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ABSTRACT: The controlled synthesis and modification of the composition of layered
compounds are essential prerequisites for their deployment in electronic or chemical ¢
applications. Pt-chalcogenides exhibit various compositional phases. Here, we investigate how
Pt-selenide and Pt-telluride phases can be obtained as ultrathin films or as supported
nanocrystals by physical vapor deposition and thermal treatment. The films are characterized
by scanning tunneling microscopy and spectroscopy, scanning transmission electron
microscopy, and photoemission and Raman spectroscopy. In all cases, Pt-dichalcogenides
are obtained by Pt and chalcogen codeposition at growth temperatures below 300 °C. These
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films can be grown by van der Waals epitaxy in a layer-by-layer fashion, enabling the

characterization of the pronounced layer-dependent electronic properties of these compounds. Pt-telluride growth at elevated
temperatures (above 400 °C) results in the formation of Pt-monotelluride. Interestingly, the thin film Pt-dichalcogenides can also be
transformed into different phases with lower chalcogen concentration by post-growth vacuum annealing. Annealing-induced loss of
chalcogen results in new composites. With this thermal process, an intermittent layered compound of Pt;Te, is synthesized, which
consists of alternating PtTe, and PtTe van der Waals layers. By thermal treatment of PtSe,, we obtain a non-layered Pt-monoselenide
in nanocrystalline form. PtSe is not reported in the bulk Pt-Se phase diagram, but its structure is analogue to the known Pt-
monosulfide with a tetragonal unit cell. This PtSe phase is semiconducting with a band gap of ~0.9 eV. The nanocrystalline PtSe
phase is, however, unstable and easily loses more Se and eventually converts into Pt. Thus, it is demonstrated that post-growth
thermally induced transformation of Pt-dichalcogenides films enables the synthesis of new Pt-chalcogenide phases as ultrathin films

or nanocrystals.

1. INTRODUCTION

Pt-chalcogenides exhibit interesting quantum properties that
attracted attention both from a fundamental condensed matter
physics perspective and for potential applications. PtSe, and
PtTe, have been discussed for their topologically protected
bulk electronic states,' ¢ which also suggested to have
potentially important implications for spin orbit torque effects
at magnetic interfaces.” In the ultrathin limits, these materials
also showed strong layer dependence of their electronic
structure with band gap openings as the materials are thinned
to mono- or bilayer thickness.*”'* This layer dependence of
the electronic structure is attributed to strong interlayer
interactions in these layered transition metal dichalcogenides
that cause the semi-metallic to semiconductor transition as
PtSe, or PtTe, is thinned to single layers. Surprisingly, PtSe,
has been recently demonstrated to also exhibit magnetic
properties."* These properties have been associated with native
defects in the material that forms a diluted magnetic material,
which may persist to the few to monolayer thick materials.'®
Potential practical uses of Pt-chalcogenides have been
discussed'”'® ranging from applications as electrodes for
electrocatalysis,19_23 pressure,” or gas sensors>>*° to elec-
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tronic>’ ">’ and opto-electronic applications.” Besides the

mostly studied layered chalcogenides, other chalcogen-poor
compositional phases may exist in the Pt-Se or Pt-Te phase
diagrams.*>*" Such phases have also been predicted to exhibit
electrocatalytic properties,”” but a controlled synthesis of Pt-
chalcogenides with different compositions has not been well
documented. It has, however, been shown that the CVD
growth of Pt-telluride may result in PtTe or PtTe, depending
on the growth conditions.” For Pt-selenide, it has been shown
that exfoliated PtSe, can transition into a tetragonal PtSe phase
by loss of Se.**

In this communication, we discuss the synthesis of Pt-Se (or
Pt-Te) ultrathin films by physical vapor codeposition of Pt and
chalcogens in ultrahigh vacuum, akin to molecular beam
epitaxy, and to characterize the material's properties by
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scanning tunneling microscopy (STM) and X-ray photo-
emission spectroscopy (XPS). Here, the focus is on the
approaches that enable us to obtain different compositional
phases as ultrathin films and to characterize their basic
properties.

