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ABSTRACT: Platinum diselenide (PtSe,) is an emerging class of two-
dimensional (2D) transition-metal dichalcogenide (TMD) crystals
recently gaining substantial interest, owing to its extraordinary properties
absent in conventional 2D TMD layers. Most interestingly, it exhibits a
thickness-dependent semiconducting-to-metallic transition, i.e., thick 2D
PtSe, layers, which are intrinsically metallic, become semiconducting
with their thickness reduced below a certain point. Realizing both
semiconducting and metallic phases within identical 2D PtSe, layers in a
spatially well-controlled manner offers unprecedented opportunities
toward atomically thin tailored electronic junctions, unattainable with
conventional materials. In this study, beyond this thickness-dependent
intrinsic semiconducting-to-metallic transition of 2D PtSe, layers, we demonstrate that controlled plasma irradiation can “externally”
achieve such tunable carrier transports. We grew wafer-scale very thin (a few nm) 2D PtSe, layers by a chemical vapor deposition
(CVD) method and confirmed their intrinsic semiconducting properties. We then irradiated the material with argon (Ar) plasma,
which was intended to make it more semiconducting by thickness reduction. Surprisingly, we discovered a reversed transition of
semiconducting to metallic, which is opposite to the prediction concerning their intrinsic thickness-dependent carrier transports.
Through extensive structural and chemical characterization, we identified that the plasma irradiation introduces a large concentration
of near-atomic defects and selenium (Se) vacancies in initially stoichiometric 2D PtSe, layers. Furthermore, we performed density
functional theory (DFT) calculations and clarified that the band-gap energy of such defective 2D PtSe, layers gradually decreases
with increasing defect concentration and dimensions, accompanying a large number of midgap energy states. This corroborative
experimental and theoretical study decisively verifies the fundamental mechanism for this externally controlled semiconducting-to-
metallic transition in large-area CVD-grown 2D PtSe, layers, greatly broadening their versatility for futuristic electronics.

KEYWORDS: 2D TMD, 2D PtSe,, wafer-scale 2D layer, plasma irradiation, semiconducting-to-metallic transition, defects engineering,
DFT

H INTRODUCTION attributes unavailable in conventional semiconducting counter-

12,13 . . .
Two-dimensional (2D) transition-metal dichalcogenide parts. Among them, 2D platinum diselenide (2D PtSe,)

i s layers exhibit multifaceted extraordinary electrical properties
TMD) 1 the f f MX, (M: t t tals, X: Y ry prop ,
( ) layers in the form o 2 { ranstion men's, significantly higher field-effect transistor (FET) mobility than

Mo- or W-based 2D TMDs, superior air stability, type II Dirac
topological transitions, and thickness-dependent semiconduct-
ing-to-metallic tunability."*~** Furthermore, recent studies
have verified defect-induced magnetism and its layer thickness

chalcogens) exhibit a large set of extraordinary electrical
properties such as thickness-tunable electron transport and
band-gap energies.' "' Earlier works have focused on exploring
semiconducting 2D TMDs, where M is generally group six
refractory metals [e.g., molybdenum (Mo) or tungsten (W)],
which are particularly suitable as channels in digital electronics.

Increasing interest in the field has shifted investigation toward Received: January 3, 2020
non-semiconducting 2D TMDs, projecting vast opportunities Accepted:  March 3, 2020
for other device components such as atomically thin Published: March 3, 2020

interconnects and dielectrics. Recently, 2D TMDs employing
group 10 noble metals [e.g, M = platinum (Pt) or palladium
(Pd)] are receiving significant attention owing to various
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Figure 1. Schematic illustration for the preparation of Ar-plasma-treated and -untreated areas within identical 2D PtSe, layers.

