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ABSTRACT: This study reports on the controlled vapor-phase anion 3D PtS . 2D PtTe,
Tellurization at 400 °C N

exchange conversion of three-dimensional (3D) platinum(II) sulfide
(PtS) thin films to two-dimensional platinum ditelluride (2D PtTe,)
van der Waals (vdW) layers. The low temperature (i.e., 400 °C)
thermal tellurization of chemical vapor deposition (CVD)-grown PtS
thin films leads to the formation of 2D PtTe, vdW layers with a 7 ;
modulated crystallographic orientation, ie., a mixture of horizontally / ‘ L
and vertically oriented 2D layers. This chemical conversion enables the
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layers. Density functional theory (DFT) calculations verify the R e

thermodynamic principle for the conversion in the frame of free energy

landscapes. The present work suggests a new chemical route for controlling the atomic and chemical structures of 2D transition

metal dichalcogenides (TMDs) toward their wafer-scale modulation of electrical and opto-electrical properties.

1. INTRODUCTION precision of chemical and physical integrities as well as the
excellent versatility applicable to various geometries. For
instance, compound semiconductor 0D nanocrystals and 1D
nanowires with distinct electrical components (e.g., II-VI or
III-V) have been demonstrated by controlled cation” or
anion'’ exchange reactions. Furthermore, the method has been
adopted for the synthesis of heterostructured nanocrystals
and/or tuning their electrical properties via means of
doping.'"'* For instance, an earlier study shows a significant
enhancement of the electrical conductivity and mobility of the
host materials converted through such reactions as demon-
strated in chalcogenide thin films."> Despite the vastly explored
ion-exchange reactions in other low-dimensional materials, the
controlled chemical and electrical conversions of 2D TMD
layers have been rarely reported. So far, a few studies have
suggested the intrinsic versatility and feasibility of ion-exchange
reactions in these materials with limited (<um?) lateral

The extraordinary material properties of two-dimensional
(2D) transition metal dichalcogenide (TMD) van der Waals
(vdW) layers have continued to offer exciting opportunities for
futuristic optoelectronic devices.' > As a critical step to realize
such device applications, their large-area growth and
integration accompanying precision-tailored physical/chemical
structures still pose a considerable challenge.*”® To this end,
chemical vapor deposition (CVD)-based growth methods
stand out due to their capability for dimensional scaling and
heterogeneous manipulation of distinct chemical compo-
nents.””® The atomic/electronic structures of as-grown 2D
TMD layers can be further tuned through various postgrowth
chemical routes, achieving highly exotic yet modulated
optoelectronic properties. The idea of chemically transforming
materials for their optoelectronic property conversion has been
extensively explored with materials of reduced dimensions,

. . . dimensions.'™'® However, the intrinsically scalable ion-
such as zero-dimensional (0D) nanocrystals and one-dimen- ’ Y
sional (1D) nanowires. Particularly, the ion exchange reaction,
i.e., selective conversion of constituting ions, has been applied Received: May 13, 2022 —
to develop a variety of metal chalcogenide-based nanostruc- Revised:  July 11, 2022

tures. In this approach, the cations/anions within postgrown Published: July 20, 2022

nanomaterials are controllably substituted to a targeted degree,
achieving modulated chemical transformations. The intrinsic
advantages of this reaction method include the atomic
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Figure 1. (a) Schematic depiction of the wafer-scale anion exchange conversion of 3D PtS films to 2D PtTe, layers. (b) Camera image of three
different samples prepared on SiO,/Si wafers; i.e., as-deposited Pt, 3D PtS thin film sulfurized from Pt, and 2D PtTe, layers converted from 3D PtS,
respectively. (c) Camera image of the 3D PtS film and converted 2D PtTe, layers prepared on willow glass substrates. The scale bars in (b) and (c)

are 2 cm.

exchange conversion to acquire large-area (>cm?) 2D TMD
layers of spatial/chemical homogeneity with modulated
electrical properties has been hardly explored. Particularly,
the vapor-phase ion-exchange reaction of “wafer-scale” 2D
TMD layers beyond the conventionally adopted liquid-phase
conversions of 0D and 1D nanomaterials has remained largely
unavailable.

