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Abstract

FeTe1xSex, a promising material to realize Majorana zero modes (MZMs), has attracted
enormous attention in recent years. Pulsed laser deposition (PLD) and molecular-beam
epitaxy (MBE) are the routine growth methods to prepare high-quality FeTe;xSex thin
films. However, they suffer from high-cost and time-consuming problems, which
hinders the exploration of novel two-dimensional (2D) superconductivity and related
nanodevices. Here we demonstrate the experimental realization of superconductivity in
FeTe1xSex nanosheets prepared by a chemical vapor deposition (CVD) method. The
composition and thickness of the 2D FeTeixSex nanosheets can be controlled by finely
tuning the experimental conditions. Further, the as-prepared FeTei.xSex nanosheets
exhibit an onset transition temperature of 12.4 K and hold evidence of quasi-2D

superconductivity, proving their high quality.

Introduction

Tetragonal FeSe, with its simple structure and absence of toxic elements, has attracted



tremendous attention since the discovery of superconductivity with a transition
temperature of 8 K in this material.'* Surprisingly, monolayer FeSe film on strontium
titanate (STO) substrate was reported to have a superconducting gap corresponding to
the superconducting transition temperature (Tc) of 86 K, and the T. increased to over
100 K when Nb doped-STO was used as the substrate.>® These results show that the
Fe-based superconductors are promising candidates to realize high-temperature
superconductivity. After doping Te into this material, interesting phenomena have been
observed in the FeTe.xSex ternary alloy system. The introduction of heavy Te atoms
into the tetragonal FeSe not only stabilizes the structure and dopes the material with
electrons, but also brings in strong spin-orbit coupling.” Especially, in the case of
FeTeo.55S€0.45, non-trivial topology in the band structure has been theoretically predicted,
indicating that the FeTeos5Seo45 may serve as an inherent hybrid system with s-wave
superconductivity in the bulk and topological states on the surface, which is also called
connate  topological  superconductor.”®  Experimentally, the topological
superconductivity and the evidence for Majorana zero modes (MZMs) on the surface
of FeTeo.55Se0.45 crystal have been observed recently.!%!® Therefore, FeTe .xSex ternary
alloy has been regarded as a promising material to realize MZMs and a potential

building block for quantum computing in future.

Compared to FeTeixSex crystals, FeTeixSex thin films are more appealing, because
they not only have been predicted to realize topological superconductivity at higher

temperature than that of the crystals, but also are more suitable for device



interagration.®!'* Currently, pulsed laser deposition (PLD) and molecular-beam epitaxy
(MBE) are the two commonly used methods to prepare FeTe;.xSex thin films. However,
these methods suffer from several drawbacks. Costly high-vacuum instrumentations are
always needed. In addition, only polished crystalline substrates can be used for the
growth of ultrathin films.!> The superconducting properties of these films are usually
strongly affected by the substrate arising from lattice mismatch and interface
interaction.!>!® These limit the exploration of the intrinsic superconducting properties

of FeTe.xSex thin films.

Chemical vapor deposition (CVD), as a low-cost and powerful method, has been widely
applied to prepare a library of 2D materials and their heterostructures in recent years.'”-
22 1t provides a scalable and controllable way to obtain high-quality and large-area 2D
materials. However, superconductivity in FeTeixSex samples prepared by chemical
vapor method has not been reported yet, which may be ascribed to two possible reasons.
First, the superconducting coherence length of FeTei.xSex is estimated to be about 3 nm,
which makes the superconductivity of this material rather sensitive to defects.?® This
means that its superconductivity can only be unveiled in samples with high quality.
Second, excess interstitial Fe atoms in FeTei.xSex can act as localized charge carriers
and may induce local magnetic moment, which would decrease the superconducting
volume.?* Thus, a suitable iron precursor should be chosen to ensure better control over
the release of reactive Fe precursor. Here, we report the successful realization of

superconductivity in tetragonal FeTe.xSex nanosheets prepared by a CVD method on



S1/Si0; substrate. The as-prepared FeTei.xSex nanosheets exhibit a rectangular shape
with edge length up to 40 um. By dedicatedly controlling the growth conditions, the
thickness of the FeTeixSex nanosheets can be tuned from a few nanometers to tens of
nanometers, and the composition of FeTe1xSex can be tuned from x =0 to x = 0.7. The
high quality of the prepared samples is confirmed by low-temperature electrical
transport measurement. Impressively, the FeTeixSex sample exhibits an onset
superconducting transition temperature of 12.4 K and holds signature of quasi-2D
superconductivity, providing a promising platform for the further study of topological

superconductivity in FeTe.xSex system.

