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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) transition metal dichalcogenides (TMDCs) provide an opportunity to investigate diverse
2D material scientific phenomena at an atomic level and have effective technological potential. In recent times, unlike
PtSe,

conventional TMDCs, platinum diselenide (PtSey) has garnered considerable attention owing to its i) fascinating
electrical and optical features coupled with mechanical strain and ii) scalable synthesis method. However, its
local electrical/tribological/mechanical properties are yet to be examined in detail. In this study, we prepared
two different types of PtSes layers by controlling the thickness of the Pt-seed film: i) one with horizontal
alignments, which are made from ultrathin Pt films and ii) one with vertical and horizontal alignments, which
are made from a relatively thick Pt film. Then, the local tribological, mechanical, and electrical properties of
PtSe; were evaluated mainly with scanning probe microscopy (SPM). The local friction study unveiled the
marked friction variation depending on the layer directions. An additional study on the local mechanical
property indicated that the apparent modulus difference between the two growth directions can lead to dis-
similar friction behaviors. Furthermore, local current probing using SPM showed that PtSey with both layer
directions provides ohmic features to both directions, although the magnitude of conductance along the hori-
zontal direction is ~100 times smaller than that along the vertical one. On the contrary, PtSep with only in-plane
alignments is configured with multiple horizontal PtSe; layers, densely stitching themselves together one after
another with a very narrow trench region at their boundary. Surprisingly, a local current-voltage spectroscopy
analysis showed a small current gap on the bridged trench region, in contrast to the ohmic behavior of the grain
interior. This indicates that the local metal-to-semiconductor transition is available, owing to thin PtSe; layers in
the trench regions. The following study at macroscale showed how the overall electrical and thermoelectric
properties of PtSe; can be influenced by local structures triggered by the variation in Pt-seed thickness. The
results not only provide a new insight on better understanding the intrinsic features of 2D PtSey, but also offer
important characterization guidance on tailoring their functionalities.
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1. Introduction

Layered materials stacked with weak van der Waals (vdW) forces
have been in focus in the research community over the past two decades.
Since graphene was first discovered with its unique properties in the
perspective of various fields, other vdW-layered semiconductors, e.g.,
transition metal dichalcogenides (TMDCs), have gathered unprece-
dented interest owing to their fascinating electronic and physical
properties [1-5]. Most studies on TMDCs has primarily focused on 6
kinds of materials with a formula of MX; (M=Mo, W; X = S, Se, Te)
[6-8]. In contrast, apart from Mo or W-based TMDCs, Pt-based dichal-
cogenides had rarely been studied until the drastic bandgap shrink of
PtSe,, caused by the increase in thickness, was recently reported [9-11].
As the unusual behavior of the band structure can be interpreted based
on the strong interlayer interaction effect, PtSe, can be suitable for the
strain-engineering of an optoelectronic device [12] or a photocatalyst
[13]. Moreover, a theoretical study predicted that the phonon-limited
mobility of PtSe; at room temperature can be over ~4000 em?/V-s
[14], which is ~10 times higher than that of MoS,. From the perspective
of energy, like other nanomaterials[15,16], various 2D materials have
also been extensively studied, in order to improve the performances of
traditional thermoelectric materials [17,18]. Although it was predicted
that PtSe; should possess excellent thermoelectric properties due to its
strong coupling between strain and electronic band [19,20], related
experimental work is lacking [21].

Meanwhile, the synthesis of 2D PtSe; has been attempted using
various approaches; a summary and comparison among these methods is
presented in Table S1 of Supplementary Information. Among various
synthesis methods, direct selenization of Pt-deposited substrates can
form high-quality PtSes at low temperature [11,22] on an arbitrary
substrate, unlike the conventional Mo- or W-based dichalcogenide,
which relies on mechanical exfoliation or high-temperature chemical
vapor deposition with the transition metal oxide powder and chalco-
genide gas. Besides, a facile and scalable synthesis method of PtSe; can
be a great advantage in a variety of fields (i.e., electronic device, strain
sensor, and thermoelectric device [22,23]). However, in spite of the
such versatile attributes, several issues still remain unexplored. Partic-
ularly, chemical vapor deposition (CVD)-grown PtSe; consist of densely
connected 2D-PtSe; nanograins whose individual features can be gov-
erned by their intrinsic crystallinity, and layer thickness and/or orien-
tation [24]. Moreover, due to the strong interaction between the strain
and electronic properties of PtSe, [9], a thorough understanding of local
properties such as mechanical and electrical properties is required for
the novel device design, which, in turn, can help tune the preparation
conditions. To address the issues, local probing of a CVD-grown PtSe; at
the nanoscale is a crucial step for understanding the intrinsic role of this
local inhomogeneity in determining the electrical and mechanical
properties of 2D-PtSes.

In this study, we studied the correlations between morphology and
other electronic/tribologic/mechanical properties at the nanoscale. We
prepared two different types of PtSe; samples by varying the thickness of
the Pt-seed layer. First, using the friction force microscopy (FFM) study,
we found that the friction anisotropy depends on the growth direction,
making it feasible to distinguish the vertically standing PtSes from the
horizontal one. The following force-distance (FD) spectroscopy and
quantitative peak force microscopy (QPFM) exhibited that the friction
difference can be attributed to the apparent modulus difference between
the crystallinity directions, which is, in turn, related to the variation of
the tip-sample contact area. Next, conductive atomic force microscopy
(c-AFM) combined with FFM was employed to probe the conductivity
variation at the nanoscale level with regard to the growth direction and
other morphological variations. We could resolve the conductivity
modulation governed by the layer orientation and identified intergran-
ular trench regions where the local metal-to-semiconductor transition
occurred owing to the thinning of PtSe; layers. Such local findings can
help us understand the results obtained from the macro-scaled
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characterization (ultraviolet photoemission spectroscopy and thermo-
electric measurements) conducted at a macroscale level.

