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Determining Bandgaps in the Layered Group-10 2D

Transition Metal Dichalcogenide PtSe,

Martin Micica,* Sabrine Ayari, Minoosh Hemmat, Mehdi Arfaoui, Daniel Vala,
Kamil Postava, Hadrien Vergnet, Jerome Tignon, Juliette Mangeney, Shasha Guo,
Xuechao Yu, Qi Jie Wang, Zheng Liu, Sihem Jaziri, Francesca Carosella, Robson Ferreira,

and Sukhdeep Dhillon*

Unlike traditional group-6 transition metal dichalcogenides (TMDs), group-10
TMDs such as PtSe, and PdTe, possess highly tuneable indirect bandgaps,
transitioning from semiconducting in the near-infrared to semimetal

behavior with a number of monolayers (MLs). This opens up the possibility
of TMD-based mid-infrared and terahertz optoelectronics. Despite this large
potential, the optical properties of such materials have shown an extremely
large disparity between that predicted and measured. For example, simulations
show that a few MLs is required for the semiconductor-semimetal transition,
whilst tens of MLs is found experimentally. This is a result of widely used optical
extrapolation methods to determine bandgaps, such as the Tauc plot approach,
that are not adapted here owing to i) nearby direct transitions, ii) the material
dimensionality and iii) large changes in the non-parabolic bandstructure with
MLs. Here, uniquely combining optical ellipsometry to determine the complex
permittivity, terahertz time resolved spectroscopy for the complex conductivity
and in-depth density functional theory (DFT) simulations, it is shown

that the optical properties and bandstructure can be determined reliably

and demonstrate clearly that the semiconductor-semimetal transition occurs
for PtSe, layers =5 MLs. The microscopic origins of the observed transitions
and the crucial role of the Coulomb interaction for thin semiconducting layers,
and that of interlayer van der Waals forces for multilayer semimetallic samples
are also demonstrated. This work of combining complimentary experimental
techniques and extensive simulations avoids the application of constrained
extrapolation methods to determine the optical properties of group-10 TMDs,
and will be of importance for future mid-infrared and terahertz applications.

optical properties compared to their bulk
counterparts.[2] These materials possess
intrinsic characteristics such as layered
crystallinity and weak van der Waals (vdW)
molecular bonding, whilst their optoelec-
tronic properties can be controlled based
on their layer-dependent electronic band
structure.3~! Group-10 TMDs,[*”] such as
PtSe,.] stand out for uniquely contain-
ing a noble metal (e.g., Pt) instead of the
more commonly studied materials such
as MoS, and WSe, (Group-6 TMDs). Al-
though relatively less explored, group-10
TMDs offer some important characteris-
tics in photonics and optoelectronics.

As well as a higher mobility than other
TMDs and air-stability,®! group 10 TMDs
have a stronger interlayer coupling that
leads to large variations in their electronic
bandgap with the number of atomic lay-
ers. This interesting behavior allows for
extremely large tunability of the indirect
bandgap in, for example, PtSe,, ranging
from 1.2 eV for a monolayer to zero (semi-
metallic) as the number of layers increases
(Figure 1),[1%11] a5 well as large changes in
the non-parabolic bandstructure form.[1213]
This renders the material particularly in-
teresting for mid-infrared (MIR) and ter-
ahertz (THz) science and applications,['4]
compared to other TMDs that are limited

1. Introduction

2D layered transition metal dichalcogenides (TMDs) have gar-
nered considerable interest, offering distinct electronic and

to the optical or near-infrared range as the bandgap does
not significantly change with number of layers. Recent
examples have shown, for example, layer dependent at-
mospheric stable mid-infrared detectors,'>*] THz pulse
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Figure 1. Schematic of the bandstructure and the presence of direct and indirect bandgaps in the Group 10 TMD PtSe,. A large tunability in the gap
energy is possible with the number of layers, ranging from a) semiconducting (SC) for a ML or few ML, b) SC-to-SM transition for several ML, to c)
semimetallic (SM) behavior for bulk PtSe, as the number of layers increases. A grand disparity in the number of layers for b) the SC-SM transition has
been reported. Direct and indirect (i.e., assisted) optical transitions can in principle coexist for all configurations.

generation!'’°l and THz spintronic emitters(?) to name a
few.