Results and Discussion

In a typical experiment, the FeTeixSex nanosheets are synthesized by using a CVD
method at atmospheric pressure. The experimental set-up is illustrated in Figure 1a. A
mixture of Fe;O3 and FeClo powders is used as the iron precursor, while Te and Se
powders are separately loaded in two quartz boats located at the upstream as the
chalcogenide precursors (see the Experimental Section for details). Figure 1b shows the
crystal structure of the FeTei.xSex viewed from ¢ and a directions, respectively. It
consists of a continuous stacking of FeTeixSex layers in the ¢ direction and adopts a
space group of P4/nmm. In each layer, the square-lattice layer of Fe atoms is
sandwiched between two twice-sparser layers of bonding chalcogen atoms, in which Te
and Se atoms are randomly distributed. Figure 1c¢ shows the optical microscopy (OM)

image of a typical ultrathin FeTe|.xSex nanosheet on the Si02/Si substrate, exhibiting a



rectangular shape with a lateral size as large as 40 um. The thickness of the ultrathin
flake is 3.8 nm measured by atomic force microscopy (AFM) (Figure 1d). To highlight,
the products are uniform in thickness, as illustrated in the OM image with larger view
(Figure le). Several synthetic parameters of our CVD method were studied
systematically. It was found that the thickness of the FeTeixSex nanosheets is positively
proportional to the reaction temperature. Figure 1f~h shows the thickness distribution
statistics of the nanosheets at the reaction temperature of 500, 520 and 540 °C,
respectively, and the insets are the representative OM images of the corresponding
products. The optical contrasts of these flakes gradually change from light pink to bright
yellow, clearly demonstrating the gradual increase of thickness. In addition, other
substrates, including STO(110) and Si(100), can also be used to grow FeTeixSex
nanosheets by our method, but with different morphologies because of the lattice
mismatch between different substrates and the FeTeixSex nanosheets (Figure S1). The
direct growth on diverse substrates and the capability to tune the thickness of the
obtained nanosheets show the versatility of our synthetic approach and enable us to

study the potential interactions between FeTeixSex and different substrates.

The composition of FeTei.xSex can be controlled by changing the temperatures of Te
and Se sources. The temperature of Te source was tuned from 460°C to 500°C by
changing its location, while the temperature of Se precursor was adjusted from 260°C
to 320°C by a heating belt. Tuning the temperatures of these two precursors results in a

change of the atomic ratio between Te and Se in our sample. The compositional change



of the as-prepared FeTeixSex is demonstrated by X-ray diffraction (XRD) patterns
(Figure 2a). All the characteristic peaks, including (001), (002), (003) and (004), can be
indexed to the tetragonal phase of FeTe1xSex, showing the phase purity when the ratio
of Se is below 0.7. Figure 2b presents the enlarged segments of the (001) reflections.
When x in FeTeixSex increases, the (001) peak shifts to larger 20 values, which is
consistent with the fact that the c-axis length decreases with increasing x. The full
widths at half maximum (FWHM), 6(26), of all the samples are in the range of 0.14°
and 0.37°, demonstrating the uniform compositional distribution of the FeTexSeix

(Figure S3).

To study the structure of FeTeixSex nanosheets at the atomic scale, high-angle annular
dark-field aberration-corrected scanning transmission electron microscopy (HAADF-
STEM) was performed. The samples were transferred from the Si02/Si substrate to the
Cu grid by a poly(methyl methacrylate) (PMMA)-assisted method (see the
Experimental Section for details). A typical atomic-resolution HAADF-STEM image
of the tetragonal-phase FeTeixSex is depicted in Figure 3a. Figure 3b shows the
enlarged STEM image of Figure 3a. The image contrast in a STEM-ADF image is
proportional to the Z atomic number varying approximately as Z'*'7 2526 From the
contrast difference in Figure 3a and 3b, it can be clearly identified that brighter atoms
represent Te or Se atoms, while darker atoms represent Fe atoms. Besides, the atomic
arrangement in Figure 3b matches well with the structural model viewed from the ¢

direction in Figure 1b. The corresponding fast Fourier transform (FFT) pattern in Figure



