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ABSTRACT: Platinum ditelluride (PtTe2) is an emerging semimetallic two-
dimensional (2D) transition-metal dichalcogenide (TMDC) crystal with
intriguing band structures and unusual topological properties. Despite much
devoted efforts, scalable and controllable synthesis of large-area 2D PtTe2 with
well-defined layer orientation has not been established, leaving its projected
structure−property relationship largely unclarified. Herein, we report a scalable
low-temperature growth of 2D PtTe2 layers on an area greater than a few square
centimeters by reacting Pt thin films of controlled thickness with vaporized
tellurium at 400 °C. We systematically investigated their thickness-dependent
2D layer orientation as well as its correlated electrical conductivity and surface
property. We unveil that 2D PtTe2 layers undergo three distinct growth mode
transitions, i.e., horizontally aligned holey layers, continuous layer-by-layer
lateral growth, and horizontal-to-vertical layer transition. This growth transition is a consequence of competing thermodynamic and
kinetic factors dictated by accumulating internal strain, analogous to the transition of Frank−van der Merwe (FM) to Stranski−
Krastanov (SK) growth in epitaxial thin-film models. The exclusive role of the strain on dictating 2D layer orientation has been
quantitatively verified by the transmission electron microscopy (TEM) strain mapping analysis. These centimeter-scale 2D PtTe2
layers exhibit layer orientation tunable metallic transports yielding the highest value of ∼1.7 × 106 S/m at a certain critical thickness,
supported by a combined verification of density functional theory (DFT) and electrical measurements. Moreover, they show
intrinsically high hydrophobicity manifested by the water contact angle (WCA) value up to ∼117°, which is the highest among all
reported 2D TMDCs of comparable dimensions and geometries. Accordingly, this study confirms the high material quality of these
emerging large-area 2D PtTe2 layers, projecting vast opportunities employing their tunable layer morphology and semimetallic
properties from investigations of novel quantum phenomena to applications in electrocatalysis.
KEYWORDS: 2D material, platinum ditelluride, PtTe2, vertically aligned layers, hydrophobic, electrical conductivity

■ INTRODUCTION

Exploration of two-dimensional (2D) van der Waals (vdW)
crystals based on transition-metal dichalcogenides (TMDCs)
has inspired numerous innovations in a wide range of
electronic applications. A primary emphasis has been driven
to exploit their unprecedented electronic properties such as
layer thickness-dependent opto-electrical tunablity1,2 and
controlled manipulation of band structures for valleytronics.3,4

While semiconducting 2D TMDCs have been extensively
studied as channels for digital electronics, their structural
variations possessing metallic properties are gaining increasing
interests. These materials are generally in the form of MX2
where M represents noble metals in place of refractory metals
in 2D TMDCs and X represents chalcogen elements.
Particularly, platinum (Pt)-based 2D chalcogenides present a
variety of appealing aspects absent in conventional 2D TMDCs
including thickness-dependent semiconducting-to-metallic
transition, superior air stability, and low synthesis temper-

ature.5−10 For example, 2D Pt diselenide (PtSe2) of mono-to-
few layers presents high carrier mobility6 and small bandgap
energies suitable for broadband optics11 while metallic
properties achieved with its large layer number can realize
metal−semiconductor seamless in-plane 2D junctions.12

Among Pt-based 2D chalcogenides, Pt ditelluride (PtTe2) is
an emerging material, which has been identified to possess
unusual band structures and topological properties.13−18

Recent experiments report that 2D PtTe2 is a type-II Dirac
semimetal with a strongly tilted Dirac cone along Γ-A
direction, projecting intriguing quantum phenomena such as
anisotropic magnetism and topological transition.19 Moreover,
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the theory predicts that it transits to a semiconductor with a
small bandgap of ∼0.4 eV only when it is in a monolayer
form.20 Furthermore, an unusually high electrical conductivity
of ∼106−107 S/m and large break-down current density have
been observed in chemically synthesized PtTe2 crystals.

21−23 In
addition to this intrinsically semimetallic nature, 2D PtTe2 is
projected to exhibit high chemical reactivity suitable for
hydrogen evolution reaction,24,25 further justifying its rich
novelty beyond conventional 2D TMDCs.
Despite such projected advantages, scalable and controllable

chemical synthesis of 2D PtTe2 with well-defined layer
orientation and material properties has not been established
so far. Accordingly, a systematic understanding of its
structure−property−process relationship has been lacking,
impeding to unveil a full range of its intriguing attributes.
Existing methods for fabricating 2D PtTe2 layers include (1)
chemical vapor transport growth of bulk PtTe2 crystals at 1000
°C through self-reflux and subsequent mechanical exfoliation,25

(2) simultaneous evaporation of platinum tetrachloride
(PtCl4) or Pt and tellurium (Te) powders at a temperature
range of ∼800−1100 °C,21,22 and (3) eutectic liquid synthesis
of Pt−Te solid solutions at 700 °C.23 A major drawback
common in these approaches is that they yield 2D PtTe2 layers
of limited size (i.e., typically ∼5−20 μm) as well as uneven
spatial distribution and surface coverage. Moreover, the
adopted synthesis temperature is high and even comparable
to those for conventional 2D TMDCs (e.g., 2D molybdenum
disulfide) despite the much lower melting temperature of Pt
over refractory metals (e.g., Mo).26

In this study, we report a low-temperature growth of 2D
PtTe2 layers on a large area greater than a few square
centimeters by reacting Pt thin films of controlled thickness
with vaporized Te at 400 °C. We systematically studied the
thickness dependency of their growth orientation on resulting
structural and electrical properties via comprehensive scanning
transmission electron microscopy (STEM), X-ray diffraction
(XRD), and electrical characterization. We unveil that 2D
PtTe2 layers accompany thickness-dependent distinct growth

