Downloaded via UNIV OF TEXAS AT AUSTIN on May 6, 2024 at 21:25:46 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

Reversible Transition of Semiconducting PtSe, and Metallic PtTe, for
Scalable All-2D Edge-Contacted FETs

Sang Sub Han, Shahid Sattar, Dmitry Kireev, June-Chul Shin, Tae-Sung Bae, Hyeon Ih Ryu, Justin Cao,
Alex Ka Shum, Jung Han Kim, Carlo Maria Canali, Deji Akinwande, Gwan-Hyoung Lee,

Hee-Suk Chung,* and Yeonwoong Jung*

Cite This: Nano Lett. 2024, 24, 1891-1900

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

e Supporting Information

ABSTRACT: Two-dimensional (2D) transition metal dichalcoge-
nide (TMD) layers are highly promising as field-effect transistor
(FET) channels in the atomic-scale limit. However, accomplishing
this superiority in scaled-up FETs remains challenging due to their PtT
van der Waals (vdW) bonding nature with respect to conventional
metal electrodes. Herein, we report a scalable approach to fabricate
centimeter-scale all-2D FET arrays of platinum diselenide (PtSe,)
with in-plane platinum ditelluride (PtTe,) edge contacts, mitigating
the aforementioned challenges. We realized a reversible transition
between semiconducting PtSe, and metallic PtTe, via a low-
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temperature anion exchange reaction compatible with the back-end-

ofline (BEOL) processes. All-2D PtSe, FETs seamlessly edge-contacted with transited metallic PtTe, exhibited significant
performance improvements compared to those with surface-contacted gold electrodes, e.g, an increase of carrier mobility and on/off
ratio by over an order of magnitude, achieving a maximum hole mobility of ~50.30 cm® V™' s™! at room temperature. This study
opens up new opportunities toward atomically thin 2D-TMD-based circuitries with extraordinary functionalities.
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2D semiconducting TMD layers have garnered significant
attention as promising FET channels in the scaling-down trend
of semiconductor industry owing to their high carrier
mobilities and exceptional gating characteristics.'~* However,
performances of 2D TMD FET's have been significantly limited
by high interfacial resistances between 2D channels and
deposited metal electrodes, e.g., uncontrollable Schottky
barrier," ® Fermi level pinning,7_m and large contact
3411 To address these challenges, substantial efforts
have been driven by exploring chemical doping and physical
contact engineering.3'11_16 Among them, the “2D—2D edge
contact” approach to construct the in-plane heterolayers
between 2D semiconducting channels and 2D metallic
electrodes is considered promising as it can eliminate the
channel/electrode vdW gaps which act as tunnel bar-
riers.”''7'® Recently, chemical vapor deposition (CVD)
approaches have been explored to create such 2D—2D edge
contacts, employing the chemical conversion between 2D
channel and electrode materials."’ ™' However, they often
require the complicated processes combining the mechanical
exfoliation of 2D layers and their subsequent treatments.'
This complexity limits scalability in device fabrication and
compatibility with complementary metal-oxide semiconductor
(CMOS) processes.
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Herein, we developed a facile, viable, and scalable strategy to
fabricate FET arrays constituting semiconducting 2D channels
edge-contacted with metallic 2D electrodes. We employed
wafer-scale CVD-grown semiconducting 2D PtSe, layers as
FET channels and demonstrated their reversible chemical/
electrical transition to metallic 2D PtTe, layers via the
controlled Se—Te exchange reaction. All processes associated
with the growth and transformation of 2D materials were
conducted at low temperatures, compatible with the BEOL/
CMOSS processes. 2D PtSe, FETs edge-contacted with 2D
PtTe, metallic electrodes exhibited greatly improved perform-
ances compared with their counterparts with surface contacts
of gold (Au).