3c reveals a single set of spots with square arrangement, which corresponds to the
tetragonal phase along the [001] zone axis. Further, energy-dispersive X-ray
spectroscopy (EDX) mapping measurement was performed (Figure 3d-g). The mapping
results show the homogeneous distribution of Fe, Se and Te elements throughout the
entire nanosheet. The line-scanning measurement was also performed (Figure S5), and
the results are consistent with the elemental mapping results. In addition, to visualize
the cross-sectional structure of the FeTei«Sex nanosheet, a single FeTeixSex nanosheet
was cut via the focused ion beam (FIB) technique and then characterized by HAADF-
STEM (Figure 3h-n). The HAADF-STEM image of the cross section of a FeTei.xSex
nanosheet is shown in Figure 3h. The magnified image is shown in Figure 3i. It can be
clearly seen that the atomic arrangement matches well with the structural model viewed
from the b direction in Figure 1b. The corresponding FFT pattern is illustrated in Figure
3j, corresponding to the tetragonal phase along the [010] zone axis. Homogenous EDX
mapping result of Fe, Se and Te elements from the side view further confirms the
uniform elemental distribution without phase segregation. EDX results of FeTei.xSex
single flake with different compositions are also presented in Figure S6. All these
results together suggest that the FeTe;.xSex nanosheets prepared by our CVD method

have good crystallinity and uniformity.

To further characterize the quality of as-grown FeTei.xSex nanosheets, low-temperature
transport experiments were carried out. Figure 4a shows the optical image of the hall

bar configuration. A piece of thick BN flake was necessarily capped on the device after



lift-off process to prevent the oxidation of the sample. The temperature dependence of
relative longitudinal resistance R/Rr—sox under zero magnetic field is illustrated in
Figure 4b. In the previous reports, either metallic or semiconducting behavior can be
found in the FeTeixSex crystals due to the existence of excess interstitial Fe atoms.>*?’
The resistivity of our sample exhibits the metallic behavior, which corresponds to the
sample with slightly excess iron atoms.?® The inset figure in Figure 4b is the zoomed
resistance from 1.5 to 15 K. The onset temperature of the superconducting transition
(Tonset) s 12.4 K. Considering the highest Tonset for FeTeixSex crystals is 14.5 K, our
result is quite close to that of the crystal.?* In the low temperature region, an interesting
two-step superconducting transition was observed. This may be attributed to the abrupt
change in the velocity of dissociated vortex-antivortex (V-AV) pairs or to the transition
from the V-AV flow state to the normal regime.?” The detailed I-V curve under different
temperatures of our FeTeixSex sample was illustrated in Figure 4c. The presence of
zero-resistance plateau further proves the existence of superconducting states, which is
consistent with the result shown in Figure 4b. The low temperature transport behavior
of our sample under magnetic field was further studied. Figure 4d shows the
temperature-dependent R/Rr-2sox under out-of-plane (/1) magnetic field. At the
beginning of superconducting transition, the magnetoresistance changes more and more
swiftly with the increase of magnetic field, indicating the increasing volume of
superconducting islands. However, when the temperature decreases further, the

magnetoresistance responds slighter to the magnetic field. This is because the FeTe;.

«Sex has a high upper critical field*®, such that a small increase in the magnetic field



will not result in an obvious change of the magnetoresistance. Figure 4e shows the
temperature-dependent resistance under perpendicular magnetic fields, the magnetic
field-dependent feature further confirms the existence of superconductivity. To
calculate the upper critical fields for our samples, the extended Werthamer—Helfand—
Hohenberg (WHH) model with contributions from Pauli paramagnetic effect is used

here,

dB;,
d

Bea(0) = —0.693(—~

)r.Te
where B, is the upper critical field and 7. is the critical superconducting transition
temperature.>’ Here, we define the critical superconducting transition temperature 7
under magnetic field by where the resistance is 50% of the normal state value Ry. Figure
4f shows the B, dependence of 7. of FeTeixSex samples, which is extracted from

Figure 4e. The zero-temperature upper critical field B.,(0) were found to be

corresponding to 31.6 T. Then, the data then were fitted according to the standard

%o

2mEE;

