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A detailed
dichalcogenide (TMDC) structures is presented in this study. Sample 1 consists of epitaxially grown

investigation of structure, electronic and optical properties of two transition metal

bilayer of PtSe, (2 monolayers) on MoSe; (1 monolayer) deposited on mica substrate — reported here for
the first time. Sample 2 comprises a trilayer of WSe, grown on mica. The photoconductivities of both
samples were characterized using optical pump-terahertz probe spectroscopy under above- and near-
bandgap excitations at 400 nm and 800 nm. Both structures exhibit rapid carrier generation and
relaxation dynamics, with notable variations depending on excitation wavelength and structures.
Complementary density functional theory (DFT) calculations are performed to evaluate the electronic
and optical properties of free-standing single layers of MoSe,, PtSe, and WSe, and their combined
structures corresponding to Sample 1 and Sample 2. The experimental results show strong agreement
with calculated band structures. This consistency between experiment and theory underscores the
potential of these TMDC structures for future applications in terahertz and high-frequency electronic

rsc.li/rsc-advances devices.

Introduction

The terahertz (0.1-10 THz) band offers increasing potential for
applications, particularly in communications, where
semiconductor-based sources face a fundamental trade-off
between output power and bandwidth.* Therefore, broadband,
high-power THz sources are essential for ultra-high data
transfer rates. Beyond communications, they are also critical for
industrial applications including ultrafast processing, high-
resolution imaging, and biomedical and chemical sensing.**
To advance in these areas, the new materials with suitable
conduction properties to bridge the electronic gap to the ter-
ahertz frequency range are needed.

The exceptional optical and electrical properties of 2D
materials are promising candidates as novel single-layer and
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van der Waals multilayer thin films. Notably, graphene shows
strong potential due to its tunable properties.*” The substrates,
surface modifications, and metal contacts used with graphene
can significantly alter its properties, posing challenges for its
integration into large-scale optical devices.® Furthermore, no
bandgap property limits its application in digital large-scale
integrated circuits (ICs).® Attempts of generating a bandgap
on graphene'®'* have been rather indecisive due to the complex
nature of the processes resulting in rather smaller bandgap and
diminished mobility.****

Transition metal dichalcogenides (TMDCs) and mono-
chalcogenides (TMMCs), on the other hand, possess unique
properties in their 2D form. Even though they have indirect
bandgap in their bulk form, the energy band structure changes
to direct band gap as the layer number is decreased to one.*>™
With their atomic thickness and absence of surface dangling
bonds, these materials provide a new approach for building van
der Waals (vdW) heterostructures.>”** Studies have shown that
the electrical and chemical properties of these films can be
significantly enhanced by doping and/or when grown in multi-
layer heterostructures. Various 2D single or multi-layered
TMDCs have been studied for their distinct electrical and
optical properties. In a study by Zhao et al. few layers of plat-
inum diselenide (PtSe,) showed semiconducting behavior with
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arelatively high electron mobility of 210 cm? V™' s7*,>> while the
bulk form exhibited a metallic-like behavior with a conductivity
of 6.20 x 10> S m~ "> Igbal et al. presented mobility and elec-
trical characteristics of monolayer tungsten disulfide (WS,) in
a field effect transistor (FET) structure. The sandwiched WS,
between hexagonal boron nitride (BN) films posed an advantage
for fabricating stable WS, devices and also improved its
mobility up to 214 cm® V' s~ at room temperature, and even
as high as 486 cm® V'' s at 5 K.>* Fang et al. demonstrated
high-performance p-type FET based on single-layer (0.7 nm
thick) tungsten diselenide (WSe,) with chemically doped
source/drain contacts and high-k gate dielectrics.>® The top-
gated monolayer WSe, transistors exhibit a high effective hole
mobility of ca. 250 cm®> V™' s, a perfect subthreshold swing of
~60 mV dec™ ', and an Ion/Iopr ratio of >10° at room tempera-
ture. Li et al. demonstrated that tuning the bandgap of TMDCs
could be an approach for developing tunable nanoscale
photoelectric devices operating at the near-infrared range. For
that purpose, atomically thin, two-dimensional alloy MoS,,-
Se,(1—x) nanosheets with fully tunable chemical compositions
and optical properties were synthesized using a simple one-step
chemical vapor deposition approach.” In another study, Cheng
et al. fabricated and characterized an atomically thin p—n diode
based on a vertical heterojunction between p-type monolayer
WSe, and n-type few-layer MoS,.”” The p—n junction was formed
across the entire overlapping region of the WSe, and MoS,
layers, achieving a high external quantum efficiency of up to
12%. The electroluminescence studies also showed prominent
excitonic emission and enhanced hot-electron luminescence,
providing insights into the electron-orbital interactions in
these TMDC materials. These and other studies have laid the
foundation for TMDCs to be considered as candidates for THz
device architectures. Thus, characterization of their material
parameters in the THz frequency range is a crucial step towards
this goal.