Figure la illustrates a schematic of a single array of all-2D
vdW heterolayers, in which semiconducting 2D PtSe, channels
are seamlessly interfaced with metallic 2D PtTe, electrodes.
Figure 1b depicts the procedures to grow wafer-scale 2D PtSe,
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Figure 1. (a) Schematic illustration of all-2D vdW heterolayers with in-plane edge contacts containing semiconducting 2D PtSe, layers seamlessly
interfaced with 2D PtTe, layers. (b) Schematic illustration of the chemical reaction process for the reversible trasition of 2D PtSe, layers and 2D
PtTe, layers. (c) Camera image of samples prepared at each sample preparation stage. (d, e) Cross-sectional HR-TEM images of (d) 2D PtSe,
layers on a sapphire wafer and (e) layer-number-controlled 2D PtTe, layers on a SiO,/Si wafer. (f—k) Structural analysis for the transition of 2D
PtSe, layers to 2D PtTe, layers. (f) Low-magnification plane-view TEM image and corresponding SAED pattern (inset), (g) plane-view HR-STEM
image, and (h) digital micrograph intensity profile corresponding to the line in (g), obtained from pristine 2D PtSe, layers before their transition.
(i) Low-magnification plane-view TEM image and corresponding SAED pattern (inset), (j) plane-view HR-STEM image, and (k) digital
micrograph intensity profile corresponding to the line in (j), obtained from 2D PtTe, layers after their transition from 2D PtSe, layers. (1—q)
Structural analysis for the transition of 2D PtTe, layers to 2D PtSe, layers. (1) Low-magnification plane-view TEM image and corresponding SAED
pattern (inset), (m) plane-view HR-STEM image, and (n) digital micrograph intensity profile corresponding to the line in (1), obtained from
pristine 2D PtTe, layers before their transition. (o) Low-magnification plane-view TEM image and corresponding SAED pattern (inset), (p) plane-
view HR-STEM image, and (q) digital micrograph intensity profile correspomdig to the line in (j), obtained from 2D PtSe, layers after their
transition from 2D PtTe, layers.
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Figure 2. (a, b) XPS spectra showing Pt 4f, Se 3d, and Te 3d obtained from 2D PtSe, layers (a) before and (b) after their transition to 2D PtTe,
layers. (c, d) XPS spectra showing Pt 4f, Se 3d, and Te 3d obtained from 2D PtTe, layers (c) before and (d) after their transition to 2D PtSe,
layers. (e, f) Raman profiles of (e) 2D PtSe, layers before (left) and after (right) their transition and (f) 2D PtTe, layers before (left) and after
(right) their transition. (g, h) EDS spectra obtained from (g) 2D PtSe, layers and (h) 2D t-PtTe, layers.

