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Spatial inhomogeneity of superconducting gap in epitaxial monolayer FeTe1−xSex films
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Monolayer FeTe1−xSex films grown on a SrTiO3(001) substrate is a promising platform to explore both
high-temperature and topological superconductivity. Using molecular beam epitaxy, we successfully synthesized
monolayer FeTe1−xSex films (0 � x � 1) on a Nb-doped SrTiO3(001) substrate. The as-grown films with
0.30 � x � 1 show superconductivity. By spatially mapping the superconducting gap distribution, we found a
large gap variation of ∼3–7 meV. Our analysis shows that impurities/defects and local chemical composition
variation play a minor role in the superconducting gap inhomogeneity. The large gap variation is possibly
attributed to the joint effects of the interface inhomogeneity and inhomogeneous superfluid. Our study sheds
light on the fundamental properties of two-dimensional iron-based superconductors.
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I. INTRODUCTION

Both high-temperature and topological superconductors
are the frontier subjects of condensed matter physics. The
mechanism of high-temperature superconductivity still re-
mains unresolved after several decades since its discovery,
and solving the problem would have significant impacts on
both basic science and practical technology. Meanwhile, topo-
logical superconductors are predicted to host Majorana bound
states at the cores of vortices [1], thus providing a promising
platform for topological quantum computing.

One of the promising candidates for a topological su-
perconductor is FeTe1−xSex. By employing angle-resolved
photoemission spectroscopy, previous studies provided di-
rect evidence of spin helical Dirac surface states as well
as a superconductivity gap below the critical temperature
in this material [2,3]. Signatures of Majorana bound states
at the vortex core in an FeTe0.55Se0.45 single crystal were
observed [4,5], which provides further evidence for the exis-
tence of topological superconductivity in this material. Apart
from topological superconductivity, FeTe1−xSex also provides
a promising platform to explore other exotic ordered phases
such as a nematic phase where the rotation symmetry is bro-
ken [6–8].

The high-temperature superconductivity of monolayer
FeSe grown on SrTiO3, where the superconductivity gap is
enhanced from about 2 meV of the bulk material to about
20 meV [9], has attracted intensive studies recently. Spectro-
scopic investigations found a gap opening temperature up to
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90 K [10–15]. In addition, signatures of incoherent Cooper
pairs and pseudogap phenomena that resemble the situation
of cuprates [15] have been reported in this system. This
interface-enhanced superconductivity provides a model sys-
tem to explore the underlying mechanism of Cooper pairing
in high-temperature superconductors.

Interface-enhanced superconductivity of monolayer
FeTe1−xSex on SrTiO3 has been reported by Li and
co-workers [16]. In addition, a monolayer FeTe1−xSex

thin film grown on a SrTiO3 substrate is also predicted
to be topological. Comparing with monolayer FeSe on a
SrTiO3 substrate, Te substitution in FeSe can increase the
anion height and hence induce a band inversion at the �

point, making the system topologically nontrivial [2,17]. A
topological transition at an Se content of 33% was reported
by Shi et al. [18]. So far the studies on monolayer FeTe1−xSex

films are still scarce.
Here, we report the epitaxial growth of monolayer

FeTe1−xSex (0 � x � 1) grown on Nb-doped SrTiO3. By fine
tuning the flux ratio between Se and Te, superconductivity
in as-grown monolayer FeTe1−xSex (0.30 � x � 1) films has
been achieved. We observe a large spatial variation of the
superconducting order parameter (∼3–7 meV) in the whole
superconducting regime and such a large variation persists
even in the areas without impurities. Our analysis shows that
impurities or defects introduced during growth, local chem-
ical composition variation, and low dimensionality cannot
fully account for this large variation of the superconducting
gap. This large variation of the gap is possibly attributed to
the joint effects of the inhomogeneity of the interface and
the inhomogeneous superfluid. Our results indicate a strong
inhomogeneity of superconductivity in iron-based supercon-
ductor thin films and shed light on the basic properties of an
FeTe1−xSex monolayer on a SrTiO3 substrate.
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FIG. 1. (a) STM topography (500×500 nm, It = 10 pA, Vb = 1 V) of a typical as-grown FeTe1−xSex film. (b)–(g) Atomically resolved
STM image for (b) FeTe0.7Se0.3 (It = 500 pA, Vb = 30 mV), (c) FeTe0.47Se0.53 (It = 500 pA, Vb = 50 mV), (d) FeTe0.34Se0.66 (It = 500 pA,
Vb = 50 mV), (e) FeTe0.2Se0.8 (It = 500 pA, Vb = 50 mV), (f) FeTe0.14Se0.86 (It = 300 pA, Vb = 30 mV), and (g) FeSe (It = 500 pA, Vb = 30
mV). (h) Step heights as a function of Se content. (i) Normalized XPS data with the Shirley background deducted. (j) ITe

ISe
as a function of 1−x

x .

