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ABSTRACT: In this work, we, for the first time, observed the remarkable on o 500 p-type n-type
¢ s=0 > s=1%

thermoelectric properties of a few high-quality PtSe, layered films — ose
fabricated by a post selenization of Pt thin films. An excellent power
factor of 2200 pW/mK? with a Seebeck coefficient of >100 ;V/K in the
PtSe, layered film of 10 layers can be experimentally demonstrated over a
wide temperature range, which is much better than those of most of the
two-dimensional materials reported in the literature. Optical absorption
spectra and DFT (density functional theory) calculations indicate a
semiconductor—metal transition at a critical thickness once the thickness
increases from 7.7 (1S layers) to 14.3 nm (30 Layers). The results are . Tommeraue (00 Tomperaove 00"
consistent with the experimental results of the dramatic reduction in the

power factor, the magnitude of the Seebeck coefficient, and the resistivity when the thickness increases from 7.7 (15 layers) to 14.3
nm (30 Layers). Nevertheless, the semiconductor—metal transition would occur when the thickness increases from 1.5 nm (3 layers)
to 2 nm (4 layers). To figure out this unusual performance, a detailed material examination has been conducted. After the
transmission electron microscopy examination, ~7% biaxial compressive strain built in the polycrystalline PtSe, thin film can be
observed. The strain, as revealed by our DFT calculations, plays an important role in opening the electronic energy gap and hence
significantly improves the thermoelectric performance. Boltzmann transport calculation results suggested that both the strain and the
hole concentration in the p-type specimens are well optimized. We further propose that an even better power factor can be achieved
with n-type-doped PtSe,.
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1. INTRODUCTION monolayer opens the ways to its applications in optoelec-
tronics.' "> Several groups also have demonstrated that some
TMDCs, such as MoS,"* and WS,,"° have a large magnitude of
the Seebeck coefficient. However, their low electrical
conductivity deteriorates their thermoelectric performance,
which makes them being incompatible with common thermo-
electric materials, such as Bi,Te,'* and Sb,Te;."> Although the
reported thermoelectric results of some TMDCs are not good,
the TMDCs with a tunable bandgap and a high mobility such
as PtSe, would be promising candidates as excellent thermo-
electric materials.** The electronic structure of the PtSe,
layered film is highly sensitive to its thickness. An unstrained
single-crystalline monolayer PtSe, is a semiconductor with a

Thermoelectric power generators, which can directly harvest
electrical energy from a temperature gradient, have attracted
great attention in resolving the escalating energy crisis.' > The
thermoelectric efficiency governed by the figure of merit, zT =
S*6T/k, is used to reflect the efficiency of thermal energy
conversion where S, o)k, and T represent the Seebeck
coeflicient, electrical conductivity, thermal conductivity, and
absolute temperature, respectively. Among variously available
materials for thermoelectric applications, two dimensional
(2D) layered semiconductors, especially transition metal
dichalcogenides (TMDCs), have been attracted intensive
attention because of their special properties and potential for

electronics.”™®

TMDCs are layered structures with transition metals (i.e., Received: November 11, 2020 il
Mo, W, and Ta) at the center sandwiched by two chalcogen Revised:  February 12, 2021
atoms (S, Se, and Te). Owing to the various combinations of Published: May $, 2021
transition metals and chalcogens, they exhibit diverse proper-
ties, promising for versatile applications.”'® For example, the

indirect-to-direct band gap transition in MoS, from the bulk to
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Figure 1. (a) Schematic process for fabrication of PtSe, layered films. (b) Characteristic Raman spectrum of the PtSe, layered film. (c,d) Cross-

sectional and top view TEM images of the PtSe, layered film.

band gap up to 1.3 eV, and it becomes metallic when its
thickness increases to three layers.'®"”

