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Platinum telluride (PtTe,), a member of metallic noble-
transition-metal dichalcogenides (MNTMDs), has emerged as an indis-
pensable candidate for superconducting, magnetic, and other electronic
phase engineering, as well as optic applications. Herein, we report the
van der Waals epitaxy of high-crystalline few-layer PtTe, crystals on
inert mica. Density functional theory calculations are used to illustrate
a type-1I Dirac cone along the I'-A direction in the PtTe, crystal. Impres-
sively, the PtTe, devices exhibit an extra-high electrical conductivity of

107 S m~', 1000 times higher than that of metallic 1T MoS,. Meanwhile,

the magnetoresistance effect at low temperatures reaches 800% in a field of 9.0 T. Furthermore, near-field nanooptical
properties are assessed on PtTe,. Considering the subwavelength effect, the plasmonic wavelength A, ~ 200 nm of 1T
PtTe, is obtained and the carrier concentration calculated from 4, is about 1.22 X 10" cm™2, which is 100-fold higher
than that of MoTe, in the previous reports. Therefore, our work demonstrates the growth of MNTMDs and provides
insights into the plasmonic properties of 2D metallic telluride compounds.

Dirac semimetal, platinum telluride, van der Waals epitaxy, electrical conductivity, plasmons

r:[' wo-dimensional transition metal dichalcogenides
(TMDs), having the chemical formula MX, (where M =
IVB—VIII metals and X = chalcogens), have attracted
great attention in the past decade for their properties and
potential applications in next-generation electronics, optoelec-
tronics, and energy devices."™* Meanwhile, 2D metallic tran-
sition metal dichalcogenides (MTMDs) are important metallic
components for the fabrication of 2D van der Waals (vdW)
heterostructures, which provides versatile applications by com-
bining a wide range of 2D materials with different conductivity
(e.g., metals, semiconductors, and insulators).”™® Encouragingly,
the PtX, (X = S, Se, Te) class is becoming one of the most
promising functional materials among metallic noble-transition-
metal dichalcogenide (MNTMD) materials.””"® The high
room-temperature electron mobility and energy-gap tunability
upon thickness reduction can be applied to build optoelectronic
field-effect transistors.”'” Among the PtX, class, platinum

telluride (PtTe,) with the existence of type-II Dirac fermions has
been predicted to be a promising candidate for catalysis and
electronics.'”'* PtTe, crystallizes in a triangular CdI, crystal
structure. Six Te atoms surround the central Pt atom by
constituting a PtTes octahedral basal plane. Octahedrons are
linked at edges to form an atomic plane. A strong interaction in
chalcogen layers makes the p, valence bands of chalcogen more
dispersive, leading to the typical metallic behavior of PtTe,.
Recently, Zhou and colleagues reported experimental
evidence of the strongly inclined Dirac pyramids in the I"-A direc-
tion, confirming type IT Dirac fermions in bulk PtTe, crystals."’
The studies indicate the need for exploring quantum effect
and topological phase transitions. However, the detailed optical
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Figure 1. Synthesis and crystal structure of layered PtTe,. (a) Schematic of the ambient-pressure CVD growth approach. (b) Surface reaction
during the epitaxial growth process of PtTe, on mica. (c) Crystal structure of 1T PtTe,. (d) Optical microscopy images of the PtTe, crystals on
mica. Scale bar, 20 ym. (e) Statistical distributions of the rotation angles and crystal sizes. (f) The thickness of the PtTe, crystal is 4.2 nm from
the AFM cross-sectional profile along the dotted line. Scale bar, 1 gm. (g) Raman mapping (Alg mode) of a triangular PtTe, crystal. Scale bar,
5 pm. (h) Raman spectra of PtTe, with different thicknesses. (i) Temperature-dependent Raman spectra of PtTe,, respectively.

and electronic properties of PtTe, nanoscale electronic devices
have been studied sparsely, and to date, the direct synthesis of
low-dimentional PtTe, has not been reported due to rare
precursors available and difficulty in synthesis methods. Herein,
we achieve vdW epitaxial growth of atomic layered metallic
1T PtTe, crystals on mica. Impressively, PtTe, devices exhibit
an extra-high electrical conductivity of 10" S m™', 1000 times
higher than that of metallic 1T MoS,. Meanwhile, the
magnetoresistance effect at low temperatures reaches 800% in
a field of 9.0 T. Furthermore, near-field nanooptical properties
are measured on PtTe, crystals. Considering the subwavelength
effect, the plasmonic wavelength 4, ~ 200 nm of 1T PtTe, could
be obtained and a carrier concentration calculated from 4, is
about 1.22 X 10%° ecm™2, which is 100-fold higher than that of
MoTe, in the previous reports. Therefore, our work demon-
strates the growth of MNTMDs and provides insights into the
plasmonic properties of 2D metallic telluride compounds.