2. Experimental section
2.1. Sample preparation

Here, 2D PtSe; layers were formed on 300 nm-thick SiO,/Si wafers
using a home-built CVD system. Beforehand, Pt thin films of two
different thicknesses (0.75 nm and 8 nm, respectively) were deposited
on the substrate using an electron beam evaporator (Thermionics VE-
100) at a rate of 0.06-0.07 A/s. After the Pt-deposition on the SiOy/Si
substrate, Pt-deposited samples were positioned at the central heating
zone of a horizontal quartz tube furnace (Lindberg/Blue M Mini-Mite),
and an alumina boat with Se powder was placed inside the tube at the
upstream side of the furnace. The CVD chamber was evacuated to a
pressure of ~50 mTorr followed by purging with Ar gas. Subsequently,
the CVD furnace was heated up to the growth temperature of ~400 °C,
which was maintained for 50 min under a constant flow of Ar gas of
~100 standard cubic centimeters per minute (SCCM). After finishing the
CVD growth, we naturally cooled down the CVD furnace to room
temperature.

2.2. Raman characterization

The Raman spectra were measured using a confocal Raman micro-
scope system (LabRam Aram) at room temperature and open air. A
Neodymium-doped Yttrium Aluminium Garnet (Nd:YAG) laser with
wavelength of 523 nm was used, and the excitation power was set at 1
mW to minimize the surface damage. The Raman emission was collected
by the same objective and dispersed with the 1800 lines/mm grating.

2.3. Transmission electron microscopy (TEM) characterization

The crystal structures of as-grown 2D PtSes layers were analyzed
using FEI Tecnai F30 TEM with an acceleration energy of 300 kV. To
prepare a sample for TEM analysis, the buffered oxide etchant was
applied to 2D PtSe; layers grown on SiO,/Si substrates, and the sepa-
rated 2D PtSe; layers of the SiO,/Si substrate were mechanically scoo-
ped up to the TEM grid.

2.4. FFM and c-AFM to measure friction and conductivity

Scanning probe microscopy (SPM; Multimode 8, Bruker) was used to
measure the local friction and conductivity of PtSe; layers. For FFM, a
silicon tip with a nominal elastic constant of ~0.2 N/m was used in the
contact mode, and the value was precisely calibrated using the thermal
tune method [25]. The friction was measured by dividing the value of
the lateral distortion difference between forward and backward scan-
ning by two. For a detailed quantitative study, the measured lateral
signal was converted into Newtons using the wedge method [26]. For
the c-AFM study, we used a conductive Pt-coated tip with a nominal
elastic constant of ~0.2 N/m. The conductive tip was directly connected
to an ultra-low noise current preamplifier (gain = 107 V/A) to measure
local current, and a voltage bias was applied to a metallic sample plate.
Silver epoxy was used to make the current paths toward the metallic
plate. The background current noise was smaller than ~50 fA. Lastly, for
local F,—Ff spectroscopy in FFM [27], we used Cypher AFM with the
coding function (Asylum company). By coding a program, the Z-feed-
back was frozen, and the loading force was intentionally changed at
every scan line. The motion along the slow-scan direction was fixed, so
that only a single line can be repeatedly scanned. Thus, the disparity
between the forward and backward lateral signals can be continually
recorded during the variation in the loading force at each scan line.
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2.5. Quantitative peak force microscopy (QPFM)

QPFM (multimode 8, Bruker) repetitively obtained force-distance
curves whenever the cantilever was approaching/lifting at each pixel of
the entire scanned area (see Fig. S1). The topography information was
collected by maintaining the peak loading at each pixel. The mechanical
modulation of the tip was set at 80 nm at 2 kHz. The Z-piezo travel
distance was 25 nm. In the acquired force-distance curves, the reduced
modulus (E*) was estimated from the slope of the unloading curve using
the following equation based on the modified Hertzian model [28]:

3 (FL — Faan)

E' =-

P &

where R, d, Fi, and Fgqp, are the tip radius, deformation, loading force,
and adhesion force, respectively. The reduced modulus is given as

(2)

where E; (E) and v (1) are the elastic modulus and the Poisson’s ratio of
the sample (tip), respectively. vs and v, were estimated to be 0.3. To
minimize the effect of the tip, a very stiff silicon tip (E; =130 GPa,
k = 40 N/m) was used. For detailed quantitative analysis, the indenta-
tion radius of the tip was calibrated by measuring the modulus of the
SiO4 substrate (~72 GPa) [29,30]. Finally, Es; was calculated from the
measured E* using Eq. (2).