II. EXPERIMENTAL DETAILS

The experiments were performed on a homemade low-
temperature ultrahigh vacuum (UHV, 1×10−10 Torr) multi-
probe scanning tunneling microscope (STM) equipped with
molecular beam epitaxy [19]. The lowest temperature of the
STM head could reach 4.7 K. Before epitaxial growth, the
Nb-doped (0.05 wt.%) SrTiO3(001) substrates were annealed
at 1200 ◦C for 15 min, and the flux ratios of Fe, Se, and Te
were checked by a quartz crystal microbalance (Inficon SQM-
160). Then the FeTe1−xSex monolayer films were synthesized
by codeposition of high-purity Fe (99.995%), Se (99.999%),
and Te (99.999%) with the substrate held at 280 ◦C for 30 min
and no postannealing was conducted (see Figs. S9 and S10
for the effect of postannealing [20]). High-quality monolayer
FeTe1−xSex films without a phase separation, which usually
occurs in a bulk single crystal [21,22], have been achieved
by molecular beam epitaxial (MBE) growth on SrTiO3 sub-
strates. The minimized effect of phase separation is possibly
due to the MBE growth process, which is far from a thermal
equilibrium condition and dominated by the kinetic surface
process, as well as the strain effect from the substrate [23,24].
A polycrystalline PtIr tip was used for the STM measure-
ments, and the tunneling spectra were taken at 4.7 K using a
standard lock-in technique with a bias modulation of 0.3 mV
at 971 Hz. Then, the FeTe1−xSex monolayer films were trans-
ferred out for ex situ x-ray photoemission spectroscopy (XPS)
measurements (Specs XPS system) with a photon energy of
1486.61 eV.

III. RESULTS AND DISCUSSION

In Fig. 1(a), we present a typical STM topography of
FeTe1−xSex films, where we can observe fully covered mono-
layer films on the terrace and some additional second layer
along the step edges of the substrate resulting from the step

flow growth mode. It shows the high quality and flatness of
the FeTe1−xSex films. The chemical composition of the films
can be fine tuned by the flux ratio of Te and Se during the
growth.

The exact x of FeTe1−xSex can be determined by atomically
resolved images and ex situ XPS measurement. In the STM
images of FeTe1−xSex, because the apparent height of the Te
atoms is larger than the Se atoms, x can be easily determined
by counting the numbers of Te and Se atoms in the same
images [25–27]. In order to precisely determine the Se content
(x), we make an average of x of several areas from the same
sample. In Figs. 1(b)–1(g), we present atomically resolved
STM images of monolayer FeTe1−xSex films with x ranging
from x = 0.30 to x = 1. As x increases, the concentration of
Te atoms (brighter spots) in the images decreases. As shown
in Fig. 1(h), the step heights extracted from films with dif-
ferent x show a negative linear relationship with x. This is
consistent with the fact that the step heights should decrease
from 0.64 nm of FeTe to 0.55 nm of FeSe with increasing
x [28]. Core-level XPS can further prove the tuning of x in
FeTe1−xSex. Normalized XPS data of Fe 2p, Se 3d , and Te
3d orbitals are presented in Fig. 1(i). In order to compare
the XPS data of different samples, we first extract the Shirley
background and then we normalize each spectrum by divid-
ing a constant fitted background. Then we use the ratio ( ITe

ISe
)

between the integrated peak area of Te 3d and Se 3d peaks
to determine how much Se content is in the sample [29]. By
fitting ITe

ISe
with 1−x

x , a linear relationship between them has
been found. Both XPS and step height data suggest that the x
determined by counting Te atoms is valid.

Next, we focus on the superconducting properties in the
as-grown FeTe1−xSex films (see Fig. S8 for the averaged
dI/dV of each monolayer FeTe1−xSex film [20]). In Figs. 2(a)
and 2(b), we show the atomically resolved STM image of
both FeTe0.47Se0.53 and FeSe, and we present the spatially
resolved spectra in Figs. 2(c) and 2(d) along the dashed white
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FIG. 2. (a), (b) Atomically resolved STM image (It = 500 pA, Vb = 50 mV) for FeTe0.47Se0.53 (10×10 nm) and FeSe (10×10 nm). (c),
(d) Spatially resolved spectra along the white dashed arrow in (a) and (b), respectively. (c) It = 200 pA, Vb = 30 mV. (d) It = 200 pA, Vb = 25
mV. (e), (f) Statistics of gap distribution for FeTe0.47Se0.53 and FeSe. The black line is the Gaussian fit of the histogram. (g), (h) Superconducting
gap map of (a) and (b), respectively.