Terahertz phase sensitive measurement capabilities offer
a non-contact method of characterizing the electrical properties
of such thin film structures. The technique has already been
applied in numerous areas like biological systems,*® semi-
conductors, polymers,* active pharmaceutical ingredients,**
for qualitative and quantitative analysis of the spintronic
materials.*” Time-resolved terahertz spectroscopy-TRTS, known
as optical pump terahertz probe spectroscopy, on the other
hand, is an advanced version that generates photoexcited
quasiparticles and probes those particles with picosecond (ps)
time resolution to asses dynamical behaviors.**** In probing
semiconducting thin films such as TMDCs and TMMCs, TRTS
can directly measure intrinsic photoconductivity, track charge
carrier behaviors along with phonon responses and intra-band
transitions. Owing to its noncontact nature, THz-TDS allows to
extract dielectric responses and frequency-dependent complex
conductivity of 2D structures. The obtained THz response is
analyzed in both time and frequency domains in order to
conceive the fundamental physics of the ultrafast phenomena
in these materials.*® The initial rise and decay dynamics of the
optically generated charge carriers enables to determine the
carrier dynamics characteristics.*® Docherty et al. studied the
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THz conductivity of CVD grown monolayer MoS, and WSe, on
sapphire substrates with TRTS technique.?” By optical pumping
at resonance or with a photon energy above the bandgap, the
monolayer semiconductor samples responded very rapidly
demonstrating their potential to be used for the next generation
high frequency optoelectronic devices, photoreceivers, emitters,
and diodes.

In this study we present the structural and dynamical prop-
erties of two TMDC heterostructures: 1L MoSe, + 2L PtSe, on
mica (Sample 1)-to our knowledge reported here for the first
time- and 3L WSe, on mica (Sample 2). The films are grown on
a large area (15 x 15 mm) by molecular beam epitaxy (MBE) in
the vdW, regime.***° The quality of the films are characterized
by XRD, RHEED, AFM, and Raman, and their band structures
were calculated and compared with THz measurements. Time-
resolved charge carrier dynamics of the TMDC hetero-
structures are obtained by optical excitation at 400 nm or
800 nm with varying fluences and pump wavelength and fluence
dependent fast relaxation dynamics are observed. The TMDC
2D films with such fast relaxations are good candidates for THz
device applications and in high frequency optoelectronic
devices. In addition, optical and electronic properties of 1L
MoSe, and 1L PtSe,, have been investigated by DFT. The same
first principle analysis has also been used to evaluate the
properties of 3L WSe, since the peculiarities of 1L WSe, were
already studied.*

Experiments and methods

2L PtSe,/1L MoSe, (Sample 1) and 3L of WSe, (Sample 2) are
epitaxially grown on single crystalline 15 x 15 mm muscovite
mica substrate (Ted Pella, Inc.). Mica is first exfoliated
mechanically using Scotch tape to obtain a clean surface. Before
its introduction into the ultrahigh vacuum (UHV) growth
chamber, the substrate is exposed to a soft oxygen plasma to
passivate its surface.*” The base pressure in the MBE chamber
remains in the low 10'° mbar range. The mica substrate is first
outgassed in the MBE chamber at 700 °C for 30 min to remove
all the contaminants. MoSe,, PtSe, and WSe, are grown by co-
evaporating Mo, Pt and W respectively from an e-gun evapo-
rator at a rate of 0.15 A min ™' and Se from an effusion cell. The
Se partial pressure measured at the sample position is fixed at
10~° mbar. The growth temperature as given by a thermocouple
in contact with the sample holder is 920 °C for MoSe, and WSe,
while PtSe, is grown on MoSe, at a substrate temperature of
430 °C and then annealed at 725 °C during 6 minutes. In situ
reflection high energy electron diffraction (RHEED) is used to
monitor the crystal structure during the growth.