Despite the strong interest and promising technological appli-
cations of group-10 2D TMDs, there remains considerable dis-
crepancies in the reported measured and simulated optical prop-
erties of these materials, and in particular the number of layers
required for the semiconductor to semimetal (SC—SM) transition
and the excitonic nature of the former. Indeed:

i) Band structure simulations based on density functional the-
ory (DFT) reveal a bandgap energy that decreases fast with in-
creasing thickness and vanishes for typically a few MLs. How-
ever, there is little a consensus on the number oflayers for the
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SC—SM transition, which depends in particular on the model
used for the vdW interaction.[10-21:22]

ii) Experimentally, contradictory reports exist with much slower
decrease of gap energy with thickness, such as the find-
ings of Wang et al!®l or Xie et al.[* showing PtSe,
with tens of monolayers that still exhibits semiconductor
behavior when the standard Tauc method (see below) is
employed.

Regarding the second point, these types of experimental results
have also been seen in other group-10 2D TMDs.[?’] The meth-
ods used are based on extrapolating the measured optical losses
from high energies to the intercept of the energy axis with a form
depending on the bandgap type. This widespread strategy for
bandgap measurement is based on the phenomenological law for
the optical loss:

a=Ax (v - E,) x Y[hv - E] (1)

where hv is the photon energy, E, is the bandgap, A is a pro-
portionality constant, Y [X] is the step function (= 0 for X < 0
and = 1 for X > 1), and « is the sample absorption (or absorp-
tion coefficient for thick enough samples). The parameter r is
such that /" plotted as a function of hv presents a linear be-
havior over a large enough energy interval above the bandgap,
allowing the determination of E, by a linear extrapolation toward
vanishing absorption, as schematically shown in Figure 2. This
experimental protocol is very general and has been used in many
different situations, related each to a specific r value: direct or in-
direct bandgaps, involving dipolar or defect-assisted (by static!¢!
and phonon (see e.g.|?’]) transitions, and for systems with dif-
ferent dimensionalities (2D, 3D). Indeed, the critical exponent
r is closely related to the microscopic origin of the absorption.
For instance, for parabolic conduction and valence bands, and
for dipolar transitions in direct bandgaps in dimension d, one
has:

r=(d-2)/2 (2)

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Ideal cases of optical losses as a function of energy for indirect
(«/? red dotted lines) and direct (a?, blue dotted line) transitions to de-
termine the energy gap via extrapolating the absorption function to cross
the energy axis (solid lines) for a) classic bulk semiconductors (e.g., Si)
where the indirect and direct transitions are largely separated in energy
and b) Group 10 TMDs where the indirect and direct transitions are close
in energy and where the use of extrapolation methods to determine the
bandgap are difficult to reliably apply.

resulting in a linear extrapolation of the form a2 for bulk materi-
als (blue curve), while for assisted transitions in bulk 3D indirect
bandgap materials one has:(?’]

r=2 (3)

resulting in a linear extrapolation of «!/? (red curve of Figure 2).
To further illustrate the roles of the microscopic process of in-
terest and of the system dimensionality on the value of r, con-
sider the generic case of an indirect bandgap material with con-
duction and valence dispersions E_ (k) and E, (k) (with k a d-
dimensional vector) that can be non-parabolic around their ex-
trema: E, = E, + &, | k—k, |"and E, = —a, k* for the conduction
and valence bands, respectively, where v and y are arbitrary non-
vanishing constants. This represents a simple description of bulk
germanium or silicon cases for v = y = 2 and d = 3. Following
the same main assumptions for assisted transitions that lead to
the well known value r = 2, one can then obtain (see Supporting
Information):

r=dl/v+1/u)—-1 (4)

This general result simplifies to r =2 for bulk (d=3) and
parabolic (v = p = 2) dispersions, and the extrapolation (the so-
called Tauc plot method) has proven to be reliable to determine
bandgaps in classic bulk semiconductors (e.g., silicon). However,
for indirect 2D materials, this application of r = 2 is not perti-
nent. Even if d = 2 is fixed for not too thick PtSe, multilayers,
the r-value for assisted transitions can still vary considerably with
the layer number, owing to the important non-parabolicity of the
bands (as shown schematically in Figure 1 and in the Supporting
Information that presents the calculated band structures of vari-
ous multilayers). Additionally, compared to silicon where the in-
direct and direct transitions are clearly separated (Figures 1a and
2a), the proximity and the spectral overlap of direct to indirect
transitions in group-10 TMD multilayers (Figures 1b,c and 2D)
render such extrapolation procedure meaningless. Despite these
applicability limits owing to non-parabolicity, close direct transi-
tions and rapid bandstructure changes, the value r = 2 has been
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used in several works to extract E, in 2D TMD films.[?***] This
has resulted in disparate reporting of the SC-SM transition to be
tens of MLs and strongly hampers the application of these mate-
rials to photonic and optoelectronic applications.