modes: (1) layer-by-layer horizontal growth, (2) transition of
horizontal-to-vertical layer orientation, and (3) mixture of
horizontal and vertical growth. The underlying growth
mechanism is discussed in the context of competition between
growth kinetics and strain energy release, analogous to the
transition of Frank−van der Merwe (FM) to Stranski−
Krastanov (SK) growths established in three-dimensional
(3D) epitaxial thin-film models. We also characterized the
electrical conductivity of these orientation-controlled 2D PtTe2
layers and identified its thickness dependency. 2D PtTe2
multilayers of an optimum thickness exhibit the highest
conductivity of ∼1.7×106 S/m, which is attributed to the
excellent structural homogeneity of all horizontally aligned 2D
layers as evidenced by cross-sectional STEM and XRD. The
conductivity gradually decreases with increasing thickness
while it still remains to be superior to those of any previously
developed 2D TMDCs.27−29 This thickness-dependent elec-
trical property in conjunction with the variation of 2D layer
orientation indicates a pronounced contribution of out-of-
plane electron transports with increasing 2D vertical alignment.
Finally, we performed water contact angle (WCA) measure-
ments with 2D PtTe2 layers of varying thickness and identified
their surface wettability. An intrinsically high hydrophobicity
was identified by a large WCA value up to ∼117°, significantly
higher than the values observed with other 2D TMDCs of
comparable lateral dimensions.30−32 These comprehensive
studies suggest the high structural and electrical quality of
centimeter-scale 2D PtTe2 layers and unveil an exclusive role
of their layer orientation on governing such attributes.

■ RESULTS AND DISCUSSIONS
2D dichalcogenides employing group X noble metals such as
PtSe2 and PtTe2 preferably adopt the 1T configuration rather
than the 2H.20 Figure 1a illustrates that 1T-PtTe2 possesses a
space group of P3̅m1 as presented in its perspective (left), side
(mid), and top (right) views. Each Te−Pt−Te layer
constitutes edges-connected octahedra, with one representative
octahedron as outlined in the pink regions of the side and top

Figure 1. (a) Perspective (left), side (mid), and top (right) views of 1T-PtTe2. Orange and blue balls represent Te and Pt atoms, respectively. The
pink-shaded areas in the side and top views illustrate an octahedron atomic configuration. (b) Schematic illustration of the 2D PtTe2 layer growth
apparatus and procedure. (c) Camera image of a PtTe2 sample on a SiO2/Si wafer with a size of 1 cm × 6 cm. (d) Plane-view HAADF-STEM
image of a 2D PtTe2 basal plane. (e) Intensity profile corresponding to the red line in (d). (f) Cross-sectional HAADF-STEM image of 2D PtTe2
layers with an interlayer spacing of 0.52 nm. (g) Representative cross-sectional STEM image of large-area, horizontally aligned 2D PtTe2
multilayers. (h) EDS spectrum revealing a stoichiometry of Pt/Te = 1:2.
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views. Figure 1b illustrates the schematic setup and the
procedure for 2D PtTe2 layer growth. SiO2/Si wafers covered
with Pt films of a controlled thickness (i.e., ∼0.5−15 nm) are
reacted at 400 °C with vaporized Te under a continued supply
of Argon (Ar) flow gas. Details for growth conditions are
presented in the Methods Section. Figure 1c shows an image of
a SiO2/Si substrate with as-grown 2D PtTe2 layers (1 cm × 6
cm). Figure 1d shows a representative high angle annular dark-
field (HAADF) STEM image of a 2D PtTe2 basal plane
revealing its 1T configuration. Figure 1e shows the intensity
profile along the red line in Figure 1d, indicating the periodic
spatial distribution of Pt and Te atoms. The superimposed
atomic configuration in Figure 1d and the intensity fluctuation
in Figure 1e are fully consistent with the atomic model
presented in Figure 1a. Figure 1f shows a representative cross-
section STEM image of 2D PtTe2 layers revealing a stacking
sequence of 1T Te−Pt−Te atomic chains with an interlayer
spacing of 0.52 nm corresponding to the lattice constant c.
Figure 1g shows a large-area STEM image of 2D PtTe2
multilayers with horizontally aligned layers of high homoge-
neity, highlighting their excellent crystallinity and layer
orientation control. The corresponding low-magnification
cross-sectional TEM image is presented in Supporting
Information, Figure S1, which confirms their large-area
homogenous morphology without any discontinuity. Energy-
dispersive X-ray spectroscopy (EDS) in Figure 1h further
validates that the synthesized 2D PtTe2 layers possess a
stoichiometry of Pt/Te = 1:2. Additional EDS spectra
(Supporting Information, Figure S2), elemental mapping
images (Supporting Information, Figure S3), and EDS line

scan profiles (Supporting Information, Figure S4) were
obtained from 2D PtTe2 layers prepared with various Pt film
thicknesses, i.e., from 0.5 to 15 nm. The data confirm that the
Pt/Te = 1:2 stoichiometry is well retained irrespective of the
variation in initial Pt thickness, indicating the complete
conversion of Pt to 2D PtTe2.
We systematically grew 2D PtTe2 layers by tellurizing Pt

films of varying thickness and characterized their morpho-
logical transition. Figure 2a−c illustrates the morphology of 2D
PtTe2 layers obtained with Pt thin films in three different
thickness regimes, i.e., small (e.g., ∼0.5 nm) for Figure 2a,
intermediate (e.g., ∼1−3 nm) for Figure 2b, and large (e.g., >6
nm) for Figure 2c. These values denote the “nominal”
thickness of deposited Pt films set by their e-beam evaporation
conditions, and its correlation with the experimentally verified
actual thickness of 2D PtTe2 layers is to be presented in the
following section. In conjunction with the thickness variation
of Pt films, three different growth modes have been observed.
Growth mode (i) in Figure 2a: Holey PtTe2 films composed of
horizontally aligned 2D layers are obtained by tellurizing Pt
films of ∼0.5 nm thickness. This is a consequence that
depositing Pt films of such a small thickness form scattered Pt
nanoclusters of low areal density (top). As a result, 2D PtTe2
layers grow without entirely covering the substrate surface
(mid and bottom). Growth mode (ii) in Figure 2b:
Continuous PtTe2 films composed of all horizontally aligned
2D layers are obtained by tellurizing Pt films of ∼1−3 nm
thickness. Tellurizing Pt nanoclusters of a much higher area
density (top) convert them to continuous 2D PtTe2 layers,
which laterally expand covering the free spaces on the substrate