Ginzburg—Landau theory: B, = 1- TZC) , where @q is the flux quantum and
equal to h/2e and £g; 1s the Ginzburg—Landau superconducting coherence length. The
&ar derived from the fitting of B, is about 3.7 nm at T = 0 K. Further, the /-/ data at
different temperature are presented on a double logarithmic scale and shows a clear
power-law behavior, corresponding to the BKT transition (Figure S8). Since the BKT
transition is a signature of 2D superconductivity, this indicates that the quasi-2D
superconductivity exists in our sample although &g, 1s smaller than the thickness of our

sample. In addition, a strong zero bias conductance peak (ZBCP) is observed when the

dl/dV vs bias voltage is plotted (Figure S8), which could possibly be the evidence for



the helical hinge state of FeTeixSex.’! The presence of the ZBCP indicates the
possibility to observe topological superconductivity in our sample, which deserves

further study in future.

It was found that the usage of mixed iron precursor is critical to obtain high-quality
superconducting FeTe.xSex nanosheets. If only FeCl, was used as iron precursor, the
zero-resistance state will not be achieved (Figure S9). In addition, the /-7 sweep shows
a step-like feature and clear hysteresis, indicating the formation of underdamped
Josephson junction.’>** This is due to the imperfection of prepared sample, which
contains defects that can only support a smaller critical current. To further understand
this phenomenon, the FeTeixSex samples prepared by using FeCl> and Fe,O3/FeCly,
respectively, are both examined by X-ray photoelectron spectroscopy (XPS). Both
survey scanning XPS spectra for FeTei.xSex confirm the presence of Fe, Se, and Te
elements (Figure S10). However, in the sample prepared by using FeCl, as the iron
precursor, an obvious Cl 2p peak is observed (Figure S12), while no CI 2p peak can be
observed in the sample prepared by using Fe,O3/FeCl, as the iron precursor (Figure
S11). Due to the volatile nature of FeCly, the vapor pressure of FeCls is difficult to be
controlled at the reaction temperature, resulting in a considerable doping of Cl in the
sample when FeCl, is used as precursor. The existence of CI" may degrade the local
superconductivity of our material, and results in localized weak spots.** In contrast, by
mixing Fe>O3 and FeCl, as precursor, the residue CI™ in the sample was largely reduced.

This could be due to the inhibitor effect of the Fe»03.>> Both Fe,Os and its reduction



product Fe3sO4 have high melting points, and the existence of a large amount of these
oxides can act as physical filter for the FeCl, vapor at the reaction temperature. This
guarantees the stable release of FeCl, and enables the fully depletion of CI on the
substrate, thus high-quality sample could be obtained. The relative small
superconducting coherence length of FeTei.xSex makes its superconductivity rather
sensitive to the defects in the material > This can also be a platform to evaluate different
synthetic strategies by low-temperature transport measurement and give us insight on

how to prepare high quanlity superconducting nanomaterials.

Conclusion

We used an atmosphere-pressure CVD approach to grow FeTeixSex nanosheets on
various substrates, including Si0,/Si, Si(100) and STO(110). Our method enables both
thickness and composition control of FeTe;xSex nanosheets, thus offers a facile option
for the growth of this promising topological superconductor in addition to MBE and
PLD, which are usually costly and time-consuming. Hopefully, we believe our method
could accelerate the research in discovering the fascinating properties of FeTeixSex. In
addition, our low-temperature transport measurement was performed on FeTeixSex
nanosheets grown on amorphous Si/SiO>. This helps to study the intrinsic low-
temperature property of this material because of the absence of strain induced by the
growth substrate. This could also be extended to study the substrate-dependent
superconducting property of FeTeixSex nanosheets in future. Most importantly, our

work provides a new synthetic strategy for the growth of high-quality iron-based



superconductors by mixing Fe>O3 and FeCl, as the iron precursors. We believe this
strategy can be extended to grow other 2D materials and would benefit the development

of the current solid precursor-based CVD technique.

Experimental Section

Chemical vapor deposition of ultrathin FeTeixSex nanosheets:

All chemicals are purchased from Sigma and used without purification. Ambient
pressure CVD growth of FeTei.xSex nanosheets were conducted in a 1-inch outer
diameter fused quartz tube heated by a single zone (Thermcraft Protégé XST) split tube
furnace. A mixture of Fe>O3 and FeCl, powders (10 mg, Fe2O3:FeCl,=5:1) were placed
in an alumina boat located in the center of the furnace. 285 nm SiO/Si or other
substrates was placed facing down at the downstream. Selenium powder (200 mg) and
tellurium powder (500 mg) were placed at the upstream of the quartz tube, and the ratio
between Te and Se were tuned by controlling the temperature of Te and Se. 80 sccm
(cubic centimeters per minute) Ar and 6 sccm H, were used as carrier gases. The furnace
was heated to a temperature range between 500 to 540 °C in 15 min and kept at the
reaction temperature for 5 mins to allow the synthesis of FeTe1.xSex nanosheets. After
that, the furnace was naturally cooled to room temperature by opening the furnace

without changing the flow rates of carrier gases.