RESULTS AND DISCUSSION

Chemical vapor deposition (CVD) techniques have been
applied to produce various transition metal sulfide and selenide
compounds.'°™'® However, due to the low chemical reactivity
and the small electronegativity difference of Pt and Te, the CVD
growth of stoichiometric ditellurides has been rarely reported.
To achieve the growth of high-crystalline PtTe, crystals, we
designed a salts-assisted evaporation strategy to maintain the
continuous supply of Pt precursor, as seen in Figure la. Low-
melting-point PtCl, was selected as a precursor, and stoichio-
metric NaCl used as a melting-assisting medium was employed
in the sustained-evaporation process. PtCl, and NaCl could be

well mixed in water, forming a homogeneous precursor of PtCl,/
NaCl after drying. When heated to a high temperature of 800 °C,
the volatile source will coevaporate slowly and a chemical
reaction will occur with Te powders and hydrogen (H, 10 vol %)
simultaneously.

The vdW epitaxy mode enables the epitaxial growth of TMDs
even with large lattice mismatch and different crystalline sym-
metries.'””7>" At the same time, fluorophlogopite is considered
to be an ideal epitaxial substrate because of its surface inertness
and its relatively high thermal stability.”” The small migration
barriers of Pt and Te atoms on the mica substrate lead to the
rapid lateral growth of 2D PtTe, crystals (Figure 1b).

As shown in Figure 1c, the atomic structure of PtTe, consists
of three covalently bonded Te—Pt—Te atomic planes, and
six Te atoms surround the central Pt atom with the crystal
constants of a = b = 4.09 A, as well as ¢ = 5.34 A."* The spacing
between the layers is 0.59 nm, showing weak vdW interactions.
PtTe, adopts the CdI, structure corresponding to space group
P3ml1. Figure 1d shows an optical microscopy image of several
PtTe, triangular crystals synthesized on the mica substrate. The
edges of crystals on mica are oriented essentially at multiples of
~60° (Figure le). Meanwhile, rotating the PtTe, crystal lattice
by 60° should contribute to the epitaxial growth of PtTe, on the
mica. In addition, the inertness of the substrate may cause a
statistically equivalent nucleation rate of PtTe,, and the size of
crystals is relatively uniform, so it is hopeful to prepare crystal
arrays (Figure le). The representative atomic force microscopy
(AFM) image with thicknesses of ~4.2 nm is displayed in Figure 1f.

The Raman spectra of PtTe, crystals of different thicknesses
were studied with a 532 nm excitation laser in Figure 1h. The
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Figure 2. Chemical compositions and atomic structure of the synthesized PtTe, crystals. (a) Auger electron spectrum of a grown 2D PtTe,
crystal. (b) XPS analysis of as-synthesized PtTe, crystals. On the left is the Pt 4f state assigned with two peaks, while on the right is the Te 3d
state. (c) Low-magnification ADF-STEM image of a PtTe, crystal. (d) SAED pattern from the selected area of the crystal; SAED patterns taken
from the areas labeled with numbers 1—4 in (c). The angles of the dashed lines with respect to the horizontal line were labeled in the patterns.
(e) EDS elemental mapping of C-K, Pt-M, and Te-L of a PtTe, crystal, respectively. (f) Atomic-resolution HAADF-STEM image (filtered) of the
PtTe, crystal. (g) False-color coded according to the HAADF intensity of the inset in (f). The positions of the Pt and Te atoms are colored
yellow and green, respectively. (h) Intensity line profle with the same color-coding method along the white dashed line in (g).