Figure 2. (a−c): Schematics for growth characteristics of 2D PtTe2 layers obtained by tellurizing (a) scattered Pt nanoclusters, (b) dense Pt
nanoclusters, and (c) continuous Pt films. The mid and bottom rows of (a, b, and c) represent projected and side-views of resulting 2D PtTe2
layers, respectively. (d−f): HAADF-STEM images of (d) holey layers with the pores indicated by the red arrow, (e) continuous layers, and (f)
continuous layers with pronounced imaging contrast. (g−i): High-resolution HAADF-STEM images of (g) (110) lattice fringes in crystalline grains
with a grain boundary, (h) (110) lattice fringes from crystalline 2D basal planes of three distinct orientations, and (i) (001) lattice fringes denoting
2D layer vertical orientation. (j−l): Cross-sectional STEM images of (j) edge-terminated horizontally aligned 2D layers, (k) reorientation of 2D
layers along with the top and bottom insets corresponding to the blue and red boxed regions, and (l) vertically aligned 2D layers along with the
inset corresponding to the green boxed region. The scale bars of the insets are 1 nm.
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(mid and bottom). Growth mode (iii) in Figure 2c:
Continuous PtTe2 films constituting a mixture of horizontally
and vertically aligned 2D layers are obtained by tellurizing
continuous Pt films of >6 nm thickness (top). Conversion of
the continuous Pt films to 2D PtTe2 layers involves a
significant volume expansion since Pt atoms take in additional
Te atoms as well as forming vdW physical gaps. Accordingly,
growing 2D PtTe2 layers will experience a substantial amount
of accumulating strain, and some of their crystalline domains
will prefer to reorient 2D layers in a vertical manner to release
the strain (mid and bottom). This growth event is similar to
the recently observed and verified strain-driven vertical growth
of 2D MoS2 layers.

33 Figure 2d−l presents STEM character-
ization to verify the thickness-dependent 2D PtTe2 layer
morphological transition. Figure 2d−f shows low-magnification
STEM images of 2D PtTe2 layers obtained from various Pt
thicknesses of ∼0.5, ∼3, and ∼15 nm. Figure 2d reveals that
2D PtTe2 layers indeed exhibit rich porosity (red arrow), while
the others show their continuous film morphology. 2D PtTe2
layers in Figure 2d present an average domain size of ∼50 nm
with a spatial coverage ratio of ∼74%, supporting their
conversion from scattered Pt nanoclusters of low density
illustrated in Figure 2a. It is also noted that 2D PtTe2 layers
grown from the larger Pt thickness (Figure 2e) exhibit higher
STEM imaging contrast over the other (Figure 2f), indicating
significant inhomogeneity of 2D layer orientation. Figure 2g−i
presents HAADF-STEM characterization of 2D PtTe2 layers
obtained with various Pt thickness. Figure 2g shows a high-
resolution HAADF-STEM image obtained from holey 2D
PtTe2 layers, revealing highly crystalline domains along with a
grain boundary. The measured lattice spacing of 0.20 nm
corresponds to (110) lattice fringes exposed on PtTe2 basal
planes, indicative of horizontally aligned 2D layers. Figure 2h
shows a representative high-resolution HAADF-STEM image
of continuous 2D PtTe2 layers obtained from Pt thin films of
intermediate thickness. The image reveals three crystalline
domains of distinct crystallographic orientation, while (110)
lattice fringes are uniformly observed in each grain. This
observation indicates that horizontally aligned individual 2D
layers of distinct orientation laterally “stitch” in an in-plane
manner, evidencing their layer-by-layer growth nature. Figure
2i shows a representative high-resolution HAADF-STEM
image of 2D PtTe2 layers obtained from Pt thin films of a
much larger thickness (15 nm, in this case). Unlike the other
cases, which confirm the layer-by-layer stitching of horizontally
aligned 2D layers, we note distinct lattice fringes corresponding
to (001) planes confirmed by the measured spacing of 0.52
nm. This observation indicates that crystalline domains are
formed in the way that 2D PtTe2 layers grow upright in a
vertical orientation, as illustrated in Figure 2c. In Figure 2i, the
crystalline domain on the upper right corner is on-axis with
respect to 2D layer orientation, while the others are slightly off-
axis, which results in location-dependent imaging contrast
difference. Figure 2j−l presents representative cross-sectional
STEM images highlighting the distinct growth mode and
orientation transition in 2D PtTe2 layers. Figure 2j reveals a
high-resolution STEM image of horizontally aligned 2D layers
where the arrows denote laterally terminated 2D layers on their
top surface, directly evidencing the layer-by-layer stitching
growth mode. Figure 2k displays a local area on 2D PtTe2
multilayers of ∼10 nm thickness, evidencing the transition of
horizontal-to-vertical layer orientation (blue and red insets).
Figure 2l shows a representative cross-sectional STEM image

of 2D PtTe2 multilayers of larger thickness. The inset reveals
crystalline domains composed of vertically slanted 2D layers
that expose their edge sites on the surface, corresponding to
the in-plane STEM image in Figure 2i. The additional cross-
sectional TEM image of 2D PtTe2 layers obtained from the
tellurization of a thick Pt film (∼15 nm) can be found in
Supporting Information, Figure S5. Despite the growth mode
variation, the average size of individual 2D PtTe2 layer particles
is nearly similar, i.e., ∼40− 60 nm, irrespective of the variation
in initial Pt thickness (Supporting Information, Figure S6),
which is attributed to the similar size distribution of individual
Pt nanoparticle obtained with identical e-beam deposition
conditions.
As above mentioned, 2D PtTe2 layers below a certain critical

transition point predominantly possess horizontally aligned
layers. Accordingly, they are anticipated to exhibit Moire ́
patterns within crystalline domains of distinct crystallographic
orientation, a decisive signature of layer-by-layer stacking of
multiple 2D basal planes.34 Figure 3a illustrates the generation

of Moire ́ patterns at STEM mode from horizontally aligned 2D
PtTe2 layers obtained from Pt thickness of ∼0.5 nm with a
misorientation angle between bottom layer A and top layer B.
Figure 3b is a representative DF-STEM image of horizontally
aligned 2D PtTe2 layers exhibiting a Moire ́ pattern, as
evidenced by the white dashed dodecagon circling out three
subgroups of atoms with similar periodic arrangements. The
corresponding fast Fourier transform (FFT) pattern in Figure
3c reveals two sets of hexagonally packed diffraction spots with
a separation of 30° as differentiated by the blue and red
shading, indicating two overlapping 2D horizontal basal planes
with a misorientation angle of 30°. To substantiate the origin
of Moire ́ pattern in Figure 3b, an atomic simulation of two
horizontally stacked monolayers with a misorientation angle of