Herein, we report on the scalable conversion of covalently
bonded platinum(II) sulfide (PtS) thin films into 2D platinum
ditelluride (2D PtTe,) vdW layers through the controlled
vapor-phase anion exchange reaction. 2D PtTe, layers are
known to exhibit extremely high electrical conductivity'®™"’
and thickness-dependent bandgap tunability,””*' rendering
many opportunities for electrical applications. While their
synthesis has been explored through a variety of CVD
reactions,'”'”*>** a chemical method to obtain them by
directly converting pregrown materials has not yet been
reported. To this end, we identified that the thermal
tellurization at 400 °C uniformly transformed the CVD-
grown PtS thin films of three-dimensional (3D) tetragonal
structures into PtTe, vdW layers of mixed 2D layer
orientations with a dimension of > cm? This chemical/
structural conversion also accompanied the modulation of
electrical properties, leading to the transition of semiconduct-
ing-to-metallic carrier transports. The fundamental thermody-
namic principle for this anion exchange reaction was
understood in the frame of free energy landscapes, revealed
by density functional theory (DFT) calculations. Furthermore,
the converted 2D PtTe, layers interfaced with polyvinyl butyral
(PVB) polymers exhibited intriguing “negative” photorespon-
siveness—i.e., a decrease of photocurrent upon optical
illumination—similar to the observations with graphene.**

2. EXPERIMENTAL SECTION

2.1. Growth of the PtS Film. The PtS film was grown by the
thermal sulfurization of the thin Pt films. Pt film of a controlled
thickness of 3 nm was deposited on silicon dioxide/silicon (SiO,/Si)
wafers and the salt substrate (sodium chloride, NaCl) by an e-beam
evaporator (Thermionics VE-100) with a deposition rate of 0.05 A/s.
Pt-deposited samples were placed in the central heating zone of the
horizontal quartz tube furnace (Lindberg/Blue M Mini-Mite), and the
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alumina boats filled with precursor sulfur powder (99.5%, Millipore
Sigma) were placed inside the tube at the upstream of the furnace.
The quartz tube was pumped down to a pressure of S0 mTorr and
then purged by ultrapure Ar gas (99.99%) to remove oxygen (O,) and
organic residuals for 15 min. The furnace was subsequently heated to
400 °C in S0 min, and it was maintained at the growth temperature of
400 °C for the additional SO min under a continuous supply of the Ar
gas at a flow rate of 200 standard cubic centimeters per minute
(sccm). After the additional SO min of thermal-assisted PtS growth,
the quartz tube was cooled down naturally to room temperature.

2.2. Preparation of PVB. A total of 3 g of PVB powder was mixed
with 20 g of pure ethyl alcohol, and the mixture was left under stirring
for 3 h at room temperature at 400—500 rpm. The PVB dispersion
was then drop-casted onto the 2D PtTe, layers/salt wafers placed
inside a spin coater before spin-coating for 30 s, after which it was
allowed to dry for S—10 min at room temperature.

2.3. Transmission Electron Microscopy (TEM) and Energy-
Dispersive X-ray Spectroscopy (XPS) Characterizations. All the
samples were characterized by a high-resolution (HR) transmission
electronic microscope (Talos F200X, Thermo Fisher Scientific)
attached to an energy-dispersive X-ray spectrometer operating at an
acceleration voltage of 200 kV. For the plane-view TEM character-
ization, a buffered oxide etchant (BOE) was directly applied to the
SiO,/Si wafer together with as-grown samples, etching away the
underlying SiO, layer. The delaminated samples were then transferred
onto copper TEM grids with a lacey carbon support film and left to
dry at room temperature overnight. For scanning transmission
electronic microscopy (STEM) and EDS, cross-sectional TEM
samples have been carried out in Dual-Beam focused ion beam
(FIB) (Scios2, Thermo Fisher Scientific) applying the lift-out
technique. As-grown samples on the SiO,/Si wafer were subsequently
cross-sectioned using a 30 kV gallium (Ga) ion beam. X-ray
photoelectron spectroscopy (XPS) characterizations for all samples
were performed using ESCALAB 250 (Thermo Fisher Scientific) with
an Al Ka-ray source (1486.3 €V) in an ultrahigh vacuum condition
(107 mBar).