This work provides a comprehensive experimental and theo-
retical study of the optical properties of the group-10 2D TMD
PtSe, over a range of layers thicknesses and an extremely wide
spectral range. Experiments run from the UV to the THz range
using UV-Vis-NIR ellipsometry and terahertz time domain
spectroscopy (THz TDS). Ab-initio calculations allows to inves-
tigate a range of different interactions to identify the underlying
physical phenomena that determine the PtSe, properties. This
permits the linear optical properties and bandgaps of PtSe, to be
reliably determined experimentally and theoretically, showing a
SC-SM transition ~5-6 ML without relying on unjustified and
unadapted extrapolation protocols. In fact, by correlating the ex-
perimental dielectric function with the underlying band struc-
ture, we show the prominent role of the Coulomb interaction in
semiconductor PtSe,, and vdW couplings in semi-metal multi-
layers.

The work is structured as follows. The samples are described
and standard characterization (atomic force microscopy [AFM]
and Raman) permits the sample thickness and number of MLs
to be determined. Transmittance experiments provide a first dis-
crimination between SC and SM layers, in particular in the long
wavelength region. Ellipsometry measurements then allow to ex-
tract the complex permittivity spectrum, which is compared to
theoretical DFT calculations. DFT calculations combined with
the Bethe—Salpeter equation (BSE) for semiconducting PtSe,
show exciton features from strong direct interband transitions.
This is followed by THz conductivity measurements confirming
the semiconductor to semimetal transition determined via ellip-
sometry and DFT.

2. Experimental Section

The samples of PtSe, were prepared by thermally assisted con-
version. The process consists of the preparation of a thin layer of
metal, platinum in the case, by magnetron sputtering on a fused
quartz substrate, followed by conversion of platinum into PtSe,
in a heated selenium gas atmosphere.[#23] The final thickness of
the prepared PtSe, film depends on the thickness of prepared
platinum layer. By this method wafer scale PtSe, are produced
with high uniformity over large surface areas. Both AFM (for
atomic thickness calibration) and Raman (to show the presence
and quality of PtSe,) measurements were performed. A summary
of the AFM data is shown in Figure 3a, highlighting a thickness
with selenization ratio of 5.5 between the primary deposited plat-
inum film and final grown PtSe, film. The linear response with
the Pt thickness shows that in the range of thicknesses investi-
gated the conversion efficiency of Pt to PtSe, remains constant.
XPS spectra on samples using the same growth method has evi-
denced no unselenized Pt128%°]). The uniformity and surface qual-
ity for the thickest layer of PtSe, appear to decrease, possibly ow-
ing to the accumulation of growth defects, and shows the limit of
PtSe, thicknesses using this growth method. The Raman analysis
performed by a Renishaw inVia microscope (Figure 3b)) shows
Raman modes characteristic for PtSe, in-plane E, (~175 cm™),
out-of-plane A, (~205 cm™), and LO (%230 cm™) vibrations,

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Characterization of grown PtSe, layers. a) Thickness of PtSe, layers obtained from AFM as a function of their deposited Pt thickness shown by
black circles. The linear fit reveals a conversion factor of 5.5 nm of PtSe, per nm of Pt. b) Raman spectra for different thicknesses of PtSe, films. Spectra

are offset for clarity.

and where the center frequency changes corresponding to the
change in the thickness.[**) Summarized results on the samples
are presented in Table 1.

3. Results

3.1. Optical Transmission and Ellipsometry - UV-Vis—NIR
Characterization

To determine the optical properties of PtSe, samples in the UV—
Vis—NIR region, transmission spectroscopy and spectroscopic el-
lipsometry were used. A dual beam spectrometer Agilent Cary
7000 was employed to measure transmission spectra under nor-
mal incidence in the spectral region 175-3500 nm with a clean
substrate placed in the reference beam path. The obtained trans-
mittance displayed as solid lines in Figure 4 shows two dominant
features: the first ¥400 nm which is present in all samples and
undergoes a redshift with increasing thickness of PtSe, layer, and
the second that starts to be noticeable for the 2.2 nm sample close
to 750 nm and undergoes a redshift up to 860 nm for the 27.5 nm
PtSe, sample. In the longer NIR region, PtSe, itself does not
show any absorption peaks, and features in the region centered
at 2700 nm originate from the substrate. The transmittance per

Table 1. Summary of sample characterization via AFM and Raman spec-
troscopy. The columns from left to right are the deposited Pt thickness,
the measured thickness of the PtSe, layer obtained, the number of layers,
the in-plane E, and out-of-plane A, frequency vibrations.