Figure 3. (a) Schematic illustration for the observation of Moire ́
patterns from an overlapping region of two horizontally aligned 2D
PtTe2 layers with a misorientation angle of 30° under STEM mode.
(b) HAADF-STEM images of a region exhibiting Moire ́ patterns
obtained from horizontally aligned 2D PtTe2 layers prepared with Pt
of ∼0.5 nm. (c) Corresponding FFT of (b) revealing two different
sets of diffraction spots with a misorientation angle of 30°, matching
with the layer configuration illustrated in (a). (d) Atomic simulation
of Moire ́ patterns corresponding to the layer configuration described
in (a). The black-outlined regions in (d) are entirely consistent with
the white outlined regions in (b).
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30° is generated in Figure 3d. Three dodecagons black-
outlined in Figure 3d are the representative periodic patterns
found in the Moire ́ pattern, corresponding to the white
dodecagons highlighted in the STEM image of Figure 3b.
Excellent agreement is observed between the experimental
observation and the atomic simulation, which further verifies
the layer-by-layer stitching growth dominantly observed in
horizontally aligned 2D PtTe2 layers.
The underlying mechanism, which dictates the thickness-

dependent orientation transition of 2D PtTe2 layers, is
discussed in the context of competition between thermody-
namic and kinetic driving forces. In general, the growth of 2D
PtTe2 layers should be driven to lower its associated
thermodynamic energy, while it is simultaneously limited by
the diffusion kinetics of Te atoms and the tellurization reaction
rate. The growth mode (i) employs the tellurization of
scattered and well-exposed Pt nanoclusters, which must be
highly reactive, imposing low diffusion barriers for Te atoms.
Thus, the kinetic effect should be insignificant, and the
thermodynamic driving force favors to expose 2D basal planes
of low surface energy, resulting in horizontally aligned 2D
PtTe2 layers. While the surface coverage and dimension of Pt
clusters are further increased (growth mode (ii)), the
horizontal growth mode is still retained owing to a sufficient
amount of free volumes in between them. Accordingly, 2D
PtTe2 multilayers of high structural homogeneity and full
coverage are generated upon tellurizing Pt films of a certain
critical thickness, as demonstrated in Figure 1g. Beyond this
critical point where thicker Pt films become tellurized, a
substantial amount of internal strain will start to accumulate
particularly along the grain boundaries of 2D PtTe2 layers
where 2D layers of distinct orientation converge. To release
this additional strain energy during the course of continued
growth, 2D PtTe2 layers start to adjust their layer orientation
off the horizontal direction by entering the growth mode (iii).
Given the high density and volume of Pt films in this case,
diffusion of Te atoms into them becomes challenging and rate
limiting compared to growth mode (ii) at such a low growth
temperature of 400 °C. Accordingly, the growth mode (iii) is
believed to be driven by kinetic factors, as verified by the
significantly faster diffusion of chalcogen atoms along the

surface-exposed vdW gaps of vertically aligned 2D layers over
2D basal planes.30,35,36

We note that this thickness-dependent transition of PtTe2
layer orientation from “2D-like horizontal” to “3D-like vertical”
is analogous to the growth characteristics established in 3D
epitaxial thin films, i.e., the transition from Frank−van der
Merwe (FM) growth to Stranski−Krastanov (SK) growth.37,38
Despite the seemingly similar characteristics, it is necessary to
point out that the growth principles for the conventional thin-
film epitaxy vs. 2D PtTe2 layer growth are fundamentally
different at molecular levels. The epitaxial growth adopted in
conventional thin-film technologies such as molecular beam
epitaxy generally relies on the deposition and crystallization of
gaseous molecular precursors. Meanwhile, the growth of 2D
PtTe2 layers proceeds through the transformation of solid-
phase Pt films through their reaction with gaseous tellurium.
2D PtTe2 layers grown from the tellurization of thin Pt films
preferably expose 2D basal planes of high atomic packing
density, lowering the total thermodynamic energy. This event
is akin to the FM mode, which predicts 2D layer-by-layer
growth accompanying the exposure of atomically smooth and
fully covered surfaces, as previously verified in thin-film
epitaxial growth studies.39 Following the initial growth of 2D
multilayers driven by the FM mode, a nontrivial amount of
strain energy subsequently accumulates particularly across sites
of high structural inhomogeneity.37,38,40 Above a certain layer
thickness, this strain leads to a transition of FM-to-SK growth
mode forming Volmer−Weber islands (vertically aligned 2D
layers, in this case), which are energetically more favorable.41

This 3D thin-film epitaxy model well matches the growth
characteristics observed with our 2D PtTe2 layers of varying
thickness, explaining the existence of a certain critical Pt
thickness regime (∼1−3 nm) above which vertically aligned
2D layers start to emerge.
The above growth mechanism analysis indicates the

presence of a substantial amount of internal strain exerted by
2D layers of distinct crystallographic orientation. We
hypothesize that such strain should significantly accumulate
along the grain boundaries where 2D PtTe2 layers with distinct
orientations impeach each other during lateral volume
expansion.26 To experimentally verify this prediction, we

Figure 4. (a) DF-STEM image (left) and corresponding FFT pattern (right) of horizontally aligned 2D PtTe2 multilayers constituting three
crystalline grains composed of basal planes with distinct orientations. The blue, cyan, and pink-shaded spots in the FFT correspond to the grains
denoted by the identical color in the DF-STEM image. The black squared diffraction spots in the FFT originate from the layer underneath the
grains of A, B, and C. (b−d) GPA mapping and corresponding FFTs of grain boundaries formed by grains of (b) A + B, (c) C + A, and (d) B + C.
The white dashed squares in (b−d) denote the dislocation cores exhibiting high strain.
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employed a strain mapping analysis through geometric phase
analysis (GPA)42,43 to the STEM images of horizontally
aligned PtTe2 layers obtained with Pt of 1 nm thickness, right
below the regime where vertically aligned 2D layers
dominantly emerge. Figure 4a shows a representative DF-
STEM image (left) from a location rich with grain boundaries
formed by three distinct grains (denoted A, B, and C) as well
as its corresponding FFT image (right). Three sets of
hexagonally packed diffraction spots distinguished by the
color shading in the FFT correspond to each individual grain
in the STEM image. Figure 4b−d demonstrates the spatial
strain distribution along the three sets of grain boundaries
formed by grains of A−B (Figure 4b), C−A (Figure 4c), and
B,C (Figure 4d) as well as their corresponding FFTs. We
identify that dislocations with displacements of atoms are
localized along the grain boundaries of high strain concen-
tration, consistent with other GPA studies of dislocations.44,45