2.4. Electrical and Photocurrent Measurements. All electrical
measurements were carried out using a home-built probe station and
a semiconductor parameter analyzer (HP 4156A). Photocurrent
measurements were performed using optical illuminators of various
wavelengths (625 nm; Thorlabs M625L4-C2, and 940 nm; Thorlabs
M940L3-C1).

2.5. DFT Calculation. First-principles calculations were per-
formed with DFT and projector-augmented plane-wave methods*>*®
as implemented in the Vienna Ab-initio Simulation Package
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Figure 2. (a) Low-magnification plane-view TEM image of a PtS film and its corresponding HR-TEM image (inset). (b) SAED indexed pattern of
the PtS film in (a). (c) XPS spectra of Pt 4f and S 2p core-level binding energies. (d) Cross-sectional EDS mapping images and (e) HR-STEM
image of the PtS film. (f) EDS spectra profile obtained from the samples in (d) and (e).

(VASP).”” To describe exchange and correlation effects, the
generalized gradient approximation was used in the Perdew—
Burke—Ernzerhof parametrization. A large plane wave cutoft energy
of 450 eV was used to ensure the convergence of our results. In order
to confirm dynamical stability, we calculated phonon band structures
employing 3 X 3 X 3 and 3 X 3 X 1 supercells of bulk PtS and 2D
PtTe,, respectively, using the Phonopy package.”® For the
computation of Gibbs free energies and associated thermodynamic
quantities at the given experimental conditions (T = 400 °C, P = S0
mTorr), we used the VASP_Gibbs package, which accurately
determines free energies using frequency analysis.”” We also
performed DFT calculations for the system consisting of adsorbate-
attached vertically aligned 2D PtTe, bilayers and identified influences
of the adsorbates on their electronic structures. Two representative
adsorbates of hydroxyl (OH) group and O, molecules were
employed. The plane wave cutoff energy was set to a sufficiently
large value of 700 eV, and relaxation was performed until ensuring an
energy convergence of 107® eV and force convergence of 1072 eV/A.

3. RESULTS AND DISCUSSION

Figure 1 demonstrates the anion exchange conversion of
nonlayered 3D PtS films to vdW 2D PtTe, layers. Figure la
illustrates the step-by-step conversion process, which initially
originates from the growth of 3D PtS films. Pt thin films of
controlled thickness are deposited on SiO,/Si wafers, and the
Pt-deposited wafers are placed into a CVD chamber. The
samples are then sulfurized at 400 °C under a controlled
supply of vaporized S, which converts the Pt films to
nonlayered 3D PtS films. Further details concerning the
growth procedure are presented in the Experimental Section.
The prepared 3D PtS thin films are converted to vdW 2D
PtTe, layers through a controlled thermal tellurization process.
The PtS thin films are transferred into another quartz tube
furnace containing Te powder at the upstream side of the
furnace. The quartz tube is pumped down to a pressure of S0
mTorr followed by purging with argon (Ar) gas. The furnace is
ramped up to 400 °C in 50 min and is held at that temperature
for another 50 min under a constant supply of Ar gas at a flow
rate of 200 sccm. After the conversion, the furnace is allowed
to cool down to room temperature at a natural cooling rate.
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The insets in Figure la illustrate ball-and-stick unit cell models
of an initial PtS thin film (middle) and converted 2D PtTe,
vdW layers (right). Before the conversion, the PtS film
possesses a nonlayered covalently bonded tetragonal structure
(space group: P4,/mmc) with lattice parameters of a = b = 3.50
A and ¢ = 6.06 A.*°7** The Pt atoms (purple balls) bonded to
the tetrahedral sites of the S atoms (yellow balls) alternatively
occupy face-centered (101) planes along the ¢ axis.”’ This
intrinsically “non-layered” 3D PtS film becomes converted to a
“layered” 2D PtTe, structure bonded by vdW attraction with a
uniform interlayer spacing (i, vdW gap) of 5.3 A. The
converted PtTe, layers possess a mixed-orientation of
horizontally and/or vertically aligned individual 2D layers—
shown in detail in the later sections. Figure 1b shows camera
images of three different samples prepared on SiO,/Si wafers;
i.e,, as-deposited Pt, 3D PtS thin film sulfurized from Pt, and
2D PtTe, layers converted from 3D PtS thin film. Figure lc
shows a camera image of the 3D PtS thin film and the
converted 2D PtTe, layers prepared on an optically transparent
willow glass substrate, exhibiting distinguishable optical colors.