Moreover, it has been reported that the PtSe, layered film is
suggested as a good thermoelectric material because of its
pudding-mold type electronic structure, consisting of a
dispersive and flat portion, which is beneficial to the
coexistence of a large magnitude Seebeck coefficient and
high electrical conductivity.'®'” In addition, the electronic
structure of the PtSe, layered films is sensitive to not only the
thickness but also the strain.”>*" It has been predicted that the
biaxial strain can significantly enhance the thermoelectric
performance of the monolayer PtSe, layered films with both n-
type and p-type doping treatments. Although the previous
calculation results suggested that the PtSe, layered film would
be a good thermoelectric material, no experimental demon-
stration of the thermoelectric performance of the PtSe, layered
films has been reported yet. PtSe, can be fabricated by two
kinds of methods, one is the top-down method, which is
mechanical exfoliation,”** the other is the bottom-up method,
including chemical vapor deposition (CVD)**** and post-
selenization.””*' Fabrication of PtSe, with a single domain and
less defects using the top-down method can be the best
method. However, the size of PtSe, is small, which is not
suitable for mass production. On the other hand, the CVD
process can also provide highquality PtSe, layered thin films
with a single domain but a small size.

In this regard, we fabricated PtSe, layered films using the
selenization process on Pt thin films, which provided a larger
area with a patternable process for mass production. Moreover,
the PtSe, thin film exhibits a great thermoelectric performance
with a good thermoelectric power factor, a large magnitude of
the Seebeck coeflicient, and low resistivity in the specimens of
thickness < 7.7 nm (1S layers). The results also reveal a
semiconductor-to-metal transition with a critical thickness
larger than 7.7 nm (1S layers), which is much larger than those
reported previously,'®"” while they are in agreement with
optical absorption measurements and calculations of density
functional theory (DFT). To investigate the outstanding
thermoelectric performance of the PtSe, layered films with a
thickness > 3 layers, detailed material characterization was
conducted. Here, we mainly focus on the PtSe, layered film
with 10 layers, which shows the best power factor of ~245
UW/mK? that is much larger than those of most of the 2D
materials."”'***7** In addition, a biaxial compressive strain of

~7% built in the PtSe, layered film was confirmed by the fast
Fourier transform analysis of the transmission electron
microscopy (TEM) image and it may open the electronic
gap, yielding an increase in the critical thickness of semi-
conductor-to-meal transition as revealed using the DFT
calculations. Both the Seebeck coefficient and the Hall
coefficient exhibit positive values, suggesting the hole doping
in the PtSe, layered films, which are consistent with the p-type
transistor behaviors.”* With the help of DFT calculations, we
found that both the hole concentration and strain in the PtSe,
layered film with 10 layers are nearly optimized. To realize
high-efliciency thermoelectric devices, both p-type- and n-type-
doped PtSe, layered films are necessary and they can be
synthesized through a controllable selenization process™ or
other methods.”>**** Based on the DFT calculations, the n-
type doping of the PtSe, layered films is expected to show a
better thermoelectric performance because of the multiple
valleys near the conduction-band minimum (CBM), providing
a new route to high-efficiency thermoelectric devices based on
2D materials.