dependency, indicating unprecedented promise in spintronics
as well.”> These unique yet superior properties suggest
unparalleled promise for developing atomically thin circuitry
with tailored electronic junctions. For instance, the co-
existence of semiconducting and metallic phases within
identical 2D PtSe, layers can realize in-plane, atomically thin
Schottky junctions,26 unlike other 2D heterostructures based
on laterally stitching layers of distinct compositions.””**
Accordingly, a variety of proof-of-concept applications have
been approached including sensing,”” ™' thermoelectrics,”>*>
and broad-band photodetection and photovoltaics.'¥**~*
Among such promising attributes, the semiconducting-metallic
phase tenability is an “intrinsic” feature of 2D PtSe, layers set
by their intrinsic crystallinity, i.e., layer thickness and/or
orientation, which is governed by theu‘ preparation methods
such as chemical growth conditions®® These distinguishable
carrier transport characteristics are of particular interest for the
contact engineering of 2D layers toward improving their
Ohmic transports, ie, atomically seamless Ohmic contacts
within 2D layers.”’ Accordingly, it is highly demanded to
develop postgrowth methods to “externally” modulate such
features in a spatially defined and controlled manner, which
will significantly broaden the application versatility of 2D PtSe,
layers. In this endeavor, structural engineering such as
controlling defect concentrations via physical/chemical
means has been explored with conventional 2D TMD
semiconductor layers including Mo or W disulfide (MoS, or
WS,) and diselenide (MoSe, or WSe,)."* Particularly, the
atomic concentration of chalcogen vacancies is known to alter
their electronic band structures, thereby resulting in carrier
transport properties.””* Theory suggests that a selective
creation of chalcogen vacancies can contribute to forming
unsaturated electrons surrounding transition metals acting as
electron donors.*® The prediction is consistent with recent
experimental observations that corroborate the vacancy-driven
closing of band-gap energies in 2D WS, and WSe, layers."’
However, these approaches have been demonstrated with
initially single-crystalline 2D flakes of small (~um?) lateral
dimensions and inhomogeneous spatial distribution/coverage.
Accordingly, they are practically limited toward realizing the
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aforementioned opportunities for atomically thin circuitry,
which should rely on “wafer-scale” 2D layers produced by mass
production routes such as chemical vapor deposition (CVD).
It is highly demanded to develop scalable methods to
externally and controllably fabricate both semiconducting
and metallic phases within identical 2D layers toward the
direct writing of wafer-scale circuitry. The feasibility of such
defect engineering for modulating carrier transports in large-
area (>cm?*) CVD-grown 2D PtSe,, a relatively unexplored 2D
material, with intrinsic polycrystallinity has remained largely
unexplored.

In this report, we demonstrate controlled modulation of
carrier transport properties in CVD-grown centimeter-scale 2D
PtSe, layers via argon (Ar) plasma irradiation. Two-dimen-
sional (2D) PtSe, layers are known to be metallic above a
certain critical thickness (typically more than ~10 nm), below
which they prefer to possess semiconducting properties.** We
grew 2D PtSe, layers of very small (a few nanometer)
thickness and confirmed their intrinsic semiconducting
characteristics. We then applied a controlled Ar-plasma
irradiation to them and investigated the resulting carrier
transport properties. Unlike the conventional notion, which
predicts more pronounced semiconducting characteristics, we
observed that this plasma irradiation steadily introduces a
semiconducting-to-metallic transition accompanying increasing
conductivity, verified by FET and temperature-variant
electrical measurements. By performing extensive chemical
characterization including energy-dispersive X-ray spectrosco-
py (EDS) and X-ray photoelectron spectroscopy (XPS), we
identified that after plasma treatment, the Pt/Se ratio changes
from 1:2 to 1:x, where x is ~1.1—1.25. Extensive [transmission
electron microscopy (TEM)] characterization confirmed that
these Se-deficient metallic 2D layers still preserved high
polycrystallinity comparable to their pristine state without a
noticeable reduction of initial thickness, exposing a large
number of atomic vacancies on the surface. Density functional
theory (DFT) calculations revealed that the plasma-induced
creation of Se vacancies introduces various midgap energy
states within 2D PtSe, layers toward closing their band-gap
energy. Moreover, the extent of this band-gap energy closing
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Figure 2. Structural and chemical characterization of as-grown 2D PtSe, layers. (a) Image of large-area 2D PtSe, layers grown on a SiO,/Si
substrate. (b) Raman spectroscopy profile from the corresponding sample. (c) Low-magnification plane-view TEM image. (d) Corresponding HR-
STEM image revealing Moiré fringe patterns (blue box) and their corresponding atomic structure simulation (right). The inset shows the FFT
image corresponding to the blue box, depicting a misalignment angle of 13°. (e) Cross-sectional HRTEM image (left) revealing horizontally
aligned 2D PtSe, multilayers and their corresponding atomic structure model (right). (f) STEM-EDS elemental mapping images corresponding to

(e), confirming the homogeneous spatial distribution of Pt and Se.

was identified to scale with the concentration and dimension of
such vacancies, which fully accounts for the experimental
observation.

B RESULTS AND DISCUSSION

Figure 1 illustrates the process steps employed in the CVD
growth of 2D PtSe, layers and their partially selected Ar-
plasma irradiation. A Pt film of ~0.6 nm was deposited on a
Si0,/Si wafer by electron beam deposition (deposition rate:
~0.1 A/s), and it was then converted into 2D PtSe, layers via
CVD selenization at 400 °C using the growth recipe developed
in our laboratory.‘?'s’48 The as-grown 2D PtSe, layers exhibit a
highly uniform morphology and thickness, entirely covering
the original growth wafer, to be verified in the next section. A
thermal release tape (TRT) was subsequently attached to the
surface of the as-grown 2D PtSe, layers, and care was taken to
ensure that there were no gaps between the tape and the 2D
layers. Subsequently, the sample of TRT/2D PtSe,/SiO,/Si
was immersed in deionized water, similar to the procedure
demonstrated with 2D MoS, layers," and a mechanical force
was exerted to peel off the stack of TRT/2D PtSe, from the
growth substrate. The separated stack was flipped over,
exposing the 2D PtSe, layers on the top surface. Next, the
2D PtSe, layers were partially covered with a stainless steel
shadow mask and were exposed to mild Ar plasma for
controlled duration times. Details for the plasma conditions are
listed in Experimental Section. The partially plasma-treated
sample was then transferred onto a fresh SiO,/Si wafer, and
the TRT was subsequently removed upon heating at 80 °C. As
a result, a lateral junction containing both pristine and plasma-
treated areas was realized within identical 2D PtSe, layers. The
aim of performing the Ar-plasma irradiation onto the 2D PtSe,
layers “separated” from their underlying SiO,/Si growth wafers
was to rule out any unwanted effects from the degradation of
SiO, dielectric and metal contacts caused by the plasma
irradiation. In fact, we have observed that “direct” Ar-plasma
irradiation onto as-grown 2D PtSe,/SiO,/Si samples often
leads to the degradation and instability of the underlying SiO,
dielectric and SiO,/metal contacts in electrical measurements.