arrow in Figs. 2(a) and 2(b). The spatially resolved spectra in
FeTe0.47Se0.53 exhibit a large variation in the gap while that in
FeSe is more uniform (see Fig. S7 for temperature-dependent
dI/dV [20] and Ref. [30] therein). In order to statistically
analyze such inhomogeneity, we measure the superconducting
gap map at four to five different locations, which are randomly
distributed. In pure FeSe samples, the superconducting gap
map was collected on areas far away from the domain walls
which would locally suppress the superconducting gap [31].
Using the BCS gap fit (see Fig. S1 for details [20] and
Ref. [32] therein), the local superconducting gaps and the
statistics are shown in Figs. 2(e) and 2(f). Both histograms of
the gaps in the two samples are well fitted by a Gaussian distri-
bution, yielding �̄ = 11.0 meV, σ = 0.31 for FeTe0.47Se0.53

and �̄ = 9.5 meV, σ = 0.22 for FeSe. Both samples exhibit a
large variation in the superconducting gap. The gap maps for
both samples are presented in Figs. 2(g) and 2(h), respectively,
where the observation of the gap spatial inhomogeneity is
more direct. In Fig. S2 of the Supplemental Material [20], we
also present the map of zero-bias conductance (ZBC) where
we can directly visualize impurity states. The azimuthally
averaged autocorrelation between the map of ZBC and the gap
shows a negative correlation (see Fig. S2 for detailed informa-
tion [20]), which indicates impurity states tend to suppress the
gap size.

To further investigate the inhomogeneity of the gap, we
take the superconducting gap map at different areas and statis-
tically analyze the gap distribution in FeTe1−xSex films with
x ranging from x = 0.30 to x = 1. In order to exclude the
influence of impurity states, we also statistically analyze the
gap distribution in areas without impurity states. The detailed
statistic results are presented in Fig. S3 [20] and are also
summarized in Fig. 4(b). A large spatial variation of the super-
conducting gap exists in all samples with a magnitude from

3 to 7 meV [red square in Fig. 4(b)]. When we exclude the
influence of impurities, such inhomogeneity is slightly sup-
pressed, however, the variation is still very large (3–6 meV),
as indicated by the blue pentagon in Fig. 4(b).

FIG. 3. (a) An example of a dissected atomically resolved STM
image for FeTe0.47Se0.53 film (13×13 nm, It = 500 pA, Vb = 50 mV).
We dissect the STM image along the dashed white lines and count the
local Se content and the gap size inside each small box. (b) Averaged
gap magnitude as a function of local Se content. (c) Autocorrelation
of topography in (a). (d) Radial average of (c). The decay length is
about 1.78 nm.
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FIG. 4. (a) Phase diagram for monolayer FeTe1−xSex . (b) Varia-
tion of the gap for as-grown films (red squares) and variation of the
gap in areas without impurities (blue pentagons).

Next, we would like to discuss the origin of this large
superconducting gap variation. The first reason coming to
mind is the variation of local Se content due to the random
distribution of Se and Te atoms, which locally distorts the
anion height. So in order to investigate the influence of local
Se content variation on superconductivity inhomogeneity, we
take FeTe0.47Se0.53 as an example and dissect the atomically
resolved STM image into small pieces containing areas of a
length scale of 2–3 nm, as shown in Fig. 3(a). We carefully
analyze the local content and the gap distribution of each
area. The results are presented in Fig. 3(b) (see Fig. S4 for
detailed information [20]) where we observe no obvious rela-
tion between the averaged gap value and the local Se content.
This suggests that the local variation of Se content plays a
minor role in the inhomogeneity of the superconducting gaps
and is in agreement with previous work on single-crystal
FeTe0.4Se0.6 [26]. To explain this, we first to investigate the
length scale of inhomogeneity introduced by the chemical
composition variation, which can be estimated using the auto-
correlation of the atomically resolved topography. By radially
averaging the autocorrelation map and then using an exponen-
tial fit, we can extract the length scale of the local chemical
variation. The results for FeTe0.47Se0.53 film are shown in
Figs. 3(c) and 3(d) and the length scale of inhomogeneity
introduced by variation of the local chemical composition
is about 1.78 nm, which is typical in all superconducting
FeTe1−xSex films. The coherence length in this system is
reasonably estimated using the coherence length of monolayer
FeSe on a SrTiO3 system which is about 2.5 nm [33] (this
length can also be estimated by the correlation length of the
autocorrelation of the superconducting gap—see Fig. S5 for
details [20]). Since the length scale of inhomogeneity due
to the variation of the local chemical composition is of the
same order of coherence length of Cooper pairs, the local
content variation should not exert a substantial influence on
the inhomogeneity of the superconducting gap.