2. RESULTS AND DISCUSSION

The PtSe, layered films were fabricated by the postselenization
process at 600 °C with a Pt thin film prepared by the
sputtering process as schematically shown in Figure la. The
detailed experimental processes are mentioned in the
experimental section. Here, the Pt thin films with thicknesses
ranging from 2 to 25 nm were deposited on the sapphire
substrates. Subsequently, the samples were placed in our
home-made vertical furnace system to proceed selenization
process to form the PtSe, layered films with different numbers
of layers precisely. To confirm the quality of the PtSe, layered
films, the Raman results of the PtSe, layered films with the 2.5
nm in thickness were measured as shown in Figure 1b. There
are three peaks, among which, two strong peaks at 175 and 205
cm™' can be assigned to E;, and A, phonon modes,
respectively. The broad peak at ~230 cm™' can be related to
the overlap of A,, and E, longitudinal optical (LO) modes,
involvinﬁ the out-of-plane and in-plane motions of Pt and Se
atoms.”™** To further investigate the microstructure of the
PtSe, layered film, TEM observation was conducted. The
cross-sectional and plan-view images of the PtSe, layered film
are shown in Figure 1lc,d, respectively. Clearly, a layered
structure with an interlayer distance of ~0.52 nm along the
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(0001) facet can be confirmed as shown in Figure Ic.
Furthermore, even the thickness of the Pt thin film reaches
~25 nm, and complete PtSe, multilayers (~50 layers) can be
found after the selenization process as shown in Figure S1. By
further elemental mapping with energy-dispersive system
(EDS) analysis, we found that Pt and Se signals distribute
uniformly without gradient (Figure S2), confirming that the Pt
film is fully transformed into the PtSe, layered film. Unlike the
previous study that the unreacted Pt was observed in the
monolayer PtSe, formed by the postselenization process with
the single crystalline Pt thin film.'"® The Pt precursor of the
current work is polycrystalline and the grain boundary can
accelerate the diffusion of Se atoms into the Pt thin film to
completely form the PtSe, phase with the selenization
process.'® To observe the plane-view polycrystalline structure
of the PtSe, layered film, a transfer process of the PtSe, layered
film on the Cu grid by a conventional transfer process was used
as shown in Figure 1d where the domain size of approximately
a few nanometers can be found (Figure S3). The formation of
these small domains may be contributed by the polycrystalline
structure of the Pt thin film prepared by the sputtering
process.”” Moreover, by fast Fourier transform, we can obtain
the clear lattice constant based on the certain plane. An
internal spacing of 0.35 nm along the [100] direction can be
found in Figure 1d, the spacing is relatively smaller than those
of the theoretical calculations (0.375 nm)*® and other
reports>** (0.37 nm). Furthermore, the strain can be
calculated using (¢ — &y)/g, with which & and &, are
calculated to be 0.35 and 0.375 nm, yielding the ~7% biaxial
compressive strain existing within the PtSe, layered film. Such
a strain difference may significantly affect the electronic
structure to further influence the thermoelectric properties,
which will be discussed later.

To further investigate the chemical compositions of the
PtSe, layered film, X-ray photoelectron spectroscopy was
conducted. The resulting Pt 4f and Se 3d spectra are shown in
Figure 2a,b, respectively. In Figure 2a, there are two prominent
peaks located at 73.8 and 77.1 eV, which are related to
Pt(IV)4f/2 and Pt(IV)4f'% respectively.”*** Note that no
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Figure 2. (a,b) Pt 4f and Se 3d XPS results of the PtSe, layered film.
(c) Thickness dependence of the Raman spectra. (d) Thickness
dependence of the electronic gap determined by the optical
absorption spectra with the help of the Tauc plot and that by the
DFT calculations (see Supporting Information Section 3 for details).
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other peaks appearing within the spectrum confirms the
complete reaction between Pt and Se without the unreacted
Pt(0) and/or partial selenized Pt(II) signal. For the Se 3d
spectrum as shown in Figure 2b, a prominent peak was
observed, which can be deconvoluted into two peaks at 55.2
and 54.4 eV, corresponding to Se(I1)3d%? and Se(1)3d*?,
respectively.”*** No other peaks related to Se(0) can be
observed, indicating the absence of the excess or unreacted Se
deposition on the specimen. The thickness effect, which will be
discussed later, can lead to a semiconductor-to-metal
transition, and hence it is crucial to the thermoelectric
properties. To investigate the thickness effect, we fabricated
PtSe, layered films with different thicknesses from ~2.5 (3
layers) to ~25.5 nm (50 layers). Figure 2c shows the Raman
spectra of the PtSe, layered films with different thicknesses.
Distinctly, the E, peak shifts slightly to the lower frequency
region because of the stacking-induced structure change and
long-range Coulombic interaction with respect to other
TMDCs as the thickness increases.”* The ratios of E./Ayg
and LO peaks show a considerable reduction in the intensity as
the thickness increases, which is the same as that reported in
other studies.*”*" For the thickness of the PtSe, layered film >
~7.7 nm (~10 layers), the LO peak is nearly absent, which is
in agreement with the Raman results of the commercially
available bulk PtSe, grown by the chemical vapor transport,
further confirming the high quality of the PtSe, layered films.*'
Figure 2d shows the thickness dependence of the electronic
gap determined using the optical absorption spectra and that
using the DFT calculations (See Figures S4, SS, and Section 4
in Supporting Information for details). As a result, the
experimental band gap is consistent with calculated band
gaps, both of slightly increase when the thickness increases
from ~2.5 nm (~3 layers) to ~3.5 nm (~S layers) and then
decrease when the thickness further increases, leading to the
semiconductor-to-metal transition. It is worth mentioning that
the band gaps of the PtSe, layered films in our case do not
monotonically decrease but slightly increase and then decrease
while the thickness increases. This unusual property can be
explained by the shift of the CBM and the valence-band
maximum (VBM). However, the main reasons or factors,
which result in this property, are still required for further
discussion. On the other hand, the band gap determined using
the optical absorption may be slightly overestimated while that
using the DFT calculations slightly underestimated (Support-
ing Information Section 4). As a result, the electronic band gap
of our PtSe, layered films should be in between those
calculated using optical absorption measurements and DFT
calculations.