In the strain mapping images of Figure 4b−d, the white
squares denote the areas where dislocations under high strains
are localized, manifested by the dark blue and bright yellow
color. It is noteworthy that a larger misorientation angle
between grains yields a higher linear density of dislocation
cores at the grain boundaries. For instance, the areal density of
dislocation cores associated with the misorientation angle of
24.8° (Figure 4d) is noticeably higher than that with 10.5°
(Figure 4c). The observation is consistent with recent studies
on the strain distribution along the grain boundaries within
horizontally stacked 2D MoS2 layers, evidenced by the
identical GPA method.44 This analysis directly evidences a
significant amount of strain accumulation globally occurring
within these intrinsically polycrystalline 2D PtTe2 layers. A
histogram of misorientation angles between individual grains
was obtained from the sample prepared with the Pt film of 0.5
nm (Supporting Information, Figure S7), which indicates an
absence of specifically preferred angle values. Furthermore, it is
worth pointing out that the strain effect should become more
pronounced with growths from Pt films of larger thickness
accompanying larger grain sizes (XRD grain size analysis in
Supporting Information, Figure S8).
To further elucidate the thickness-dependent crystallo-

graphic transition of 2D PtTe2 layers, we employed diffraction
characterization techniques, including X-ray diffraction (XRD)
and TEM electron diffraction. Figure 5a,b shows XRD
characterization of 2D PtTe2 layers obtained from Pt films of
varying thickness. With small enough thickness (<6 nm), 2D
PtTe2 layers preferably adopt horizontally aligned layers. This

is evidenced by the strong (001) crystalline peaks in Figure 5a,
indicating the dominant coverage of 2D basal planes on the
growth substrate while weak (003) peaks also appear. With Pt
films of larger thickness, 2D PtTe2 layers gradually start to
adopt vertically aligned and slanted layers. Crystalline planes
other than (001) and (003), such as (101), (102), (110), and
(111), start to emerge, which becomes more pronounced with
larger thickness. Interestingly, the 2D PtTe2 layers obtained
from 15 nm Pt exhibit a strong (101) peak intensity with a
significantly suppressed (001) peak, a sharp contrast to the
characteristics observed in those with Pt thickness <6 nm. This
observation indicates that vertically aligned 2D layers
significantly dominate over horizontal orientation, consistent
with the TEM observations in Figure 2i−l. Further
quantification was carried out by measuring the XRD intensity
ratio of (101) over (001) peaks as a function of Pt film
thickness, as presented in Figure 5b. It is evident that there is a
sharp increase in the peak intensity ratio entering the 6 nm
regime and beyond, indicating an onset of horizontal-to-
vertical transition in 2D layer orientation as denoted by the
blue and red shading, respectively. In addition to observed
peak intensity attenuation, the (001) peak becomes more
sharpened with increasing initial Pt film thickness, which is
majorly contributed to the increase of crystallite size along
(001) direction (Supporting Information, Figure S8). More-
over, XRD characterization was performed to a thick Pt film of
15 nm before and after its tellurization (Supporting
Information, Figure S9). In the XRD data, Pt crystal peaks
completely vanish and only PtTe2 peaks appear after the
tellurization, which further validates the complete conversion
of Pt to 2D PtTe2 layers even with this large Pt thickness. TEM
selected area electron diffraction (SAED) analysis was carried
out to correlate the macroscopic observation by XRD with the
microstructure of 2D PtTe2 layers. Figure 5c shows a
representative STEM image of 2D PtTe2 layers obtained
from 1 nm Pt thickness, belonging to the horizontal orientation
regime. Figure 5d presents its corresponding SAED character-
ization revealing a strong (110) ring pattern along the [001]
zone axis, which indicates the dominant exposure of 2D basal
planes on the surface consistent with Figure 2h. Figure 5e
shows a representative STEM image of 2D PtTe2 layers
obtained from 6 nm Pt thickness, belonging to the horizontal-
to-vertical transition regime. Figure 5f presents its correspond-
ing SAED characterization where the indexed diffraction
patterns indicate a presence of both [001] and [010] zone
axes, corroborating with the XRD result in Figure 5a.

Figure 5. (a) XRD characterization of 2D PtTe2 layers grown from Pt films of varying thickness. The red star mark denotes peaks from the growth
substrate. (b) XRD peak intensity ratio of I(101)/I(001) as a function of Pt film thickness. (c) Representative STEM image of crystalline grains
constituting horizontally aligned 2D PtTe2 layers. (d) Corresponding SAED pattern indicating that the indexed diffraction rings are normal to the
[001] zone axis. (e) Representative STEM image of crystalline grains constituting a mixture of horizontally and vertically aligned 2D PtTe2 layers.
(f) Corresponding SAED pattern indicating a presence of both [001] and [101] zone axes. The blue highlighted diffraction rings correspond to
those presented in (d), highlighting the crystallographic distinction of horizontally vs. vertically aligned 2D PtTe2 layers.
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From the above comprehensive structural characterization,
we identified a thickness-dependent transition of 2D PtTe2
layer morphology and orientation, which indicates a possibility
of thickness dependency in material properties such as electron
transports. Herein, we systematically investigated electrical
performances of 2D PtTe2 layers with varying thickness and
identified a potential influence of 2D layer orientation on
them, particularly of vertical orientation. We first identified
their electronic band structures by performing first-principles
calculations. To be consistent with the experimentally realized
2D PtTe2 layer structures, we focused our calculations on
horizontally aligned 2D PtTe2 multiple layers and vertically
aligned 2D PtTe2 layers of varying lengths using the Vienna
Ab-initio Simulation Package46 (see Computational Details in
the Methods Section). Horizontally aligned 2D PtTe2 layers of
varying layer numbers from trilayer (3L) to hexalayer (6L) are
modeled, and Figure 6a shows a schematic view of
representative pentalayer (5L) PtTe2. The optimized lattice
constant a for 3L−6L PtTe2 turns out to be in the range of
4.045−4.051 Å with a Pt−Pt interlayer distance (dPt−Pt) of 5.25