Pt (nm) PtSe, (nm) # layers Eg (cm™) Ay (cm™)
0.1 0.55+0.34 1 - -

0.2 1.1+0.76 2+1 179.22 +0.33 208.48 + 0.66
0.4 22+038 4+1 178.28 + 0.30 208.27 +0.16
0.7 3.85+0.82 7+1 177.50 £ 0.15 207.30 +£0.11
1 5.5+ 1.02 10+2 175.30 + 0.06 205.19 + 0.06
2 11+ 1.06 202 174.56 + 0.04 204.86 + 0.08
3 165+ 1.5 29+3 174.67 +£0.11 204.75 + 0.06
5 275+ 1.7 49+3 174.44 +£0.12 204.75 £ 0.11
7 385+8 69 + 14 175.88 + 1.30 205.32 +£0.77
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layer of the three thickest samples differ by less than 0.04 (and by
less than 0.002 for wavelengths longer than ~2 pm), indicating a
bandstructure that no longer evolves significantly with thickness
beyond 10 ML. These thick structures display a sizeable absorp-
tion that decreases slowly with decreasing energy and is roughly
proportional to the sample thickness for long wavelengths; the
origin of this loss and calculated transmission is discussed be-
low. Thin samples display an important layer-dependent trans-
mittance and negligible loss in the long wavelength region: in
particular, the 4 ML absorption rapidly decreases to zero ~1 eV,
suggesting it still a SC. Note that applying the r = 2 extrapolation
approach discussed above to our transmission measurements
also results in an incorrect determination of the bandgap closing
at tens of MLs, as observed by previous studies.

More precise information on the complex permittivity (and
hence complex refractive index) was obtained by variable angle
spectroscopic ellipsometry (Mueller matrix spectroscopic ellip-
someter Woollam RC2-DI) with measurements in spectral range
193-1700 nm and angles ranging from 55° to 75° with 5° steps.
This technique is extremely sensitive to determine the optical
properties of thin films and can be applied to TMDs.3!! Obtained
results were fitted by Kramers—Kronig consistent complex per-
mittivity model3?] containing the infinity term e = 1 and three
Lorentz oscillators:

3 Awmp.BrEn.
5=£’+L£”=1+Z—E2 pJZJ,J (5)
= Ens — E? —iEBr,

The resulting complex permittivity (real part ¢’ and imaginary
part £”), is displayed in Figure 5, and best-fitted parameters are
attached in Table SI (Supporting Information). It is important to
note that the prepared TMD samples are isotropic in the plane
owing to its polycrystalline nature, as reported in previous stud-
ies on PtSe,.[?*l The out-of-plane anisotropy is discussed below.
Notice finally that thin (up to 2.2 nm) and thick samples can
be roughly grouped together, with regards to the gross spec-
tral variations of their measured permittivity, in good correspon-
dence with the previously mentioned qualitative distinction of
thin and thick samples regarding their low energy transmittance
spectra (Figure 4). Moreover, at long wavelengths " is roughly

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Optical transmission under normal incidence for different PtSe, thicknesses extracted over the UV, visible, and near-infrared spectral regions,
referenced to the clean substrate (solid lines). Features ~2700 nm originates from impurities and variation of fused quartz substrates. Calculated
transmission for normal incidence (dashed lines).

thickness-independent for thick layers, in agreement with the lin-
ear increase with layers number of the loss in transmission ex-
periments (Figure 4). The large difference in the optical constants

for 38.5 nm PtSe, compared to other thick samples is a result of

the decrease of the uniformity and surface quality for the thickest
layer of PtSe, as shown in the AFM measurements.
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Previous investigations of ellipsometry of PtSe,!3*3* have
shown similar position of the oscillators but with slightly differ-
ent permittivity. This could be a result of the different growth
technique and sample preparation used, and the different sub-
strates used as proximity effects play a key role in the optical prop-
erties of 2D materials
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Figure 5. Spectra obtained from ellipsometry measurements of PtSe, of a) real €’ and b) imaginary ¢’ permittivity of PtSe, with different thicknesses.
Measurements for 38.5 nm (dashed lines) show a change in position of oscillators as well as in amplitude when compared with slightly thinner samples,
which could be a result of a larger inhomogeneity for the thickest sample (see AFM measurements Figure 3). Figure c) and d) show the calculated real
and imaginary permittivities, respectively, from DFT simulations (GGA-TS - IPA with a phenomenological broadening y = 0.2 eV).
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3.2. Modeling of the Layer-Dependent Optical Properties and
Bandstructure

In this section, we investigate simulation of the transmission, the
permittivities and the bandstructure, and compare to the experi-
mental results. The calculated transmission for the various sam-
ples is shown in the dashed lines of Figure 4. The transmission is

calculated as T = % where t,, and t,, are the complex Fresnel
transmission coefficients, at normal incidence, respectively for a
three layers (air/film/substrate) and a two layers (air/substrate)
system (see e.g.,[*)). The complex refractive index of the PtSe,
material in £y, is taken from the ellipsometry measurements.
(The absence of results beyond roughly 1700 nm is a result of
the limitations of the ellipsometry spectral range). The very good
agreement reveals the high consistency of the two experiments.