Figure 2 shows the structural and chemical analyses of as-
grown 2D PtSe, layers prior to the Ar-plasma treatment. Figure
2a presents an image of as-grown 2D PtSe, layers on a SiO,/Si
wafer with a size of >1 cm?, prepared by the CVD selenization
of an ~0.6 nm thick Pt film. Figure 2b shows the Raman

spectroscopy characteristic peaks from the corresponding
sample, exhibiting two dominant peaks of E; at ~17§ cm™!
and A,, at ~205 cm™', corresponding to the in-plane and out-
of-plane vibration modes of 2D PtSe, layers, respectively.*®
Figure 2c—f exhibits the TEM characterization of the
corresponding sample, identifying the general structural and
chemical integrity of CVD-grown 2D PtSe, layers. Figure 2c
shows a plane-view TEM image of the sample at a low
magnification, confirming the spatially continuous and
homogenous film morphology. Figure 2d shows the corre-
sponding high-resolution scanning TEM (HR-STEM) image
and its analysis, revealing the detailed atomic-scale structure of
the CVD 2D PtSe, layers. The left HR-STEM image reveals
their intrinsic polycrystallinity contributed by multiple
crystalline grains of various crystallographic orientations, i.e.,
a mixture of crystal lattice fringes resulting from (001) zone
axis-oriented hexagonal 2D PtSe, along with Moiré fringe
patterns (blue box) from misaligned crystalline domains, a
decisive signature of vertical stacking of horizontally aligned
2D basal planes. The blue-boxed image presented in the right
panel was obtained from an atomic simulation of horizontally
stacked 2D PtSe, layers with a misorientation angle of 13°,
which precisely matches the Moiré fringe patterns in the HR-
STEM image. The fast Fourier transform (FFT) corresponding
to the HR-STEM image presented as the inset further confirms
the misorientation angle of 13°. Figure 2e presents a cross-
sectional TEM image of the corresponding sample, revealing
horizontally aligned 2D PtSe, layers with uniformly resolved
van der Waals (vdW) gaps. The interlayer spacing of ~5.3 A
(Pt-to-Pt distance) is identified, which matches the (001)
planar distance of the hexagonal 2D PtSe, crystal illustrated in
the atomic structure model in the right panel. Figure 2f reveals
the STEM-EDS elemental map images corresponding to
Figure 2e, unveiling the highly uniform distribution of
constituting Pt and Se atoms.

Having confirmed the chemical and structural homogeneity
of horizontally aligned 2D PtSe, multilayers (layer number:
~4—S in Figure 2e), we then characterized their electron
transport properties via FET measurements. Layer-number-
dependent semiconducting-to-metallic transitions in 2D PtSe,
layers have been previoule verified, e.g, a transition at 2D
PtSe, of four to five layers,””**" while the exact layer numbers
for such transitions vary in the literature,'>'”**>' 7% which
must be attributed to multiple variables associated with sample
preparations. Two-dimensional (2D) PtSe, layer-based FET
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Figure 3. Electrical and Raman characterization of 2D PtSe, layers in their pristine and Ar-plasma-treated states. (a) Schematic of a 2D PtSe, layer-
based FET device with Au electrodes in a back-gate configuration. (b) Optical microscopy image of a representative FET device. (c) Optical
microscopy image unveiling color contrast between plasma-treated and -untreated regions within identical 2D PtSe, layers. (d) I;—Vy FET
transfer plots from pristine 2D PtSe, layers, confirming p-type semiconducting characteristics. The inset shows the corresponding I4,—V;, transfer
characteristics. (e) I3—Vy FET transfer plots from plasma-irradiated 2D PtSe, layers, confirming metallic characteristics with almost zero gate
modulation. The inset shows the corresponding I4,—V, transfer characteristics. (f) I;;—Vy, characteristics from another FET device with thicker 2D
PtSe, layers systematically irradiated with Ar-plasma for varying durations. The drain voltage was set at 1 V. (g) Raman spectroscopy profiles
obtained from the sample corresponding to (f) with varying plasma irradiation times.
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Figure 4. Temperature-variant FET transport characteristics of 2D PtSe, layers in pristine vs Ar-plasma-irradiated states. Pristine 2D PtSe, layers
revealing (a) Vg-dependent I4,—Vj transfer curves at 300 K and (b) I4,—Vy, characteristics under Vg =0V obtained at 300 and 412 K. Ar-treated
2D PtSe, layers revealing (c) Vg-dependent I3,—Vy, transfer curves at 300 K and (d) I;;—Vy characterlstlcs under V, = 0V obtained at 300 and 412
K. (e) Comparison of the current ratio with respect to 300 K as a function of temperature for the corresponding prlstme and Ar-treated samples. (f)
Comparison of activation energies for thermally driven transports of charge carriers in pristine vs Ar-plasma-treated 2D PtSe, layers.