2. RESULTS AND DISCUSSION

The high vapor pressure of chalcogens requires a high
chalcogen-to-transition metal ratio for the growth of TMDs
by codeposition on a substrate in vacuum. We employ a ratio
of ~10:1 for the chalcogen:Pt ratio. However, even with such a
high chalcogen over-supply, the film may not necessarily form
with the highest chalcogen stoichiometry, i.e, as dichalcoge-
nides. While the growth temperature affects the chemical
potential of the elements and their vapor pressure, vacuum
growth processes of thin films are generally in non-
thermodynamic equilibrium, which makes the prediction of
resulting compositions based on thermodynamic arguments
alone impossible. Thus, we explore experimentally the growth
of Pt-telluride and Pt-selenide at different sample temperatures
and find that the dichalcogenides are only obtained for low
growth temperatures (~250—300 °C) while Pt-monotelluride
may be obtained for growth at higher temperatures (400—450
°C). Also, the dichalcogenide ultrathin films can be trans-
formed into chalcogen-deficient phases by post-growth vacuum
annealing, suggesting the easy loss of chalcogen by desorption.
The different phases obtained in this study are illustrated in
Figure 1. The preparation conditions to obtain these phases are
discussed separately for Pt-selenide and Pt-telluride.
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Figure 1. Schematic illustrations of Pt-telluride and selenide phases.
While both chalcogenides form layered dichalcogenides, only the Pt-
telluride exhibits tellurium-deficient layered compounds. A PtSe
compound with a tetragonal unit cell, isostructural to PtS, is observed
in this study.

2.1. Pt-Telluride. The core-level photoemission spectra for
Pt-telluride and ex situ Raman spectroscopy for samples grown
at low temperature (260 °C) and high temperature (400 °C)
are shown in Figure 2a and Figure 2b, respectively. The Raman
spectra show E, and A;; modes at 116 and 158 cm™' that are
representative for PtTe, for the low-temperature grown
sample.”” In contrast, the sample grown at high temperature
exhibits two E; and A}, modes that are representative of PtTe,
as schematically indicated in Figure 2b. The peaks at 92.1 and
185.1 em™! can be assigned to the Eg modes for PtTe, and
peaks at 118.4 and 169.2 cm™" correspond to the A;g modes of
PtTe.”” Consequently, the sample grown at high temperature
can be assigned to PtTe. The identification of the phases by
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Raman also allows us to assign the XPS peak positions to the
two different materials. The Te-3ds,, peak shifts by 0.2 eV to
lower binding energy for PtTe than for PtTe,, and the Pt-4f;
peak shifts from 72.9 eV for PtTe, to 72.0 eV for PtTe. The
fact that both Pt and Te shift to lower binding energy for PtTe
than for PtTe, suggests that the shift is not only a consequence
of chemical (charge transfer) shifts but also that of other effects
like a change in the Madelung energy contributing to the
observed peak positions. The shift observed in the Pt peak
may, however, have a contribution from a change in its charge
state as it shifts to lower binding energy for PtTe than for
PtTe,, i.e, closer to the peak position of elemental Pt at 71.1
eV. The different composition of the Pt-telluride prepared at
low and high growth temperature is also apparent from the
peak intensity ratio in XPS. The Te/Pt intensity ratio for the
high-temperature grown sample is only 0.45 times that for the
low-temperature grown sample, ie., the Te/Pt ratio for the
low-temperature grown sample is close to twice that of the
high-temperature grown sample consistent with PtTe, and
PtTe. Peak positions and intensity ratios are summarized in
Table 1.

Interestingly, starting with a PtTe, grown at low temperature
and then subsequently annealing it in vacuum to 450 °C also
cause a compositional transformation of the film. This can be
observed for instance in XPS, as shown in Figure 2¢c. The Te-
3ds), peak position after annealing is similar to that for PtTe,
but the Pt-4f peak is broadened compared to the pure PtTe
and PtTe, film. In fact, the Pt-4f peak after annealing can be
fitted with two components, each with the same line shape and
full width at half maximum (FWHM) as the peaks for PtTe
and PtTe,. One component is at the same position as the PtTe
peak, and the other is only shifted slightly to lower binding
energy than the peak of PtTe,. The exact fitted peak positions
are given in Table 1. This suggests that the two components
originate from materials that are similar to PtTe, and PtTe.
The intensity ratio of the two Pt-components is 4:7 or the
PtTe,:PtTe-like peaks. The Pt-Te phase diagram contains two
intermediate phases between PtTe, and PtTe with composi-
tions of Pt,Te; and Pt;Te,.”” These intermediate phases are
also layered compounds and can be understood as alternating
layers of PtTe, and PtTe. Pt,Te; can be constructed of two
layers of PtTe, alternating with one layer of PtTe (Pt,Te,) and
Pt;Te, by alternating PtTe, and PtTe (Pt,Te,) layers (see also
Figure 1 for an illustration of Pt;Te,). Considering that the
PtTe layer consists of two Pt layers sandwiched between Te
layers, while PtTe, has only one Pt layer sandwiched between
two Te layers (see Figure 1), the planar Pt atom density in a
PtTe is twice that of PtTe, per layer. Thus, for Pt,Te; (with
two PtTe, layers alternating with one PtTe layer), the ratio of
Pt atoms in a PtTe, or PtTe environment is 1:1, while for
Pt;Te, (one PtTe, layer alternating with one PtTe layer), the
ratio is 1:2. From the fitting of the Pt-4f peak into PtTe, and
PtTe components, we obtain a ratio of 4:7, which is only
slightly off from the expected 1:2 ratio for Pt;Te,.