The absorption spectra of the samples were obtained by
a Shimadzu 3600 plus UV-Vis-NIR spectrometer. Raman spectra
were obtained by a homemade Raman system. The experi-
mental THz-TDS and TRTS systems setup is presented in Fig. 1.
The laser source was a Ti:Sapphire regenerative amplifier
(Spitfire ACE, Spectra-Physics/Newport) with 5 m] pulse energy,
1 kHz repetition rate, 60 fs pulse length, and a central wave-
length of 800 nm. The beam is split into three; two of the beams
(0.6 m]) are used for THz generation and detection, whilst the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 THz-TDS and TRTS setup utilized for the measurements.

third beam is used for the photoexcitation of the sample with
800 nm (1.55 eV, 0.5 mJ). A non-linear crystal, beta-barium
borate, is utilized for generation of 400 nm (3.10 eV, 0.025 my])
pump excitation color from 800 nm. All experiments are carried
out in a dry air environment with humidity less than 1%.

The software used to execute the DFT simulations is the
Quantum Atomistic ToolKit (ATK) package.**** All the calcula-
tions are performed in two steps. The first one regards the
optimization of the geometries in both the single crystals, and,
the interfaces of the layered hybrid structures. The structures
that have been geometrically relaxed are then used for the
calculation of the electronic and optical properties as the
second step. To perform the entire cycle of analyses, the energy
cut-off is set at 1200 eV and the Brillouin-zone integration is
used a 15 x 15 x 15 k-points grid, in order to have a total energy
convergence of 5.0 x 10 °%ev per atom, a maximum stress of 2.0
x 10”2 GPa, and a maximum displacement of 5.0 x 10~* A. For
the DFT calculations, the electron basis uses a linear combi-
nation of the atomic orbital (LCAO) associated with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) density functional for the electron exchange-correlation
energy.” For each atom, the ionic cores are represented by
norm-conserving (NC) PseudoDojo (PDj) pseudopotentials, and
the dispersion correction Grimme DFT-D3 term is used to better
describe the van der Waals interactions between the layers,
which are not adequately predicted by standard DFT func-
tionals.*® Due to the layered nature of the samples under test,
the periodic boundary conditions (PBCs) are applied only to the
a and b axes in order to maintain a high level of accuracy, to
avoid problems with boundary effects caused by the finite size,
and to get a reasonable calculation time. The optical properties
have been determined by two components of the dielectric
function ¢(w) that are épeq(w) and iejy(w). The imaginary part
&im(w) of the dielectric constant can be determined from eqn

(1)
42

@)= g0

ZWk|pij|26(8k_/ — & — hw) (1)
&

ie HOMO,je LUMO k

© 2026 The Author(s). Published by the Royal Society of Chemistry

where HOMO, LUMO, w, 2, W;, p; were the valence band,
conduction band, photon frequency, volume of the lattice,
weight of the k-point, and elements of the dipole transition
matrix, respectively.

The real part of the dielectric constant can be obtained with
the following eqn (2):*
_ we(w)

1 o«
Ereal(W) = 1+ EPJO da)52 —

(2)

Finally, the refractive index (n) and extinction coefficient (k)
of the systems have been calculated as in eqn (3) and (4):
Ereal(w) = n2 - kz

(3)

eim(w) = 2nk (4)

— — Sample 1
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Fig. 2 UV-Vis spectra of Sample 1 (1L MoSe; + 2L PtSe;) (dashed red
line) and Sample 2 (3L WSe;) (solid blue line). The gray areas represent
the excitation wavelengths of 800 nm (1.55 eV) and 400 nm (3.10 eV)
with their corresponding bandwidths for TRTS studies.
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Results and discussions

