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2D functional materials, such as 2D magnet and superconductor, spark massive interests from
synthesis, manipulation to application. Especially, FeTex with multi-phases provides an ideal platform
to explore the possible superconducting, ferromagnetic or antiferromagnetic properties and even their
functional heterostructures. Herein, we report a facile chemical vapor deposition (CVD) approach to
synthesize ultrathin tetragonal FeTe (down to monolayer), hexagonal FeTe (down to 2.3 nm), and Fe-
rich hexagonal FeTe with superlattice by tuning the growth temperature according to the phase
diagram. Scanning transmission electron microscopy (STEM) is further performed to confirm the
difference among these various FeTe phases. Magneto-transport illustrates that the tetragonal device
displays a high linear magnetoresistance (LMR) up to 10.5% at 1.9 K, and the LMR of hexagonal FeTe
reaches 5.8% at 1.9 K. Interestingly, O doped tetragonal thick FeTe displays a superconducting
transition at 9 K, which can persist even at 16 T. In summary, this study illustrates a phase-selective
synthesis of FeTex ultrathin crystals, providing promising opportunities to construct complicated
devices such as ferromagnet/antiferromagnet, magnet/superconductor heterostructures.
Introduction
Two-dimensional (2D) materials especially functional 2D layered
materials, such as superconductors [1,2], 2D magnets [3–5], topo-
logical insulators [6], ferroelectric materials [7], and photolumi-
nescence materials [8], have attracted increasing attention
because of their promising applications in memory, sensor, elec-
tronics, and optoelectronics [9–12]. Among them, 2D supercon-
ductors have attracted intensive attention as well recently. For
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instance, bilayer graphene with magic angles [1], exfoliated
ZrNCl nanosheets [13], HfNCl [14], 2H-NbS2 [15–17], MoS2
[18], Bi2Sr2CaCu2O8+d [2], layered Fe-based superconductor [19–
21], etc. have been reported to be superconductors with various
transition temperatures, which may provide good platforms to
design new devices and study the superconducting mechanism.
However, most of the reported 2D superconductors are fabricated
by mechanical exfoliation or MBE. Facial and controllable prepa-
ration of such a 2D superconductor still poses a challenge. To our
best knowledge, only a few 2D superconductors, such as NbSe2
[15], Mo2C [22], etc., can be synthesized by the convenient
35
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CVD method. Hence, exploring more 2D superconducting sys-
tems and developing a simple method to synthesize those 2D
superconductors seem to be necessary. Furthermore, the study
of superconducting behavior on the scale of 2D materials can
undoubtedly deepen the understanding of superconductivity,
further exploring the mechanism behind. Besides, 2D materials
with long-range magnetic order also attract substantial interest
ranging between methods to synthesize magnetic 2D crystals
[23–29], ways to adjust magnetic properties [30–33], and novel
device design to realize multifunctional applications. Nowadays,
some 2D transition metal chalcogenides with magnetic elements
such as Cr, Mn, Fe, V are predicated to be ferromagnetic or anti-
ferromagnetic [34–37]. Nevertheless, these 2D systems can usu-
ally form into multiphase crystals with a distinct composition
according to the corresponding phase diagrams, which undoubt-
edly brings non-trivial challenges to explore their properties on
the scale of atomic thickness experimentally.