The Pt:Te peak intensity ratio also gives further evidence for
a Pt;Te, compound. We measure a Pt:Te intensity ratio of
0.26 (Table 1). This ratio is in between the ratios determined
for PtTe, and PtTe films. Using the measured ratio of PtTe, as
a calibration of the relative atomic sensitivity factors of our
spectrometer, i.e., multiplying the uncompensated XPS Pt:Te
intensity ratios by a factor of 2.63 to obtain atomic Pt:Te
ratios, we can estimate the actual atomic ratio of the annealed
film to Pt:Te = 0.7, which is close to 3/4 and thus also

https://doi.org/10.1021/acs.chemmater.1c02163
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Figure 2. Spectroscopic characterization of Pt-telluride phases. XPS of Pt-4f and Te-3d core levels as well as Raman spectra are shown for (a) films
grown at low temperatures (below 300 °C) and are assigned to PtTe,, (b) films grown at 400 °C and are assigned to PtTe, and (c) films grown at
below 300 °C and subsequently vacuum annealed to above 400 °C and are assigned to Pt;Te,.

Table 1. Summary of XPS and Raman for Pt-Telluride Phases

XPS: Te-3d,,,/Te-
3ds),

583.9/573.4 eV

XPS: Pt-4f;,/Pt-4f,

PtTe,  7625/72.9 eV
PtTe 75.35/72.0 eV
Pt;Te, component 1: 76.15/72. 8 intensity ratio comp.1/comp.2 =

eV 4/7

component 2:75.35/72.0
eV

583.7/573.2 eV

583.7/573.2 eV

XPS: intensity ratio Pt-4f/Se-3d
(uncompensated)

0.19

Raman peak
positions
116 cm™
158 cm™
92.1 cm™
1184 cm™
169.2 cm™
185.1 em™!
94 cm™!
123.3 cm™!
158 cm™
1184 cm™
170.8 cm™
187.2 cm™!

0.42

0.26

consistent with a Pt;Te, film. In a Pt;Te, component
consisting of alternating PtTe, and PtTe layers, charge transfer
between the layers compared to pure PtTe, or PtTe is
expected and this may explain the small shift of the PtTe,
peak-component in the Pt-4f core level.

We also compare the Raman of the intermediate
composition with those of PtTe and PtTe,, as shown in
Figure 2c. All peaks can be assigned to the E; or A, peaks of
either PtTe and/or PtTe, with only small but significant shifts
of the peaks compared to the pure PtTe and PtTe, films
(Table 1). This is further evidence that the film is structurally
like a mixture of PtTe and PtTe,.

Angle-resolved photoemission spectroscopy (ARPES) meas-
urements for bilayer Pt-telluride films grown on single-crystal
MoS, substrates before and after vacuum annealing are
presented in Figure 3. Before annealing, we obtain spectra
consistent with previous reports for PtTe, bilayers,”*® and after
annealing and compositional conversion, an entirely new band
structure is observed. This is confirmation that a new phase is
formed, and all PtTe, is transformed since the electronic bands

8020

assigned to PtTe, do not remain as the direct comparison of
the bands of the sample before and after annealing indicates.
This suggests that the layered Pt;Te, is thermodynamically
favored over a phase separation into pure PtTe, and PtTe
grains.

Further vacuum annealing, however, at higher temperatures
causes further loss of tellurium, and eventually, a PtTe film
forms. Thus, it appears that the PtTe films can be obtain by
either direct high-temperature growth or by prolonged post-
growth thermal annealing of a PtTe, film. On the other hand,
the intermediate Pt;Te, phase can be obtained in a controlled
way by post-growth annealing of PtTe, and monitoring of the
Pt-4f XPS peak ratios.