Figure 2 presents structural and chemical characterizations
of the as-prepared nonlayered PtS thin films before their anion
exchange conversion, obtained by TEM and XPS. Figure 2a
displays a representative low-magnification plane-view TEM
image of a PtS film revealing its spatially homogeneous and
continuous morphology. The HR-TEM image in the inset
shows its polycrystalline structure with lattice fringes. Figure 2b
presents a selected area electron diffraction (SAED) indexing
of the sample, exhibiting multiple ring patterns belonging to
the tetragonal PtS crystal with a space group of P4,/mmc.’”’
Figure 2¢ presents XPS spectra obtained from the same sample
investigated for the plane-view TEM/SAED analysis. Core-
level spectra of Pt 4f (left) and S 2p (right) binding energies
are presented, revealing the binding energies of Pt 4f;/,, Pt
4f,) S 2p1 )5 and S 2p3), at 75.4, 72.0, 163.7, and 162.5 eV,
respectively. The results are consistent with the previous
observation for bulk PtS crystals,””**** and the atomic ratio of
Pt:S calculated from the XPS spectra is ~56:44, indicating the
stoichiometric growth of the PtS. Figure 2d shows a cross-
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Figure 3. (a, b)hhhh XPS spectra of anion exchange-converted 2D PtTe, layers showing; (a) Pt 4f and (b) Te 3d core-level binding energies. The
inset in (b) presents a magnified spectrum of the blue box for the S 2p core-level area. (c) Plane-view HR-TEM image of converted 2D PtTe, layers
revealing mixed 2D layer orientations. The inset presents a low-magnification image of the TEM sample. (d) Plane-view HR-STEM image of
converted 2D PtTe, layers revealing surface-exposed 2D vdW gaps. (e) SAED pattern indexing of converted 2D PtTe, layers. (f—h) Elemental
mapping images (f), EDS spectrum (g), and (h) HR-TEM images obtained from a cross-sectioned sample of converted 2D PtTe, layers.

sectional EDS elemental mapping image obtained from the
same sample in Figure 2a. The image confirms that the PtS
film is ~10 nm thick, constituting homogeneously distributed
Pt and S atoms. The HR-STEM image in Figure 2e
corresponding to Figure 2d visualizes (101) lattice fringes
with a lattice spacing of 3.0 A. The image well matches the
atomic model of a tetragonal PtS crystal illustrated in Figure
2e, confirming its nonlayered 3D crystallinity.”’ The EDS
spectrum in Figure 2f obtained from the same cross-sectional
TEM sample reveals the stoichiometric ratio of Pt:S ~ 55:45,
consistent with the XPS analysis in Figure 2c as well as the
previous study.”"*?