Among them, iron and tellurium can react to form various
FeTex phases at different temperature ranges, where x varies from
1 to 2 [38–39]. On the one hand, the typical layered tetragonal
FeTe phase indicates antiferromagnetic behavior with the Neel
temperature �70 K [40]. Notably, the antiferromagnetic proper-
ties in tetragonal FeTe can be inhibited by O, S, or Se doping,
and the doped FeTe crystals can probably transfer into supercon-
ductors, which attracted numerous study [41–44]. On the other
hand, another FeTe phase demonstrates hexagonal symmetry,
which exhibits a NiAs type crystal structure [45]. Recently, Liu
et. al reported CVD-growth of hexaonal FeTe and ferromag-
netism was observed in the hexagonal FeTe nanosheets [46].
Besides the hexagonal and tetragonal FeTe phases, there are
FeTe2 and some non-integer stoichiometric phases as well, pro-
viding the possibilities to get different magnetic properties in this
system [47]. In this case, the phase-selective growth of FeTex is
highly desired to be realized and then to study their magnetic,
electric properties, and even the relationship between them. Fur-
thermore, utilizing these 2D platforms, multifunctional electro-
nis and spintronics can be put into practice in a certain situation.

Herein, we report a facile CVD approach to selectively synthe-
size tetragonal FeTe, hexagonal FeTe and Fe-rich hexagonal FeTe
with superlattice crystals by tuning the growth temperatures
according to the phase diagram [38]. The thickness of the
nanosheets of each phase on SiO2/Si substrates can be efficiently
adjusted by the growth time and the thickness of the layered
tetragonal phase can be tuned down to monolayer. Optical
microscopy (OM) images illustrate that the tetragonal crystals
display a square shape while hexagonal FeTe crystals are trigonal
or hexagonal with the lateral domain size ranging from several to
tens of microns. The smallest thickness of tetragonal obtained is
0.9 nm probed by Atomic force microscopy (AFM), together with
the nonlayered hexagonal FeTe crystals showing the minimum
thickness of 2.3 nm. Additionally, Raman and X-ray photoemis-
sion spectroscopy (XPS) is further carried out to compare and
analyze the vibration modes and chemical states of these two
kinds of FeTe crystals. The detailed crystal structure and high
crystalline quality are confirmed by aberration-corrected scan-
ning transmission electron microscopy-annular dark field
(STEM-ADF) imagings, which indicate a typical P4/nmm struc-
ture of the tetragonal FeTe and two different chemical composi-
36
tions and crystal structures of the hexagonal FeTe. Interestingly,
the normal hexagon shows a NiAs type crystal structure with the
chemical stoichiometric ratio of 1:1 and the other Fe-rich hexag-
onal FeTe crystals illustrate a superlattice structure. Magneto-
transport studies are further conducted to explore the properties
of tetragonal and normal hexagonal FeTe nanosheets. Both two
kinds of FeTe illustrate considerable temperature-dependence
linear magnetoresistance (LMR) with the magnetic field, among
which 10.5% LMR for tetragonal FeTe while 5.8% for hexagonal
FeTe are achieved. Notably, a superconducting transition at 9 K is
observed in O doped tetragonal FeTe nanosheets, where the O
concentration is probed by Auger Electron spectrum. Above all,
this work illustrates a controllable way to selectively synthesize
FeTe crystals with various phases, which may provide a promis-
ing opportunity to study the properties of ultrathin FeTex
nanosheets with various thicknesses and to build up ferromag-
net/antiferromagnet and superconductor/magnet
heterostructures.

Results and discussion
Effect of temperature on phase selection
According to the iron-tellurium phase diagram in Fig. S1, iron
and tellurium can form into multiple phases, which undoubt-
edly increases the difficulty to selectively synthesize a certain
Fe-Te crystal with desired composition and structures. However,
hexagonal and tetragonal FeTe show high sensitivity with the
growth temperature. Hence, phase-controllable synthesis of FeTe
crystals may be achieved by adjusting the growth temperature.
Fig. 1a illustrates the growth mechanism of tetragonal and
hexagonal FeTe crystals, in which tellurium powder and iron
(II) chloride powder are used as precursors placed upstream of
the quartz tube respectively. 50 sccm Ar/H2 mixed gas is used
as the carrier gas to increase the reactivity in the CVD process.
Nonlayered hexagonal FeTe crystals can be obtained at high tem-
perature while layered tetragonal FeTe nanosheets can be synthe-
sized at low temperature, which may be caused by the better
thermodynamic stability of hexagonal FeTe than that of tetrago-
nal one at high temperature. More details are shown in the
Methods.