110.7 cm™" peak matches up to the E, mode from the in-plane
Te—Pt—Te lattice vibrational mode, and the 158.2 cm™! one
matches up to the Aj, mode from the out-of-plane vibrational
mode.> As the thickness increases, the Raman intensity
increases obviously due to the increase of scattering centers in
the PtTe, crystals. The A, mode peak intensity map of trian-
gular PtTe, crystals is given in Figure 1g, indicating the uniform
crystallinity of the PtTe, crystals. Temperature-dependent
Raman spectroscopy is widely used to characterize the anharmonic
lattice vibrations.”” Herein, representative Raman spectra of
PtTe, were measured from 80 to 380 K. Obviously, both A, and
E; modes soften and red shift as the temperature increases
(Figure 1i). We extract the linear temperature coefficients (X)
from the slopes of E, and A;; modes in PtTe,, which are —0.015
and —0.012 cm™' K™/, respectively (Figure S1).

In order to exclude possible Na or Cl element residues in
PtTe, crystals, we measured PtTe, crystals using nano-Auger
electron spectroscopy (AES). No Na or Cl element was mea-
sured by AES, and the atomic ratio of Te:Pt was ~2.03, consis-
tent with the stoichiometric ratio of PtTe, (Figure 2a). Figure 2b

shows two distinct peaks at 72.6 and 75.8 eV attributed to the
Pt 4f,, and Pt 4f;, states in X-ray photoelectron spectroscopy
(XPS) characterization, respectively. Similarly, two peaks at
572.8 and 575.7 eV represent the Te 3ds,, and Te 3d;), states,
corresponding to the values of PtTe, in the NIST X-ray
Photoelectron Spectroscopy Database.

The chemical compositions and atomic structures of the
synthesized PtTe, crystals are further revealed by atom-resolved
scanning transmission electron microscopy (STEM) imag-
ing, selected-area electron diffraction (SAED), and energy-
dispersive X-ray spectroscopy (EDS). Figure 2c shows the low-
magnification TEM image of a PtTe, sample. The SAED
patterns recorded from four different regions show the perfect
coincidence, confirming its single-crystal nature (Figure 2d).
EDS was used to identify the chemical constituents of as-grown
layers. The EDS mapping characterizations display the homo-
geneous spatial distribution of the Te element and Pt element in
Figure 2e. The full spectrum of EDS reveals the atomic ratio of
Te to Pt is 65.6 to 32.7, matching the stoichiometric ratio of
PtTe, (Figure S2).
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Figure 3. Theoretical calculation of type-II Dirac PtTe,. (a) Schematic drawing of type-II Dirac fermions. (b) Projected surface Brillouin zone.
(c) Calculated band dispersion along the in-plane I'-K-I'-M direction. (d) Projected density of states of PtTe,. (e) Configurations of the
physisorbed H,O on PtTe,. (f) Configurations of the physisorbed initial state of O, on PtTe,. (g) Energy profile of the reaction pathway for O,

on PtTe,.

Figure 2f shows a high-resolution Z-contrast STEM image of a
PtTe, crystal, revealing that from the top view six Te atoms
surround the central Pt atom, implying the octahedral structure
in the 1T phase. It is well known that the contrast of a HAADF-
STEM image is approximately equal to the atomic number Z.
In view of this, the Pt atoms are the brightest ones and the two
stacked Te atoms are the dimmest ones. Six Te atoms surround
the central Pt atom with interplanar crystal spacing of 3.5 A,
corresponding to the (100) planes of PtTe,. A false-color coded
image by the HAADF intensity of the inset region in Figure 2f is
presented with the Pt and Te atoms colored yellow and green,
respectively (Figure 2g). As shown in Figure 2h, the in-plane
lattice constant of the crystal is measured as ~0.35 nm by the
intensity profile along the white line in Figure 2g. As is well
known, the folded edge of TMDs could be used to identify the
layer spacing d in TEM characterizations. As displayed in Figure S3,
the d spacing of the PtTe, crystal was measured to be ~0.59 nm
along the white arrow. Briefly, the systematic STEM character-
izations confirm that well-shaped PtTe, crystals are highly
crystalline in the 1T-phase structure (Figure S4).