At the atomic scale, all Pt-tellurides exhibit a layered
hexagonal structure with very similar lattice constants, which
makes a distinction of the different phases by atomic-resolved
STM challenging. On the larger scale, the different synthesis
conditions result in different film morphologies. Growth at low
temperatures enables us to obtain good layer growth. Very low
temperatures (of 250 °C) are required to obtain monolayer

https://doi.org/10.1021/acs.chemmater.1c02163
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Figure 3. ARPES band structure of Pt-telluride. (a) Band structure of bilayer PtTe,. The band structure after annealing of the same sample in
vacuum is shown in panel (b). An overlay of the measured band structures is shown in panel (c) and indicates that annealing causes formation of a

new phase.

PtTe,, slight elevation of the growth temperature to above 300
°C always favors the growth of bilayer islands from the start,
and monolayer films are not obtained. Also, the substrate plays
a role in the surface morphology. Growth on graphite
(HOPG) results in a rougher film than the growth on MoS,
substrates. This difference may be a consequence of the
stronger film—substrate interaction on MoS, than on graphite.
Growth at 400 °C, which is required to obtain PtTe, results in
rougher films than the low-temperature synthesis conditions of
PtTe,. Vacuum annealing of flat PtTe,, which results in loss of
Te and the transformation into Pt;Te,, does only cause a
roughening for mono- to few-layer films that causes the
formation of multilayer height islands rather than flat films. For
initially multilayer PtTe, films, vacuum-annealed samples
maintain a flat surface morphology even at an annealing
temperature of 450 °C. The roughening of the very thin films
may be a combination of a tendency of dewetting of the
substrate and the requirement for the formation of thicker
islands to accommodate the larger unit cell of Pt;Te,. Figure 4
shows film morphologies of Pt-telluride ultrathin films
obtained for different synthesis conditions. The good layer
growth at low growth temperatures and the possibility of its
growth on single-crystal MoS, also enable the electronic
structure characterization by ARPES of these films, as reported
above. For the rougher PtTe films, we were not able to obtain
ARPES data.

Cross-sectional scanning transmission electron microscopy
(STEM) measurements were performed to identify the atomic
structure for the above identified PtTe and Pt;Te, samples.
Figure Sa shows the PtTe phase on a MoS, substrate obtained
by high-temperature post-growth annealing. Different struc-
tures for PtTe are possible accordin% to crystal structure
calculation databases for 2D materials.”” The crystal structure
observed in STEM is consistent with the P-3m1 space group,
which is also the structure with the lowest formation energy
according to ref 37 and was suggested by computation to be a
potentially highly active oxygen reduction electrocatalyst.*”
Figure Sb shows the Pt;Te, phase obtained by post-growth
annealing of a PtTe, film. STEM confirms the alternating
stacking of PtTe, and PtTe layers. Moreover, antiphase
domains can be identified in which the stacking is reversed.

8021

This means that both PtTe, and PtTe surface terminations are
possible.

A final check for the synthesis of Pt-dichalcogenides is to
confirm the layer-dependent opening of a band gap. It has been
predicted by density functional theory (DFT) simulations that
monolayer PtTe, should be semiconducting with a band gap of
~0.5 eV, while bilayer and multilayer samples are semi-
metallic, ie., the conduction and valence band overlap at the
Fermi level."' The opening of a band gap for monolayer PtTe,
has also been recently experimentally demonstrated in ARPES
measurements.” We performed STS measurements on PtTe,
islands grown on HOPG that exhibit monolayer, bilayer, and
trilayer height terraces. The STS data, as shown in Figure 6a,
indicate that the monolayer indeed exhibits a semiconducting
band gap of 0.5 eV, while bi- and trilayer height islands are
metallic, as also apparent from the ARPES data in Figure 3a.
This is again consistent with the synthesis of PtTe,. PtTe
samples prepared by high-temperature growth are metallic as
shown in the ultraviolet photoemission spectrum of a PtTe
film, see Figure 6b. Pt;Te, samples obtained by post-growth
annealing of PtTe, are also metallic, as indicated by the ARPES
spectra in Figure 3b.

Thus, our investigation of Pt-telluride shows that different
compositional phases of Pt-telluride can be prepared by
physical vapor deposition. PtTe, or PtTe can be obtained by
controlling the growth temperature, while an intermediate
Pt;Te, phase can be accessed by vacuum annealing of PtTe,.
All these behaviors are linked to the presence of different
layered Pt-telluride phases and the thermal desorption of
tellurium. In the next section, we explore if the Pt-selenide
system exhibits different equilibrium phases.