Figure 3a—c shows the temperature dependence of thermo-
electric properties of the PtSe, layered films with thicknesses
ranging from ~$ to ~25.5 nm (~10 to ~50 layers) measured
using the commercial equipment ZEM 3, for which the
schematic structure is shown in Figure S6. Note that the
thickness of the PtSe, layered films < ~S nm (~10 layers)
cannot be taken into account because the resistivity is too large
to be measured. The results of the positive Seebeck coeflicient
(Figure 3b) and the Hall coefficient (Figure 4f) reveal that all
PtSe, layered films with a thickness > S nm (10 layers) show a
p-type semiconducting behavior. As shown in Figure 3c, the
PtSe, layered film with 10 layers shows an excellent power
factor of 2200 #W/mK? over a wide temperature range from
50—300 °C. Because of the moderate decrease in the resistivity
as well as the slight increase in the magnitude of the Seebeck
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Figure 3. (a) Resistivity, (b) Seebeck coefficient, and (c) power factor
of the PtSe, layered films with different thicknesses and temperatures
ranging from S0 to 300 °C. (d) Comparison of thermoelectric
performance between the 10 L PtSe, (present work) and other 2D
materials.

coefficient (below 150 °C), the power factor increases as the
temperature increases (below 200 °C). However, as the
temperature further increases, the power factor decreases
because of the reduction in the Seebeck coefficient regardless
of the reduction of the resistivity. In contrast to the mild
temperature dependence of the thermoelectric properties, the
thickness dependence can be very strong. The PtSe, layered
films with a thickness < 7.7 nm (~15 layers) have power
factors much larger than those with a thickness > 14.3 nm
(~30 layers). Interestingly, the power factor of S nm-thick
PtSe, layered films (~10 layers) is 20 times larger than that of
~25.5 nm-thick (~50 layers) PtSe, layered films. Such a much
larger power factor in the thinner PtSe, layered film is
attributed to its extremely larger Seebeck coefficient even
though its resistivity is also slightly higher. The dramatic
reduction in both the magnitude of the Seebeck coefficient and