Fig. 2 presents the UV-Vis spectra of the samples. Sample 1
consisting of 1L MoSe, + 2L PtSe, on mica exhibits a broad
absorption feature spanning 1.5-3.25 eV. The broad absorption
appears as two shoulders at 1.88 eV and 2.85 eV, superimposed
on a main band at 2.26 eV (red-dashed line in Fig. 2). A direct
bandgap of ca. 1.42 eV and an indirect bandgap of ca. 1.23 eV
are estimated for Sample 1 from the tauc plots. In their study,
Mondal et al. presented nonlinear optical susceptibility and
THz conductivity of multilayer MoSe, and multilayer MoSe, on
Pt NPs. While the bare MoSe, sample showed a bandgap of
1.50 eV, the MoSe, + Pt NPs sample resulted in a bandgap of
1.39 eV, showing that the addition of Pt nanoparticles lowered
the bandgap.*® In another study by Zhao et al. on electron
mobility properties of PtSe, the bandgap was tuned from
1.13 eV for 1L PtSe, to zero for 100 nm thin film.>* The studies
showed that the bandgap of such 2D materials is highly affected
by the number of layers and the interacting vdW materials.
Therefore, this reduction in bandgap to 1.42 €V is attributed to
combined multilayer structure and interlayer vdW interactions,
consistent with the literature. In addition, the indirect bandgap
of ca. 1.23 eV may correspond to the double layer PtSe,, since 1L
MoSe, does not show an indirect bandgap as discussed in the
theoretical part.

Fig. 2 also presents the UV-Vis spectra of Sample 2, consist-
ing of 3L WSe, on mica. Sample 2 exhibits a distinct absorption
peak at nearly 1.6 eV, and a broader absorption feature centered
at 2.8 eV, accompanied by shoulders at 2.3 eV and 3.2 eV (blue-
solid line in Fig. 2). A direct bandgap of ~1.47 eV is observed for
Sample 2, with no indirect transition. In their study, Liu et al.
reported an absorption band centered at 1.64 eV for a mono-
layer WSe,.* This may be a characteristic absorption of WSe,
that persists in multilayer structures, supporting the behavior of
Sample 2. Additionally, a study by Zhou et al. on the optical
properties of WSe, layers demonstrated a comparable bandgap
value of 1.44 eV.>® These findings suggest that, although layer
thickness influences the optical absorption of WSe,, the
primary spectral features of single layer are retained in multi-
layer structures. We believe this behavior is observed for Sample
2.

The structural purity and layer numbers are monitored also
by Raman spectroscopy and the corresponding spectra are
presented in Fig. 3. Sample 1 (1L MoSe, + 2L PtSe,) shows two
main Raman bands at 173 em ™' and 233 ecm !, along with
arelatively weak and broad feature around 200 cm ™. The bands
located at 173 cm ™" and 200 cm ™" are attributed to PtSe, layers
and corresponds to E, and A;; modes.* The band at 233 em tis
associated with the MoSe, monolayer.”> These Raman features
are in good agreement with the literature.*® Fig. 3 also presents
the Raman spectrum of Sample 2 (3L WSe,). The main feature is
observed at 243 cm™ " while a very weak and broad band is
observed at 300 cm ™" (not shown). The bands correspond to the
E;; and By, modes of WSe,, again consistent with the
literature.*
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Fig. 3 Raman spectra of Sample 1 (1L MoSe, + 2L PtSe,, red) and
Sample 2 (3L WSe;,, blue) together with their Lorentzian fits (dotted
lines). The spectra were background corrected with respect to the
Mica reference. For PtSe,, there is a second peak around 200 cm™t
that should also be considered in the fits, its intensity is weak in
agreement with the 2L thickness of PtSe,.?

Fig. 4a and b show the RHEED patterns of Sample 1 along
the [100] crystal axis of MoSe, and PtSe, respectively. In the
insets, the patterns along the [110] crystal axis clearly demon-
strate the single crystalline character of the layers. The intensity
profiles in Fig. 4c also prove the weak vdW interaction between
the two TMDC layers, each layer displaying its own lattice
parameter. Fig. 4d and e are illustrating the van der Waals
stacking and the epitaxial relationship between MoSe, and
PtSe,. The RHEED patterns of 1L, 2L and 3L of WSe, long [100]
crystal axis are shown in Fig. 4f-h, respectively. All three
patterns look very similar demonstrating the layer-by-layer
growth of the film and they all exhibit a doublet (see white
arrows in Fig. 4e) close to the second order diffraction position
indicative of an isotropic character: some WSe, grains are
randomly oriented in the film plane.