The permittivities were obtained from first principles DFT cal-
culations, showing that several experimental spectral features
and tendencies can be microscopically correlated to interband op-
tical transitions. To this end, we use different levels of approxima-
tion to evaluate the electronic states: the generalized gradient ap-
proximation (GGA), the quasiparticle GW method that allows a
better account of the electron—electron interactions The permit-
tivity is evaluated in the dipolar approximation whether within
the independent particle approximation (IPA) or for excitonic
transitions using the GW plus Bethe Salpeter equation (GW-
BSE) approach. (See the Supporting Information for more de-
tails). The numerical complexity increases considerably from
GGA to GW and then to GW-BSE methods. However, as we
discuss below, the appropriate model is dictated by the num-
Dber of layers: the excitonic framework is needed to describe thin
SC layers, while thick SM ones can be described by the GGA
model with good enough accuracy. The role of the vdW interac-
tions is discussed below. To take into account the in- and out-
of plane anisotropy, we calculate the average permittivity: (w) =
cos?(0)&,.(w) + sin®(A)Z,, (w), where 8 = 65°. This choice gives a
better general agreement with the experimental results, as it al-
lows to account to some extent for the fact that the ellipsometry
measurements were done with different angles ranging from 55°
to 75°. In all permittivity simulations we have used a phenomeno-
logical energy broadening y = 0.2 eV.

One point of particular interest in the measured permittivity is
that its real part becomes negative for thick layers (greater than
2.2 nm) ~400 nm in wavelength. This feature of ¢’ can be at-
tributed to the dielectric response of high energy transitions in
PtSe,, similar as in metals (e.g. Ag,I**] All7)) or in semiconduc-
tors (e.g. GaAs,’8¥1 GaSbl*Y). The consideration of this feature
has permitted us to refine our model description. In fact, the
calculated electronic dispersions and optical properties of mul-
tilayers TMDs strongly depend on the used vdW model. To in-
corporate vdW interactions, a large number of methods have
been proposed.[=*8] We have realized extensive band structure
(GGA) and permittivity (GGA-IPA) calculations using 10 dif-
ferent models: DFT-D, DFT-D2, DFT-D3, VdW-DF1, VdW-DF2,
VdW-DF3, VdW-DF-C6, EMD, rvv10 and TS. (Figures S7 and S9,
and Table SII, Supporting Information show the effect of differ-
ent vdW models on PtSe, electronic dispersions, for a 4 ML struc-
ture). The first 8 models are inappropriate in our case: the first
three predict a semi-metallic behavior already for the 2 ML and/or
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3 ML case, whereas the next five cannot account for the measured
sign changing of &’ #400 nm (See Figure S8, Supporting Infor-
mation). The latter behavior can be obtained using the last two
models, rVV10 and TS, which actually predict very close band
structures and permitivities. Here, we choose to retain the TS
model. Note finally that a DFT calculation without any vdW cou-
pling similarly cannot explain the permittivity behavior ~400 nm.
In conclusion, as shown in Figure 5, the behavior of ¢’ ~400 nm
is excellently reproduced by our DFT calculations within the TS
model (Figure 5c¢,d). The GGA-TS model predicts a vanishing
of the electronic bandgap ~4 ML. However, as we discuss be-
low, corrections beyond the GGA approach raises the bandgap
of thin samples, rendering the 4 ML sample a small-gap SC, in
agreement with the measured behaviors observed for the permit-
tivities of thick and thin samples at long wavelengths. To sum-
marise, we obtain a close match to the transmittance and ellip-
sometry experiments, permitting to range the SC-SM transition
to be slightly greater than 4 ML. Additionally, as we show later
below, it is further corroborated by experiments of conductivity
in the THz region allowing to fine tune this value. For the mo-
ment, we consider the measured and calculated real and imag-
inary permittivities (¢/, €”’), which exhibit a large variation with
PtSe,thickness, in particular the relative intensities and the peak
energy positions. We will show the origin of these variations and
the nature of the electronic excitations behind the peaks i.e., in-
terband or excitonic origin. (Figure S1, Supporting Information
shows the single-particle electronic band structure of PtSe, as a
function of film thickness).