Fig. 1b-e clearly shows the evolution of the hexagonal/tetrag-
onal FeTe ratio with the synthesis temperature. The resulting
nanoplates obtained at lower temperatures ranging from 600 to
680 �C mainly display rectangular or square shapes. When the
temperature is adjusted between 680–710 �C, the as-grown FeTe
nanoplates exhibit a mixed morphology with both square and
hexagonal or triangular shapes. Furthermore, when the growth
temperature is increased over 710 �C, the hexagonal FeTe nano-
plates play a predominant role. Fig. 1b-e indicates the typical OM
images obtained at 630, 690 and 740 �C respectively.

Effect of deposition time on the thickness
Even though growth temperature has a certain influence on the
thickness of the resulting nanosheets, the deposition time still
plays an important role. Hence, to obtain FeTe nanosheets with
various thicknesses, deposition time is carefully tuned. Fig. 1f-h
shows the OM images of the thinnest tetragonal FeTe crystals
synthesized with deposition time 2, 4, 8 min respectively, among
which the smallest height of the obtained tetragonal FeTe is



FIGURE 1

Growth mechanism and morphology of tetragonal and hexagonal FeTe crystals. (a) The schematic illustration of the preparation process. Tellurium powder is
placed upstream of the quartz tube and FeCl2 is used as Fe precursor downstream. The phase and shape of the as-synthesized FeTe nanoplates can be
efficiently tuned by temperature. Yellow, blue and green balls represent Te, Fe and Cl atoms respectively. (b–d) Optical microscopy (OM) images of ultrathin
FeTe nanoplates with a distinguished shape on SiO2/Si obtained at 630, 690 and 740 �C respectively. (e) The evolution of the hexagonal/tetragonal FeTe ratio
with the synthesis temperature. (f–h) OM images of tetragonal FeTe crystals with different color contrast indicating various thickness. (j–l) OM pictures of
hexagonal FeTe nanosheets with diverse thicknesses. (i and m) The stacked bar charts of the revolution of thickness with various growth time for tetragonal
and hexagonal FeTe respectively. Scale bars: 20 lm in (b), (c) and (d); 10 lm in (f), (g), (h), (j), (k) and (l).
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0.9 nm (�1 layers) shown in the atomic force microscopy (AFM)
in Fig. S4. Similarly, by tuning the growth time, hexagonal FeTe
crystals with various thicknesses are illustrated as Fig. 1g-l,
respectively. As for the nonlayered hexagonal FeTe, the AFM
images in Fig. S4 indicate that the thickness of the nanoplates
can be controlled down to 2.3 nm. The statistical diagrams are
displayed as Fig. 1i and 1 m. For these two kinds of FeTe, the
thickness of the resulted samples increases with the deposition
time. Even though the nanosheets with different thickness can
be obtained at the same deposition time, the samples with a cer-
tain thickness still play a dominant role and the tendency indi-
cates that the thickness increases with deposition time.
Spectral characterizations of different FeTe nanosheets
Raman spectroscopy is conducted to study the vibration of the
chemical bonds fromthese twocrystals. Fig. 2adisplays theRaman
spectra of tetragonal phase FeTe with various thicknesses, where
two typical peaks at 158 cm�1 and 197 cm�1 can be indexed to
the A1g and B1g mode, respectively, consistent with the previous
report [48]. Notably, the intensity of B1g gradually shrinks with
reduced thickness, which may be caused by the oxidation and
decomposition of thin FeTe crystals. With the thickness going
down, the stability becomes worse, resulting in amorphous Te
and TeO2 covered on the surface of the samples to make the B1g