Å, which is in close agreement to the experimentally observed
value of 0.52 nm. Corresponding electronic band structures
plotted along the high-symmetry line (M − Γ − K − M) are
given in Figure 6b, which clearly depicts the metallic nature of
horizontally aligned 2D PtTe2 multilayers irrespective of their
layer number. Furthermore, we show the atomic projected
density of state (PDOS) plots and found mixed contributions
from both Pt and Te atomic states around the Fermi level. We
next address the case of vertically aligned 2D PtTe2 layers, as
shown in Figure 6c,d. Fixing the Pt−Pt interlayer distance to
5.25 Å identical to the case of horizontally aligned layers, we
consider an orthorhombic unit cell of various edge
configurations, i.e., Te-terminated edges in Figure 6c and Pt-
terminated edges in Figure 6d. The electronic band structures
plotted along the high-symmetry line (Γ-Z-S-B-Γ-A-E-Z-D) in
Figure 6c,d demonstrate the metallic behavior of vertically
aligned 2D PtTe2 layers regardless of edge configurations. This
finding of the metallic nature of vertically aligned 2D PtTe2
layers remains unchanged even with further increasing their
vertical layer length (Supporting Information, Figure S10).

Figure 6. (a) Side view of pentalayer (5L) PtTe2 as a representative system for horizontally aligned multilayers. (b) Electronic band structure and
DOS plots for 3L−6L. (c) Side view (top) and electronic band structures (bottom) of vertically aligned 2D PtTe2 with Te-terminated edge
configurations. (d) Side view (top) and electronic band structures (bottom) of vertically aligned 2D PtTe2 with Pt-terminated edge configurations.
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For the sake of completeness, we also calculated the band
structures of PtTe2 in monolayer and bulk forms (Supporting
Information, Figure S11). Consistent with previous density
functional theory (DFT) studies,20 2D PtTe2 layers exhibit a
bandgap of ∼0.8 eV when they are in a monolayer form
(Figure S3a,b) while they are metallic in a bulk form (Figure
S4c,d). Indeed, it is known that 2D PtTe2 layers are
semiconducting only when they possess monolayers unlike
other Pt-based 2D chalcogenides such as 2D PtSe2, which can
be still semiconducting with few-to-several layers.47

We then experimentally studied the thickness-dependent
electrical performances of 2D PtTe2 layers. We first identified
the relationship of Pt film thickness and resulting 2D PtTe2
layer thickness by performing atomic force microscopy (AFM)
height profile measurements, as presented in Figure 7a. We
note that the actual thickness of 2D PtTe2 layers is ∼5 times
larger than the nominal thickness of Pt films, which is set by
the deposition conditions inherent to our e-beam evaporator.
We then investigated the carrier type of as-grown 2D PtTe2
layers on SiO2/Si wafers by characterizing their field-effect
transistor (FET) gate responses. From various theory studies20

and our DFT calculation results, it is well established that 2D
PtTe2 layers do not possess bandgap energies even in a few-
layer form. We thus focused our measurements on 2D PtTe2
layers obtained from Pt films of a very small thickness (e.g.,
∼0.5 nm corresponding to a 2D layer thickness of ∼2.5 nm),
as presented in Figure 7b,c. Figure 7b shows transfer
characteristics of drain-source voltage (Vds) vs. drain-source
current (Ids) with varying back-gate voltage (Vg), and Figure 7c
shows Ids−Vg at varying Vds. As anticipated, 2D PtTe2 layers
reveal strong metallic characteristics, as manifested by the
complete overlap of Ids − Vds irrespective of Vg (Figure 7b) and
the Vg-independent Ids (Figure 7c). The inset in Figure 7b
illustrates a schematic of 2D PtTe2 layer-based FET in a back-
gate configuration. Having confirmed the intrinsically metallic
nature of 2D PtTe2 layers, we investigated their thickness-
dependent electron transports. For rigorous quantification, we
precisely defined the geometrical dimension of 2D PtTe2 layers
by AFM characterization of their actual thickness (Figure 7a)
and by patterning gold (Au) electrodes with an identical
channel length (width: 200 μm, spacing: 100 μm). The
additional temperature-dependent measurement data in

Supporting Information, Figure S12 also confirms that 2D
PtTe2 layers present intrinsically metallic transports with nearly
constant or slightly decreased conductivity with increasing
temperature. Figure 7d shows I−V characteristics obtained
from 2D PtTe2 layers of varying Pt thickness, and Figure 7e
presents the corresponding electrical conductance obtained
from their tangential slopes. Electrical conductivity was
determined by combining the geometrical dimension with
the measured conductance, and its thickness-dependency is
presented in Figure 7f. With increasing Pt thickness, the
conductivity steadily increases yielding the highest value of
∼1.7 × 106 S/m at ∼3 nm thickness. This thickness is the
critical point where 2D PtTe2 multilayers exhibit horizontally
aligned layer orientation with full surface coverage and high
structural homogeneity. The lower conductivity value from a
smaller Pt thickness is attributed to their intrinsically holey
morphology (Figure 2a,d). Beyond this critical point, vertically
aligned 2D layers start to emerge as confirmed by the XRD
(Figure 5a) and STEM/SAED (Figure 5c,d) characterization.
With further increasing thickness, the conductivity gradually
decreases reaching ∼1.4 × 106 S/m at Pt thickness of 15 nm.
This thickness-dependent conductivity decrease well agrees
with the thickness-dependent transition of 2D layer
orientation, i.e., emergence of vertically aligned 2D layers
beyond a certain critical thickness continuously becomes more
pronounced with further increasing thickness (Figure 7a,b).
This suppressed conductivity from the vertically aligned 2D
layers is attributed to the increasing contribution of “out-of-
plane” transports of electrons across vdW physical gaps, as
illustrated in Figure 7g. This observation is well supported by
previous experimental and theoretical studies that report much
higher energy barriers for the electrons undergoing out-of-
plane transports across vdW gaps over those traveling in an “in-
plane” manner.48,49 It is also worth mentioning that the overall
conductivity values are on the order of 106 S/m, highly
comparable to those of previously reported 2D PtTe2 layers of
much smaller dimensions, which fall in the range of 3.3−6.4 ×
106 S/m (Supporting Information, Table S1).21−23 Moreover,
these conductivity values are significantly higher than those of
any other 2D TMDC layers, e.g., the highest reported being
vanadium diselenide (VSe2) with a conductivity of ∼1 × 106