In order to reveal the topological type-II Dirac nature (see
schematic drawing in Figure 3a) and air stability of the PtTe,
crystals at room temperature, we have performed calculations in
the framework of density functional theory (DFT) with
periodic-edge conditions. Figure 3b shows the band structure
calculated along the direction of K-A-I"-M through the I" point.
Since the band inversion is between I'," and I',”, the
topologically nontrivial gap results in the surface states of the
gapped cone structure. The Dirac cone consists of two Te-p
valence bands (deep color) (Figure 3c,d). The band crossing
appears because the two bands correspond to different
irreducible representations (A, and As,), which prohibit
hybridization between each other. Meanwhile, both hole and
electron pockets coexist at the Fermi surface, suggesting the

semimetallic characteristics of the material. In addition, DFT
calculations are further applied to study air stability of PtTe,.
As shown in Figure 3e,f, both O, and H,O tend toward phys-
isorption, and the maximum adsorption energies are 0.06 and
0.53 eV, which may not significantly change the electronic
structures of PtTe,. Besides physisorption, the dissociative
adsorption reaction”*** of H,O is an endothermic reaction
adsorbing 2.83 eV, which is disadvantageous from an energetics
point of view. Apart from this, it should be noted that the
dissociative reaction of O, on PtTe, is an endothermic reaction
releasing 0.53 eV. But our calculations show that a high disso-
ciative reaction barrier of 1.22 eV exists, so it may not be
oxidized significantly at room temperature (Figure 3g).
Temperature-dependent transport measurements were used
to investigate the electrical properties of the synthesized PtTe,
crystals. The temperature dependence of the resistivity of PtTe,
crystals on different thicknesses is illustrated in Figure 4a. For
the 9 nm device, the room-temperature resistance is 5.81 Q and
decreases to 0.34 Q at 2 K, yielding a residual resistivity ratio of
~17 (Figure 4a,b). In addition, the relatively high conductivity
at 300 K of the 9 nm PtTe, is about 6.4 X 10° S m™', approx-
imately 3 orders of magnitude higher than that for metallic 1T
MoS,.” It can be noticed that at above 50 K the electrical
resistivity decreases monotonically with decreasing temperature,
indicating the metallic behavior of the PtTe, crystals and the
electron—phonon scattering dominant mechanism in this tem-
perature range. Meanwhile, a plateau in the curve was observed
as T further reduces (Figures 4a, S5). This phenomenon may
result from the 2D electron—electron interactions at the reduced
dimension of few-layer PtTe, crystal.”” As shown in Figure 4c,
various magnetic fields were applied to study the temperature-
dependent resistivity. When a field is applied, the resistivity
curve basically follows the zero-field curve until the temperature
decreases to 80 K, below which the curve begins to rise
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Figure 4. Electrical transport properties of ultrathin metallic PtTe,. (a) Temperature dependence of the resistivity (left) and electrical
conductivity (right) for the PtTe, devices. (b) Temperature dependence of the Ry, /R,, of PtTe, with different thicknesses. Inset: Typical Hall
bar device fabricated with a 9 nm PtTe, crystal. (c) Temperature and field dependence of the magnetoresistance in PtTe, with a thickness of
9 nm. (d) Visualized wave functions of the CBM state in PtTe,. (e) Schematic of the density of electronic states for PtTe,. Orange curves

represent chalcogen bands, and blue curves represent metal bands.

obviously. The magnetoresistance effect reaches 800% at 2.2 K
in 2 9.0 T magnetic field. As alarger field is applied, the “fork lift”
temperature is shifted to a higher value, implying that there exists
a competition between dominating scattering mechanisms.
Such high conductivity of PtTe, partially results from the
small deformation potential of PtTe,, representing electron—
phonon scattering strength. The smaller deformation potential
in PtTe, is launched in the isolated wave function around the
conduction band minimum (CBM) (d,>_,> orbital of Pt atoms)
in Figure 4d. Meanwhile, a strong interaction in chalcogen layers
makes the p, valence bands of the chalcogen more dispersive.
The p,~ band could merge the energy gap, ensuring that PtTe, is
a semimetal with relatively high conductivity (Figure 4e).”®
The circumnavigation of free electrons and long-range
Coulomb interactions in semimetals make it possible to create
surface plasmons. Therefore, if the excitation wave vector
matches the plasmon polaritons, surface plasmon waves in the
thin PtTe, crystals can be excited. Here, a scattering-type scan-
ning near-field optical microscope (s-SNOM) was applied to
observe propagating plasmons, similar to the previous reports of
graphene plasmons.””*® As shown in Figure Sa, a schematic
diagram generally describes the scanning plasmon interferom-
etry technique. The AFM metallized tip illuminated by an
infrared light generates a “lightning-rod” effect with a strong
localized field around the tip apex.”’ The AFM topography map
shows a smooth PtTe, surface free of wrinkles or defects with
a height of ~8 nm (Figure Sb). The IR nanoscopic image
was obtained simultaneously under the excitation frequency of
920 cm™" in Figure Sc. The fringes parallel to the edge direction
are observed in the near-field images, resulting from the
interference between circular plasma waves launched from the
tip and image waves reflected from the PtTe, edge. The plasmon