mode annihilate in thin layers [49]. Interestingly, only one peak
37



FIGURE 2

The characterizations of chemical bonds and states of FeTe crystals. (a, b) Raman spectra of square and hexagonal FeTe nanosheets with different thickness,
respectively. (c, d) Raman mapping of tetragonal and hexagonal FeTe crystals. (e–h) Auger electron spectroscopy (AES) of tetragonal and hexagonal FeTe
crystals, respectively. (i–l) X-ray photoemission spectroscopy (XPS) spectra of the Fe 2p and Te 3d from tetragonal and hexagonal FeTe nanosheets,
respectively. Scale bars: 5 lm in (c) and (d); 2 lm in (e), (f), (g) and (h).
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appears in thehexagonalphase FeTe located at 158 cm�1 similar to
the A1g in tetragonal phase FeTe in Fig. 2b. The slight difference
between the Raman spectra of the tetragonal and hexagonal FeTe
further confirms their different crystal structures. Ramanmapping
andAESmapping are carried to display the homogeneity of chem-
ical distribution. Fig. 2c displays the B1g mapping result of vibra-
tion mode in tetragonal FeTe while Fig. 2d shows the Raman
mapping at 158 cm�1 in hexagonal FeTe crystals. The uniform
color distribution in Fig. 2c-h indicates the elemental and chemi-
cal homogeneity in these two types of crystals.

The chemical states of the resulting FeTe samples are further
analyzed by X-ray photoemission spectroscopy (XPS). Fig. 2i
and 2j demonstrate the Fe 2p core-level spectrums of tetragonal
and hexagonal FeTe crystal respectively. The blue peaks in
Fig. 2i at 706.3 and 719.6 eV correspond to Fe2+ 2p3/2 and Fe2+

2p1/2 of tetragonal FeTe while the two blue peaks of Fe2+ 2p3/2

and Fe2+ 2p1/2 for hexagonal FeTe is located at 706.6 and
719.4 eV [50]. The small difference of Fe2p3/2 in these two FeTe
crystals indicates the difference of the oxidation state in Fe,
where Fe shows a higher oxidation state in hexagonal FeTe.
The purple peaks at 710.2 and 710.8 eV in Fig. 2i and 2j stand
for Fe3+ 2p3/2 together with 724.2 and 724.7 eV representing
Fe3+ 1/2 respectively, which may come from the oxidation of
the samples [51]. The yellow peak at 572.4 eV and 583.1 eV in
Fig. 2k can be indexed to Te2- 3d5/3 and Te2- 3d5/3, respectively
[52]. In contrast, the binding energy of these two peaks in tetrag-
onal FeTe is lower than that in hexagonal FeTe. The orange peaks
in both Fig. 2k and 2l can be classified into Te4+ signals which
may be caused by the oxidation of the samples [53], consistent
with the appearance of Fe3+ in Fig. 2i and 2j.
Structural differences between FeTe phases
Aberration-corrected scanning transmission electron
microscopy-annular dark field (STEM-ADF) imaging and
38
energy-dispersive spectroscopy (EDS) are further applied to ana-
lyze the microscopic structure and chemical composition of the
resulting nanoplates. Fig. 3a and 3g display the typical HAADF
images of tetragonal and hexagonal FeTe nanoplates, among
which the brighter atoms stand for Te and darker atoms repre-
sent Fe according to their atomic number Z. The whole images
display homogeneous atomic alignment and structure, indicat-
ing the high quality of the as-synthesized FeTe crystals. As for
tetragonal FeTe nanosheets, the zoom of the HAADF image
shown in Fig. 3b illustrates that each Fe atom is surrounded by
four Te atoms and the distance of two adjacent Fe atoms can
be indexed to (100) planes with the crystal parameter of
0.38 nm, consistent with the XRD data (PDF- # 07–0140). The
crystal parameters of (200) and (020) can also be calculated from
the SAED displayed in Fig. 3c. The top and side views of the lay-
ered tetragonal FeTe crystal structure are shown in Fig. 3d, where
the blue and yellow atoms represent Fe and Te atom respectively.
Fe and Te elemental distribution characterized by EDS mapping
in Fig. 3e and 3f is homogenous throughout the entire crystal.
Additionally, the content of Fe and Te in the crystal is approxi-
mately 1:1, close to the chemical stoichiometry of tetragonal
FeTe.