In Fig. 5, X-ray diffraction confirms these observations. The
radial (Fig. 5a) and azimuthal (Fig. 5¢) scans of Sample 1 display
a clear anisotropic character confirming the single crystalline
character of the film. We only observe a weak mosaic spread of
2-3° reflecting the slight in-plane misorientation of MoSe,/
PtSe, grains. However, for Sample 2, the same WSe, Bragg peaks
are observed along the three different azimuths in radial scans
(Fig. 5b), and 56% to 71% (orange areas in Fig. 5d) of WSe, are
randomly oriented in the film plane. Moreover, the mosaic
spread (=7°) is twice larger than the one of Sample 1. Finally,
the morphology of Sample 1 and Sample 2 is investigated by
atomic force microscopy (AFM) and presented in Fig. 6. They
both show full coverage. In Fig. 6a, the brightest grains corre-
spond to the starting growth of the 3rd PtSe, layer and in
Fig. 6b, we clearly see the 3rd WSe, layer almost completed.

The atomistic theoretical characterization of PtSe,, MoSe,,
and WSe, as individual entities, is the initial step to understand
the properties of the systems based on the layered hybrid
structures. PtSe,, MoSe,, and WSe, TMDC are materials built in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) RHEED patterns along [100] of (a) 1L MoSe; epitaxially grown on mica and (b) 2L PtSe, epitaxially grown on MoSe;. Insets are

showing the RHEED patterns along [110]. (c) Intensity profiles of RHEED patterns of MoSe, (in red, from (a)) and PtSe; (in blue, from (b)). (d) and (e)
Schematic side and top view of the PtSe, (2L)/MoSe; (1L) stacking showing the epitaxial relationship. (f—h) RHEED patterns along [100] of 1L, 2L

and 3L of WSe; epitaxially grown on mica, respectively.

a layered structure where the layers are stacked together by vdW
interactions while the atoms are covalently bonded in the plane;
all the considered materials are in their hexagonal (H) config-
uration. The properties of the 2D monolayers of PtSe,, MoSe,,
and WSe, are considered since they exhibit distinct electronic
structures and optical properties compared to their respective
bulk material. For each single crystal, the projected density of
the states (PDOS) and band structure have been evaluated to
understand and verify the reliability of the proposed DFT
methodology.

1L of PtSe, is characterized by a hexagonal crystal structure
in which a central line of Pt atoms is covalently linked to a sheet
of Se atoms above and below (Fig. 7a). Its band structure orig-
inates an indirect band gap of 1.36 eV and a direct bandgap of
1.57 eV that is in good agreement with the observed

© 2026 The Author(s). Published by the Royal Society of Chemistry

experimental result (1.23 eV for indirect and 1.42 eV for direct
bandgap of Sample 1) and with the literature.*® The presence of
the gap between the valence and the conduction bands that
originated from both the Pt and Se contributions is even
confirmed in the PDOS (Fig. 7b and c). The PDOS contribution
arises from the d-orbital energy level of Pt and the p-orbitals
energy level of Se and both contribute to the valence and the
conduction bands. MoSe,, schematically represented in Fig. 7d
in its monolayer form, is a direct bandgap semiconductor, the
maximum of the valence band and the minimum of the
conduction band occur at the K-point in the Brillouin zone. The
bandgap calculated for 1L MoSe, is 1.56 eV (Fig. 7e), which is in
line with the observed experimental bandgap (1.42 eV of Sample
1, shift is due to the combination structure) and with the re-
ported in literature.®® Both the elements, Mo and Se,
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Fig. 5 X-ray diffraction spectra. (a) and (b) Radial scans along 3 different in-plane azimuths of Sample 1 (1L MoSe, + 2L PtSe,) and Sample 2 (3L
WSe;) respectively. In (a), X phase corresponds to PtSe, and Y phase to MoSe; respectively. (c) and (d) Azimuthal scans for different Bragg peaks of
MoSe; and PtSe; of Sample 1 and WSe, of Sample 2 respectively. The numbers in degrees above each Bragg peak correspond to their full width at
half maximum. The numbers in % in orange and blue correspond to the fraction of isotropic and anisotropic crystal grains respectively.

contributed to the valence and the conduction bands in the
PDOS as observed in 1L PtSe, (Fig. 7f). In addition, the broad
energy distribution of the DOS with high structure observed for
both TMDCs confirms the broad absorption with multiband
nature in the UV-Vis spectrum where Sample 1 has a strong
band centered around 2.3 eV.