layers and 2D PtTe, layers and their reversible transitions via
CVD reactions. Details on the CVD growth/reactions are
described in the Supporting Information, Experimental
Section. Briefly, Pt-film-deposited substrates undergo thermal
selenization or tellurization for the growth of 2D PtSe, or 2D
PtTe, layers at 350—400 °C, using vaporized selenium or
tellurium precursors, respectively. For the transition reaction,
as-grown 2D PtSe, or 2D PtTe, layers are subsequently
tellurized or selenized, respectively, via the same CVD
conditions adopted for their growth. Figure 1c shows a camera
image demonstrating the entire sample preparation procedure
adopted for the PtSe,-to-PtTe, transition, including CVD
reactions and layer transfers (Supporting Information,
Experimental Section). With as-grown 2D layers before their
transition, we first confirmed their morphology-controlled
growth on diverse substrates. Figure 1d shows a cross-sectional
high-resolution transmission electron microscope (HR-TEM)
image of 2D PtSe, layers grown on a sapphire wafer, revealing
well-resolved vdW gaps of 0.51 nm and a layer number of ~S5.
Figure le shows cross-sectional HR-scanning TEM (STEM)
images of two different samples of 2D PtTe, layers grown on
Si0,/Si wafers taken in bright-field (top) and dark-field
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(bottom) imaging modes. Two distinct 2D layer numbers of
~5 (top) and ~25 (bottom) are observed, which was achieved
by controlling the thickness of Pt films as reported in our
previous studies, ie., Pt thickness of ~1.2 and ~5 nm,
respectively.””~>” Following the layer-controlled growth, we
performed atomic-scale structural characterizations of materials
before/after their reversible transition. Figure 1f—k presents
the TEM analysis for the samples corresponding to the
transition of PtSe, to PtTe,. Figure 1f shows a low-
magnification plane-view TEM image of as-grown 2D PtSe,
layers, confirming their large-area continuous growth. The
inset shows the corresponding selected area electron diffraction
(SAED) pattern revealing the dominance of (100), (110), and
(200) planes, which indicates the horizontal orientation of
their basal planes as previously reported.””* Figure 1g shows a
plane-view HR-STEM image of 2D PtSe, layers along with an
overlaid atomic structure model visualizing an octahedral
configuration of one centered Pt atom surrounded by six Se
atoms corresponding to the Cdl,-type structure (trigonal;
P3ml space group) 2D layers.””*>*” Figure 1h presents the
intensity profile corresponding to the orange line in Figure 1g,
indicating a periodic repetition of two Se atoms between a Pt
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Figure 3. (a) FET I3~V transfer curve of pristine 2D PtSe, layers, indicating a p-type semiconducting transport. (b) I-V characteristics of 2D
PtSe, layers before (red) and after (blue) their transition to 2D t-PtTe, layers along with a magnified view of the I-V curve before the transition
(inset). (c) FET I4—Vy, transfer curve obtained of 2D t-PtTe, layers, indicating a metallic transport. (d) FET I4—Vy, transfer curve of 2D t-PtSe,
layers transited from 2D PtTe, layers. (e) Optical absorbance spectra of 2D PtSe, layers on willow glasses before (red) and after (blue) their
transition to 2D t-PtTe, layers along with the corresponding sample images (inset). (f) Tauc plots extracted from the optical absorbance spectra in

(e).

atom. The measured distance between each Pt atom is 6.5 A,
which well agrees with previous studies.””*>*” Figure 1i shows
a low-magnification plane-view TEM image of 2D PtTe, layers
transited from 2D PtSe, layers along with the indexed SAED
pattern (inset), a combination of which confirms the
horizontal alignment of the transited-PtTe, (i.e., t-PtTe,)
layers. Figure 1j displays a plane-view HR-STEM image of the
2D t-PtTe, layers along with the corresponding atomic
structure, revealing their octahedral structure is identical to
that of 2D PtSe, layers before transition. Figure 1k presents the
intensity profile corresponding to the blue line in Figure 1j
indicating the periodic arrangement of Se and Pt atoms,
consistent with previous studies.””*”*" These comprehensive
characterizations confirm that the structural integrity of the 2D
layers corresponding to the PtSe)-to-PtTe, transition is well
preserved during the Se-to-Te anion exchange reaction.
Furthermore, we identified the average grain sizes of 2D
PtSe, and 2D t-PtTe, layers with their plane-view STEM
images (Supporting Information, Figure S1). We then
performed TEM characterizations of the materials which
underwent the chemical reaction in the opposite direction, i.e.,
the PtTe,-to-PtSe, transition (Figure 11—n). Specifically, parts
l, m, and n of Figure 1 present plane-view TEM/SAED, HR-
STEM, and intensity profiles of 2D PtTe, layers before their
transition to 2D PtSe, layers, respectively. The analysis
comprehensively confirms the high crystallinity of 2D PtTe,
layers in their pristine state, consistent with previous
studies.””***" Figure lo—q presents the TEM analysis for
the 2D PtTe, layers after their transition to 2D PtSe, layers,
i.e, plane-view TEM/SAED (Figure 1o0), HR-STEM (Figure
1p), and intensity profile (Figure 1q), all of which support the
complete transition of 2D PtTe, layers to 2D PtSe, layers with
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preserved crystallinity.”®>”>*** This highly reversible structural

transition between PtSe, and PtTe, layers is attributed to their
nearly identical crystalline structure, i.e., lattice parameters of a
=38A,c=51Afor PtSe,”** and a = 4.0 A, c = 5.2 A for
PtTe,”*  in the identical CdL-type structure, which indicates
an insignificant degree of any lattice distortion involving their
transition.