Although there is generally a good agreement of the main spec-
tral features between theory and experiment for thick layers in
Figure 5 (>10), thinner layers appear to be spectrally blue-shifted
in the experimental data. Different effects can be at the origin
of the disagreement, such as the disorder derived from struc-
tural imperfections or local strain, the environment or exciton
coupling. Here, we will focus on one intrinsic effect, namely on
the role of beyond-GGA corrections and exciton coupling on the
optical spectra (i.e. using the GW-BSE approach!*-52]). Indeed, it
is well known that such corrections and excitonic coupling may
drastically affect the interband transitions of a semiconducting
material. Figure 6a,c shows the simulated permittivity €” for 1
and 2 ML PtSe,, respectively, using two different models, which
allow us to elucidate the relative importance of the excitonic ef-
fect. Compared to the experimental data, the simulations using
IPA are considerably red-shifted, which shows that the ground
state calculation performed by DFT methods fails to reproduce
the actual energy excitation spectra. The implementation of the
BSE method on top of the quasi-particle GW approximation leads
to an improved agreement with the measurements, highlighting
the importance of the direct electron-hole interaction that drives
the exciton formation and leads to a dramatic rearrangement of
the spectral response. To further illustrate the importance of ex-
citons for very thin layers, we calculate a binding energy of the
lowest exciton as high as 0.5 eV for 1 ML, which decreases to
0.2 eV for 2 ML.

Finally, for comparison, the simulated permittivity for 10
ML PtSe, obtained using the IPA approach is shown in
Figure Ge). We observe again a red-shift of the GGA-IPA main
peak as compared to the experiments, which is nevertheless
much smaller than those for 1 and 2 ML. This may be due
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PtSe, 1 ML (0.55 nm)
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Figure 6. Comparison of the experimental (dashed lines) and calculated (full lines) imaginary permittivity €/ of the complex dielectric function & for
a) 1ML, b) 2 ML and c) 10 ML PtSe,. For 1 and 2 ML the GGA-IPA and GW-BSE modellings are compared. Band structures for the b) 1 ML, d) 2 ML
and f) 10 ML samples (GGA-TS model), respectively. The red shaded areas in b) and d) visualize the single-particle states that contribute the most to
the formation of the exciton state responsible for the peak transition marked by a red vertical bar in a) and c). The vertical bars in f) show the interband
transitions the most contributing to the main peak marked by the vertical bar in e).

to residual coulombs interactions affecting the high-energy
transitions.

To better understand the underlying band structure origin of
the optical transitions responsible for the high-energy absorption
spectra of very thin (1 ML, 2 ML) and thick (10 ML) samples,
i.e. representative cases of SC and SM behaviors, respectively,
we plot in Figure 6b,d.f, the valence and conduction states con-
tributing the most to the optical absorption peak marked by a red
bar in Figure 6a,c,e, projected onto the K —I' — M — K band di-
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agram. Let us start considering the thickest sample (SM case of
10 ML). In Figure 6f) the direct interband transitions contribut-
ing the most to the first absorption peak are highlighted by red
bars on the bandstructure along various k-space directions. In
more detail, the CB and VB states involved in such transitions
are joined by a grey bar presenting a resonant or near-resonant
(0.2 eV) photon absorption and with sizeable optical matrix el-
ement (¢, |p,|d,.) (Where p, is the momentum operator along
the a direction and ¢, the Bloch states). It is clear that the main
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Figure 7. Comparison of imaginary part of the effective permittivity for different fractions f of 1 and 2 ML PtSe,.

peak involves a large number of VB-to-CB transitions, dispersed
over a large fraction of the Brillouin zone. (In Figure S10, Sup-
porting Information, we also plot a 2D k-resolved spectra over
the whole Brillouin zone.) This feature is a clear signature of
the 2D - to - 3D dimensional transition for increasing sample
thickness.

For thin layers, the red shaded areas in Figure 6b,d present
the exciton weights of the exciton state responsible for the first
interband transition (marked by a red bar in the correspond-
ing GW-BSE spectrum in Figure 6a,b). The weights quantify the
contributions of different VB and CB states to a specific exci-
ton state (for each exciton state the total weight over the whole
Brillouin zone is normalized to unity; see Supporting Informa-
tion for more details). When projected onto the single-particle
electronic band diagram, as in Figure 6d,e, the weights provide
intuitive information on the underlying initial and final single-
electron states involved in a given excitonic interband transi-
tion. For 1 ML (2 ML), the fundamental excitonic peak in £” (w),
at energy ~2.8 eV (1.8 eV), comes from states of the first va-
lence and conduction bands located at roughly midpoint on the
I' = M (T - K) line. Although the binding energy of the funda-
mental exciton of 1 ML is ~2.5 larger than that of 2 ML, their
k-space extensions (size of the shaded regions) are quite simi-
lar. Interestingly, for 1 and 2 ML, the set of valence and conduc-
tion states, which contribute the most to the first interband IPA
transition, largely overlaps with the set of states that predomi-
nately contribute to the formation of the exciton state responsi-
ble for the fundamental BSE transition. The 2D k-resolved spec-
tra to identify the origin of the peaks for the GGA-IPA methods
are shown in Figure S10 (Supporting Information), as well as
the method to determine the exciton wavefunction and exciton
weights.