the resistivity with an increase in the thickness is because of the
semiconductor-to-metal transition at the thicknesses between
~7.7 (~1S layers) and ~14.3 nm (~30 layers), which is in
agreement with our previous results on the electronic bandgap
determined using optical absorption measurements and DFT
calculations and is consistent with the previous re-
ports.'®'7*** To ensure the contribution of the good
thermoelectric performance and thermal stability of the $
nm-thick PtSe, layered film (10 layers), the in situ X-ray
diffraction (XRD) was carried out from room temperature to
300 °C as shown in Figure S7. Distinctly, there is no
degradation over all the measured temperatures in a character-
istic peak located at 16.7° corresponding to the (001) plane of
the PtSe, layered films, confirming the high thermal stability.
On the other hand, aging is also an important factor to
determine the quality of thermoelectric material. We measured
the same sample starting from the as-fabricated conditions to
the aging time of 6 months as shown in Figure S8. The power
factor can be maintained almost the same value even after the
aging time of 6 months, confirming the high stability of the
PtSe, layered films. Figure 3d lists the best thermoelectric
performance of the PtSe, layered films (10 layers) with other
2D materials and the overall results are shown in Table
1191325733 Clearly, a large power factor of 245 yW/mK? and
the excellent magnitude of the Seebeck coeflicient of 104 yV/
K are the best thermoelectric performance compared with
those of many pure 2D materials and other 2D materials
assisted by the extra thermoelectric enhancement thou%h the
functionalization with metallic nanoparticles, such as Au ! and
Ag™ or hybridization with highly conductive materials, such as
rGO,*** CNTs,”” and PEDOT/PSS.*"* 1t is believed that
the thermoelectric performances of our PtSe, can be further
enhanced after adding the extra thermoelectric enhancers such
as functionalized metallic nanoparticles or hybridized con-
ductive materials on the PtSe, layered films.

Comprehensive theoretical calculations were carried out to
discover the excellent thermoelectric performance while the
thickness of the PtSe, layered film was fixed at ~5 nm (~10
layers). Figure 4a shows the corresponding electronic structure
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Figure 4. Electronic structure and thermoelectric properties of the PtSe, layered film with 10 layers under the biaxial compressive strain of 7.13%.
(a) Electronic structure, (b) Seebeck coefficient, and (c) Hall coefficient as a function of Fermi level at temperatures in the range of 50—300 °C.
Comparing the experimental Seebeck coefficient (Hall coefficient) indicated by the blue dot in (d) (blue cross in (f)) and the calculated results in
(b,c), we can obtain two possible Fermi levels indicated by the green and gray dots (orange and gray crosses) in (e) leading to two possible values
of the Hall coefficient shown in (f) (the Seebeck coefficient shown in (d)).
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Table 1. Comparison of Thermoelectric Performance
between the 10 L PtSe, (Present Work) and Other 2D
Materials

Seebeck
coefficient thermoelectric power
material (uV/K) factor (#W/m-K?) ref
WS, nanobelt 75 7 25
NbSe, nanobelt 14 34 2§
BP with Au NP 45.6 73.4 31
1T WS, with 432 61.7 27
SWCNT
1T/2H MoS, 85.6 73.1 13
1T WS, 30 9.4 28
MoSe, with 20.6 48.6 30
PEDOT/PSS
MoS, with 19.5 45.6 32
PEDOT/PSS
MoS, with Ag NP 90 30 29
MoS, with rGO S8 15.1 33
WS, with rGO 57 17.4 26
WS, with 80 175 10
SWCNT
PtSe, 103.9 245.1 this
work

of the PtSe, layered films with a lattice constant of a = 0.35 nm
obtained from the TEM results as mentioned previously. Such
a lattice constant is equivalent to a biaxial compressive strain of
7.13%, leading to the metal-to-semiconductor transition with a
large gap of 127 meV. Furthermore, the Hall coeflicient and
Seebeck coefficient, as shown in Figure 4b,c, exhibit typical
semiconductor behaviors. For the p-type PtSe, layered film
with the Fermi level below the VBM, the magnitude of the
Seebeck coefficient and Hall coeflicient increases with an
increase in the Fermi level because of the decrease in the

carrier concentration. The magnitude of the Seebeck
coeflicient increases as the temperature increases, while the
Hall coeflicient is weakly dependent on temperature. When the
Fermi level further moves toward the energy gap, both the
magnitude of the Seebeck coeflicient and the Hall coeflicient
decrease because of the bipolar effect, which becomes more
severe as the temperature increases. As shown in Figure 4d, the
measured Seebeck coefficient (blue dot) is up to about 100
UV/K because of the strain-induced gap. By systematically
comparing the experimental data of the Seebeck coefficient
(blue line in Figure 4d) and Hall coefficient (blue line in
Figure 4f) with the calculated results, we found that the Fermi
level is well below the VBM (green/orange line in Figure 4e),
indicating that our PtSe, layered films are degenerate p-type
semiconductors (see Supporting Information Section 9 for
details). The hole concentration mlsght come from SeO,
generated during the cooling process.