Following the TEM microstructural analysis, we performed
various macroscale spectroscopic characterizations to verify the
transition-associated chemical composition change. Figure 2a—
d presents X-ray photoelectron spectroscopy (XPS) analyses
for the materials undergoing the transition of PtSe, to PtTe,
(Figure 2a,b) vs PtTe, to PtSe, (Figure 2c,d). Figure 2a
presents the binding energies for the Pt 4f (left) and Se 3d
(right) orbitals obtained from pristine 2D PtSe, layers in which
the energy values of Pt 4f;,,, Pt 4f,,, Se 3d;/,, and Se 3d;), at
76.2, 72.9, 55.4, and 54.6 eV, respectively, are consistent with
previous observations.””*>*> The atomic ratio of Pt:Se
calculated from the XPS spectra is ~33:67, indicating the
stoichiometric growth of 2D PtSe, layers. Figure 2b presents
the core-level XPS profiles of Pt and Te obtained from the
same 2D PtSe, layers after their transition to the 2D ¢-PtTe,
layers. While Figure 2b (left) exhibits the binding energies of
Pt 4f;,, and Pt 4f,, at 76.4 and 73.0 eV, respectively, the XPS
spectrum in Figure 2b (right) exhibits Te 3d binding energy
peaks at 583.9 and 573.5 eV corresponding to Te (IV) as well
as additional peaks corresponding to Te (0) at 586.5 and 576.2
eV, consistent with previous studies on pristine 2D PtTe,
layers.”****” Also, it is noteworthy that all of these Te-
associated peaks were absent in the XPS spectra of the initial
2D PtSe, layers before their transition but appeared only after
the transition. Furthermore, it is remarkable to note that the Se

https://doi.org/10.1021/acs.nanolett.3c03666
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representative OM image. (b) OM image of a fabricated array of the heterolayers with rectangular patterns (top) and Raman mapping image
(bottom) corresponding to the black dotted box in the image (red region, 2D t-PtTe, layers; green region, 2D PtSe, layers). (c) Raman spectra
obtained from the regions of 2D PtSe, layers (red cross mark in (b)) and 2D t-PtTe, layers (blue cross mark in (b)). (d, e) Cross-sectional EDS
mapping images of (d) 2D PtSe, layers and (e) 2D t-PtTe, layers selected from the sample in (b). The scale bars in (d) and (e) are 20 nm. (f) I-V/
characteristics obtained from 2D t-PtTe, layers (blue) and 2D PtSe, layers (red) present within an identical sample along with their corresponding
sample/measurement configuration (inset). (g) OM images of an array of FETs with 2D PtSe, channels edge-contacted with 2D t-PtTe, layers
(zoomed-in view). (h, i) FET performances of an edge-contacted FET manifested by (h) 14—V, characteristics at Vg = 1 V and (i) I—Vy
characteristics under varying gate voltages. (j) Comparison of normalized I4,—V, transfer curves for 2D-PtSe,-layer-based FETs with 2D ¢-PtTe,

layer edge contacts (purple) vs with Au surface contacts (red).