Although including excitonic effect enhances the compari-
son results, there is still a shift between experiment and the-
ory for the 1 ML case. This is mainly due to the lower qual-
ity and uniformity of the 1 ML sample, which also contains
a fraction of 2 ML regions. Indeed, assuming that the sam-
ple is composed of an inhomogeneous distribution of regions
of either 1 ML or 2 ML thicknesses (large enough to be prop-
erly described by their bulk properties, but much smaller than
the excitation spot), the resulting effective permittivity £.4 can
be approximated by the effective medium approximation of
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two parallel mediums with complex permittivities &,, and

= 35
52ML7[ ]

Eg =fEm+(1-f) & (6)

with f the fraction of 1 ML regions. Figure 7 presents the transi-
tion of the imaginary permittivity from 1 to 2 ML, when changing
the fraction f of 1 ML, in the effective medium and compared
to experimental measurements. Including 0.5 fraction of 2 ML
substantially improves the agreement with the measurement of
0.55 nm thick PtSe, sample. Further increasing the fraction of
2 ML up to 1 shows convergence to the measurement result of
1.1 nm PtSe,, showing better overall agreement with the theoret-
ical results and growth quality of the sample.

For low energies, the measured weak but sizeable absorptions
may prove detrimental to possible optoelectronic applications
aiming at exploring the high real index of such materials. For
the thinnest layers, the observed residual loss (Figure 5b) extend-
ing well below the first absorption peak may be imputed to the
moderate (2 ML) or low (1 ML) optical quality of the samples,
which may for instance contain small amount of residual Pt. For
thick samples, both theoretical and experimental results demon-
strate an important and slowly decreasing absorption tail. It is,
however, important to mention that the principal peak does not
correspond to the fundamental interband direct transitions, as
illustrated by the Figure 6f). Indeed, for 10 ML the latter transi-
tion occurs at much smaller energy, i.e., near 0.3 eV, as shown
in Table 2. This table shows more generally the layers variations
of different calculated transition energies of interest: the direct
bandgap in the GGA-TS approach, and the edges of the indi-
rect interband transitions for both GGA-TS and GW-TS models.
For reference, the lowest accessible energies in our ellipsometry
spectroscopy and transmittance experiments occur at 0.7 and
0.37 eV, respectively. Thus, for all thick layers (>10 ML) the mea-
surements fall in the spectral region were direct transitions are
present. Indirect (i.e., assisted by disorder) absorption is in prin-
ciple also possible in this same spectral region but is expected to
dominate the absorption at much lower energies, i.e., below the
direct bandgap edge, but can extend toward higher energies, over-
lapping the direct transitions, as schematically shown in Figure 1.
However, owing to the good agreement with the simulations, one
may infer a much smaller contribution of the indirect transitions
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Table 2. Direct and indirect electronic bandgaps for different layers of PtSe,
in eV calculated at the DFT/PBE level accounting for the TS vdW interac-
tion and using many body perturbation theory (GW).

- GGA-TS GW-TS
N ML ES" (eV) ErT (eV) EPOT (eV)
1ML 1.53 1.35 2.55
2 ML 0.96 0.35 133
3ML 0.72 0.08 0.9

4 ML 0.65 -0.09 0.3

5 ML 0.49 -0.19 0.04
6 ML 0.43 -0.27 -

7 ML 0.38 -0.33 -

8 ML 0.36 -0.36 -

9 ML 0.32 -0.39 -
10 ML 0.3 —-0.41 -

at the experimentally investigated energies. Finally, notice that for
thick layers the indirect bandgap becomes negative and smoothly
decreases to a value near the bulk one (x—0.5 eVI{1%19]),

To conclude this section, we show that a SC-SM transition
~5-6 ML can be reliably inferred from a careful analysis of the
transmittance and permittivity data, and confrontation with a
modeling properly accounting for the excitonic and vdW cou-
plings, without relying on unadapted extrapolation protocols. We
show in the following that conductivity in the THz region addi-
tionally corroborates these findings.