devices were fabricated by depositing gold (Au) electrodes
through a shadow mask onto the 2D PtSe, layers, which

characteristics of untreated and treated 2D PtSe, layers,
respectively. Drain—source current (I4) vs drain—source

contain both pristine and Ar-plasma-treated areas, as prepared
in Figure 1. Figure 3a illustrates a back-gated FET device with
2D PtSe, layers integrated on a fresh SiO,/Si wafer, and Figure
3b shows an optical microscopy image of a representative
device with an array of Au top electrodes. Figure 3c presents an
optical microscopy image of 2D PtSe, layers with both Ar-
plasma-treated vs untreated areas, revealing a slightly distinct
optical contrast. Figure 3d,e exhibit the FET transfer

14344

voltage (V) plots were obtained with varying amplitudes of
back-gate voltage (V,) for both. In Figure 3d, the pristine (i.e.,
untreated) 2D PtSe, layers display p-type semiconducting
characteristics manifested by the decrease of I3, with increasing
V, from —40 to 40 V, consistent with the I;—V, transfer plot
in the inset. The result is in good agreement with the previous
FET study with CVD 2D PtSe, layers of comparable
thickness.’>** On the other hand, the 2D PtSe, layers treated
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Figure S. Structural and chemical characterization of 2D PtSe, layers before/after the Ar-plasma treatment. XPS spectra of (a) Pt 4f and (b) Se 3d
core levels obtained from 2D PtSe, layers in pristine vs Ar-plasma-treated states. Low-magnification TEM images (left) and corresponding SAED
patterns (right) from 2D PtSe, layers in (c) untreated and (d) treated states. (e) EDS spectra obtained from 2D PtSe, layers in Ar-plasma-treated
and -untreated states. (f) HR-STEM image of Ar-plasma-irradiated 2D PtSe, layers. Zoom-in images corresponding to the (g) red and (h) blue
boxes in (f). (i) Cross-sectional HRTEM image of Ar-plasma-irradiated 2D PtSe, layers. (j) EDS elemental map images visualizing a localized

distribution of Pt and deficiency of Se.

with Ar plasma (duration time: 2 min in this case) display very
distinct characteristics as presented in Figure 3e, i.e., the nearly
complete overlap of I—Vy plots irrespective of V, with
increasing conductance, a signature of metallic transport. The
corresponding I3—V;, plot presented in the inset is also distinct
from that in Figure 3d. This metallic behavior is quite
interesting and unexpected, given that 2D PtSe, layers of such
a small thickness (~3 nm as shown in Figure 2e) should
belong to the semiconducting regime, as theoretically
predicted and experimentally verified.”>® We also prepared
2D PtSe, layers by selenizing Pt films of a slightly larger
thickness (~0.75 nm compared to ~0.6 nm in Figure 3a—e)
and systematically identified their FET characteristics before/
after the Ar-plasma treatment. Figure 3f presents I4—V,
transfer plots of the corresponding 2D PtSe, layers, revealing
a systematic increase of I with prolonged plasma treatment,
which further confirms pronounced metallic properties. As
mentioned in Figure 1, we have observed that the direct Ar-
plasma irradiation onto fabricated PtSe,/SiO,/Si FET devices
leads to significantly increased leakage current in them. This
indicates that the charge density state of underlying SiO, might
have been significantly alternated by the plasma irradiation,
leading to unstable (generally high) I, even when V, =0V, as
presented in the Figure S1, Supporting Information. Figure 3g
shows the Raman spectroscopy characterization of the identical
2D PtSe, layers prepared with varying Ar-plasma treatment
times. While their relative peak intensity is observed to
decrease systematically, it is evident that 2D PtSe, layers still
well retain characteristic E; and A, peaks even up to 2 min Ar-
plasma treatment. A slight (~32%§ broadening of the E, peak
is noticed after the plasma treatment, which indicates a
localized breaking of the crystal symmetry in 2D PtSe, layers,
as previously reported.”* Moreover, the plasma-induced
decrease of both E, and A,, peak intensities is mainly
attributed to the loss of Se atoms, to be verified in the next
section. Additionally, we performed atomic force microscopy

(AFM) characterization and confirmed that this mild Ar-
plasma treatment does not significantly alter the overall
thickness of 2D PtSe, layers. Corresponding AFM topography
images and height measurement profiles, obtained from the
samples different from those used for Figure 3, are presented in
the Figure S2, Supporting Information.