S/m50 (Supporting Information, Table S1). Such an unusual

Figure 7. (a) Thickness of 2D PtTe2 layers as a function of Pt thickness. (b, c) Back-gate FET measurements of 2D PtTe2 layers obtained from
∼0.5 nm Pt thickness, showing (b) Ids−Vds and (c) Ids−Vg transfer characteristics. (d) I−V curves of 2D PtTe2 prepared from various Pt
thicknesses. (e) Conductance as a function of Pt thickness. (f) Conductivity as a function of Pt thickness showing a presence of its thickness-
dependent maximum point. The junction of the blue and red shading represents a transition of horizontal-to-vertical layer orientation. (g)
Schematics of electron transports in horizontally vs. vertically aligned 2D PtTe2 layers.
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combination of extremely high electrical conductivity, wafer-
scale dimension, and tunable geometry offers numerous
opportunities beyond applications of electronics, e.g., electro-
chemical or catalytic applications requiring high electrical
conductivity coupled with large structural porosity and surface
area.
In addition to the electrical aspect, we also characterized

surface properties of the large-area 2D PtTe2 layers to gain
additional insights regarding their material quality. We
identified the water wettability of as-grown 2D PtTe2 layers
on SiO2/Si substrates of varying thickness by measuring their
water contact angle (WCA) values. Figure 8a shows
representative images of water droplets on a bare SiO2/Si
wafer (top), after Pt deposition (mid), and after 2D PtTe2
layers growth (bottom). The bare SiO2/Si growth substrate
exhibits a WCA value of ∼49° indicating its intrinsic
hydrophilicity, which turns to strong hydrophobicity after 2D
PtTe2 layer growth, manifested by the large WCA values
(typically > 100°). Figure 8b presents thickness-dependent
WCA values of 2D PtTe2 layers, which confirms their
intrinsically strong hydrophobicity irrespective of thickness.
Remarkably, these values are much higher than those observed
with any other 2D materials, including 2D TMDCs and
graphene.31,51,52 Indeed, the WCA value of ∼110° observed
with 2D PtTe2 multilayers in a fully horizontal orientation (i.e.,
Pt thickness ∼3 nm) is the largest among those previous
reports on any horizontally stacked 2D materials (i.e., 98° of
MoS2,

30 and 83° of WS2
31) without surface modifications

(Supporting Information, Table S2), suggesting their superior
hydrophobicity and crystal quality. The lower WCA value
observed with 2D PtTe2 layers prepared from Pt < 3 nm is
attributed to their intrinsic holey morphology, contributed by
the exposed SiO2/Si surface, which is intrinsically hydrophilic
(Figure 8a). The pronounced transition of horizontal-to-
vertical 2D layer orientation beyond 3 nm Pt (Figure 8a,b)
steadily increases WCA values with increasing thickness,
similar to the trends observed with 2D MoS2 layers.

53,54 The
surface wettability of a thin film strongly depends on its surface

chemistry and topographical morphology, as expressed by the
Wenzel equation.55

rcos cosa iθ θ= (1)

In the equation, r is its roughness ratio (i.e., the ratio of the
actual area/projected area) and θa, θi are its apparent and
intrinsic CA values, respectively, which greatly vary with the
kind of integrated droplets. Using eq 1, we calculated the
“intrinsic” CA values of 2D PtTe2 layers and marked with blue
stars in Figure 8b, which reflect their surface wettability under
the condition that the surface is completely flat. The surface
roughness ratio of 2D PtTe2 layers with varying Pt thickness
was determined by AFM topography measurements (Support-
ing Information, Figure S13). Table 1 presents the intrinsic CA
values of 2D PtTe2 layers determined by droplets of
diiodomethane (DIM). It is noted that the intrinsic CA values
do not exhibit much difference irrespective of thickness,
indicating that the “intrinsically” high hydrophobicity of 2D
PtTe2 layers is not a result of their surface roughness. To better
understand the origin of this unique high hydrophobicity
unattainable in any other 2D TMDCs, we measured the
surface energy of 2D PtTe2 layers using the Owens−Wendt
method56 and presented it in Figure 8c. The surface energy is a
summation of two contributing components, one is a polar
component, which depicts the interaction of a material with
permanent or induced dipoles, and the other is a dispersive
component, which reflects a nonpolar interaction such as
London dispersive force. It is interesting to note that the
surface tension of 2D PtTe2 layers is nearly composed of only
nonpolar components (γd ∼ 20−25 mN/m) with a negligible
contribution from the polar component (γp < 0.1 mN/m)
irrespective of their thickness. This observation indicates that
2D PtTe2 layers exhibit intrinsically low polarity, which is
attributed to the similar electronegativity values of Pt (∼2.28)
and Te (∼2.10) in the Pauling scale.57,58 Indeed, this low
electronegativity difference of ∼0.18 is the smallest for any Pt-
based TMDCs, indicating the dominance of nonpolar covalent
bonds between Pt and Te atoms.57,58

Figure 8. (a) Sequential water contact angle measurements of SiO2/Si throughout Pt deposition and tellurization. (b) Thickness-dependent
apparent WCA values of 2D PtTe2 layers and their corresponding water droplet images. The blue stars mark the intrinsic water contact angles with
consideration of surface roughness effects. (c) Thickness-dependent surface energy values incorporating polar and dispersive components.

Table 1. Water and DIM Contact Angle values for 2D PtTe2 Layers with Different Thicknesses and Their Corresponding
Surface Energy

apparent CA (θa) intrinsic CA (θi) surface energy (mN/m)

Pt thickness (nm) roughness ratio (r) water DIM water DIM γd γp γ

1 1.003 107.4 ± 1.2 66.6 ± 0.6 107.1 66.43 25.0 0.11 25.11
3 1.006 110.2 ± 0.8 69.1 ± 0.4 109.6 68.69 23.92 0.04 23.96
9 1.046 117.5 ± 1.5 77.5 ± 0.4 111.6 74.02 20.86 0.05 20.91
15 1.051 117.0 ± 0.9 77.4 ± 1.2 111.3 73.61 21.06 0.06 21.12
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■ CONCLUSIONS

To conclude, we report a scalable growth of 2D PtTe2 layers at
a low temperature of 400 °C by tellurizing Pt films of
controlled thickness. We observed their thickness-dependent
transition of layer morphology and orientation, confirmed by
extensive TEM, STEM, XRD, and electron diffraction
characterization. The transition is identified to result from a
competing interplay of thermodynamic and kinetic factors
where an internal strain accumulating during the course of 2D
layer growth plays a critical role. This thickness-dependent
morphological transition in 2D PtTe2 layers is correlated with
their electrical conductivity, which exhibits a maximum at a
certain critical thickness regime after which it steadily
decreases. The electrical conductivity values of 2D PtTe2
layers, as well as their WCA values, are much higher than
those of any other previously explored 2D TMDCs, confirming
high material quality. Accordingly, this study is believed to
pave the way for investigations of novel quantum phenomena
in this relatively less-explored Dirac semimetal of a large area.