2.6. Seebeck coefficient measurement

For thermoelectric measurement, rectangular-shaped PtSey
(200 x 50 um?) was synthesized on SiO,/Si wafers by selectively

(a)
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depositing Pt-seed film on the substrate with a shadow mask. As shown
in Fig. S2(a) and S2(b), the microdevice, which includes a microheater
and two thermometers, was fabricated using electron beam lithography
(VEGAS3, Tescan Analytics). The Seebeck coefficient measurements were
conducted under high vacuum conditions of < 5 x 1076 Torr without
convectional thermal fluctuation. The temperature difference was cali-
brated using the temperature coefficient of the resistance of each ther-
mometer, which was measured by a lock-in amplifier (SR850, Stanford
Research Systems) during Joule heating of the microheater. As shown in
Fig. S2(c), in order to calibrate the temperature-voltage ratio for each
thermometer, the measurement was performed at two different tem-
peratures of sample base (i.e., for the 300 K measurement, T; = 300 K
and T5 = 303 K) The resistance of the thermometers was measured as a
voltage signal by a four-probe method (each thermometer has four
electrodes). Assuming a linear correlation between the thermometer
signal and temperature variation, the signal value was converted into
Kelvin. Finally, the Seebeck coefficient was calculated by measuring the
voltage difference induced by the temperature gradient (i.e., S = AV/
AT) [21,31].

3. Results and discussion

Fig. 1(a) shows the two available crystal directions of PtSe; that can
be developed during the CVD growth process. In general, owing to the
anisotropic bonding and surface energy minimization, vdW-layered
materials prefer to form a plate-like morphology, where the exposure
of active edge sites can be maximally suppressed (the top part of Fig. 1
(a)). Although a structure whose surface is entirely covered with the
edge sites is also attainable by vertically arranging the 2D layers (the
bottom part of Fig. 1(a)), it often becomes metastable owing to the
surface energy raised by the active edges.

Fig. 1. (a) 2D PtSe; with two different growth directions,
depending on the thickness of Pt-seed layer; (top) hori-
zontally aligned PtSe, nanoplates produced from ultrathin
Pt nano-islands; (bottom) PtSe, perpendicularly aligned to
the substrate, which is produced by thick Pt films. (b) TEM
images of the horizontally aligned 2D PtSe, layers (top)
prepared with Pt of 0.75nm and vertically aligned 2D
PtSe, (bottom) prepared with Pt of 8 nm. They are denoted
as Pt_0.75 nm and Pt_8nm. (c) Coverage ratio of vertically
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However, in this study, we developed two distinct types of 2D-PtSes:
(i) PtSey synthesized with a 0.75-nm-thick Pt-seed layer (referred to as
Pt 0.75 nm hereinafter) and (ii) PtSep, with 8-nm-thick Pt-seed layer
(referred to as Pt_8nm hereinafter), thereby overcoming the surface
energy issue with regard to the recent research result [22]. Subse-
quently, their crystal structures were confirmed using TEM. The top part
of Fig. 1(b) shows a typical TEM image of Pt 0.75 nm. The contrast
section displays heavy Pt atoms in PtSe; because the TEM intensity
scales with the atomic mass of elements. The TEM image of Pt 0.75 nm
resolved the configuration of Pt with a spacing of 0.32 nm. As illus-
trated, the value is well-matched with the (110) planes, indicative of a
top view of PtSe; along the c-axis. Combined with their polycrystalline
structures observed through low-magnification TEM, we can confirm
that Pt 0.75 nm is made up of horizontal PtSe, elements at different
azimuthal rotation angles. However, as indicated with the red arrows in
the large-scale image (Fig. S3), the TEM image of Pt 8nm displays
different patterns, apart from the top-view patterns. The area indicated
by the arrows was magnified (bottom part of Fig. 1(b)). In the TEM
image, the layers of PtSe; were well resolved along the thickness di-
rection, and the spacing between the layers was measured to be ~5.2 A,
which was consistent with the interlayer spacing of PtSey along the
(001) direction. Thus, we could synthesize two different types of
2D-PtSey: 1) Pt_0.75 nm (horizontal alignments) and 2) Pt_8nm (vertical
and horizontal alignments). Additionally, in order to clarify the effect of
thickness of Pt seed on the growth direction of PtSe,, the surface
structure of PtSey layers grown from Pt with various thickness was
systemically inspected by TEM and SAED (selective area electron
diffraction). As a result of Fig. 54, the areal coverage ratio of vertically
aligned 2D PtSe; layers was estimated from TEM images of each sample,
and the result was plotted in Fig. 1(c). Fig. 1(c) exhibits a clear trend that
the preferable crystal alignment of PtSe, layers pivoted from a hori-
zontal direction to a vertical one with increasing layer thickness of Pt
seed. The vertical ratio of PtSe; grown from 1 nm-Pt was estimated to be
as small as ~0.5%. The results are consistent with Fig. 1(b) and in
agreement with the previous result [22].
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The phonon properties of Pt 0.75 nm and Pt 8nm were characterized
by Raman spectroscopy. We found that the signal intensity of PtSe;
relative to Si mode (~520 cm 1) increased with the increase in the
thickness of the Pt-seed layer. That can be attributed to the thicker
coverage of Pt 8nm rather than Pt 0.75 nm. After the overall Raman
curves were normalized to the intensity of Si, two Raman spectra were
displayed in Fig. 1(d). As shown in the figure, two characteristic Raman
modes were detected. A; g (~179 cm ) and Eg (~207 cm™ ) corre-
spond to the in-plane and out-of-plane vibration motions of top and
bottom Se atoms inside an atomic layer, respectively. A longitudinal
optical (LO) peak attributed to the overlap of the in-plane (E,) and out-
of-plane (A3 ,) modes was weakly detected at ~235 cm’! as well. The
inset of Fig. 1(c) shows that the A; ¢/E¢ intensity ratio of Pt.0.75 nm
increases with an increase in the thickness of Pt seed (in black). The
results qualitatively agree with those of previous studies [22,32].
However, the Raman spectroscopy study failed to examine any spatially
resolved Raman features of Pt 8nm with two pronounced growth di-
rection differences. This can be attributed to the limited spatial resolu-
tion of Raman analysis as compared to the polycrystalline structure with
a size of several tens of nanometers.