Temperature-variant FET measurements were performed
with both pristine and Ar-treated 2D PtSe, layers to gain
insights toward better understanding the plasma-driven
conversion of semiconducting-to-metallic transports. Figure
4a shows representative I;,—Vy, FET transfer curves from a
sample of pristine 2D PtSe, layers with varying V, at 300 K. A
clear gate modulation is observed, indicating its intrinsic
semiconducting transport. Figure 4b presents I;—Vy, FET
transfer curves from the same sample under a fixed zero-gate
bias (i, V, = 0 V) at two different temperatures of 300 and
412 K. A 51gn1ﬁcant (~2.3 times) increase of I is observed
with increasing temperature by 112 K, which is a typical
characteristic of temperature-dependent carrier transports in
semiconducting crystals. Figure 4c shows I;;—Vy, FET transfer
curves from the identical 2D PtSe, layers after Ar-plasma
exposure with varying V, at 300 K. Unlike the obvious p-type
gate response observed in Figure 4b, the Ar-plasma-exposed
sample shows significantly suppressed V, dependency with
increased electrical conductance, similar to that in Figure 3e.
Upon increasing temperature from 300 to 412 K, the sample
also exhibits increased Iy, as shown in Figure 4d. However, the
degree of this current increase is much smaller than that
observed with the initially semiconducting pristine sample
(Figure 4b). Plots of temperature-dependent electrical
conductance ratio values with respect to that at 300 K, i.e,,
S/S8300» are presented for both pristine and Ar-plasma-treated
samples in Figure 4e. The pristine sample exhibits a much
stronger temperature-dependent conductance increase, reflect-
ing its intrinsic semiconducting nature and thermal generation
of charge carriers, consistent with the temperature dependency

https://dx.doi.org/10.1021/acsami.0c00116
ACS Appl. Mater. Interfaces 2020, 12, 14341-14351


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c00116/suppl_file/am0c00116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c00116/suppl_file/am0c00116_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00116?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00116?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00116?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00116?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c00116?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

observed with 2D MoS, layers.”®> Moreover, the Ar-plasma-
exposed sample exhibits a much weaker temperature depend-
ency of electrical conductance with a smaller increase of S/ S5,
i.e, ~1.3 compared to ~2.3 for the pristine sample at 412 K.
Although this slight increase of temperature-dependent
conductance deviates from the standard behavior of typical
metallic materials, this observation is fully consistent with
recent studies on the temperature dependency of “metallic” 2D
WSe, layers converted from their initial semiconducting
phases.”” This phenomenon must be attributed to the
“incomplete” closing of the band-gap energy of 2D PtSe,
layers and its associated hopping-dominated transports,*>
which will be verified in the next section through a DFT
calculation study. Moreover, thermal activation energy (E,)
values for majority carrier transports were calculated at a given
temperature, T, using the Arrhenius equation, i.e.,

o(T) = o, exp(—f—;), where o, is the electrical conductivity

at T = 0 K and k is Boltzmann’s constant. Figure 4f displays the

Arrhenius plots for both cases, revealing the linear relationship

oflnovs @, where E_ values can be extracted from the slopes

of the linear fittings. The activation energies of pristine and Ar-
treated 2D PtSe, layers are 134.43 and 62.04 meV,
respectively. The reduced E, value indicates relaxed band-to-
band transports in semiconducting 2D PtSe, layers after the
plasma treatment, further suggesting a reduction of their band-
gap energy, to be verified in the next section.

To better clarify the mechanism for the Ar-plasma-induced
semiconducting-to-metallic conversion, we performed exten-
sive structural and chemical characterization of 2D PtSe, layers
before/after the Ar-plasma treatment. Figure Sa,b presents the
XPS characterization of 2D PtSe, layers, comparing their core-
level spectra of Pt 4f (Figure Sa) and Se 3d (Figure Sb) in
pristine vs plasma-treated states. In Figure Sa, the red plot
obtained from 2D PtSe, layers in their pristine state
predominantly exhibits the characteristics peaks of Pt**
oxidation states, indicating stoichiometric PtSe,, fully con-
sistent with previous studies.”* Meanwhile, the blue plot
obtained from the identical 2D PtSe, layers after the Ar-plasma
treatment exhibits additional peaks that correspond to Pt°
oxidation states.”® XPS peak deconvolution analysis identifies
the areal ratio of Pt*"/Pt® to be 53:47, which leads to the Pt/Se
atomic ratio of ~1:1.1. The core-level spectra of Se 3d in
Figure Sb also exhibit characteristic peaks corresponding to
stoichiometric PtSe,, consistent with previous studies.** This
XPS analysis suggests that the Ar-plasma treatment leads to the
formation of elemental Pt atoms, i.e., increasing amount of Pt°
oxidation states without causing a noticeable change in the
oxidation state of Se atoms. The peak intensity decrease
observed in Figure Sb indicates a pronounced loss of Se atoms,
further to be verified by EDS characterization. Moreover,
extensive TEM characterization was performed to unveil a
possibility for the formation of any new crystalline phases
within 2D PtSe, layers induced by the Ar plasma. Figure 5c,d
presents low-magnification TEM images of 2D PtSe, layers
(left) and their corresponding selected area electron diffraction
(SAED) patterns (right) before and after the Ar-plasma
treatment, respectively. The TEM and SAED characterization
confirms no formation of additional crystalline phases, except
for hexagonal PtSe, crystals. Moreover, the dominant
appearance of (110) and (100) SAED ring patterns for both
samples indicates that individual 2D PtSe, layers are