3d peak intensity significantly decreased after the transition
(zoomed-in spectrum in Figure 2b, right inset). The atomic
ratio of Pt:Te calculated from the XPS spectra is ~32:68,
indicating the stoichiometric transition of PtSe, to PtTe,,
which is a sharp contrast to the XPS observation before the
transition. Next, we investigated the XPS characteristics of the
materials undergoing the opposite transition direction of PtTe,
to PtSe, (Figure 2c and d). We observed that the binding
energy characteristics of Pt 4f, Te 3d (Figure 2c), and Se 3d
(Figure 2d) exhibit exactly the opposite trend compared to the
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PtSe,-to-PtTe, transition, confirming the high reversibility of
this chemical transition. Furthermore, we performed Raman
spectroscopy characterizations of the materials before and after
their transition, and Figure 2e presents Raman spectra for the
PtSe,-to-PtTe, transition. Figure 2e (left) shows two vibration
modes of in-plane (E;) and out-of-plane (A;,) at ~178 and
~206 cm™}, respectively, obtained from pristine 2D PtSe,
layers before their transition. The small hump at ~235 cm™ is
attributed to a longitudinal optical (LO) mode corresponding
to the superposition of A,, and E, modes.”>*>%¢ Interestingly,
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all of these PtSe, characteristic peaks disappeared after the
transition and new peaks appeared at ~120 and ~159 cm™,
which correspond to the E, and A;; modes of 2D PtTe, layers,
respectively (Figure 2e, right). Raman characterizations were
further performed to verify the reversibility of this transition.
Figure 2f presents Raman characterizations of 2D PtTe, layers
before/after their transition to 2D PtSe, layers, displaying an
exactly opposite trend compared to Figure 2e. The originally
observed PtTe, characteristic peaks (Figure 2f, left)
disappeared after the transition, followed by an appearance
of new peaks at different locations (Figure 2f, right). Also, the
locations of all these E, and A, peaks before/after the
transition are consistent with previous studies,*>~*"?>%
confirming the transition reversibility. Lastly, energy-dispersive
X-ray spectroscopy (EDS) characterizations were performed
and corroborated with the XPS analysis. The EDS spectra
obtained from the initial 2D PtSe, layers (Figure 2g) and 2D t-
PtTe, layers (Figure 2h) reveal the stoichiometric ratios of
Pt:Se ~33:66 and Pt:Te ~32:67 before/after the
transition, respectively, which fully agrees with the XPS results.

Having verified the structural/chemical reversibility of the
materials, we then explored their transition-driven electrical
property modulations by characterizing FET gate responses.
Figure 3a presents an output curve of drain-source current (I4)
vs drain-source voltage (Vy,) from a 2D-PtSe,-layer-based FET
under varying back-gate voltage (Vg). The 2D PtSe, layers in
their pristine form exhibit p-type semiconducting character-
istics manifested by decreasing I4, with increasing V; from —60
to 60 V, consistent with recent studies.*>***>%* Figure 3b
compares two-terminal current—voltage (I—V) characteristics
of 2D PtSe, layers before (red)/after (blue) their transition to
2D t-PtTe, layers, respectively. The inset presents a magnified
I-V curve of 2D PtSe, layers before their transition was
measured with Au contacts, showing excellent Ohmic trans-
ports irrespective of the transition. Interestingly, a significant
conductivity increase (i.e., >10°) is observed with this PtSe,-to-
PtTe, transition, i.e,, ~21.1 S/m for PtSe, (red) to ~3.62 X
10° S/m for t-PtTe, (blue). Furthermore, the 2D t-PtTe, layers
transited from 2D PtSe, layers exhibit strong metallic
characteristics manifested by the complete overlap of Ij,—Vy,
curves regardless of Vg as shown in Figure 3c. This metallicity
is consistent with previous studies on pristine 2D PtTe,
layers,”**”*7* which is a sharp contrast to the semiconducting
characteristics observed before the transition. The reversibility
of this semiconducting—metallic transition was also inves-
tigated for the materials undergoing the opposite transition of
PtTe, to PtSe,. Figure 3d presents that 2D PtSe, layers
transited from initially metallic 2D PtTe, layers display p-type
semiconducting characteristics similar to those of pristine 2D
PtSe, layers (Figure 3a). -V and FET transfer characteristics
of the initial metallic 2D PtTe, layers before their transition are
presented in the Supporting Information, Figure S2. Beyond
these electrical verifications, we also performed optical
characterizations to further clarify the semiconducting—
metallic transition characteristics. Figure 3e presents ultra-
violet—visible (UV—vis) spectroscopy absorbance spectra of
materials before (red; PtSe,) and after (blue; t-PtTe,) the
transition. The absorbance intensity of initial 2D PtSe, layers
consistent with previous studies’”*' is observed to slightly
increase after their transition to 2D t-PtTe, layers. Figure 3f
presents Tauc plots extracted from the absorbance spectra in
Figure 3e in which a is the optical absorption coefficient and
hv is the photon energy.””** The extrapolation of Tauc plots
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yields the optical bandgap of ~0.5 eV for 2D PtSe, layers
before the transition, confirming their semiconducting nature.
Meanwhile 2D t-PtTe, layers do not exhibit a noticeable
optical bandgap, which further supports the semiconducting-
to-metallic transition verified in FET characterizations.