Figure 3 depicts the structural and chemical properties of 2D
PtTe, vdW layers converted from the anion exchange of
nonlayered 3D PtS thin films. Figure 3a,b present the core-
level XPS profiles of Pt and Te elements obtained from the
converted 2D PtTe, layers. The XPS spectrum in Figure 3a
exhibits Pt 4f core level peaks at 71.0 and 74.3 eV, which
correspond to 4f;, and 4f;,,, respectively. These binding
energy values are similar to those observed from the previous
studies on 2D PtTe, layers.”>*® Likewise, the XPS spectrum in
Figure 3b exhibits Te 3d core-level peaks at 574.5 and 585.0
eV corresponding to Te(IV) species as well as additional peaks
corresponding to Te(0) at 571.6 and 582.0 €V, consistent with
the previous observations with 2D PtTe, layers.’>*° Tt is
noteworthy that these Te-associated peaks are absent in the
XPS characterization of initial PtS thin films before their
conversion, correctly indicating the occurrence of S and Te
anion exchange. Furthermore, it is remarkable to note that the
S 2p peak intensity significantly decreased after the conversion,
as presented in the zoomed-in spectrum in the inset
corresponding to the blue box. The small amount of the S
2p peak presents residual S atoms trapped in the converted 2D
PtTe, layers, which is verified by the EDS characterization in
the later section. Figure 3c shows a representative plane-view
HR-TEM image of converted 2D PtTe, layers. The measured
lattice spacing of 5.3 A matches the (001) lattice fringes of
trigonal PtTe, crystals,'”"”*” indicating that 2D layer edges are
exposed on the surface, while the lattice spacing of 2.9 A
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corresponds to their (101) lattice fringes. The observation of
such distinct 2D layer orientations confirms the presence of
both horizontally and vertically aligned 2D layers in the
sample, which is consistent with the atomic model presented in
Figure la. The inset in Figure 3c shows a low-magnification
TEM image of the same sample, exhibiting its large-area spatial
homogeneity. Figure 3d shows a plane-view HR-STEM image
that focuses on a grain of vertically aligned 2D PtTe, layers,
revealing highly dense vdW gaps with a lattice spacing of 5.3 A.
Figure 3e exhibits indexed SAED patterns containing multiple
rings that are quite distinct from those observed with the
nonlayered PtS films before their conversion presented in
Figure 2b. The indexed SAED ring patterns match the trigonal
PtTe, crystalline structure with a space group of P3m1,'”"*
which also confirms a mixture of vertically and horizontally
aligned 2D layer orientations. In addition to the plane-view
TEM analysis, cross-sectional TEM characterizations were
performed to further clarify the structural and chemical
properties of the converted 2D PtTe, layers. Figure 3f shows
cross-sectional EDS elemental mapping images of 2D PtTe,
layers converted from PtS films, revealing a spatial distribution
of constituting Pt, Te, and S atoms. While Pt and Te atoms are
highly localized within the sample, the intensity of the S atoms
is very weak and is nearly comparable to that of the
background. Figure 3g presents the EDS spectrum obtained
from the same sample revealing that the atomic ratio of Pt:Te
is approximately ~30:66, which is a sharp contrast to the
observation before the anion exchange conversion (Figure 2f).
A small amount (i.e., typically <5% atomic ratio) of residual S
atoms is detected within the sample, which is consistent with
the XPS observation in Figure 3b. The cross-sectional HR-
TEM images in Figure 3h show magnified views of the sample
in Figure 3f, clearly revealing the presence of horizontally (left)
and vertically (right) aligned 2D PtTe, layers with a well-
preserved vdW gap spacing of 5.3 A. All these comprehensive
characterization data strongly suggest that the thermal anion
exchange reaction at 400 °C successfully converts the
nonlayered 3D PtS thin films into vdW PtTe, layers with a
mixed 2D layer orientation containing an insignificant amount
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Figure 4. (a) I-V characteristics of a PtS thin film before (blue) and after (red) its conversion to 2D PtTe, layers. The inset shows a zoomed-in
view of the I-V plot before the conversion, indicating that the electrical conductivity increases by >1000 times after the conversion. (b) Schematic
illustration of a back-gated FET device adopting PtS or 2D PtTe, layers as the channel. (c) FET I;—V, transfer curve obtained from a PtS thin film
indicating a p-type semiconducting transport. The inset shows the corresponding FET I;—V, transfer curve. (d) FET I;—V, transfer curve
obtained from converted 2D PtTe, layers indicating a highly metallic transport. The inset shows the corresponding FET I;—V, transfer curve. (e)
Optical absorbance spectra obtained from a PtS thin film grown on a glass substrate before (blue) and after (red) its conversion to 2D PtTe, layers.
(f) Tauc plot converted from the optical absorbance of the preconverted PtS sample in (e).

of S atoms. In contrast to the mixture of vertical/horizontal 2D
layer orientations in the samples converted from ~10 nm thick
PtS films, we note that those converted from much thinner
(~1.5 nm) films pronouncedly exhibit horizontally aligned 2D
layers, as presented in Supporting Information, Figure S1.
Furthermore, additional plane-view HR-TEM images of
converted 2D PtTe, layers with mixed orientations reveal
Moireé fringes and surface-exposed layer edges, confirming their
intrinsic vdW layered structure (Supporting Information,
Figure S2).