2.2. Pt-Selenide. Unlike Pt-telluride, the phase diagram of
Pt-selenide contains only one layered compound, i.e., PtSe,. A
Se-deficient Pt;Se, phase is a 3D covalently bonded material,
but DFT simulations suggested that it may also exist as a 2D
monolayer material.”* The PtSe, and PtSe, are the only two
line phases in the Pt-Se phase diagram for bulk compounds.*®
However, PtSe nanocrystals have been recently synthesized by
vacuum annealing of PtSe,.** This structure is also a 3D
covalent bonded structure with a tetragonal unit cell and is
isostructural to the known PtS structure.’”*’

https://doi.org/10.1021/acs.chemmater.1c02163
Chem. Mater. 2021, 33, 8018—8027
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Figure 4. Film morphology characterization of Pt-telluride ultrathin films on HOPG and MoS,. (a) PtTe, grown on HOPG at 260 °C. Both
monolayer and bilayer islands are observed. (b) After annealing to 400 °C, monolayer regions disappear, and the film transforms into multilayer
islands. After longer annealing shown in panel (c), islands become even larger and transform into Pt;Te, (evidenced by XPS). Direct growth at 300
°C, shown in panel (d) on HOPG, also causes growth in an island mode, and no monolayers are observed. In contrast, growth on MoS, substrates
under similar growth temperatures causes the formation of a much more uniform bilayer growth, as shown in panel (e). (f) Growth of multilayer
PtTe on HOPG by growth at 400 °C results in large grains but no specific epitaxial orientation with the substrate as is evidenced from the random
edge orientations of the islands. All images are 200 nm X 200 nm in size.
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Figure 5. Scanning transmission electron micrographs of (a) PtTe
and (b) Pt;Te, ultrathin films on MoS, substrates. Panel (a) is taken
along the [100] crystallographic direction, while panel (b) is taken
along the [110] direction. The micrograph in panel (a) is consistent
with PtTe with a P-3ml space group structure. In panel (b), the
alternating stacking of PtTe and PtTe, layers is observed. The yellow
and red rectangles indicate two anti-phase domains with reversed
stacking sequences.

Like for the Pt-telluride system, low-temperature growth
results in the formation of dichalcogenides. This is confirmed

8022

(a) PtTe,

(b) PtTe
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Figure 6. Electronic properties of Pt-tellurides. (a) STS measure-
ments of the electronic band gap of a PtTe, island with different
terrace heights. For the monolayer terraces, a band gap of 0.5 eV is
measured (red), while bilayer (green) and trilayer (purple) height
terraces exhibit a characteristic metallic V-shaped dI/dV spectrum.
(b) UPS measurements on a PtTe multilayer film confirm its metallic
properties. The inset shows the STM measurement of the film for
which the UPS was collected.

https://doi.org/10.1021/acs.chemmater.1c02163
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Figure 7. Characterization of PtSe,. Submonolayer islands of PtSe, grown on HOPG are shown in panel (a). The line scan shows the height of the
first two island terraces corresponding to the interlayer separation of PtSe,. STS on mono-, bi-, and trilayer height terraces are shown in panel (b),
illustrating the semiconducting to metal transition with increasing number of layers. Monolayer terraces have a band gap of 1.8 €V, bilayer islands
have a band gap of 0.6 eV, and trilayer islands are metallic. The Raman spectrum shown in panel (c) confirms that the films are PtSe,. The green

line is the base line of the clean substrate.
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Figure 8. Compositional and morphological transformation of the Pt-selenide film by vacuum annealing. XPS data for Pt-4f and Se-3d is shown in
panel (a) as the function of annealing temperature. The initial PtSe, film is gradually transformed into the PtSe film as evidenced by the loss of Se
and the occurrence of the second Pt-4f component that gradually increases in intensity with increasing annealing. The compositional
transformation is also associated with a strong morphology change of the film, as shown in the STM studies in panel (b). The initial flat PtSe, film
increasingly roughens and forms taller islands. On the atomic scale, the hexagonal structure of PtSe, is transformed into a square surface unit cell, as

shown in the atomic resolution STM images.

by STM and STS on nanoislands. The measured step height
exhibits the expected interlayer separation, as shown in Figure
7a. Also, STS demonstrates the layer-dependent electronic
properties expected for PtSe,, with the monolayer exhibiting a
semiconducting gap of 1.8 eV and bilayer islands with a gap of
0.6 eV, while multilayers are metallic, as shown in Figure 7b.
Raman of the low-temperature grown sample, as shown in
Figure 7¢, is also consistent with that previously reported for
PtSe,.””*""** XPS of PtSe, is shown in Figure 8, with the Pt-
4f;/, and Pt-4f, , peaks at 76.75/73.4 eV. The Se-3d,, and Se-
3d;), are at 55.8/54.9 eV binding energy, respectively. The Pt-
4f to Se-3d peak intensity ratio is measured to be 4.2:1 in our
spectrometer. Raman and XPS peak positions and intensity
ratios are summarized in Table 2.