■ METHODS
Synthesis of 2D PtTe2 Layers. Pt seeds of controlled thickness

were deposited on SiO2/Si wafers (300 nm; SiO2 thickness) by an
electron beam evaporator (Thermionics VE-100) at a fixed
evaporation rate of 0.15 Å/s. Pt-deposited SiO2/Si substrates were
placed in the center zone of a quartz tube inside a thermal furnace
(Lindberg/Blue M Mini-Mite), and an alumina boat containing Te
powder was placed at the furnace upstream side (temperature ∼200
°C). Following Ar purging down to a base pressure of ∼1 mTorr, the
furnace subsequently ramped up to the growth temperature of 400 °C
at a rate of 7.6 °C/min was maintained for 50 min. During the growth
reaction, the flow rate of Ar gas was kept being ∼100 standard cubic
centimeters per minute (SCCM) at a pressure of ∼80 mTorr.
TEM Characterization and Analysis. The structural and

chemical integrity of as-grown 2D PtTe2 layers was characterized
using FEI F30 TEM (operation voltage: 300 kV) and JEOL ARM 200
F Cs-corrected TEM (operation voltage: 200 kV). For plane-view
TEM sample preparation, the buffered oxide etchant was directly
applied to as-prepared 2D PtTe2-SiO2/Si substrates and the separated
2D PtTe2 layers were manually integrated onto copper TEM grids.
Cross-sectional TEM samples were prepared using a focused ion
beam (FIB: Quanta 2D FEG, FEI) employing Ga ion beam (30 keV)-
based TEM lift-out techniques. The atomic simulation of the Moire ́
pattern was obtained by stacking two monolayers with a
misorientation angle of 30° and was visualized in Vesta atomic
visualization program. Geometrical phase analysis (GPA) of the
HAADF-STEM image was performed using a built-in Digital
Micrograph script.42

XRD Characterization. X-ray diffraction of 2D PtTe2 films on
SiO2/Si wafers was carried out by a PANalytical Empyrean
diffractometer equipped with a copper X-ray source (Kα1 = 1.5406
Å, Kα2 = 1.54439 Å) and a Pixcel3D detector. Diffraction data were
collected under an operation tension of 45 kV and a current of 40 mA
using theta-two theta scan geometry.
Water Contact Angle and Surface Energy Measurement.

The water contact angle of 2D PtTe2 layers was measured with a
goniometer (model 90, rame-́hart instrument co.) by sessile drop
tests. Water droplets (2 μL) were gently deposited on as-grown 2D
PtTe2 sample surfaces using a microsyringe, and the contact angle was
extracted using the DROPimage Pro software (Rame-́Hart instrument
co.). The average contact angle value was obtained from at least six
different locations of each sample. Additionally, the contact angle of
diiodomethane (DIM; CH2I2) was measured to determine the surface
energy value using the following Owens−Wendt method.56 The
surface energy (γs) of a solid 2D layer is expressed to be the
summation of two constituting components, i.e., dispersive (γs

d) and

polar (γs
p) components (γs = γs

d + γs
p). Also, the interfacial energy (γsl)

between a 2D layer and a liquid is defined to be eq 2
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p are the dispersive and polar components of the liquid,
respectively. Combining the above equation with Young’s equation
{cos θ = (γs − γl)/γsl}, which is widely used to express the relation
between the contact angle and interfacial energies in triple-phase
systems,56 leads to eq 3
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By incorporating the measured contact angle values and known
surface energy values56 of water (γl = 72.8, γl

d = 21.8, γl
p = 51 mN/m)

and DIM (γl = 50.8, γl
d = 49.5, γl

p = 1.3 mN/m) into the above
equation, we can finally obtain the surface energy of the 2D layer in
Figure 8c.

Electrical Characterization. All electrical measurements were
performed with a home-built probe station using a HP 4156 A
semiconductor parameter analyzer. Gold was evaporated on top of as-
grown 2D PtTe2 layers on SiO2/Si substrates through a metal shadow
mask for electrode patterning.

AFM Characterization. A tapping mode AFM (Anasys Instru-
ments, NanoIR2) scanning was carried out to reveal the topography
of 2D PtTe2 layers at a scan rate of 0.3 Hz. The AFM probe (model:
PR-EX-T125−10) has a resonant frequency of 200−400 kHz and a
spring constant of 13−77 N/m.

Computational Details. We use density functional theory with
the projector augmented wave method59,60 as implemented in the
Vienna Ab-initio Simulation Package.46 The generalized gradient
approximation in the Perdew−Burke−Ernzerhof parametrization is
employed for the exchange-correlation potential, and the plane wave
cutoff energy is set to a sufficiently large value of 420 eV. The vdW
interaction is taken into account using the nonlocal optB86b-vdW
density functional.61,62 A γ-centered Monkhorst−Pack 12 × 12 × 1 (9
× 9 × 2) k-mesh is used for the structural relaxation, whereas for self-
consistent calculations, the Brillouin zone integration is performed
using a dense 20 × 20 × 1 (11 × 11 × 3) k-mesh for horizontally
(vertically) aligned 2D PtTe2, respectively. We ensure an energy
convergence of 10−6 eV and force convergence of 10−3 eV/Å for the
iterative solution of the Kohn−Sham equations. Due to the
constituent heavy elements involved in PtTe2, the effects of spin-
orbit coupling are always taken into account in our calculations. We
also use a 15 Å thick layer of vacuum on top of both horizontally and
vertically aligned 2D PtTe2 layers to exclude spurious interaction
between periodic images in the out-of-plane direction as three-
dimensional periodic boundary conditions are applied. The results are
plotted using the Matplotlib software package.63
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