The zoom-in image of Fig. 3g is displayed in Fig. 3h, where
each Fe atom is surrounded by six Te atoms and the crystal
reveals an in-plane six-fold symmetry. The adjacent Fe atom
can be utilized to recognize the (1 0 0) plane of the crystal with
the space parameter 0.34 nm. A similar result can also be
obtained from the SAED in Fig. 3i. Fig. 3j indicates the top and
side view of the hexagonal crystal structure, obviously displaying
a nonlayered nature. It is worth to note that the element Fe EDS
mapping of the hexagonal nanoplates displays an interesting dif-
ference in Fig. 3k, where the yellow dash-dot marks the boundary
of the normal hexagonal part (the chemical stoichiometry of Fe:
Te is �1:1) and Fe-rich area (the ratio of Fe:Te is �1.3:1). The dif-



FIGURE 3

The crystal structures of different phase FeTe crystals from high-resolution transition electron microscopy. (a), (g), (m). High-angle annular dark-field scanning
transmission electron microscopy images of tetragonal, hexagonal FeTe nanoplates, and hexagonal FeTe nanoplates with superlattice structure, respectively.
(b, h, n) The magnificent high-angle annular dark-field (HAADF) images of the above images respectively. (c, i, o) The corresponding selected area electron
diffraction (SAED) images. (d. j, p) The simulated crystal structure of tetragonal, hexagonal, and the superlattice FeTe. The left images represent the top view
and the right one is side view, among which blue and yellow balls stand for iron and tellurium atom respectively. Besides, the green balls in p represent the
anchored Fe atoms which may result in the superlattice structure. (e, f, k, l) The energy-dispersive spectroscopy (EDS) elemental analysis images of the square
and hexagonal Fe nanoplates transferred on TEM grids respectively, where the yellow dotted line in k marks the boundary of normal hexagonal and
superlattice area in the nanoplates. (q) The HAADF images of the boundary between the normal hexagonal and superlattice FeTe nanoplates. Scale bars:
2 nm in (a), (g), (m); 1 nm in (b) and (h) and (n); 5 nm in (q); 200 nm in (e) and (f); 400 nm in (k) and (l).
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ference in Te element mapping is negligible compared to that in
the Fe mapping.

To find out the reason of the difference of Fe distribution and
probe the relationship between the composition and structure,
HAADF analysis is conducted in the Fe-rich area as Fig. 3m
shows. Obviously, the whole Fe-rich area illustrates a uniform
superlattice structure showing the high quality of the hexagonal
superlattice FeTe phase. Fig. 3n displays the zoom of the atomic
alignment in hexagonal FeTe, where three kinds of atoms with
different brightness mean different atom sites. The repeat unit
of the superlattice can be measured as 0.71 � 0.42 nm2 while
the simple hexagonal ring repeat unit is 0.36 nm, similar to that
in Fig. 3h. The corresponding SAED results also display two sets
of diffraction spots, consistent with Fig. 3n.

Therefore, given the fact that superlattice crystal owns a sim-
ilar hexagonal ring structure with normal hexagonal FeTe crys-
tals but indicates more Fe in the nanosheets, the possible
crystal structure of the FeTe superlattice may be demonstrated
as Fig. 3p. Extra Fe atom is arched between two adjacent Fe atoms
causing the medium brightness atoms in HAADF, further result-
ing in the superlattice structure. Fig. 3q illustrates the boundary
of the normal hexagonal crystal and superlattice crystal, where
the upper part shows obvious superlattice structure. Notably,
there are some point defects in the boundary marked in the yel-
low circles, which may be the reason to form a superlattice struc-
ture. More TEM images of FeTe samples with superlattice are
shown in Figure S6 and S7.