Vacuum annealing of PtSe, films results again in the loss of
Se, and a gradual transition is observed with formation of
additional components in the Pt-4f and Se-3d peaks, see Figure

8023

Table 2. Summary of XPS and Raman for Pt-Selenide

XPS: Pt- XPS: Se- XPS Pt-4f/Se-3d
4f5,/Pt- 3d,/,/Se- intensity ratio Raman peak
4, 3d;), (uncompensated) positions
PtSe, 76.75/ 55.8/54.9 42 179.9 cm™
73.40 eV
eV
2089 cm™
236.1 cm™!
PtSe 75.2/ 55.8/54.9 9.1
71.85 eV
eV

8a. With increasing annealing, the XPS peaks eventually
convert entirely to the new peak position given in Table 2. The
Pt-4f to Se-3d peak intensity ratio also changes to 9.1:1, which
is only slightly more than the expected increase by a factor of 2
for a monoselenide compared to the intensity ratio for PtSe,.

https://doi.org/10.1021/acs.chemmater.1c02163
Chem. Mater. 2021, 33, 8018—8027



Chemistry of Materials

pubs.acs.org/cm

STM measurements also show that the compositional
transformation is accompanied in a morphological change of
the film, see Figure 8b. The initial flat PtSe, films are
transformed in taller grains and a dewetting of the substrate.
These taller grains exhibit a square atomic corrugation in
contrast to the hexagonal structure of PtSe,. With increasing
annealing, the taller islands associated with PtSe grow in size.
The gradual transformation observed in XPS and the gradual
change in island morphology suggest that the compositional
transformation of PtSe, into PtSe is a nucleation growth
process rather than the PtSe, phase uniformly loosing Se. The
square surface structure observed in STM is consistent with a
PtS-like PtSe phase, as shown in Figure 9, rather than the

PtSe,
PtSe,/PtSe

200 300 400 500, 600 [y

Raman shift/ cm

PtSe-top view

Aprse=0.357nm

Aptse,=0.374nm

1.0 2.0 3.0
Position/nm

0.0

Figure 9. Characterization of the PtSe phase. (a) Raman of pure
PtSe, (red) and after partial transformation into PtSe by thermal
annealing (black). The larger-scale STM image shows the presence of
both PtSe, and PtSe nanocrystals. An interface region between PtSe
and PtSe, is shown in panel (b). The corresponding line profiles
enable the measurement of the lattice constant of the square surface
unit cell of the PtSe phase to 0.357 nm, which is referenced to the
known unit cell of PtSe,. (c) Illustration of the tetragonal unit cell of
PtSe (isostructural to PtS) as a side view and top view. The square top
view structure is overlayed with the STM image.