Figure Sa shows the temperature dependence of the
maximum power factor of PtSe, with a 10 layer thickness
under different amounts of strain. The Seebeck coeflicient and
the electrical conductivity can be obtained by tuning the Fermi
level in the p-type PtSe, layered film, for which 10 layers under
the biaxial compressive strain in the range of zero to 8% were
used (Figures S9a,b or Sd for 50 °C). The detailed
thermoelectric parameters as a function of the Fermi level
for each strain are shown in Figures S10 and S11. Clearly, the
power factor generally decreases with the increase in
temperature because of the decrease in the electrical
conductivity (Figure Sc) regardless of the increase in the
magnitude of the Seebeck coefficient (Figure Sb). The
reduction of the electrical conductivity as well as the relaxation
time (Figure S9e) as the temperature increases indicates that
the electron—phonon scattering may be the dominant
scattering mechanism. Because of the critical strain triggering
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Figure 5. Thermoelectric properties as a function of temperature and electronic structures of the PtSe, layered film with 10 layers under biaxial
compressive strains in the range of 0—8%. (a) Maximum power factors at the optimum Fermi level for both p-type and n-type systems and their
corresponding (b) Seebeck coefficients and (c) electrical conductivities. (d) Evolution of the band structure with the biaxial compressive strain.
Note that the energy zero is set at the intrinsic Fermi level at zero temperature, and the red line below (above) the energy zero is the optimum
Fermi level for the p- (n-) type system at S0 °C. The temperature dependence of the optimum Fermi level is weak and can be seen in Figure S8a,b.
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the metal-to-semiconductor transition is in the strain range of
4—5% as shown in Figure S5d, the power factor and the
magnitude of the Seebeck coefficient (the electrical con-
ductivity) under high strains of >5% are generally larger
(smaller) than those under a low strain of <4%. For p-type
doping, the power factor and the magnitude of the Seebeck
coefficient under a strain of 5% are significantly smaller than
those of higher strains, namely 6—8%. This is because that with
the strain of 5%, the highest doubly degenerate valence bands
are considerably separated from the other valence bands
around the I' point, leading to an optimum Fermi level over
0.3 eV below the VBM so that the PtSe, layered film becomes
more metallic-like with a weakened asymmetry of the
electronic density of states around the Fermi level. For a
higher strain of ~6—8%, the highest doubly degenerate valence
bands become much closer to the other valence bands,
enhancing the asymmetry of the electronic density of states
and hence enhancing the Seebeck coeflicient and the power
factor. Fortuitously, our as-grown PtSe, layered films with an
intrinsic compressive strain of ~7% turn out to be already well
optimized for high thermoelectric performance. In addition,
the Fermi level of the PtSe, layered films in the range of —235
+ 65 meV, that is, ~0.17 eV below the VBM (Figure 4e), is
close to the optimum Fermi level within —245 + 10 meV, that
is, ~0.18 eV below the VBM (Figure S9a). Re-enforced by
these two factors, our measured power factor is as high as 200
W/mK? (Figure 3c), being in good agreement with the
calculated maximum power factor as shown in Figure 5a. To
achieve high-efficiency thermoelectric devices, an n-type
material of a large power factor is also indispensable.
Therefore, the optimized thermoelectric properties of the n-
type PtSe, layered film are also included in Figure Sa—c.
Clearly, our predicted maximum power factor for the n-type
PtSe, film is even higher than that of the p-type-doped film of
~100 yW/mK?>. Such a high power factor for the n-type PtSe,
film with 10 layers is mainly because of the multivalley effect,
which was observed in many §ood thermoelectric materials
such as Bi,Te;,** PbTe,” SnSe,” and CoSb,.*” For the strain
of 5%, the second (third) lowest CBM along the I'M (MK) is
only 19 (61) meV higher than the lowest CBM, leading to the
highest power factor as shown in Figure Sa. When the strain
further increases, the energy difference between the second
(third) and the lowest CBMs increases, resulting in a decrease
in the power factor. Nevertheless, the maximum power factor
of n-type doping is still much larger than p-type doping for the
strain not larger than 7%. In addition to the power factor, the
thermal conductivity is also an important property that
determines a good thermoelectric material. However, we
carried out theoretical calculations to predict the performance
of PtSe, and the detail results (Supporting Information 10).
According to our simulation and experimental results, the ZT
value of our PtSe, is between 0.02 and 0.1 for different average
grain sizes. Although the value is not as good as those of
traditional thermoelectric materials, such as Bi,Te; and SnSe,
the PtSe, layered film still shows a high zT value than that of
the TMDC hybrid material, WS,/rGO (2T = 6.8 x 107).*°
We believe that the thermoelectric property of PtSe, layered
film can be further enhanced by utilizing similar approaches.