i2xq ing,
e p e
+ B

propagation can be described bys(x) = A = — inwhich

A and B are fitting parameters and g, is a plasmonic wavevector.
The first part is the circular wave launched from the tip, which
propagates radially and reflects from the PtTe, edge with a
propagating distance of 2x. The second part is plane wave
launched from the edge with a propagating distance of x, which
is much weaker than the tip-launching plasmons. Because the
plasmons return to the tip after propagating a 2x distance, the
spacing between fringes is 4,/2. An obvious peak appearing in
the derivative signals at the momentum g, = 1/4, % § X 10°m™
was extracted from the Fourier analysis profile in g-space (the
inset of Figure 5d). Meanwhile, the result is confirmed by fitting
with the interference function s(x) = A(0) + e B sin[z(x — C)/D],
as shown in Figure 5d. Based on excitation frequency and gy, the
in-plane optical conductivity of PtTe, o(®) can be derived from
the dispersion 2D free carriers model on a dielectric substrate,*”

£ £ ic
1 + 2 = ——, where ¢, and ¢, are the
@
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dielectric constant of air and substrate and g and @ are the
momentum and excitation frequency. Meanwhile, the Drude

which is

.ne2/m
1y 1
it

model could describe its conductivity with o(w) = i
which m is the effective mass of carriers, n is the carrier concen-
tration, and 7 is the relaxation time, respectively. Given an
effective mass of m = 0.9m, (m, is the free electron mass) in
PtTe,,* a carrier concentration of about 1.22 X 10'° cm™2 could
be obtained, which is 100-fold higher than that of 1T MoTe, in
the previous reports.”* In Figure Se—f, we display the selected
s-SNOM images of a 11 nm (Figure S6) PtTe, planar waveguide
at various excitation frequencies. The interference fringes are
observed clearly on PtTe, parallel to the edges (dashed lines),
and the fringes show an excitation frequency dependence. The
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Figure S. Nanooptical imaging of a PtTe, planar waveguide. (a) Schematic of concentric waveguide modes in PtTe, launched by the laser-
illuminated s-SNOM tip. (b) AFM topographic image of 8 nm PtTe,. (c) Concurrently acquired nanooptical imaging data with an excitation
frequency of 920 cm ™. The edge of the PtTe, crystal is marked by the orange dashed line. (d) Cross-sectional profile obtained from (b) across
the fringes on PtTe, along the white dashed line; the yellow line is the fitting result. Inset: Fourier analysis momentum (q) profile of a PtTe,
surface plasma wave at an excitation frequency of 920 cm™' in g-space. (e, f) Selected s-SNOM imaging data of an 11-nm-thick PtTe, planar
waveguide taken at various excitation frequencies. (g) Cross-sectional profile obtained from (e) and (f). The orange dashed lines mark the

sample edge. Scale bars, 1 ym.

fringe shows a higher intensity as the excitation frequency
decreases, and the fringes extend further into PtTe, at lower
excitation frequency. Based on the above, it is worth further
exploring polarizable surface-metallic characteristics and func-
tionalities by patterning photonic structures on TMD crystals.

CONCLUSION

In summary, we designed a salts-assisted evaporation strategy to
achieve the vdW epitaxial growth of highly crystalline atomic
layered PtTe, crystals on mica. DFT calculations are applied to
elucidate the type-II Dirac cone along the I'-A direction in the
PtTe, crystal. Impressively, the devices exhibit an excellent
extra-high electrical conductivity of 10’ S m™, 1000 times higher
than that of metallic 1T MoS,. Meanwhile, the magnetoresis-
tance effect at low temperatures reaches 800% in a field 0of 9.0 T.
Furthermore, the subwavelength effects of 1T-phase PtTe, are
first observed by near-field nanooptical imaging. The plasmonic
wavelength 4, ~ 200 nm of 1T PtTe, is obtained, and a carrier
concentration calculated from A, is about 1.22 X 10" cm™,
which is 100-fold higher than that of MoTe, in previous reports.
Therefore, our work demonstrates the growth of MNTMDs and
provides insights into the plasmonic properties of 2D metallic
telluride compounds.