Having revealed the anion change exchange-driven structural
and chemical conversion of the materials, we then investigated
the tunability of their electrical properties accompanying the
conversion. Figure 4a presents the current—voltage (I-V)
characteristics obtained from the nonlayered 3D PtS thin film
before conversion (blue line) and the converted 2D PtTe,
layers (red line), respectively. It is interesting to note that the
anion exchange conversion leads to a drastic increase of
current by >1000 times; i.e,, ~147 S/m for the PtS before the
conversion and ~0.6 X 10° S/m for the 2D PtTe, after the
conversion. In addition to the conductivity increase, this
conversion process was identified to tune the carrier type of
the materials as well. For this electrical characterization, field-
effect transistors (FETs) were fabricated by employing both
PtS film and converted 2D PtTe, layers as device channels.
The FETs were in a back gate configuration with an identical
channel dimension (width: 150 um, spacing: SO ym) defined
by top gold (Au) electrodes, as illustrated in Figure 4b. Figure
4c,d exhibits the back-gate FET transfer characteristics of the
PtS film and converted 2D PtTe, layers, respectively. Drain—
source current (I;) vs drain—source voltage (V) plots were
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obtained with diverse amplitudes of back-gate voltage (V) for
both devices. In Figure 4c, the PtS film before conversion
displays p-type semiconducting characteristics manifested by
the decrease of I with increasing V, from —80 to 80 V,
consistent with the I3—V, transfer plot in the inset. On the
other hand, the converted 2D PtTe, layers exhibit completely
overlapping I3~V plots regardless of varying V, (Figure 4d),
which is a signature of metallic characteristics. The
corresponding inset shows a Vy-independent I4—V, transfer
plot, further confirming the highly metallic nature of the
converted material, which is consistent with our previous
observations with pristine 2D PtTe, layers.'”*** To further
elucidate this conversion-driven semiconducting-to-metallic
transition, we characterized the optical absorbance of a PtS
sample prepared on a willow glass before/after its conversion
using an ultraviolet—visible (UV—vis) spectroscopy. Figure 4e
presents absorbance spectra of the sample before (blue line)
and after (red line) the conversion, revealing absorbance
intensities in the wavelength range of 350 to 800 nm. The
intensity of the PtS steadily decreases with increasing
wavelengths, consistent with previous studies,>*® while it
significantly increases after the conversion to 2D PtTe, layers.
The distinct electrical properties of the sample realized by the
anion exchange conversion—i.e., semiconducting-to-metallic
transition in Figure 4c,d—were further investigated through
optical characterization. Figure 4f presents the Tauc plot
converted from the absorbance spectrum of the PtS thin film
(Figure 4e, blue line), where a is the optical absorption
coefficient and hv is the photon energy. The optical bandgap of
the sample is extracted to be ~1.1 eV, similar to the values
from previous studies,’”*’ which further confirms its semi-
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conducting nature consistent with Figure 4c. The Tauc plot of
the 2D PtTe, layers converted from the PtS thin film is also
presented in Supporting Information, Figure S3, comparing
absorbance characteristics before/after the anion exchange
reaction.

The underlying thermodynamic principle for the anion
exchange-driven conversion of PtS to 2D PtTe, layers was
examined by the DFT-based first-principles calculations. The
phonon band structures of bulk PtS and 2D PtTe, layers were
calculated using the matrix of second derivatives of the energy
with respect to atomic displacements. Figure Sa,b presents the
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Figure 5. Phonon band structures for (a) bulk PtS and (b) 2D PtTe,
layers, confirming both materials exhibit positive phonon frequencies.

calculation results for the PtS and 2D PtTe, layers,
respectively, showing positive frequency values for both
materials, confirming their dynamical stability. The following
reaction equation for the anion exchange conversion was
employed;

PtS + 2Te(gas) — PtTe, + S(gas)