3. CONCLUSIONS

In summary, we fabricated high-quality PtSe, layered films
using the postselenization process with the sputtered Pt thin
films. Through comprehensive material analyses, the chemical
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bonding and the crystal structure of the PtSe, layered films
were investigated. The X-ray photoelectron spectroscopy
(XPS) results ensure the complete selenization without other
compounds such as Pt,Se,;_,) or unreacted Pt metal films.
The TEM results reveal a nearly 7% biaxial compressive strain
built in the polycrystalline PtSe, layered films. Our theoretical
calculations show that the biaxial compressive strain can assist
to open the band gap, leading to a large magnitude of the
Seebeck coeflicient. The measured thermoelectric properties of
the S nm-thick (10 layers) PtSe, layered film are much better
than those of most of the 2D materials with high thermal
stability. The thermoelectric power factor is better than 200
UW/mK? with the Seebeck coefficient higher than 100 uV/K
over a wide temperature range above room temperature. In
addition, the power factor, Seebeck coefficient, and resistivity
dramatically decrease when the film thickness increases from
7.7 nm (1S layers) to 14.3 nm (30 layers), indicating a
semiconductor-to-metal transition in agreement with our
results of optical absorption measurements and DFT electronic
bands. Based on the Boltzmann transport investigations, both
the strain and hole concentrations of the p-type PtSe, layered
film are well optimized, leading to the nearly highest power
factor. Moreover, the n-type PtSe, layered film, mainly because
of its multivalley effect, is predicted to have an even better
power factor (>300 #W/mK?) over a wide temperature range
above room temperature. The outstanding thermoelectric
performance above room temperature of the PtSe, thin films
demonstrated in this work opens a route to realize high-
efficiency power generators based on 2D materials.

4. EXPERIMENTAL SECTION

4.1. Pt Thin Film Preparation. The Pt thin film was prepared by
the sputtering process, for which a Pt metal target was used the target
source in an Ar atmosphere. Before the deposition of the Pt film, the
chamber was pumped down to 5 X 107° torr to avoid contamination.
During the deposition process, the chamber pressure was kept at §
mTorr and purged with Ar as a carrier gas to react with the Pt target.

4.2. Formation of the PtSe, Layered Films. The PtSe, layered
films were fabricated through a vertical furnace system equipped with
two individual heating tanks. One is for heating the Se powder source
and the other is used for heating the substrate. Before the fabrication
process, the chamber was pumped below 1 X 107 torr to prevent
pollution. During the synthesis process, the chamber was purged with
a H,/N, mixed gas with a ratio of 2:1. The Se tank was kept at 300 °C
to achieve stable Se vapors and the temperature for heating the
substrate was kept at 600 °C.