Magneto-transport properties of FeTe nanosheets
Magneto-transport measurements are further performed to probe
the magnetic and electrical properties of the as-grown tetragonal
and hexagonal nanosheets (Fig. 4). Fig. 4a illustrates schematic
diagrams of Hall-bar devices fabricated on tetragonal and hexag-
onal crystals, where Ti/Au metal stack is used as contact elec-
trodes (see details in Methods). The magnetic field is applied
perpendicularly to the nanosheets. Fig. 4b shows the
temperature-dependent longitudinal resistance Rxx of a tetrago-
nal FeTe nanosheet with thickness �5 nm. The Rxx manifests rel-
39
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atively small value (1084 X) at room temperature, indicating the
possible metallic conduction. However, Rxx gradually increases
followed by a sharp jump starting at 20 K as the temperature goes
down, which differs significantly from typical metallic behaviors.
For hexagonal FeTe, a �4-nm-thick nanosheet in Fig. 4c shows
different Rxx-temperature dependence compared with tetragonal
nanocrystals show in Fig. 4b. The Rxx slowly increases with tem-
perature decreasing from 300 to 30 K followed by a slight
decreasing around 20 K and then rising again from 5 to 1.9 K.

Fig. 4d and 4e demonstrate the magnetoresistance (MR) of
tetragonal and hexagonal FeTe crystals, respectively. In both
phases, significant unsaturated linear magnetoresistance (LMR)
can persist up to 9 T at low temperatures. The largest LMR
10.5% and 5.8% can be obtained at 1.9 K for tetragonal and
hexagonal devices, respectively. The magnitudes of MR decrease
with increasing temperature until it becomes negligible above
50 K.

The Hall resistances Rxy of tetragonal and hexagonal FeTe
nanosheets at different temperatures are exhibited in Fig. 4f
and 4g, respectively. All Rxy curves are linear with magnetic field
representing a normal Hall effect, among which the negative and
FIGURE 4

Magneto-transport properties of tetragonal and hexagonal FeTe nanosheets. (a) I
FeTe nanosheets on SiO2/Si substrates, respectively. (b, c) Temperature depende
1.9 K, respectively. (d, e) The revolutions of magnetoresistance, defined as [Rxx(
different temperatures. (f, g) The magnetic field dependence of Hall resistance

40
positive slopes indicate different carrier types in tetragonal and
hexagonal FeTe nanosheets. No carrier type changing is observed
in the measured temperature ranges for both phases.