Device fabrication and transport measurements:

A S1/S10; substrate was used to deposit the FeTe1xSex nanosheets directly to avoid an



additional transfer process for transport measurements. Standard e-beam lithography
(EBL) was used to fabricate Hall-bar devices. Next, Cr/Au electrodes with a thickness
of 5/80 nm were deposited on the sample using an electron-beam evaporator. After the
lift-off process in acetone, the FeTe.xSex-based devices were obtained. The electrical
contacts were made by wire bonding Al wires onto the six electrodes on a Hall-bar
structure. Transport experiments were performed in an Oxford cryostat with the
temperature ranging from 280 to 1.5 K and the magnetic field up to 8 T. The sample
resistance and Hall effect were measured by Keithley 6221 triggered with Keithley

2182 with the 21 Hz frequency.

Sample characterization:

The as-obtained FeTeixSex nanosheets were further characterized by optical
microscopy (Olympus BX53M). XPS measurements were carried out on the Kratos
AXIS Supra system, and the binding energies were calibrated with C 1s binding energy
of 284.8 eV. AFM images were taken using the Asylum Research Cypher AFM in
tapping mode. ADF-STEM imaging was conducted on an aberration-corrected JEOL
ARM-200F equipped with a cold field emission gun, operating at 80 kV, and an

Advanced STEM Corrector (ASCOR) probe corrector.
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Figure 1. Structural characterization of FeTe1.xSex nanosheets. (a) Experimental setup
of the CVD method. (b) Model of tetragonal FeTei.xSex viewed from two different
directions, i.e., ¢ and b directions. (¢) OM image of a typical ultrathin FeTe;xSex
nanosheet. (d) AFM image of the ultrathin FeTe;xSex nanosheet with thickness of 3.8
nm. (e¢) Low-magnification OM image of uniform FeTe1xSex nanosheets on the Si02/Si
substrate. (f-h) Statistic thickness distributions and representative OM images (insets)
of FeTei.xSex nanosheets synthesized under reaction temperatures of (f) 500 °C, (g)

520 °C and (h) 540 °C, respectively. Scale bars, (¢) 10 um; (d) 1 um; (e) 20 um.
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Figure 2. XRD patterns of (a) FeTei.xSex with different compositions and (b) the

enlarged segments of the (001) peak.
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Figure 3. STEM characterizations of FeTeixSex nanosheets. (a) HAADF-STEM image
of the FeTei.xSex viewed along the c axis. (b) The enlarged HAADF-STEM image from
the dotted square in (a). (¢) FFT pattern taken from (b), showing its single crystal nature.
(d) HAADF-STEM image of a FeTeixSex nanosheet and the corresponding elemental
mappings of (e) Fe, (f) Se and (g) Te, (h) HAADF-STEM image of the cross section of
the FeTeixSex nanosheet. (i) The enlarged HAADF-STEM image from the dotted
square in (h). (j) FFT pattern taken from (i), showing its single crystal nature. (k) Cross-
sectional HAADF-STEM image of a FeTexSex flake and the corresponding elemental
mappings of (I) Fe, (m) Se and (n) Te. Scale bars: (a, h) 2 nm; (b, i) 1 nm; (d), 250 nm;
(k) 10 nm.
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Figure 4. Low-temperature transport properties of synthesized FeTe;xSex nanoflake.
(a) The optical image of the measured device. Scale bar, 20 um; (b) Temperature
dependence of relative longitudinal resistance R/Rt=280k, the inset is the enlarged region;
(¢) I-V curves under zero magnetic fields; (d) Magnetoresistance of the device measured
at different temperature under perpendicular magnetic field; (e) Temperature-dependent
R/Rt=280x measured under perpendicular magnetic fields; (f) Upper critical field (B.;)

as a function of temperature. The solid line is the linear fit to the data.