The band structure of WSe, moves from an indirect to direct
bandgap when passing from bulk to a single layer. Similarly to
the MoSe,, the monolayer of WSe, is characterized by a direct
band gap of 1.68 eV originated from a valence band maximum
and conduction band minimum both at the K-point, while the
bulk material has an indirect band gap of 0.94 eV.** Similar to
other 1L TMDCs, the PDOS contribution also arises from the d-
orbitals energy level of W atoms and the p-orbitals energy level
of Se and both contributed the valence and the conduction
bands.

Sample 1, based on the layered structures 1L MoSe, + 2L
PtSe, (Fig. 8a), was created, and the interface between the two

3L PtSe,

100 nm

Fig. 6

Q L ! 3LPtse,
2 | W TR A .
= < ik 7A N
Ut | ) " ZLPtSe
- I R TN
04 ‘
0 0.1 0.2
x (um)

materials was geometrically relaxed. The interface is created by
stacking together the layered (1L MoSe, + 2L PtSe,) structures in
the “c” direction. It is evident that the Se contribution leads to
a closure of the band gap; as noted from the PDOS of Sample 1
(Fig. 8b). Here, the Se orbitals cross the Fermi level, being the
main contributors to the valence and conduction edges. It is
also important to note that beyond the effect of Se, the valence
band edge is influenced by contributions from both Mo and Pt,
while Pt plays a more decisive role in the conduction part of the
PDOS. Furthermore, the refractive index (n) and extinction
coefficient (k) were evaluated across the spectral range of 0 to 1.5
THz. Both optical parameters remain nearly constant
throughout the entire frequency range examined. For Sample 1,
the refractive index is calculated to be 2, while the extinction
coefficient is almost 0. The estimations are consistent with the
observed terahertz behavior.

Sample 2 (3L WSe,, stacked in the “c” direction) is sche-
matically illustrated in Fig. 9a. In this instance, the differences

(c)

|

(a) 500 x 500 nm? AFM image of Sample 1 (1L MoSe, + 2L PtSe,) showing almost 100% coverage. (b) Height profile recorded along the

white line in (a) showing the vdW stacking. (c) 500 x 500 nm? AFM image of Sample 2 (3L WSe,).
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Fig.7 Electronic properties of PtSe,, MoSe,, and WSe; as single layer. (a) Schematic representation of PtSe,, (b) its respective bandstructure, and
(c) its PDOS. (d) Molecular structure of MoSe,, (e) its respective bandstructure and (f) its PDOS. (g) Atomistic arrangement of WSe,, (h) its

respective bandstructure, and (i) its PDOS.

with the 1L are less pronounced compared to Sample 1, most
probably because the material is not a hybrid system. Indeed,
the most noticeable impact is a slight reduction in the band
gap, as seen from the diminution of the distance between the
valence and the conduction portion of the PDOS; this is not
unexpected, as it is well known that WSe, has a transition from
a direct to an indirect band gap, with values shifting from
1.68 eV in the single layer to 0.94 eV in the bulk system. The
calculated direct bandgap is consistent with the experimental
observation of a direct bandgap only at ca. 1.47 eV. Similar to
Sample 1, the refractive index and extinction coefficient for
Sample 2 were assessed in the frequency range from 0 to 1.5
THz. Both optical parameters remain also almost flat within the
entire considered frequency range. The refractive index is
determined to be 2, while the extinction coefficient is close to 0.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 10a and b present the THz time-domain profiles and
corresponding frequency-domain spectra of the air reference
and Sample 1. Sample 1 consists of a 170 um thick mica
substrate, with 1L of MoSe, and 2L of PtSe, sequentially
deposited on top. The mica shows about 85% transmission of
the THz light for this thickness. The observed transmission loss
is attributed to insertion losses at the mica-air interfaces,
caused by the refractive index mismatch. The THz spectrum of
the air reference shows the spectral bandwidth of the instru-
ment up to almost 3 THz, which reduces to 2.5 THz bandwidth
due to the mica substrate of Sample 1. No significant additional
loss is observed from the 2D layers, consistent with theoretical
calculations indicating an almost zero extinction coefficient (k).
The observed fringes on mica (not shown) and Sample 1 arise
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from internal THz reflections within the substrate, manifesting
in the time-domain profiles around 3.5 ps and 5 ps.