Another possibility is that there is inhomogeneity at the
interface between the FeTe1−xSex film and the substrate. Ho-
mogeneity of the interface is essential to obtain homogeneous
interface-enhanced superconductivity. Resembling the FeSe
monolayer on SrTiO3 [34–37], the interface also plays an
important role in obtaining enhanced superconductivity in
our FeTe1−xSex film. In light of that, any inhomogeneity
present at the interface may introduce a spatial variation of
superconductivity in epitaxial FeTe1−xSex films. On one hand,

interface inhomogeneity may be caused by a disorder- or
defect-induced inhomogeneous charge transfer between the
interface and the monolayer films [10,13,38]. On the other
hand, the inhomogeneity at the interface may arise from the
inhomogeneous distribution of oxygen vacancies [39], which
would influence the electron-phonon coupling effect [40–42]
and in turn modulate the superconductivity locally.

Aside from the local variation of the chemical composition
and inhomogeneous interface, a short coherence length may
also play a role in the superconducting gap inhomogene-
ity. Superconductivity forms when phase coherent Cooper
pairs condensate into a macroscopic quantum ground state.
There are two energy scales in superconductivity: the single-
particle gap � and the phase rigidity here denoted as kBTθ .
For conventional superconductors such as Pb, because the
phase coherence length is usually very large (from hundreds
of nanometers to micrometers), the phase rigidity is much
larger than a single-particle gap [43]. However, for iron-
based superconductors, the coherence length is much shorter
(about several nanometers) [44–46], which puts the phase
rigidity and pair breaking gap on the same energy scale. In
single-crystal FeTe0.55Se0.45, Cho et al., by taking advantage
of scanning Josephson tunneling microscopy, found a strong
inhomogeneity of the superfluid density [47]. They found such
inhomogeneity is not caused by strong structural disorder nor
inter-pocket scattering, and instead, they observe a correlation
between the superfluid density and the local quasiparticle
strength. In our case, the epitaxial monolayer FeTe1−xSex

films also possess a short coherence length, so the short coher-
ence length can also give rise to an inhomogeneous superfluid
density. From our analysis, we find a weak negative correla-
tion between the coherence peak height and superconducting
gap (see Fig. S11 for more details [20]), which suggests that
the inhomogeneous superfluid density possibly contributes to
the spatial variation of the superconducting gap. However, we
should point out that this correlation is almost absent in the
bulk FeTe0.55Se0.45 [47] and the discrepancy between the bulk
material and monolayer thin film is not clear currently.

Two dimensionality, on the other hand, might play a minor
role in the spatial inhomogeneity of the superconducting gap
in monolayer FeTe1−xSex. For example, tetrabutyl ammonium
(TBA+) intercalated FeSe shows a sharp superconducting
transition with Tc0 up to about 40 K when its adjacent FeSe
layer distance is enlarged from 5.5 Å in pristine FeSe to 15.5 Å
by TBA+ intercalation [48]. Although it is a highly two-
dimensional system, its superconducting transition is even
sharper than the monolayer FeSe/SrTiO3 system. Moreover,
a previous STM study on single atomic layer Pb and In on
Si(111) also exhibits a uniform superconducting gap [49].

Figure 4(a) shows the superconducting phase diagram of
monolayer FeTe1−xSex, which shows a dome of an averaged
superconducting gap as a function of x. Surprisingly, even
in the sample of FeTe0.76Se0.24, there are scattered regions
of the gap even reaching up to about 12 meV (see Fig. S6
for more details [20]). Also, the superconductivity emerges
at x ≈ 0.20 and the low Se content region, where patches
of spectroscopic gap exist, could serve as a great platform
to study the percolation of superconductivity. Meanwhile,
x ≈ 0.2 should be a quantum critical point where quantum
fluctuations can lead to interesting physics. The averaged gap
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reaches maximum at x ≈ 0.5–0.6 and is slightly suppressed
at x ≈ 0.8 and then increases after this point. A dip of Tc was
also observed in single-crystal FeTe1−xSex at x ≈ 0.81 [50]
which was ascribed to disorder in the samples. However, a
decrease of Tc at x ≈ 0.7 has also been reported and attributed
to intrinsic nematic fluctuation [51].

IV. CONCLUSION

In summary, we have realized superconductivity in high-
quality as-grown monolayer FeTe1−xSex films on SrTiO3

without postannealing. Using a scanning tunneling micro-
scope, we systematically measure and statistically analyze
the distribution of the superconducting gap of monolayer
FeTe1−xSex (0.30 � x � 1). We observe a large variation of
the superconducting gap in all superconducting samples. Our

analysis shows that impurities or defects introduced during
growth and local chemical composition variation cannot fully
account for this large variation in the superconducting gap.
This spatial inhomogeneity of the superconducting gap is
possibly attributed to the joint effects of the inhomogeneity
of the interface and the inhomogeneous superfluid.
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