For the calculation of the Gibbs free energies of bulk PtS and
2D PtTe, layers, we incorporated the thermal correction
determined by the experimental growth conditions (i.e.,
temperature = 400 °C and pressure = 50 mTorr) into the
corresponding free energies at 0 K. The free energies of single
Te and S atoms (in the gas phase, noted above) were
considered in our simulations as well (see the computational
details in the Experimental Section). We identified that the
total energy of the products is smaller than that of the
reactants—i.e., Gibbs free energy change, AG = —1.71 €V,
which leads to the conclusion that this anion exchange
conversion is thermodynamically favorable. We note that this
reaction is an oxidation—reduction (redox) reaction in which
Te acts as an oxidizing agent, whereas PtS is a reducing agent.
Details about reaction energetics and dynamics are provided in
the DFT simulation section in the Supporting Information.
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Figure 6. (a) Schematic illustration of the step-by-step fabrication process of 2D PtTe, layers/PVB film (left) and its photoresponsiveness
measurement scheme (right). (b) Temporal photoresponsiveness obtained under 625 nm illumination with 20 mW/cm? intensity. (c) Temporal
photoresponsiveness obtained under 940 nm illumination with 118 mW/cm? intensity. (d) Temporal photoresponsiveness characteristics obtained
from samples of 2D PtTe, on SiO,/Si (red plot) and PtS on SiO,/Si (blue plot), respectively. (e) Temporal photoresponsiveness obtained from a
sample of 2D PtTe, layers/PVB film integrated on a hemispherical PDMS, measured under 625 nm illumination with 25.3 mW/cm? intensity. All
the measurements in (b)—(e) were performed at a bias voltage of S00 mV.
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Figure 7. DOS and PDOS of vertically aligned 2D PtTe, bilayers affected by (a) OH and (b) O, adsorbate attachment.

Having confirmed the anion exchange-driven structural/
electrical transition as well as its underlying principle, we then
explored application opportunities of the converted 2D PtTe,
layers utilizing their optoelectronic properties. Specifically, we
focused on unveiling their unusual negative photoresponsive-
ness—i.e., photocurrent decrease upon optical illumination—
by integrating them on polymeric substrates. Figure 6a
illustrates the step-by-step fabrication process for 2D PtTe,
layers/polymer photoresponsive devices where PVB
((CgH,,4,0,),,) is used as the polymer substrate. The first step
includes the preparation of PtS thin films on a single crystalline
salt wafer (sodium chloride, NaCl) and their subsequent anion
exchange conversion to 2D PtTe, layers. Then, a dispersion of
PVB is drop-casted on top of the converted 2D PtTe, layers/
salt wafer, which is subsequently spin-coated followed by
curing at room temperature. Details regarding the PVB
preparation are presented in the Experimental Section. Next,
the PVB-integrated 2D PtTe, layers/salt wafer is slowly dipped
into deionized (DI) water, which allows for the delamination
of the 2D PtTe, layer-attached PVB film from the wafer. The
delamination is enabled by the high-water solubility of the salt
wafer as verified in our previous work.”” Gold (Au) top
electrode contacts are subsequently deposited on top of the 2D
PtTe, layers/PVB film for photoresponsiveness measurements.
The schematic illustration on the right panel in Figure 6a
shows the experimental setup used to illuminate and
characterize the photoresponsiveness of the 2D PtTe, layers/
PVB film. Figure 6b presents temporal characteristics of
photoresponsiveness under a visible 625 nm optical illumina-
tion with 20 mW/cm” intensity, measured at a bias voltage of
500 mV. It is interesting to observe a pronounced negative
photoresponsiveness—i.e., current decrease upon illumina-
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tion—which is well retained under the periodically applied
illumination. The negative photoresponsiveness was also
confirmed under near-infrared (NIR) illumination at 940
nm, as presented in Figure 6c. Responsivity, R, is defined as |
Lyl X P, 7! where I, and P;, are photocurrent and incident
optical power, respectively, and it quantizes the sensitivity of a
photodetector.””*" The negative photoconductive responsivity
is calculated to be 0.805 mA/W for the visible wavelength (625
nm) and 0.115 mA/W for the NIR wavelength (940 nm),
respectively. For comparison, we performed control experi-
ments of photoresponsiveness measurements using anion
exchange-converted 2D PtTe, layers as well as PtS films,
both of which were integrated on SiO,/Si substrates. Figure 6d
clearly shows that the 2D PtTe, on SiO,/Si (red plot) does not
exhibit any noticeable negative photoresponsiveness while the
PtS film exhibits positive photoresponsiveness. The results
confirm that the negative photoresponsiveness observed with
the 2D PtTe, layers/PVB sample must be attributed to the
presence of the PVB substrate. In other words, it is assumed
that the PVB substrate interfaced with 2D PtTe, layers plays a
critical role in altering their intrinsic charge trapping
characteristics. In fact, it has been reported that the
photoinduced change of adsorbate (e.g, O,/OH)-related
impurity states at 2D materials/polymer interfaces can
significantly affect the density of charge carriers in 2D
materials.”* Such defect-driven electronic structure variations
are therefore responsible for giving rise to negative photo-
responsiveness as observed in graphene interfaced with
poly(methyl methacrylate) (PMMA) systems.”* The mechan-
ical flexibility of 2D PtTe, layers/PVB films further allows their
direct integration onto unconventional substrates with uneven
surfaces. Figure Ge presents negative photoresponsiveness
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obtained from the sample integrated onto hemispherical
polydimethylsiloxane (PDMS) (inset image). The measure-
ment was performed at 625 nm illumination with an intensity
of 25.3 mW/cm® at a bias voltage of 500 mV, yielding a
negative photoconductive responsivity of 6.206 uA/W.