Sample 2, in contrast, consists of a 90 pm thick mica
substrate with 3L of WSe, deposited on top. Fig. 10c and
d similarly present the THz time-domain profiles and corre-
sponding frequency-domain spectra of air reference and
Sample 2. As in Sample 1, the observed signal attenuation arises
from insertion loss at the air-mica interfaces. On the other
hand, the secondary reflection pulse, appearing around 2.5 ps,
is observed earlier than in Sample 1 due to the thinner mica
substrate. The spectral bandwidth is also around 2.5 THz and
no significant additional loss is observed due to the 2D layers,
consistent with their low absorption in the THz range.

Fig. 11 presents the refractive index (n) and extinction coef-
ficient (k) of the mica substrate, as well as the effective n and k of
Sample 1 and Sample 2. The mica shows minimal absorption of
THz radiation (almost zero extinction coefficient) as expected.

(a) Schematic representation of the unit cell of the Sample 1 and (b) its respective PDOS.

In addition, the TMDC layers of Sample 1 and Sample 2 do not
introduce any observable absorption as simulated in the theo-
retical calculations. Thus, effective k is also almost zero similar
to the bare mica response. Due to substrate thickness differ-
ences between the mica reference and the samples, low signal-
to-noise ratios, and nanometer thickness of the TMDC layers, it
is not feasible to directly extract the intrinsic TMDC dielectric
properties. Nevertheless, the findings are significant for appli-
cations involving terahertz radiation, such as medical imaging
or security screening. A noticeable increase in effective refrac-
tive index is observed for both Sample 1 and Sample 2 relative to
the bare mica substrate. Even a few layers of 2D materials
significantly affect the effective refractive index of the materials.
Mica has an average refractive index of ca. 2.5, and its refractive
index remains almost constant in the 0.1-1.4 THz range.
Sample 1 also exhibits a nearly flat refractive index spectrum as
suggested by the theoretical study, with an effective index of ca.
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(a) Schematic representation of the unit cell of 3L WSe, (Sample 2) and (b) its PDOS.
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(c) THz time—domain profiles and (d) corresponding frequency domain spectra of reference air and Sample 2 (3L WSe;).

2.7 in the same frequency range. Similarly, Sample 2 also
displays a nearly featureless and flat refractive index with an
average refractive index of 2.7 in the same frequency range.
These behaviors highlight the potential of 2D materials for
broadband THz applications.

Fig. 12 shows the differential THz transmission data of the
samples collected with the TRTS system. The samples are
photoexcited using 400 nm and 800 nm pulses with fluences of
195 pJ em 2 and 225 pJ cm 2, respectively, and probed by
broadband THz light. TRTS measures changes in THz
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Fig.11 Refractive index (n) and extinction coefficient (k) of (a) mica substrate and (b) Sample 1 (mica + 1L MoSe; + 2L PtSe;), (c) Sample 2 (mica +

3L WSey).
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cm ™2 for 400 nm excitation and AT/ T, of (c) Sample 1 and (d) Sample 2 at a fluence of 255 pJ cm 2 for 800 nm excitation. (The solid lines are 20-

point Savitzky—Golay averaging).

transmission as a function of the delay between the optical
pump and the THz probe, providing a direct insight into the
intrinsic carrier dynamics of the material. Unfortunately, the
differential transmission signals obtained under 400 nm exci-
tation were notably noisy, attributed to weak photoconductive
response. When Sample 1 is excited with 400 nm light (above
the band gap, Fig. 12a), it initially exhibits a fast response with
a rise time of ~1 ps, followed by a similar decay time. On the
other hand, under 800 nm excitation (Fig. 12c), Sample 1
displays a faster rise time of ~0.36 ps—potentially limited by
the system's time resolution— and a decay time comparable to
the 400 nm case (~1 ps). Compared to 400 nm excitation, the
observed photoconductivity under 800 nm excitation is signifi-
cantly higher.