horizontally aligned, which is well preserved irrespective of
the Ar-plasma treatment, consistent with the previous
studies.”® Figure Se shows EDS profiles obtained from the
2D PtSe, layers before/after Ar treatment, corresponding to
the TEM images in Figure Sc,d. Pristine 2D PtSe, layers
exhibit a stoichiometric atomic ratio of Pt/Se ~ 1:2 as
anticipated, consistent with the XPS characterization. How-
ever, it is interesting to note that the Ar-plasma treatment leads
to a Ptrich compositional change of Pt/Se ~ l:x, where x =
1.1-1.25, even though there is no signature of new crystalline
phase formation or significant structural transformation (SAED
in Figure Sd). This combined analysis of XPS, plane-view
TEM/SAED, and EDS indicates that 2D PtSe, layers turn into
Pt-rich due to a loss of Se atoms by the Ar-plasma treatment
while well retaining their original crystalline integrity. This
pronounced loss of Se over Pt caused by external Ar-plasma
energy is consistent with the recent observation of significant S
loss in 2D MoS, layers under in situ heating.’’ This
phenomenon is attributed to the intrinsically higher volatility
of chalcogen components over transition metals, owing to their
lower cohesive energies.”® The chemical conversion takes place
according to the following reaction

PtSe, — yPtSe2 + (1 —y)Pt+ (1 —y)Se, t
where 0.524 < y < 0.556 (1)

Detailed crystalline structures of Ar-plasma-treated 2D PtSe,
layers were characterized by HR-STEM, which was performed
for the sample corresponding to the low-magnification TEM in
Figure 5d. The HR-STEM image in Figure 5f clarifies the
structural distinction of 2D PtSe, layers after the Ar-plasma
treatment, revealing that tiny atomic vacancy-like areas
(typically ~1—3 nm) are “sparsely” observed throughout the
entire sample area. The red and blue box regions in Figure Sf
are zoomed-in and presented in Figure Sgh, respectively.
Interestingly, we note that Ar-plasma-treated 2D PtSe, layers
still well preserve their high polycrystallinity, as evidenced by
the clearly observed crystalline lattice fringes, particularly the
Moire fringe patterns in Figure Sg. We further carried out
cross-section TEM characterization of the Ar-plasma-treated
2D PtSe, layers, and the corresponding cross-sectional TEM
image is presented in Figure 5i. We observe that the horizontal
alignment of 2D PtSe, layers is well preserved even after the
plasma treatment accompanying the original vdW interlayer
spacing of ~5.3 A (the inset corresponding to the yellow box)
without any discontinuity of individual layers and significant
thickness change. We also performed STEM-EDS elemental
mapping on the Ar-plasma-treated 2D PtSe, layers to identify
the spatial distribution of constituting Pt and Se atoms. The
STEM-EDS elemental map images in Figure Sj reveal a
relatively higher intensity of Pt over Se at multiple locations
(red and blue circles), which was consistently observed
throughout the entire sample area. This very comprehensive
structural and chemical analysis suggests that the following
events must have occurred by being responsible for the
electrically observed semiconducting-to-metallic transition in
2D PtSe, layers; the mild Ar-plasma treatment employed in
this study neither significantly alters the original crystallinity
and thickness of 2D PtSe, layers nor introduces any new
crystalline phases. It mainly causes the decomposition of Se
atoms, which in turn results in the “spill” of Pt elemental atoms
achieving Ptrich (Se-deficient) PtSe, layers with x < 2.
Accordingly, a large concentration of “Se-deficient” atomic
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Figure 6. DFT calculation of 2D PtSe, layers in their various pristine forms. Monolayer 2D PtSe, with its corresponding (a) atomic configuration
and (b) band structure. Four-layer 2D PtSe, with its corresponding (c) atomic configuration and (d) band structure. Both the band structures are

presented along K-I'-M-K points in the hexagonal Brillouin zone.
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Figure 7. DFT calculations of 2D PtSe, layers containing atomic defects of various forms. Atomic configurations and their corresponding band
structures of 2D PtSe, layers containing single point defects of (a) Se vacancy and (b) nanopores. Atomic configurations and their corresponding
band structures of 2D PtSe, layers containing line defects, which expose (c) Se—Se, (d) Pt—Se, and (e) Pt—Se atoms on the layer edges sites.

vacancies and layer edge sites coupled with exposed Pt
nanoparticles formed within 2D basal planes will reduce the
original band-gap energy of 2D PtSe, layers by forming
percolated networks for efficient charge carrier transport. In a
way to more clearly highlight the structural transition of 2D
PtTe, layers introduced by Ar-plasma treatments, we also
compared the TEM images of samples before/after a relatively
longer plasma irradiation (>2 min) in the Figure S3,
Supporting Information.