Then, we characterized the tribological properties of two PtSe; films
using the FFM mode of SPM. Using a silicon cantilever, the half value of
lateral deflection difference between the two scanned directions was
considered as friction. For quantitative analysis, the calibration of the
elastic constant and lateral diffraction of the tip was conducted before-
hand [25,26]. Fig. 2(a) shows the large-scaled topography with the
corresponding friction distributions for both samples. The scanning area
was 1 x 1 pmz, and the loading force, and a scan rate were set at 4 nN
and 1 Hz, respectively; the loading conditions were gentle so that
neither tip wear nor sample surface scratches were detected. Some
contaminants were observed on the surface. However, as they could be
easily swept out by repetitive scanning while keeping the rest region
intact (Fig. S5), they were disregarded in the analysis. As shown in Fig. 2
(a), the average roughness of the Pt_0.75 nm topography was ~0.3 nm,
indicating a smooth polycrystalline structure. Accordingly, a

(a) topography friction (b) Fig. 2. (a) SPM topography (left) and friction (right) im-
10nm & 10nN ages obtained for the 2D PtSe; produced from Pt-seed films
with two different thickness (0.75 (top) and 8 nm (bot-
€ tom)). (b) Friction loop obtained in three different regions
u:': 1 (Pt_0.75 nm, Pt 8nm(//), and Pt 8nm(4)). (c) Representa-
S 2 tive local load-friction spectroscopy results obtained for
& £ 0 Pt 0.75 nm, Pt 8nm(//), and Pt_8nm(1)). The fitting lines
o c based on the linear model were plotted together using the
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homogeneously low friction distribution of ~3 nN was measured over
the entire area. On the contrary, Pt 8nm exhibited some areas that
became crumpled with a height of a few tens of nanometers above the
surface in the topography; moreover, the corresponding friction
increased remarkably by tens of nN. On the other hand, the remaining
area still remained almost flat, keeping relatively smooth roughness (~
0.9 nm) and low friction (~4 to ~5 nN). With regard to the large
scanned area of Pt 8nm (Fig. S6(a)), the high-friction region was esti-
mated to cover ~45% of the entire area. The value is close to the pre-
viously reported coverage ratio of vertical PtSe; of Pt 8nm [22]. Thus,
we concluded that the protruded regions with high friction, observable
only in Pt 8nm, can be attributed to the vertical PtSep, while the flat
regions with low friction observed in both samples represent the hori-
zontal PtSe; layers. The corrugated morphology can be understood with
respect to total energy minimization. When the Pt seed is extremely thin
(i.e., 0.75-nm Pt in our study), it is preferable to suppress the generation
of active edge areas at the cost of selenization-induced strain energy to
reduce the overall energy. However, the balancing trend can be altered
for the thick Pt-seed layer (i.e., 8-nm Pt), where the gain of strain energy
overwhelms a loss of surface energy, allowing vertical growth. Once
vertical growth becomes allowable, the growth rate can significantly
increase owing to the intrinsic growth attribute of vdW-layered mate-
rials; the intralayer diffusion is preferable to the growth-crossing vdW
space. As a result, the crumpled regions of Pt 8nm accommodate
bunches of vertical PtSe; layers with various vertical lengths, which
eventually aggravates the surface smoothness and also makes it difficult
to explore the intrinsic friction properties of PtSe;. Therefore, the
growth pattern can be somewhat tuned by changing the accumulation
degree of strain energy through CVD growth parameters [33], templates
[34], or e-beam irradiation [35], etc. To examine the intrinsic tribo-
logical properties, we inspected the inside of a single PtSe, grain with a
scan size of 10 nm at 1 Hz (Fig. S6(b)), avoiding the grain edges. The
representative friction loops of Fig. 2(b) visualized the intrinsic friction
trend of Pt 0.75nm and horizontal and vertical regions of Pt 8nm
(denoted as Pt 8nm(//), and Pt_8nm(L), respectively). The half-height
and enclosed area of the loop can be interpreted as the friction and
dissipated energy occurring during the friction process, respectively.
While Pt 8nm(L) shows the widest loop (the highest friction),
Pt 0.75 nm exhibits the narrowest shape (the lowest friction). Mean-
while, Pt 8nm(//) exhibited a little broadening compared with
Pt 0.75 nm, thereby indicating that their friction difference is margin-
ally small. Accordingly, the dissipated energy values were estimated to
be 18 x 1078, 8 x 1078, and 11 x 1078 J for Pt 8nm(1), Pt 0.75 nm,
and Pt _8nm(//), respectively. The tribological difference among the
three regions can be verified more evidently based on normal load vs.
friction (F,-Ff) spectroscopy results (Fig. 2(c)). To exclude the grain
edge effect, a 10-nm single line inside a single grain was continuously
scanned to obtain the F,-F spectroscopy results at a few different po-
sitions for each case. As shown in the representative F—F¢ curves of
Fig. 2(c), the linear friction behaviors typically appeared, regardless of
sample type or scan position. Such linear dependence between friction
and loading force is associated with multi-asperity contact, where the
elastic deformation is prevalently considerable [27,36,37]. Therefore,
we could fit the measured F,—Ff curves to the following equation:

Ff':ﬂ(Fn_F()),' 3

where p is the friction coefficient and Fy is the adhesion force, which is
determined at zero friction force. The average friction coefficients, ob-
tained from different positions, are presented in Fig. 2(d). Each error bar
indicates the standard deviation value. As shown in Fig. 2(d), the friction
coefficients of Pt 0.75 nm, Pt_ 8nm(Ll), and Pt 8nm(//) were ~0.15,
~0.32, and ~0.19, respectively, validating the trend of the previous
friction loop analysis. Compared to Pt_8nm(//), the highest y, the dif-
ference between Pt 0.75 nm and Pt_8nm(//) was relatively small. The
small difference between two horizontal PtSe; can be qualitatively
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understood as the 2D-multiple spring model[38] where the total lateral
stiffness is reciprocally proportional to the layer number. Therefore,
thickness-dependent friction difference is rapidly enhanced only when
the layer number decreases to mono-or few-layers; otherwise, the
declining rate of friction will be pretty mild for the decreasing number of
layers. On the other hand, the adhesion force was measured to be as
small as ~3 nN for the three regions. Since the surface energy is more
directly proportional to the adhesion rather than friction coefficient
[39-41], the trends discrepancy between adhesion force and friction
coefficient implies that the contribution of the surface energy to the total
friction seems to be insignificant in our FFM test condition. Pretty often,
as the moisture in the ambient condition or the surface oxygen tends to
significantly increase the adhesion force [37,42], the oxidation-resistant
attribute [23] of PtSe; is considered to keep the adhesion force at a
sufficiently low level. As depicted by the X-ray photoelectron spectros-
copy (XPS) data of Fig. S7, the entire Pt 4f spectra can be assigned to
Pt**, corresponding to PtSe, for both samples, without any
oxidation-related states in the Pt4f spectra (Fig. S7(a) and (b)). More-
over, based on the XPS spectra, the chemical ratio of Pt/Se of both
samples was estimated as ~53% (Fig. S7(c)). Therefore, we could
confirm that the PtSe; samples exhibited the stoichiometric coordina-
tion at the atomic level without the oxidation effect [22,43]. Addition-
ally, such poor adhesion difference could be partially associated with
small loading force and small tip radius regime like in the conditions of
our FFM test [41].

Furthermore, to qualitatively establish the reason for a regional
frictional difference, FD-curve spectroscopy was conducted over the
corresponding regions of Pt 0.75nm, Pt8nm(//), and Pt 8nm(L),
respectively. Based on the complete trace of the FD curve (Fig. S8), we
magnified the contact/retract regimes as shown in Fig. 3(a), where the
slope of the curve increased in the order of Pt 0.75 nm > Pt 8nm(//)
> Pt_8nm(L). Moreover, the hysteresis area caused by the discrepancy
between the contact/retract processes increases in the same order. Fig. 3
(b) and (c) present the slope values of the tangential region and inte-
gration values of the hysteresis area, respectively, for Pt 0.75 nm,
Pt 8nm(//), and Pt 8nm(L). As shown in the figures, the slope and
hysteresis area were assessed in the same increasing order as that of
friction. Additionally, the adhesion force magnitude of Pt 0.75 nm,
Pt_8nm(L), and Pt_8nm(//) is similar enough to imply that the surface
energy made only a minor contribution to friction in the small loading
force regime of ~10 nN, like FFM test conditions. Thus, we assumed that
the observed friction variation might have been dominated by the
modulus-induced contact area difference [44,45] between the tip and
sample, which would result in more energy dissipation and higher
friction. Since Pt 8nm(L) possesses more vdW spaces on its surface,
tip-induced surface deformation could be greater than others.

To validate our hypothesis, a more quantitative and statistical
characterization of mechanical properties was conducted with QPFM,
where FD spectroscopy analysis was conducted at every scan point.
Based on Fig. S1, adhesion force, energy dissipation, and deformation
values were determined. The modulus value of the sample can be
extracted from the slope of the FD curve using Eqgs. (2) and (3). Specif-
ically, to minimize the effect of the tip, a stiff Si tip was used, and its
contact radius was precisely calibrated in reference to the modulus of
SiO9 [29,30], which allowed the modulus to be quantitatively analyzed.
Fig. 3(d) shows the spatial distributions of the topography, adhesion
force, energy dissipation, modulus, and deformation of PtSe;, which
evolved with the thickness of the Pt-seed layer. The corresponding signal
distributions are plotted in Fig. S9. The QPFM results for Pt 0.75 nm (the
upper row images) reveal the homogeneous distributions of high
modulus, low deformation, low energy dissipation, and low adhesion
force over the entire surface. However, in the case of Pt_8nm, the spatial
correlations of mechanical parameters with the corresponding topog-
raphy were observed. In other words, for Pt 8nm(L) (high region as per
topography), we identified a low modulus, high deformation, and high
energy dissipation with a slight increase in adhesion. However, for
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Fig. 3. (a) F-D curves measured on (top) Pt 0.75 nm, (middle) Pt 8nm(+), and (bottom) Pt 8nm(//), respectively. Specifically, the contact/retract regimes were
magnified from Fig. S9. The arrows indicate the direction of the SPM probe movement. (b) Force slopes of the F-D curve during the loading process. (c) Integration of
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images acquired for (top) Pt_0.75 nm and (bottom) Pt 8nm.