Fig. 12b and d show the THz carrier dynamics of Sample 2
upon photoexcitation with ultrafast 400 nm and 800 nm, using
the same fluences as for Sample 1. The response of Sample 2 is
stronger than that of Sample 1 under 400 nm excitation, but

434 | RSC Adv, 2026, 16, 425-438

significantly weaker under 800 nm excitation. In this case,
a 400 nm optical excitation of Sample 2 results in a faster
response, with a rise time of approximately 0.45 ps. A slower
decay is also observed, indicating a longer average carrier life-
time. Under 800 nm excitation, Sample 2 exhibits a rapid rise
time of ~1 ps and fall time of ~0.7 ps. The longer-lived pho-
tocarriers in Sample 2 must be related to the difference in
electronic structure. With a complex electronic band structure
due to the hybrid character, Sample 1 possesses more radiative
or non-radiative channels than Sample 2 for carrier relaxation.

The measurements closely align with the reported study by
Docherty et al.*” on similar 2D materials, where an initial sharp
rise and a fast decay with a relatively short carrier lifetime were
observed. However, due to the low signal-to-noise ratios, it is not
possible to accurately extract carrier mobilities and concentra-
tions from these data. Although, the absorption of Sample 2
near 400 nm (3.1 eV, indicated by gray area) is similar to that of
Sample 1, both being above the bandgap excitations-, Sample 2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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exhibits a stronger THz response, indicating higher photocon-
ductivity. Analysis of the PDOS suggests that this difference may
primarily arise from the higher DOS of W near the valence band
and conduction edges, compared to Mo and Pt. In Sample 1,
excitations at 3.1 eV (400 nm) likely induce transitions such as
Se-to-Se and Mo-to-Se, whereas transitions involving Se-to-Mo
are less probable. In Sample 2, the 3.1 eV excitations result in
transitions most likely from Se-to-W or W-to-Se and less likely
from Se to Se. Therefore, the greater number of photoexcited
electrons transferred to the W network in Sample 2 may explain
the observed long carrier lifetime.

The differential transmission spectra upon excitation with
800 nm (1.55 eV) presented in Fig. 12c and d show a stronger
THz response for Sample 1 compared to Sample 2. There are two
main reasons why Sample 1 exhibit a stronger response under
800 nm excitation. Firstly, the 1.55 eV excitation is above the
bandgap of Sample 1 (1.23 eV) while it is around the bandgap of
Sample 2 (1.47 eV). The excitation laser pulse is ultrashort and
hence very broad (gray region around 1.5 eV in Fig. 2). This
enables partial overlap with the bandgap. Secondly, the
absorption of Sample 1 is around twice that of Sample 2. Hence,
it has a greater probability of carrier generation. Despite its
weaker absorption and less favorable excitation energy align-
ment, Sample 2 still demonstrates significant carrier generation
and dynamics, confirming its higher photoconductivity
compared to Sample 1. The results show that WSe, is a very
promising candidate for high-speed electronic applications
with its fast rise and fall time responses and significantly higher
photoconductivity.

Conclusion

In conclusion, our combined time-resolved measurements and
density functional analysis reveal distinct photoconductive
behaviors of the two TMDC structures. Sample 2, consisting of
3L WSe, on mica substrate, exhibits higher photoconductivity
under 400 nm excitation. The PDOS investigation showed that
this is primarily due to having a higher density of W-dominated
states near the valence band edge, in contrast to Sample 1,
where the corresponding states are predominantly Se-derived.
As a result, dominant optical transitions in Sample 2 occur
between Se and W atoms. In contrast, Sample 1 with its 1L
MoSe, and 2L PtSe, on mica shows transitions mainly from Se-
to-Se and Mo-to-Se, and, to a lesser extent, Se-to-Mo, which
contributes to a reduced photoconductive response under
400 nm excitation. The long-lived carrier response of Sample 2
is due to its electronic structure.

Under 800 nm excitation, Sample 1 displays better THz
response since the excitation energy (1.55 eV) lies above its
bandgap coincides with high density of states, as shown in
PDOS with stronger absorbance. Although Sample 2 exhibits
a weaker absorption and a lower density of available states at
this energy, it still shows a significant response, confirming
superior conductivity of the WSe, structure.

These findings demonstrate that the conductivity of TMDC
structures is highly sensitive to the elemental composition and
stacking configuration that govern the resulting electronic band

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure. This study highlights the potential of tailoring TMDC
structures for ultrafast, wavelength-specific optoelectronic and
terahertz applications.
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