By leveraging these semiconducting—metallic transition
characteristics, we explored a wafer-scale array of FETSs
containing in-plane heterolayers of 2D PtSe, seamlessly
edge-contacted with 2D ¢-PtTe,. Figure 4a illustrates the
step-by-step FET fabrication procedure, which highlights the
selective/patternable transition of 2D PtSe, layers to 2D t-
PtTe, layers with the assistance of the SiO, protection layer.
The semiconducting 2D PtSe, FET channels underneath the
SiO, layer are edge-contacted with the metallic 2D ¢-PtTe,
source/drain electrodes in an in-plane geometry, as demon-
strated in the optical microscope (OM) image of an isolated
pattern. Figure 4b presents a zoomed-in OM image (top) of
the in-plane 2D heterolayers patterned on a large area (>cm?)
and a Raman mapping image (bottom) corresponding to the
black dotted box. The color-mapped image confirms a highly
localized distribution of 2D PtSe, layers (green) and 2D t-
PtTe, layers (red). In Figure 4c, the red/blue Raman spectra
obtained from the red/blue cross marks in Figure 4b,
respectively, clearly evidence the patterned formation of 2D
PtSe, layers and 2D t-PtTe, layers. Parts d and e of Figure 4
present cross-sectional EDS elemental mapping images of 2D
PtSe, layers preserved underneath the SiO, layer and 2D t-
PtTe, layers outside it, respectively. The images reveal the
homogeneous localization of constituting Pt, Se, and Te in
each targeted region, while their well-preserved stoichiometric
compositions are verified in Figure S3 of the Supporting
Information. The intermediate regime where Te and Se coexist
at the PtSe,/t-PtTe, interfaces was also confirmed by cross-
sectional EDS analysis (Supporting Information, Figure S4.)
Before investigating the exclusive influences of 2D t-PtTe, edge
contacts on FET performances, we first examined the electrical
conductance of 2D PtSe, and 2D t-PtTe, within the in-plane
heterolayer corresponding to the Figure 4f inset. In Figure 4f,
metallic 2D t-PtTe, layers exhibit a significantly higher
conductance (ie, >10° consistent with Figure 3b) over
semiconducting 2D PtSe, layers. Figure 4g shows OM images
of a representative FET displaying a laterally patterned array of
t-PtTe,/PtSe,/t-PtTe, (zoomed-in view) fabricated by elec-
tron beam lithography (EBL) whose process details are
presented in the Supporting Information, Experimental
Section. Figure 4h presents transfer I;,—V, characteristics of
a 2D t-PtTe, edge-contacted FET employing 2D PtSe, layers
directly grown on a SiO,/Si wafer, confirming its excellent p-
type characteristics. The FET was operated under varying top-
gate voltages, employing the protection SiO, layer as the gate
dielectric. The FET hole mobility extracted from the linear
slope™ is ~50.30 cm® V™! s™! which accompanies an on/off
ratio of ~248. These values are significantly higher than those
of previously reported CVD-grown 2D PtSe, FETs****** and
are even comparable to the performances of mechanically
exfoliated micrometer-sized 2D PtSe, FETs.***” In fact, we
comprehensively surveyed/compared the device performances
of our edge-contacted 2D PtSe, FET's vs other 2D PtSe, FET's
fabricated by various synthesis methods. The plot in Figure S5
of the Supporting Information confirms the high on/off ratio
and carrier mobility values achieved in this study over previous
reports.z1’38’4‘"45’48_51 Figure 4i presents the corresponding
output curve of V-dependent I3—Vy, further confirming the
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prominent p-type characteristics. To clarify the exclusive role
of the edge-contacts in FET performances, we prepared
another batch of samples and studied their normalized I3—Vy,
characteristics under identical FET operation/geometry
conditions. Figure 4j compares performances of 2D PtSe,
FETs with 2D t-PtTe, layer edge-contacts (purple) vs with
conventional Au surface-contacts without 2D t-PtTe, layers
(red), obtained under identical back gating operations. The
results show that the edge-contacted FET exhibits >S50 times
higher mobility and >2 times larger on/off ratios over the
surface-contacted one. This remarkable enhancement is
attributed to the significant reduction of the contact resistance
in edge-contacted FETs. This was confirmed by the trans-
mission line method (TLM) (Supporting Information,
Experimental Section) identifying ~S times higher contact
resistance of the surface-contacted FET (Supporting Informa-
tion, Figure S6).