Pt 8nm(//) (low region as per topography), the opposite trends were
observed in the mechanical parameters. As a result, we found that the
overall distribution of Pt 8nm was more dispersed than that of
Pt_0.75 nm (Fig. S9). Thus, we verified our hypothesis about the origin
of the friction differences by revealing the relationship between the
mechanical properties and friction. As friction is proportional to the
contact area at the nanoscale [36,46], the lower modulus of the sample
leads to a larger contact area, which increases the deformation and
energy dissipation. However, a larger modulus can induce a smaller
contact area, which results in lower deformation and lower energy
dissipation. As mentioned earlier, we found that coupling with adhesion
was present but not strong. This can be attributed to both the oxidation
-resistant surface of PtSe; and the magnitude of loading force. However,
the site-dependent adhesion difference became observable in a QPFM
study, owing to the high loading force regime (F.< ~100 nN). The
relatively greater increase in the adhesion force was of Pt_8nm(Ll) may be
related to the more exposed active edge sites with lower modulus than
the other regions. In addition, we considered a competing effect (called
the “puckering effect”). If the puckering effect becomes dominant, more
significant friction should be observed in Pt 0.75 nm than in Pt 8nm.
However, the puckering effect has been reported on the exfoliated
vdW-layered material weakly attached to the substrate [47], which is
not similar to the directly synthesized case as in this study [48]. Thus,
the puckering-induced contact area difference was precluded in our
samples.

Next, the electrical property of PtSey was investigated. In advance,

ultraviolet photoemission spectroscopy (UPS) was performed to identify
the surface electrical properties at macroscale. The energy region near
the Fermi level (Er defined at 0 V) was suggested as shown in Fig. 4(a).
The valence band maximum (VBM) was estimated from the onset energy
determined based on linear extrapolation (magenta-dashed lines). As
shown in Fig. 4(a), there existed a small gap of ~0.1 V between the VBM
and the Er on the surface of Pt_0.75 nm, reflecting the semiconducting
property. However, for Pt 8nm, the VBM exhibited an up-shift making it
equivalent to Ep, indicative of the metallic property. Our results agree
with those of a previous transistor-based study, suggesting the avail-
ability of semiconductor-to-metal transition in CVD-grown PtSe, with
the increasing thickness of the Pt-seed film [22]. However, the previous
study ambiguously speculated over the transition phenomena, owing to
the absence of local characterization. Therefore, c-AFM combined with
FFM was employed to investigate the local electrical conductivity of 2D
PtSes  films. Fig. 4(b) exhibits 1 pumx 1 um-scaled top-
ography/friction/current images under the sample bias (Vg) of —0.1 V.
The FFM study made it easy to discern the differences among
Pt 0.75 nm, Pt_.8nm(//), and Pt_ 8nm(L). The entire surface area was
observed to be configured with tiny current spots with good uniformity
on Pt 0.75 nm. The current magnitude of the spots was as small as
~2 nA. However, on Pt 8nm, a more coarsened spatial distribution was
observed in the current image, and the measured current scale was
significantly expanded to over a few hundred nanoamperes. Based on
the FFM image of Fig. 4(b), it is clear that such high-conductance regions
correspond to vertical PtSep, while the low-conductance regions



J.H. Kim et al.

topography

friction

Nano Energy 91 (2022) 106693

(a) (b)
Sk —Pt0.75nm
s
> ~0.1V £
3 6
g il
L, . e T &
24 20 16 12 08 04 0.0 -04
Binding Energy (eV)
S — Pt_8nm
st £
21 ~ &
2 oV 5
&t
=N L : . A MELLL 5
24 20 16 12 08 04 00 -04

Binding Energy (eV)

( ) topography

counts (a.u.)

200 400
current (nA)

400 200

— Pt8nm(//) 10
— Pt8nm(L)

20
<€
£

0 5

5
[&]
-20
-40
05 0.0 0.5

sample bias (V)

Fig. 4. (a) UPS for the valence band of Pt_0.75 nm (top) and Pt_8nm (bottom). (b) SPM topography (left), friction (middle), and current (right) images obtained for
Pt_0.75 nm (upper row) and Pt_8 nm (bottom row). The sample bias is — 0.1 V. The friction contrast shows a strong positive correlation with the conductivity. (c) The
current distribution evolved by varying the voltage bias of Pt_0.75 nm (top) and Pt_8 nm (bottom). (d) Topography (left upper) and the corresponding friction image
(right upper) of Pt 8nm. The dramatic reversal of contrast was observed in the current images when the sample bias voltage switched from + 0.1 (left bottom) to —
0.1 V (right bottom). The current variation is more significant in Pt_ 8nm.) with high friction rather than in Pt 8nm(//) with low friction. (e) Representative local I-V

curves that were obtained for Pt 8nm.) (black) and Pt 8nm(//) (red), respectively.

correspond to horizontal PtSe;. Fig. S10 shows how the current con-
figurations significantly evolved by varying the bias conditions. Their
voltage-dependent current responses are compiled in Fig. 4(c). As shown
in the figure, when varying the sample bias voltage within the range of
=+ 0.5V, a negligible increase in the current in Pt 0.75 nm was observed
with a span of + 15 nA. The bias polarity-dependent rectifying behavior
was not clear. In comparison, Pt 8nm exhibited more exotic current
behavior. The available current range surged up to a few hundred
nanoamperes, and high-conductance regimes (of several hundreds of
nanoamperes) exhibited a narrower current distribution and more sen-
sitive voltage responses as compared to the low-current regimes. Based
on the analysis of the current configurations shown in Fig. S10, we found
that such a narrow current distribution was not obtained from Pt_8nm
(//) but from Pt 8nm(L), regardless of the voltage level or its sign.
Meanwhile, the low-current regimes of Pt 8nm(L) exhibited very mild
voltage responses, similar to what was observed for Pt_0.75 nm.