known Pt;Se, bulk phase. Figure 9a shows Raman spectros-
copy of the pure PtSe, phase and of a mixed PtSe,/PtSe phase
after vacuum annealing as is apparent from the large-scale STM
image that allows us to identify both phases. The PtSe
nanocrystals are fairly thin with typical heights in STM of 2—
2.5 nm and a lateral extension of 10—20 nm. In Raman, the
transformation causes the appearance of new peaks in a broad
range from 350 to 450 cm™), and this is the same range where
Raman peaks for the isostructural PtS phase are observed.*’
STM studies of a mixed region shown in Figure 9b enable the
measurement of the surface lattice constant of the square PtSe
phase by using the known lattice constant of the hexagonal
PtSe, phase as a reference. From the line scans shown in Figure
9b, we determine the lattice constant of the square surface unit
cell of PtSe to 0.357 nm. The similarity in the lattice constant
of PtSe with that of PtSe, may assist in the stabilization of the
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PtSe phase at the interface to PtSe,. Importantly, the surface
measurements conducted here by STM are in perfect
agreement to the previously reported in situ STEM observation
of this phase change.34 For instance, in Figure 4 in ref 34, a
similar PtSe,/PtSe interface is observed to the one shown here
by STM in Figure 9b. The PtSe structure determined by
STEM is shown in Figure 9c in the side and top view. In STM,
we only image the very top-most atoms and thus we may only
observe the square lattice indicated by the red square in the
top view. The overlay of the structure with an STM image is
also shown in Figure 9c. Thus, our STM measurements
confirm the formation of the previously reported thermal
transformation of thin PtSe, into nanocrystals with a PtS
structure. The transformation into PtSe rather than the known
Pt;Se, phase may be a consequence of the lower surface energy
for the PtS structure that then stabilizes this structure for the
nanocrystals with their high surface-to-volume ratio.
Post-growth annealing of a PtSe, film is required to
synthesize this new PtSe nanocrystalline phase. This synthesis
approach will enable us to characterize the chemical and
physical properties of this material further. Since the
isostructural PtS is a semiconductor, one main question is
if PtSe also exhibits a band gap. We performed STS
measurements on a mixed island that exhibits both PtSe and
PtSe, regions as determined from the atomic resolution images
that are easily distinguished between the square and hexagonal
surface unit cells. STS data across the contact line of these two
phases show that, as expected, PtSe, is metallic, but the PtSe
region shows a pronounced band gap of ~0.9 eV, see Figure
10. The gap is almost unaltered to within 1.5 nm from the
interface to the metallic PtSe,. Only very close to the interface
(less than 1 nm away), the gap narrows a bit and there are
indications of metallic states from the PtSe, to spill into the
band gap. Importantly, there is no indication of the band edges
of PtSe to shift close to the interface, suggesting that the
heterophase contact is an ohmic flat-band contact. PtSe is a
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Figure 10. Electronic structure characterization of a PtSe/ PtSe,
junction by STS. (a) STM image of a PtSe/PtSe, grain boundary
region. Points at which STS spectra were collected are indicated by
the colored points. The PtSe, multilayer grain is metallic, while the
PtSe grain is semiconducting with a band gap of 0.9 eV. The contrast
between metallic and semiconducting regions is apparent in the I-V
curves (b) as well as in the dI/dV spectra (c). The valence band
maximum and conduction band minimum for PtSe are indicated by
the dashed lines in panel (c). No shift of the band edges as a function
of distance from the grain boundary is observed, suggesting an ohmic
heterojunction.
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new semiconducting material, which expands the toolbox of
the Pt-chalcogenides. Opportunities to convert PtSe, locally
into PtSe by, e.g., laser heating, can be potentially used for
making planar metal-semiconducting junctions. Similar phase
change-induced contacts have been proposed for other layered
materials."”> Among all the selenides and tellurides synthesized,
here, PtSe is the only semiconducting material.

3. CONCLUSIONS

The controlled synthesis of Pt-selenides and Pt-tellurides in
different compositional phases has been studied for ultrathin
films grown by physical vapor codeposition of Pt and
chalcogens. The selenides and tellurides have in common
that the dichalcogenides are only obtained for low growth
temperatures below 300 °C. Growth at high growth temper-
atures (~400 °C) favors the formation of Pt-monotelluride,
while we were not able to synthesize PtSe by a direct growth.
Interestingly, different phases are obtained by post-growth
transformation of the Pt-dichalcogenides by vacuum annealing
compared to the phases obtained by high-temperature growth.
Vacuum annealing induces a loss of chalcogens and thus a
transformation of the dichalcogenides to phases with a lower
chalcogen content. For Pt-telluride, we were able to obtain an
intermediate Pt;Te, phase that consists of alternating PtTe and
PtTe, layers. Once the Pt;Te, phase has formed, it is stable
and only prolonged annealing allows us to transform it further
into PtTe. Eventually, the film decomposes completely into
metallic Pt at elevated temperatures. We speculate that the
intermediate phase of Pt;Te, is difficult to grow directly
because it consists of alternating PtTe and PtTe, layers, and by
tuning the growth temperature, either the one or the other
pure phases is favored. Thermodynamically, though, Pt;Te,
has a formation energy that is below the connecting line
between PtTe, and PtTe in a composition vs energy diagram™*
and thus forms preferably if multilayers of PtTe, lose Te.

For Pt-selenide, PtSe, is the only stable layered compound
in the Pt-Se phase diagram. The other known bulk phase in the
Pt-Se phase diagram is Pt;Se,; however, this phase is not
obtained in this study. Similar to PtTe, PtSe, also loses
chalcogens during vacuum annealing and this causes a
transformation into a selenium poor phase. The phase we
obtain is Pt-monoselenide as a new phase that is isostructural
to PtS with a tetragonal unit cell. Thus, it appears that this new
phase is formed either due to surface stabilization effects for
nanoclusters or is a consequence of kinetic effects in the
transformation process from PtSe, to PtSe. Our STS
measurements indicate that this new tetragonal phase of
PtSe is a semiconductor with a band gap of ~0.9 eV. This is
the only semiconducting phase of the Pt-selenide or telluride
phases studied here, apart from the ultrathin Pt-dichalcoge-
nides that also open a band gap in the monolayer limit.