To supplement the above experimental analysis and to better
clarify the origin of the defect-driven semiconducting-to-
metallic conversion, we employed density functional theory
(DFT) calculations and investigated the structure—property
relationship of 2D PtSe, layers. We extensively created various
defect states in pristine 2D PtSe, layers and compared their
electronic band structures by identifying band-gap energies.
We first studied the electronic properties of pristine 2D PtSe,
with varying numbers, i.e., one and four layers, as presented in
Figure 6. Figure 6a shows the atomic structure illustration of

14347

monolayer 2D PtSe, in-plane (left) and side (right) views.
Figure 6b presents the corresponding electronic band
structure, revealing a band-gap energy of ~1.36 eV. Figure
6¢,d presents the atomic structure illustration of four-layer 2D
PtSe, and the corresponding electronic band structure,
respectively. With the transition of one-to-four layers, the
band-gap energy drastically decreases to ~0.77 eV, which is
qualitatively consistent with previous DFT calculation
studies.””” Accordingly, 2D PtSe, multilayers (four layers, in
this case) still retain semiconducting transport properties,
which well agrees with our experimental observations (Figures
2e and 3d). For this DFT calculation, the lattice constant of
the hexagonal 2D PtSe, layer is set to be 3.73 A (Figure 6a,c)
and the thickness of each layer is optimized to be 2.58 with
~20 A vacuum in between each layer.

We then deliberately created structural defects of various
dimensions and types within the basal planes of pristine 2D
PtSe, layers and studied resulting electronic band structures.
Figure 7a presents the case of a single Se atomic vacancy
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Table 1. Overview of the Recently Developed FET Devices Based on 2D PtSe, Layers

layer number/thickness channel gate carrier
preparation method device fabrication (nm) device area dimension configuration type ref
CVD and mechanical exfoliation e-beam 8 micrometer micrometer back gated n-type 1S
lithography scale scale
mechanical exfoliation from commercial ~e-beam 2 micrometer micrometer back gated n-type  S1
crystals lithography scale scale
S micrometer micrometer back gated n-type
scale scale
CVD and transfer to secondary photolithography 2.5-3 centimeter centimeter back gated p-type 53
substrates scale scale
5-6.5 centimeter micrometer back gated p-type
scale scale
CVD photolithography 4 NA micrometer buried p-type 64
8 scale
12
plasma-assisted selenization photolithography 2.5 NA micrometer back gated P type 26
35 scale
CVD e-beam 3-10 nanometer nanometer back gated P type 65
lithography scale scale
mechanical exfoliation from commercial e-beam 3 micrometer micrometer back gated P type 66
crystals lithography scale scale
CVD e-beam 2—2.5 nm NA micrometer P type 17
lithography scale
CVD and transfer to secondary shadow mask ~3 nm centimeter micrometer back gated P type this
substrates scale scale work

present on the basal plane, whose atomic configuration is
illustrated in the top panel image. The bottom panel image
shows the corresponding electronic band structure, revealing
the band-gap energy of 0.56 eV, which is significantly smaller
than that of the 2D PtSe, layer without the defect shown in
Figure 6a. Figure 7b presents a 2D PtSe, layer containing a
large pore missing three Pt atoms and four Se atoms within its
basal plane, as illustrated in the top panel image. The
corresponding electronic band structure presented in the
bottom panel image exhibits that its band-gap energy is 0.07
eV, indicating that it is nearly metallic with an increasing
number of defects. The area densities of the Se vacancy
(Figure 7a) and the nanopore (Figure 7b) are set to be 5.2 X
107 atom/A* and 5.2 X 107 pore/A? respectively. Figure
7c—e presents the cases of line defects within the basal plane of
a 2D PtSe, layer, exposing three different types of atomic
defects on the 2D edge site, ie.,, Se—Se, Pt—Pt, and Pt—Se
atoms, respectively. While the Se—Se-exposed Pt-deficient 2D
layer exhibits a small band-gap energy of 0.24 eV (Figure 7c),
the 2D layers exposing Pt—Pt atoms (thus Se-deficient) and
Pt—Se atoms are nearly metallic (Figure 7d—e). This DFT
calculation indicates that semiconducting pristine 2D PtSe,
layers can be externally converted into metallic with an
increasing concentration of atomic defects toward Se-deficient
states, which is fully consistent with our FET and TEM
observations. Finally, we overview the geometrical and
operational parameters as well as preparation methods for
recently developed FET devices based on semiconducting 2D
PtSe, layers, as presented in Table 1.