For a thorough analysis, the area of Pt 8nm (250 x 250 nmz) was
scanned (Fig. 4(d)). Compared to Pt 8nm(//) with low friction, the
current on Pt_8nm(L) with high friction responds more sensitively to the
switching of Vg from 0.1 to —0.1 V. The sharp difference of electrical
features between Pt 8nm(//) and Pt_8nm(L) can be thoroughly exam-
ined using the local current vs. voltage (I-V) spectroscopy results, which
were obtained for both Pt 8nm(//) and Pt_8nm(4), respectively (Fig. 4
(e)). As shown in the plot, Pt 8nm(L) exhibited ohmic behavior, where
the current is proportional to the voltage bias, and the slope

corresponding to conductance was estimated to be as high as
~3700 nA/V within the range of + 50 mV. The reduced current slope at
the high-bias regime is likely to be associated with the instrumental limit
of a current preamplifier. Interestingly, Pt 8nm(//) also exhibited an
ohmic response, even though the conductance slope is no more than
~30 nA/V within the same voltage range. The ratio between the slopes
of Pt 8nm(//) and Pt_8nm(4) is as high as ~120. Such large conductance
difference is qualitatively explained by the intrinsic mobility anisotropy
of 2D materials [49,50]. On the region of Pt 8nm(1), the tip-injected
carrier should be predominantly driven through in-plane transport,
where the mobility is ideally limited only by intrinsic phonon vibration.
However, on Pt_8nm(//), carriers must overcome the potential vdW gap
using several tunneling or hopping processes so that total conductivity
can be confined [51]. However, despite their conductance difference,
the commonly observed ohmic features indicate that both Pt 8nm(1) and
Pt_8nm(//) possess good electrical conductivities.

More interesting results were obtained for Pt 0.75 nm. Fig. 5(a)
presents the topography of Pt_0.75nm (80 x 80 nm? top), together
with the corresponding current images captured at Vg = —0.1 and 0.1 V
(bottom). The topography indicated that the surface is configured with
nanograins at a length scale of ~20 nm. This image is consistent with
previous TEM results, indicating that Pt 0.75 nm is composed of hori-
zontally bridged PtSe; nano-islands with individually different
azimuthal orientations. In addition, trench-shaped depressions were
observed in the intergranular bridge regions whose apparent width was
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semiconductor-metal junction.

approximately in the length scale of a few to ~10 nm range. The depth
of the trench extended by ~0.5 or ~1 nm below the surrounding grains,
which corresponds to the thickness of mono- or bi-layered PtSe;. How-
ever, a more precise assessment of the shape was frequently hindered
owing to the tip-sample convolution effect and the thermal drift of the
scanner. By analyzing the accompanying current images, we found that
the current level of bridge regions stayed near zero, even though the
adjacent grain interiors exhibited a sensitive alteration of current for
bias variation. To visualize the trend in detail, the representative cross-
section profiles (Fig. 5(b)) were obtained from the topography and the
current images along the dashed lines of Fig. 5(a). In contrast with the
interior of grain, where the voltage-driven current reversal was clear,
almost zero-current was obtained inside the bridged regions, regardless
of switching from —0.1 to 0.1 V.

The regional conductance difference of Pt_0.75 nm can be confirmed
by local I-V spectroscopy. As shown in Fig. 5(c), a noticeable difference
was observed in the conductivity of the two regions. When compared
with Pt 8nm(//) in Fig. 4(e), the grain interior still exhibits ohmic cur-
rent behavior with comparable current range. However, in the bridge
regions, the current level was depressed by nearly an order of magni-
tude, and a small current gap, less than ~0.2 V, emerged (inset of Fig. 4
(c)), reflecting non-ohmic features [52,53]. Combined with the results of
UPS (Fig. 4(a)) and a transistor device study [22], it is reasonable to
ascribe the non-ohmic current behavior at the bridged region to the
semiconducting property confirmed at the macroscale level. Considering
the previous empirical result, that the thickness of PtSe; tends to expand
by ~4 or ~5 times during the growth process relative to the Pt-seed film
[22], the thicknesses of Pt 0.75 nm and Pt 8nm are in the scales of
4-5 nm and 30-40 nm, respectively. As the PtSe; layers grow, the en-
ergy level of the VBM tends to increase, because the antibonding p,
states of Se dominate the VBM [9,43]. Thus, Pt_8nm closes the bandgap,
irrespective of its vertical growth length, resulting in the metallic state.
However, the band energy of ultrathin and horizontal PtSe; is affected
by the interlayer coupling and screening, and the monolayer- or
bilayer-thinning effect at the bridge region would be discernable at
Pt 0.75 nm. Fig. 5(d) shows an available growth scenario of Pt_0.75 nm,
with the corresponding energy diagram where a
metal-semiconductor-metal junction is formed at the bridge region with
the adjacent metallic PtSe; nanograins. Therefore, the semiconducting

property observed in the UPS results indicates that
metal-semiconductor-metal at device scale will not completely disap-
pear until the number of layers of PtSe; increases sufficiently. According
to our previous field-effect transistor (FET) study[22], the semi-
conducting property would occur only when the thickness of Pt was
thinner than 1 nm.