METHODS

Direct CVD Growth of PtTe, Crystals. We used Te powder
(>99.98%, Sigma-Aldrich), PtCl, (>99.9%, Aladdin), and NaCl
(>99.9%, Aladdin) as reaction sources. First, the 40 mg mixture of
PtCl, and NaCl with the mass ratio of 1:3 was dissolved in 10 mL of
deionized water. The PtCl,/NaCl solution was heated at 250 °C for
30 min to remove the water. Te powder (60 mg) was placed upstream,
8 cm away from a mica substrate in a quartz tube. Before heating, the
whole quartz tube was evacuated to S0 mTorr, then filled with Ar
(99.999% purity), and the whole process was repeated three times.
Then, the furnace temperature was raised to 800 °C for 30 min in a
carrier gas with a hydrogen to argon ratio of 1:10 for the growth of PtTe,.

When the growth ends, a 500 sccm Ar flow was used to remove residual
reactants from the tube, and the reaction zone was rapidly cooled to
room temperature.

Device Fabrication. The PtTe, crystals were transferred to a
285 nm SiO,/Si substrate with poly(methyl methacrylate) assistance.
The devices were fabricated by e-beam lithography and thermal
evaporation with electrodes made of S nm Tiand 100 nm Au. Electrical
characterizations were performed with a physical property measure-
ment system by Quantum Design.

Characterization. Raman spectroscopy was taken with a Renishaw
instrument, and the AFM images were carried out using a Veeco
Nanoscope. The TEM characterizations were performed with FEI
Titan G2. The nanoimaging experiments were carried out using a
commercial s-SNOM at the wavenumber of 920 or 1000 cm™.
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DFT calculations: The CASTEP module of Materials Studio software was used in the
DFT calculations on energy of all structures.' The ultrasoft pseudopotentials were used
to represent the interactions between the ionic cores and the valence electrons. The
plane-wave basis set cut-off energy was fixed at 300 eV in all calculations after
convergence test. Brillouin-zone sampling was performed on Monkhorst—Pack special
points using a Methfessel-Paxton integration scheme with 4 X 4 x 4 mesh. The
geometry optimization was achieved under the Broyden—Fletcher—Goldfarb—Shanno
minimization scheme. The crystal structures, including lattice constants and internal
atomic coordinates, were optimized independently to minimize the free enthalpy,
interatomic forces and stresses of the unit cell. The tolerances for geometrical
optimization were: differences for total energy within 10~ eV/atom, maximum ionic
Hellmann—-Feynman force’ within 0.03 eV/A, maximum ionic displacement within
0.001 A, and maximum stress within 0.05 GPa. For surface calculations, periodic 2 x 2
x 1 supercells containing a finite slab and a 10 A vacuum layer was used to prevent
interactions between periodic atoms.

The calculated adsorption energies are defined as follows:

Ea = Etotal - (Esurface + Emolecule)
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Figure S1. Corresponding linear temperature coefficients (X) of £, and 4;, Raman
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Figure S2. The TEM-EDS survey spectrum of the PtTe, in Figure 2c.
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Figure S3. (a) Zoomed-in TEM image of the folded edge of the PtTe, crystal (with
the TEM image shown in the inset). Inset: low-magnification TEM image captured on

a folded edge of a PtTe, crystal. (b) Intensity line profile (blue line) of the white

dashed arrow in (a).

Figure S4. (a, d) Low-magnification TEM image of a hexagonal PtTe, crystal. (b, c)
EDS elemental mapping of Te-L, Pt-M of the hexagonal PtTe, crystal in (a),

respectively. (e—j) SAED pattern from the selected area of the hexagonal crystal in

().

s4



/T

1E-4 4

dR/T

0O 50 100 150 200 250 300
T(K)

Figure S5. dR/dT-T curves of a 9 nm PtTe, crystal device.
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Figure S6. AFM topographic image of a 11 nm PtTe, crystal in Figure 5Se.
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