is attached to a beryllium copper
shrapnel (the thickness is ∼100 μm) with excellent elasticity

Fig. 3. Microstructure, crystalline structure, and electrical transport properties
for the pristine and after-bending FeSe/F-mica film. (a) Picture of the exfoliated
sample with bending condition. (b) SEM micrograph of the pristine film.
(c) SEM micrograph of the after-bending film. (d) Out-of-plane XRD spectra of
θ–2θ scan of the pristine and after-bending film. The asterisk symbol marks the
FeSe(101) peak, and the star symbols mark the Fe7Se8(006) and Fe7Se8(0012)
peaks. (e) Normalized R–T curves of the pristine and after-bending film.

and thermal conductivity [see Fig. 4(b)]. To make sure that the
strain could be effectively applied to the FeSe film, we mounted
the FeSe/F-mica onto the middle of copper shrapnel. Obviously,
R becomes smaller with the decrease of h. In other words, the
strain ε is larger for a shorter h. Then, the R–T curves of the
sample are measured under different values of ε, as shown in
Fig. 4(c). For the flex-out mode, the sample Tc decreases to
5.2 K and 5.0 K for h = 23.7 mm (ε= 0.39%) and h = 23.4 mm
(ε = 0.40%), respectively, indicating that the tensile strain will
suppress Tc. In contrast, for the flex-in mode corresponding to
compressive strain (h = 22.8 mm, ε = −0.41%), Tc is raised
to ∼6.5 K from the initial 5.3 K. Therefore, the tensile (posi-
tive)/compressive (negative) strain is unfavorable/conducive to
the superconductivity of FeSe films. We note that Chen’s group
[24] also reported similar results where the superconductivity of
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Fig. 4. (a) Schematics of both flex-in and flex-out bending modes. (b) Optical
image of a homemade device, which is used to apply strain to the FeSe/F-
mica in PPMS. (c) Normalized R–T curves of FeSe/F-mica in flex-in and
flex-out bending conditions. Values of strain are estimated using ε = t/2R and
R= (h2+4w2)/8w, where h and w are geometrically explained in (b). ε is positive
and negative for the flex-out and flex-in modes, respectively.

FeSe thin flakes on flexible polyethylene terephthalate substrates
could be widely tuned through changing applied strains (Tc

changes ∼2.8 K under a strain of ∼−0.63%, in agreement
with our results). This shows that the flexible superconductor is
promising for investigating the mechanism of high-temperature
superconductivity (see [24] and references therein).

V. CONCLUSION

The superconducting FeSe/F-mica films with Tc ∼ 6 K are
successfully prepared by the PLD technique with a substrate
temperature of 350 °C and a laser energy of 450 mJ. After me-
chanical exfoliation of F-mica substrates and multiple bending
of samples, the surface morphology, crystalline structure, and
superconducting properties of flexible FeSe films keep almost
unchanged, indicating that FeSe is a good candidate material
for future flexible superconducting devices. Furthermore, we
used our homemade device to investigate the response of the
superconductivity of FeSe films to the applied strains. It is found
that Tc will be enhanced under compressive strain and reduced
under tensile strain, consistent with previous reports. Our study

provides a new idea and method to prepare flexible supercon-
ducting thin films and shows the great potential of flexible FeSe
films in the future applications of flexible electronic devices and
the fundamental research on superconductivity.
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