Based on the thermoelectric device, the scalable growth of PtSe, at
low temperature may provide opportunities for fabricating highly effi-
cient thermoelectric devices. To test this possibility, we fabricated a
thermoelectric microdevice (Fig. S2) and measured the Seebeck co-
efficients of Pt_0.75 nm and Pt_8nm. The results were displayed in Fig. 6.
The relatively high Seebeck coefficient of ~1150 pV/K was measured at
Pt_0.75 nm, while at Pt_8nm, the coefficient decreased to ~40 pV/K. For
both PtSe; samples, the positive Seebeck coefficient (p-type doping) was
achieved by lowering Er toward the valence band, which agrees with the
previous FET results[22] as well. As confirmed by the previous UPS and
our previous FET results, such a large Seebeck coefficient of Pt_0.75 nm
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Fig. 6. Seebeck coefficient behavior of CVD-grown PtSe, (black squares). For
comparison, the Seebeck coefficients obtained from exfoliated PtSe, (Ref. [21])
were plotted together (red stars).
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is associated with metal-to-semiconductor transition (MST) at the
thickness-modulated PtSe,. The Seebeck coefficient is governed by the
local density of state (DOS) near Eg; thus, the coefficient of metal tends
to be small and changes little. However, in semiconductors, the closer
the Ef shifts toward the edge of VBM, the greater the gradient of local
DOS becomes, substantially increasing the Seebeck coefficient.[54]
Especially while MST occurs, the Seebeck coefficient changes dramati-
cally in order to reconstruct electronic structure [54,55]. Since our
preceding c-AFM study clearly revealed that thickness-driven MST
emerged at intergranular trench regions, we think that Seebeck coeffi-
cient of Pt_0.75 nm is dominantly impacted by MST at the thin PtSe; of
the local bridge regions, where Er could be positioned near the VBM
located along I'-K points [19,22]. Besides, such narrow trench structures
could additionally cause the energy filtering effect [56,57] to promote
the Seebeck coefficient, with virtually no harm to electron transport. If
the bridge region with semiconducting property can work as an energy
barrier to effectively screen the low-energy carriers (or minority car-
riers), Seebeck coefficient can eventually increase even more. Indeed,
the high mobility of ~625 cm?/V in our previous FET study[22] sup-
ports our assumption that the scattering effect to transport in the bridge
region is still below an allowable range. However, such a local effect
should become insignificant for Pt 8nm, which is entirely metallic,
thereby substantially reducing the overall Seebeck coefficient. The
MST-related boost-up of the Seebeck coefficient was reported from the
exfoliated PtSe, with various thicknesses [21]. For comparison with our
results, the Seebeck coefficient results were plotted together, as shown
in Fig. 6 (red stars). In the study, bilayer PtSe; exhibited a comparably
high Seebeck coefficient crossing MST. It was computed that the Seebeck
coefficient of PtSe;[21], like PdSe,[58], would theoretically not be
significantly affected by the decrease of thickness in the metallic regime.
Besides, according to our recent report [22], the conductance at 0 V-gate
bias monotonically decreased with thickness and the band gap energies
become zero, regardless of their vertical lengths in the regime. There-
fore, it is anticipated that thermoelectric power factor (defined as the
product of the squared Seebeck coefficient and electrical conductivity)
should be dominated by the conductivity and be reduced with the
decreasing thickness before MST. However, after crossing MST, the
power factor will be enhanced by Seebeck value and controlled by the
gate-voltage variation. As thermoelectric performance can have an
optimal thickness between the two competing effects, the exact expla-
nation needs further investigation.

To the best of our knowledge, the role of the local MST effect present
only in the scalable PtSe; has never been discussed before. Mo- or W-
based TMDCs suffer from thickness-indifferent Seebeck coefficients,
owing to their relatively mild band modulation with respect to thickness
[59,60]; our results, based on CVD-grown PtSe,, suggest that the
availability of large-scaled PtSe; is promising for the future.

4. Conclusions

Although versatile properties of PtSes pave a way for a new class of
2D devices, due to its unique correlations among thickness, structure,
and other properties present potential challenges. In this study, we
prepared two kinds of 2D PtSe; by controlling the thickness of Pt-seed
film: (i) one with horizontal alignment and (ii) one with vertical and
horizontal alignments. Based on the SPM measurement, the study on
local friction showed that the friction of 2D PtSey with different growth
direction configurations exhibited distinctively different behaviors,
owing to the modulus-induced contact area variation. On the other
hand, the study on local conductance suggested that PtSe, with both
layer directions maintains the metallic state for both growth directions,
despite the significant conductance disparity. However, the sample with
the horizontal alignments exhibited the semiconducting behavior in the
intergranular region in contrast to the metallic grain interior. Consid-
ering electrical and thermoelectric applications, local MST of PtSe;
layers in intergranular regions can severely affect the device-scale
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properties of PtSes. This work provides key techniques to characterize
the intrinsically anisotropic features of 2D PtSe; and indicates a broad
potential of PtSe, in multifunctional applications.
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