To clarify the origin of the negative photoresponsiveness, we
employed DFT calculations and investigated possible effects of
the adsorbates on the electronic structure of 2D PtTe, layers.
Figure 7 presents the electronic density of states (DOS) and
atomic projected density of states (PDOS) of vertically aligned
2D PtTe, bilayers, where two different adsorbates of OH and
O, are attached (Figure 7ab, respectively). The unit cell
consists of one adsorbate and two layers of PtTe, with a
vacuum of ~15 A thickness added in the vertical direction to
remove spurious interaction between periodic images. The
vdW interaction is taken account by using the DFT-D3
method with Becke—Johnson damping (DFT-D3(BJ)),** and
effects of spin—orbit coupling are not considered in our
calculations. A gamma-centered k-point 1 X 6 X 6 mesh is used
for structural relaxation and for the self-consistent calculations
of the first Brillouin zone sampling. DOS and PDOS were
extracted using the VASPKIT program and were plotted using
the Matplotlib software,*”** and the visualization of the system
was prepared by VESTA."”® To be consistent with the
experimental setting of 2D PtTe, layers/PVB films, we focused
our calculations on revealing how OH and O, on the edges of
vertically aligned 2D PtTe, layers affect their electronic
structures. Figure 7a shows that OH groups introduce highly
localized states within the band structure of 2D PtTe, layers
near its Fermi level (E < Ep). Such localized states can act as
scattering centers enabling the significant trapping of free
electrons under light illumination leading to negative photo-
responsiveness, as previously observed with graphene.”*
Meanwhile, O, does not introduce any significant change in
the localized states (Figure 7b), which indicates the alternation
of the band structure is adsorbate-sensitive. While the analysis
was limited to the two model systems of OH and O,, it
strongly suggests that the light-induced trapping/detrapping of

free electrons is highly feasible with a variety of adsorbates.

4. CONCLUSIONS

In summary, we observed a chemical and structural conversion
of nonlayered 3D PtS to layered vdW 2D PtTe, via a
controlled CVD tellurization at 400 °C. This anion exchange
conversion also led to the precise tuning of resulting electrical
and optical properties; ie., semiconducting-to-metallic tran-
sition and drastic increase in optical absorbance. DFT
calculations employing the energy landscape of the adopted
tellurization process confirmed the thermodynamic stability of
this anion exchange reaction. Lastly, the converted 2D PtTe,
layers integrated onto PVB exhibited negative photorespon-
siveness, opposite to the characteristics observed with 2D
PtTe, layers integrated on SiO,/Si.
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