4.3. Measurements and Materials Characterization. Raman
spectroscopy was carried out through LABRAM HR 800 UV
equipped with red laser (635 nm) excitation. The microstructure
was observed using a spherical-aberration corrected field emission
transmission electron microscoey (Cs-corrected field emission TEM,
JEOL, JEM-ARM200FTH) with an image resolution of 0.19 nm
equipped with a scanning transmission electron microscope and an
energy-dispersive spectrometer. The chemical bonding information
was characterized by X-ray photoelectron spectroscopy PHI 5000
Versaprobe II. The optical absorption spectra were measured using an
ultraviolet—visible—near-infrared spectrophotometer (Hitachi
U4100) with standard mirror optics and an integrating sphere. The
electrical conductivity, Seebeck coefficient, and thermoelectric power
factor were measured and calculated using a commercial apparatus
(ZEM-3, ULVAC-RIKO, Japan) under a helium atmosphere with a
home-made holder for thin film measurements. The Hall coeflicient
was obtained using an in situ Hall measurement system (HMS-3000,
Ecopia using the van der Pauw configuration). The Hall measure-
ments were carried out under vacuum with a heating rate of 5§ °C/
minute and cooling in a vacuum. The crystalline structure was
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measured using an in situ X-ray diffractometer (Shimadzu 6000)
equipped with a vacuum heating stage by using Cu Ka (4 = 0.154
nm) as a radiation source. The in situ XRD results were performed in
a vacuum pressure of 1073 Torr with a heating rate of 20 °C/min and
cooling in air.

4.4. DFT Calculations. The electronic structure was calculated
through the projector augmented wave (PAW) approach within the
framework of DFT as implemented in the Vienna Ab initio Simulation
Package (VASP).**"° The exchange—correlation is described in the
Perdew—Burke—Ernzerhof (PBE) form of generalized gradient
approximation (GGA).*"*> The spin—orbit coupling was taken into
account. The 12 X 12 X 1 Monkhorst—Pack mesh was used for k-
point sampling within the Brillouin zone. The cut-off energy for plane
wave basis was set as 400 eV. The energy convergence threshold was
set to 107 eV in the self-consistent calculations. The electronic
dispersion calculated in this method has been demonstrated in
quantitative agreement with that observed by angle-resolved photo-
emission spectroscopy for PtSe,.>> For structure relaxation, the van
der Waals interactions between two adjacent PtSe, layered films were
included using the DFT-D3 method with Becke-Jonson damping.***®
All the internal atomic coordinates are relaxed until the magnitude of
the force acting on all atoms is less than 0.002 eV/A. For the
unstrained case, the lattice constant is also relaxed, leading to a lattice
constant of a = 0.377 nm.”****” The electrical conductivity, Seebeck
coefficient, and Hall coeflicient were calculated through the
Boltzmann transport equation with the relaxation time approximation,
which can be found in refs 58 and 59. The temperature dependence of
the relaxation time (Figure S9e) is obtained by fitting the
experimental resistivity (Figure 3a) of the p-type 10 L PtSe, under
the biaxial compressive strain s = 7.13% to the solution of the
Boltzmann transport equation with the Fermi level (blue line in
Figure 4e) obtained by fitting the experimental Seebeck coefficient
(blue line in Figure 4d). Here, we do not use the Fermi level obtained
by fitting the measured Hall coefficient because the specimens used
for the Hall measurement are different from those used for the
electrical conductivity and Seebeck coefficient measurements. Even
though both specimens were made from the same process, their
properties may slightly vary from sample to sample. For comparison
purpose as well as because of the lack of specimens with various
doping levels and strains, the same relaxation times are used in all our
calculations, including the cases of n-type doping and other strains.
This would give rather conservative estimations of the relaxation
times and hence the power factors because of the relatively high
density of states of the p-type 10 L PtSe, under the strain of s ~ 7% as
discussed in Supporting Information Section 8.
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