Lastly, we performed density functional theory (DFT)
calculations to clarify the thermodynamic principle for the
experimentally observed reversibility of the PtSe,—PtTe,
transition (Figure Sa) and its associated semiconducting—
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Figure S. (a) Schematic illustration of the reversible reaction between
semiconducting bilayer PtSe, and metallic bilayer PtTe,. (b, c)
Electronic dispersion in two-dimensional momentum space showing
the transformation of bands under a reversible transition between (b)
2D PtSe, and (c) 2D PtTe, in bilayer forms. The crystal structure and
symmetry group of both PtSe, and PtTe, are 1T-phase trigonal
prismatic crystal structures and P3ml (No. 164). The lattice
parameters are 3.8 and 4.0 A for PtSe, and PtTe,, respectively.

metallic modulation. Computational details are presented in
the Supporting Information, Experimental Section. The
reversible chemical transition is governed by the following
reaction equation:

PtSe,(solid) + 2Te(gas) = PtTe,(solid) + 2Se(gas)

The equation is based on the oxidation—reduction (redox.)
reaction in the forward and reverse directions, respectively, as
follows:

2Te” + 4™ — 2Te " (reduction)

2Se™™ — 4e” - 2Se’ (oxidation)
and

2Se® + 4~ — 2Se™™ (reduction)

2Te™ — 4e” — 2Te’ (oxidation)

Here, Te and Se behave as oxidizing agents, whereas PtSe, and
PtTe, act as reducing agents in the forward/reverse directions,
respectively. We then investigated the reversible trans-
formation in the electronic dispersion of semiconducting 2D
PtSe, layers (Figure Sb) and metallic 2D PtTe, layers (Figure
Sc) in a 2D momentum space. For simplicity, we considered
the bilayers of both Pt-chalcogenides whose valence band (VB)
and conduction band (CB) are plotted in blue and green
colors, respectively. The bilayer PtSe, displays a band gap of
0.2 €V across the momentum space, whereas the bilayer PtTe,
transformed from the PtSe, exhibits a metallic dispersion due
to the size increase of chalcogen atoms (i.e., Se — Te) and
stronger interlayer interactions. The red box in Figure Sc
denotes the diffusion of VB into the CB driven by the chemical
transition.

In conclusion, we studied the reversible transition of
semiconducting 2D PtSe, layers and metallic 2D PtTe, layers
and employed this approach in improving the FET perform-
ances. We emphasized several distinct advantages of this
chemical transition process in creating 2D—2D semiconduct-
ing—metallic interfaces with excellent Ohmic transports, i.e.,
high scalabilty/patternability, low temperature reaction, and
significantly reduced contact resistance. This unique superi-
ority enabled the fabrication of a large-area patterned array of
high-performance edge-contacted 2D FETs.
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