B CONCLUSIONS

We irradiated wafer-scale CVD-grown few-layer 2D PtSe,
samples with controlled Ar plasma and externally converted
their intrinsic semiconducting properties into metallic trans-
ports, confirmed by FET measurements. By employing
extensive structural and chemical characterization, we identi-
fied that the plasma-irradiated initially stoichiometric 2D PtSe,
layers became Se-deficient while well preserving their overall

crystallinity. Furthermore, we performed DFT calculations and
clarified that Se-deficient defective 2D PtSe, layers gradually
close their band-gap energy with an increasing number of
atomic defects, introducing various midgap energy states. This
corroborative experimental and theoretical study fully accounts
for the origin of the externally modulated semiconducting-to-
metallic conversion in 2D PtSe, layers, suggesting their
extended technological implications for near-atom-thickness
electronic devices.

B EXPERIMENTAL SECTION

Material Synthesis. Wafer-scale 2D PtSe, layers were grown by
the CVD conversion of Pt thin films at 400 °C, as reported
previously.*® Pt thin films of controlled thickness were deposited on
Si0,/Si wafers by an electron beam evaporator (Thermionics VE-
100) at a fixed evaporation rate of 0.15 Als. Pt-deposited substrates
were placed in the center zone of a home-built CVD chamber
(Lindberg/Blue M Mini-Mite) with an alumina boat containing Se
powder preloaded at the upstream side. The CVD chamber was then
evacuated to a base pressure of ~1 mTorr and purged with Ar gas
several times. Subsequently, it was heated to the growth temperature
of 400 °C, which was retained for 50 min under a constant flow of Ar
gas at ~100 standard cubic centimeters per minute (SCCM).

Ar-Plasma Treatment. Two-dimensional (2D) PtSe, layers
prepared by the TRT method described in the main text were placed
inside the Ar-plasma chamber (Harrick Plasma, model PDC-32G).
Following initial evacuation down to ~10—25 mTorr, Ar gas of 10 psi
pressure was flown into the chamber at a rate of 20 mL/min,
achieving a chamber pressure of 204 mTorr using a gas flow controller
(PlasmaFlo PDC-FMG). Then, plasma was activated, and its power
was maintained at 11 W for controlled duration times (typically from
30 s to ~2—3 min).

Raman Characterization. Raman characterization was performed
using an inVia confocal Raman microscope system (Renishaw) in
ambient conditions at room temperature. A laser source of 523 nm
wavelength was used, and the excitation power was set to be 1 mW.

TEM/STEM Characterization. Structural and chemical analyses
of 2D PtSe, layers were performed using FEI F30 Cs-corrected TEM.
For plane-view TEM imaging, as-prepared 2D PtSe, layers were
transferred to copper TEM grids by the previously reported wet
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etching method.* Cross-sectional TEM samples were prepared by
focused ion beam (FIB) TEM lift-out techniques.

FET Fabrication and Characterization. As-prepared 2D PtSe,
layers were manually integrated on SiO,/Si wafers (SiO, thickness:
300 nm) by the TRT method described in the main text.
Subsequently, Au top electrodes (60 nm) were deposited by DC
sputtering through a shadow mask, defining the channel length to be
50 pm. All electrical measurements were performed with a home-built
probe station using an HP 4156 A semiconductor parameter analyzer.

Variant-Temperature Electrical Measurements. For temper-
ature-variant electrical measurements, devices were probed under
vacuum inside a Janis research ST-500-UHT micromanipulated probe
station, and the temperature was varied with a Lakeshore 336
cryogenic temperature controller. Electrical measurements were
carried out with a Keysight BISOOA semiconductor device analyzer.

DFT Calculations. DFT calculations were performed using the
Vienna ab initio simulation package (VASP), and the wave functions
were approximated with the projector-augmented wave (PAW)
pseudopotentials.’”®" The exchange-correlation functional was
described by the generalized gradient approximation (GGA) of
Perdew—Burke—Ernzerhof (PBE) parameters.””®> A cutoff energy of
500 eV was used, and geometry optimization was performed until the
energy convergence satisfied the criterion of 1.0 X 1077 eV/A. The
atomic positions of 2D PtSe, layers were relaxed from the optimized
geometry. The first Brillouin zone was sampled with the Monkhorst—
Pack grid of 6 X 6 X 1 k points for four-layer 2D PtSe, and 3 X 3 X 1
k points for pristine and defect-containing monolayer 2D PtSe,.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c00116.

Representative characteristics of I, vs Vg, with varying
V, obtained from an unoptimized FET device directly
irradiated with Ar plasma after its fabrication; AFM
image and height profile for a sample in its pristine state
and after a mild Ar plasma treatment; HRTEM images
of 2D PtSe, layers obtained before and after a prolonged
Ar plasma treatment (PDF)
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