Based on the MR and Hall measurements, no obvious hystere-
sis and anomaly have been observed for hexagonal crystal indi-
cating no ferromagnetic ordering, which contrasts the recently
published result [46] suggesting strong ferromagnetism in 4-nm
hexagonal sample. The disappearance of ferromagnetic ordering
in the hexagonal samples may result from the presence of degra-
dation or disorders. Although great attention has been paid to
preserve sample quality, including PMMA protective coating
once samples are taken out of the furnace and device fabrication
without intentional heating (see Methods for details), the
extreme ambient sensitivity of FeTe nanosheets [46] may still
result in a great amount of disorders and quench the magnetic
ordering (Figure S11 show the degradation of FeTe in air). The
presence of disorders creates spatial fluctuation and inhomo-
geneity in electrical conductivity, which can also explain the
unsaturated LMR [54–57] observed in hexagonal as well as tetrag-
onal nanosheets. As for the hexagonal FeTe with superlattice,
detailed characterizations and device fabrication are hard to be
llustrations of typical Hall-bar devices of individual tetragonal and hexagonal
nce of resistance Rxx for tetragonal and hexagonal FeTe crystals from 300 to
H)-Rxx(0)]/Rxx(0) � 100%, of these two kinds of nanosheets characterized at
(Rxy) of these two kinds of nanosheets at different temperatures.
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achieved because no effective methods except for TEM can help
us to distinguish between normal and superlattice regions.
Hence, more experiments should further be conducted to reveal
the properties and potential applications of the hexagonal FeTe
and its superlattice.
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Emergence of superconductivity in oxygen-doped tetragonal
FeTe nanosheets
Pristine tetragonal FeTe is a non-superconducting parent com-
pound of Fe-based superconductors. However, the CVD-
synthesized tetragonal FeTe nanosheet with thickness �15 nm
shown in Fig. 5a (Device 1 in Fig. S10) displays a sharp resistance
drop around 9.0 K, indicating a possible superconducting transi-
tion. A similar sample, Device 2 in Fig. S10c, also shows the resis-
tive transition, which further proves the emergence of
superconductivity. Several routes can transform the tetragonal
FeTe into a superconductor. First, substitutions of S or Se at Te
sites introduce superconductivity by suppressing its antiferro-
magnetic ordering [58–61]. However, the quartz tube and corun-
dum crucibles are used specific for CVD synthesis of FeTe such
that the possibilities of S or Se contaminations can be eliminated.
Also, it has been reported that superconductivity can be intro-
duced into tetragonal FeTe thin films by tensile stress [62]. In
contrast, the STEM and SAED in Fig. 3 agree well with the
reported lattice constants, indicting no significant strain effects.

The observed superconductivity is strikingly robust to mag-
netic fields (persisting up to 16 T in Fig. 5b), suggesting its possi-
ble application as a supercurrent carrier under external field [63].
FIGURE 5

Superconducting behaviors of oxygen-doped tetragonal FeTe nanosheets. (a) T
transition at 9.0 K. (b) The superconductivity transition temperatures change with
Illustration of the tetragonal FeTe doped by O atoms, where red, yellow, and b
tetragonal FeTe. Purple peaks stand for the Fe3+ peak, which comes from the
superconductivity) and thin (5 nm) tetragonal FeTe (without superconductivity)
However, residual resistance appears in the superconducting
tetragonal samples below their transition temperatures (see
Device 2). The non-zero residual resistance may stem from the
inhomogeneity of oxygen doping leaving non-superconducting
patches inside the sample. More trivially, bad electrical contacts
emitting Joule heat may locally destroy the superconductivity
[65–69]. (SI shows the OM images of the devices)