3.3. Conductivity in THz Region

The above showed the response of PtSe, in the optical domain
and suggests that the semiconductor to semimetal transition oc-
curs for layers slightly greater than 4 ML. To further support
this conclusion, in the following the response of PtSe, is stud-
ied at frequencies, frequencies i.e., at low photon energies and
with time-domain spectroscopy. This method has been proven
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to be ideally adapted to measuring the conductivity of thin film
materials.[*] The complex conductivity &(w),

6(w) = o' (w) + ic” (@) (7)

is investigated utilizing a custom-built THz time-domain spec-
troscopy (IDS) system with usable bandwidth from 250 GHz
to 2.5 THz. By measuring the &(w), a clear change should be
observed when the PtSe, transits from semiconductor to semi-
metal. Here, we extract 6 (w) from a single measurement of PtSe,
on the substrate using a self-referenced THz-TDS method.’*! In
this case, the incident THz beam that passes through the thin
film of PtSe, on the substrate undergoes internal reflections,
leading to time echoes, delayed in time compared to the directly
transmitted pulse. Figure 8a shows the transmitted pulse and the
reflected pulse with a separation of 10 ps corresponding to the
thickness of the substrate. However, as a function of number of
layers, their amplitudes as well as their time separation from the
main pulse are different, suggesting different conductivities.
The directly transmitted pulse and the transient from the first
echo (or three single-passes inside the sample) can be used to
determine the complex conductivity of the thin films. Following
the approach of self-referenced TDS, 54l the frequency-dependent
conductivity of our measured PtSe, films, &y, (@) is given by:

(ﬁ’sub - 1)2Apsub(w) - (ﬁsub + 1)2T(w)
ZO((ﬁsub + 1)T(CU) + (ﬁsub - 1)Apsub(w))

®)

Opise, (@) =

T is the transmission function defined as the ratio of the first echo
relative to the directly transmitted pulse. The term Ap is the prop-
agation factor difference that takes into account the phase shift
due to the additional round trip in the substrate, Gouy phase cor-
rection introduced by the THz-focused beam on the sample,[>’!
and amplitude correction caused by the absorption of the sub-
strate. fiy,,, was estimated by measuring the distance between
the two peaks in the frequency domain and the thickness of the
substrate (fig,, = ¢/d,,,f,). The latter determined the refractive
index of our substrate to be i, = 1.95, which is approximately
constant in the considered spectral range.’®! Z; is the vacuum
impedance. Figure 8b shows both the real (line) and imaginary
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Figure 8. THz time-domain spectroscopy of PtSe, layers. a) THz transmission signal in time-domain measured for different thicknesses of samples:
2 ML (1.1 nm), 10 ML (5.5 nm), 20 ML (11 nm), and 30 ML (16.5 nm) PtSe,. The THz pulse transmitted directly and its first echo from the first internal

reflections are also shown. The amplitude of the pulse from the internal reflection is enlarged by 10 times for clarity. b) Real and imaginary parts of the

optical conductivity spectra of a selection of PtSe, samples in the THz domain shown by straight and dashed lines, respectively.
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(dashed line) calculated conductivity of four different PtSe, thick-
nesses, including the thinnest and thickest layers. (The measure-
ments show slight fluctuations due to this self-referenced ap-
proach and the noise initially present in the time traces). As can
be observed the conductivity is approximately constant for 2 and 4
ML, whilst an increase is seen for 7 ML PtSe,, followed by a jump
for 20 ML PtSe,. The observed increase in conductivity then sug-
gests that the transition from semiconductor to semimetal for
layers between 5 and 7 ML, similar to the ellipsometry measure-
ments presented above, and again largely smaller than the Tauc
plot approach for indirect group 10 TMDs.

4. Conclusion

To conclude, this work has presented a careful and reliable ap-
proach to determining the optical properties of 2D materials
based on a Group-10 element of the periodic table, which have
previously shown large disparities. We used ellipsometry to de-
termine the dielectric function, which was in good agreement
with DFT calculations, suggesting that the semiconducting-
semimetal transition occurs for ~5 ML PtSe, and not tens of
ML as previous optical measurements.[?*?*] The experiment-
modeling confrontation highlights the different interactions that
need to be taken into account. For very thin semiconducting
PtSe, the Couloumb coupling is of paramount importance, show-
ing the appearance of marked exciton signatures. A proper ac-
count of interlay vdW coupling is necessary to describe the mul-
tilayer optical properties. The approach permitted to microscop-
ically correlate the spectral signatures in the experimental di-
electric function to features of the multilayer band structure
and interband transitions. We further show that the traditional
plot extrapolation approaches needs to be handled with care in
these materials. These considerably underestimates the bandgap
values owing to the presence of strong direct transitions close
in energy to the indirect transition and the non-parbolic layer-
dependent bandstructure. Finally, we show that THz TDS is also
a complimentary means to determine the conductive nature of
the films and hence the semiconductor-semimetal transition.
This work is particularly important as the group-10 TMDs are
promising for MIR and THz technologies owing to a highly tune-
able bandgap, and reliable knowledge of the bandgap is vital
for further progress in their photonic, nonlinear and optoelec-
tronic applications.
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Supporting Information is available from the Wiley Online Library or from
the author.
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