Given the interest of Pt-chalcogenides as potential electrodes
for electrochemical applications or as gas and pressure sensors,
the synthesis of controlled phases is crucial. Physical vapor
deposition can be an important approach for the synthesis of
ultrathin films and nanostructured materials. Our findings
indicate, however, that different phases can be obtained by
post-growth annealing-induced chalcogen desorption com-
pared to direct growth methods. Thus, post-growth annealing
is a valuable approach for the synthesis of new chalcogen-
containing materials with potential useful properties for
chemical transformation reactions that should be further
studied in future experiments.
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4. EXPERIMENTAL SECTION

The syntheses of selenides and tellurides were conducted in two
separate, dedicated UHV growth chambers. In both systems, Pt was
evaporated from a 2 mm Pt wire in a water-cooled mini-e beam
evaporator. Se or Te was supplied by evaporation from a water-cooled
crucible. As a growth substrate, van der Waals materials were used to
ensure the formation of van der Waals interfaces between the Pt-
chalcogenides and the substrate. Either HOPG or MoS, crystals was
used. The crystals were freshly cleaved in air and immediately
introduced into the vacuum chamber. Before film deposition, the
crystals were outgassed at 400 °C for 12 h in the growth chamber.

The growth morphology and atomic structure were studied by
UHV-STM. Three different STMs have been used. The telluride
growth chamber was connected via a vacuum transfer to a variable
temperature STM operated at RT, and the selenide growth chamber
was connected to a surface analysis chamber equipped for
photoemission and room-temperature STM. In addition, a closed
cycle He-cooled STM has been used for additional imaging and
scanning tunneling spectroscopy investigations of the electronic
structure have been used. Samples could be transferred with a vacuum
suitcase from the growth chambers or directly through air as the Pt-
dichalcogenides are stable in air. All STMs used electrochemically
etched tungsten tips that were cleaned in-vacuum by voltage pulsing.

X-ray photoemission (XPS) was performed with non-monochrom-
atized Al-K, radiation from a dual-anode X-ray source. Two different
XPS analyzers were used for selenides and tellurides, located in two
different analysis UHV chambers connected to the selenide and
telluride MBE growth chambers. A Scienta R3000 electron analyzer
was used for detecting the photoemitted electrons for the Pt-telluride
samples, while an Omicron Sphera electron analyzer was used for Pt-
selenide samples. All binding energies were calibrated to the C-1s
peak of the HOPG substrate, with the carbon peak set to a binding
energy of 284.8 V. In addition to XPS, we also collected the angle-
resolved photoemission (ARPES) spectra for Pt-telluride samples
grown on MoS, substrates. For ARPES, the same electron analyzer
was used and a refocused UV-He discharge lamp was used to generate
He-I radiation.

STEM studies were conducted at the High Magnetic Field
Laboratory in Tallahassee, Florida. A focus ion beam (FIB) was
used to cut a thin lamella into the samples for cross-sectional analysis
with a 200 keV electron beam. STEM imaging was carried out in an
aberration-corrected JEOL JEM-ARM200cF with a cold-field
emission gun at 200 kV. The STEM resolution of the microscope
was 0.78 A. The STEM images were collected with a JEOL high-angle
annular dark-field (HAADF) detector using the following exper-
imental conditions: a probe of size 7c, CL aperture of 30 ym, scan
speed of 32 us/pixel, and camera length of 8 cm, which correspond to
a probe convergence angle of 21 mrad and inner collection angle of 76
mrad.

Room-temperature Raman spectra were collected ex situ on these
air stable samples using a 532 nm diode laser as the excitation
wavelength in a Horiba LabRAM HR Evolution Raman system. The
spectra were taken for areas of 20 X 20 um?® using the fast laser
scanning mode (DuoScan) that minimizes sample heating and
damage and provides an averaged spectrum of the sample. Laser
powers of 0.19 and 0.89 mW were used for the platinum tellurides
and selenides, respectively. The Raman was collected in back-
scattering geometry through a 100X objective and detected by a
Synapse back-illuminated deep deletion CCD (1024 X 256 pixels).
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