These superconducting samples are bare against ambient
without PMMA protection. It has been demonstrated that oxy-
gen can be doped into FeTe thin films by exposure to ambient
atmosphere even at room temperature. FeTe is then become a
superconductor with doped oxygen [58,59,64,68]. Oxygen dop-
ing alters the Fe valency from Fe2+ in the non-superconducting
state to mainly Fe3+ in superconducting state [64] as reproduced
in the XPS measurement shown in Fig. 5d. Considering XPS is a
surface-sensitive technique, AES depth analysis shown in Fig. 5e
is further performed to reveal the presence of oxygen with con-
centration decreasing form surface to interior. Thick samples
show better stability than ultrathin FeTe nanosheets, which
causes more O concentration in thin FeTe than that in thick
one as shown in Fig. 5e and 5f, respectively. Once the O concen-
tration is beyond the moderate range, superconductivity will also
vanish possibly due to over doping or structural degradation. Ele-
mental analysis of micro-AES shows that O is enriched on the
surface of a thick sample. The difference of the stability of thin
and thick FeTe on the same substrate results in the different con-
centrations of O, which further leads to distinct electrical proper-
ties (no superconductivity is observed in the thin samples).
he revolution of resistance with temperature, showing a superconducting
magnetic field. Interestingly, superconductivity can persist even at 16 T. (c)
lue balls represent O, Te, and Fe atoms respectively. (d) XPS results of the
O doping. (e, f). Elemental depth analysis using AES of thick (15 nm) (with
. The sputtering rate is 3 nm/min.
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Hence, we tentatively assign oxygen doping as the mechanism of
superconductivity in the tetragonal FeTe nanosheets.
Conclusions
In conclusion, we utilize a facile chemical vapor deposition
(CVD) approach to selectively synthesize ultrathin tetragonal
(down to monolayer) and two kinds of hexagonal FeTe
nanosheets by tuning the growth temperature according to the
phase diagram. Magneto-transport measurements illustrate that
the tetragonal crystals display a linear magnetoresistance (LMR)
as high as 10.5% at 1.9 K and hexagonal nanosheets show
5.8% LMR at 1.9 K, indicating their potential applications as
magnetoresistive devices. Meanwhile, tetragonal FeTe illustrates
a superconducting transition at 9.0 K, which may be caused by
oxygen doping. Notably, the Fe-rich hexagonal FeTe with super-
lattice offers an open and intriguingplatform to be further
explored. In summary, this study illustrates a controllable way
to selectively synthesize FeTe with different phases. Combined
with the recent result on magnetic FeTe nanosheets [46], FeTe
and its related compounds, including oxygen-doped FeTe, can
serve as an intriguing material platfrom to explore 2D mag-
netism, supercondcutivity, and their heterostructures for poten-
tial applications in novel, functional devices.
Methods
Synthesis of FeTe nanosheets
CVD system was utilized to synthesize ultrathin FeTe nanosheets
on SiO2/Si substrates under atmospheric pressure. The thickness
of thermally-oxidized SiO2 layer is 285 nm. Ferrous chloride
(0.1 g) (99.9%, Alfa) in a ceramic boat was placed in the center
of the heating zone with a piece of SiO2/Si substrate facing down
above the powder. Tellurium powder (0.1 g) (99.999%, Acros) in
a ceramic boat was placed in the upstream zone. Then ultrahigh
purity argon (Ar) gas (�99.999%) was used to remove oxygen
and moisture from the quartz tube. Afterward, the furnace was
heated up to the target temperature from 600 to 750 �C in
18 min and held for several minutes from 1 to 10 min, together
with the flow of mixed gases of 5 sccm H2 and 45 sccm Ar. Once
the reaction ends, the furnace was naturally cooled down to
room temperature in the flow of 100 Ar. In order to preserve sam-
ple quality and reduce oxidation, samples were spin-coated with
poly(methyl methacrylate) (PMMA, 950 A5) as soon as they were
taken out of the tube. Note that samples with PMMA layers were
then transferred into a vacuum desiccator overnight at room
temperature without baking.

Sample characterizations
Optical microscope (CX44, OLYMPUS) and atomic force micro-
scope (ICON, VEECO/BRUKER) were used to display the mor-
phology and thickness of the as-grown FeTe nanosheets,
respectively. The chemical composition, chemical states, and
compositional homogeneity of the ultrathin nanosheets were
determined by Raman spectra and mapping (DXRxi, Thermo)
with a 532 nm laser as the excitation source, XPS (250Xi, Thermo
Scientific Escalab) and AES mapping (PHI710, ULVAC-PHI).
Aberration-corrected scanning transmission electron micro-
scopy–annular dark field (ARM200F, JEOL) imaging and
42
energy-dispersive spectroscopy (EDS) were further applied to ana-
lyze the microscopic structure and chemical composition of the
resulting nanoplates.

Device fabrication and test
All Hall-bar devices were fabricated by a standard e-beam lithog-
raphy process. 5 nm Ti and 60 nm Au were deposited sequen-
tially as contact electrodes by e-beam evaporation. The
magneto-transport measurements were performed in a Quantum
Design Physical Property Measurement System (PPMS). An AC
excitation current was applied between source and drain elec-
trodes using a Keithley 6221 current source. The longitudinal
and Hall voltages were then monitored by lock-in amplifiers
(Stanford Research SR860).
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