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——RABSTRACT

Transition metal dichalcogenides offer a rich platform to exploit overlooked thermoelectric potential for energy-recovery systems and
hybrid energy harvesting. This work highlights the potential of MoS,/MoSe, thin films for thermoelectric applications, featuring a low-cost,
scalable, and excellent heterostructure formation that will guide future research in the field of energy and sustainability.

Efficient energy harvesting for applications such as radioisotope thermoelectric generators and heat-recovery systems require novel thermoelec-
tric materials with exceptional performance. This work demonstrates thermoelectric capabilities of n-type MoS,/MoSe, heterojunctions fabricated
by scalable radiofrequency sputtering. These heterostructures demonstrated an outstanding experimental Seebeck coefficient of ~— 1.1 mV K~
(AT=40 K), arising from thermally activated carriers with a low activation energy of 32 meV, and estimated thermoelectric figure-of-merit
(Z7) values of ~ 1.0. Furthermore, computational calculations within framework of Density Functional Theory corroborate experimental findings
allowing to elucidate a crucial role of atomic-scale in determining anisotropic thermoelectric properties. Lastly, our data indicate MoS,/MoSe,

heterojunctions are a promising material for low-cost and efficient thermoelectric for microelectronic devices.

Keywords heterostructure - thin film - thermoelectric - energy and sustainability

Introduction

The transition metal dichalcogenides (TMDCs) caused
much attention mainly in thin films form, due to its viability
offer toward development of applications such as sensors, and
detectors?; among the most common two-dimensional materials
is molybdenum disulfide (MoS,), demonstrating a remarkable
level of integrality in solid-state and heterojunction technology®
and solar energy harvesting.* Progress made in fabrication
techniques, mainly for radiofrequency (RF)-sputtering pro-
cesses for thin-film heterojunctions in large-scale applications
by our group and others.>” Reports indicate the potential use
of MoS, in thermoelectric applications by enhancing thermo-
electric response of TMDC multilayer structures, attributed
to interface formation,®'° which is of relevance for develop-
ment of technologic applications, including thermoelectric
generators,'! heating units (RHUs),'> and heat-recovery sys-
tems.'” For practical applications of TMDC as thermoelectric
materials, it is necessary to determine their thermoelectric
properties and their dependency on geometric arrangements
and heterojunction formation, as this remains a vague aspect
of current research. As Goldsmith indicates, to develop reliable
thermoelectric generators, one needs a material with a thermal
conductivity<1.0 W m ! K™! to improve the thermoelectric

Discussion

performance through the dimensionless figure-of-merit Z7°
value and a reliable Seebeck coefficient value.'” One preferred
route to attain such a reduced thermal conductivity (k) is to
achieve a solid solution or to enhance phonon scattering due to
interface formation. In principle, the different atomic weights
of the constituent elements of the solid solution will facilitate
phonon scattering. Similarly, current state-of-the-art research
focuses on interfaces within the material, such as engineering
grain boundaries, heterojunctions, or nanostructured semicon-
ductors, which induce phonon scattering, thereby stopping heat
propagation and reducing thermal energy transmission along
the material.'* Lan et al. fabricated sputtered amorphous MoS,
films that exhibit thermal conductivities around 0.5 Wm ' K™!
and determined a minimal influence of the film thickness on
the thermal conductivity.!® This remarkably low thermal con-
ductivity can be attributed to an increase in phonon dispersion
resulting from the amorphous lattice. Ashraf et al. determine
values of k for the MoS, film of approximately 0.26 W m™ K™,
based on Fourier’s law of conduction,'® and these values are in
agreement with previous reports by Muratore et al., indicating
that (002)- and (100)-oriented MoS, films exhibit anisotropic k
values 0f 0.25-1.5 W m ™! K™!, respectively. These results can be
related to the scattering at domain boundaries that dominate

An ongoing effort using material science techniques to deliver viable, large-area, low-cost thin films with capacity for usage as thermo-
electric generators with Seebeck coefficient~— 1.1 mV K-1 (AT =40 K), as experimental measured by Van der Pauw method.

Transition metal dichalcogenide thin films achieving high-quality, consistent heterostructure formation when deposited using conven-
tional RF-sputtering from commercial targets at 99.9%.
Among approaches to control thermoelectricity generation includes interface formation, yet few experimental-theoretical studies focus
on transition metal dichalcogenides (TMDC) thin films for thermoelectricity generation are found in the literature.
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phonon conduction in nanostructured TMD films; the Seebeck
coefficient (S) in monolayer MoS, has been measured to be in
the order of 1 x 102 pV K™! with applied gate voltage (+20 V),
and this S'is considerably larger than those measured for bulk
MoS,."" The predicted values of S by computational calculations
for MoS, reach values of 1 x 10° pV K ™! when sulfur vacancies are

1.,"® and to the same order of

present according to Sharma et a
magnitude in Van der Waals and Janus TMDC heterojunctions
as extensively reported by others.!?->* These studies highlight the
knowledge gap between understanding the thermoelectric prop-
erties and the formation of TMDC heterojunctions, as this ulti-
mately concerns the application of TMDC as an effective active
layer in thermoelectric generators. In here, we aim to commu-
nicate the thermoelectric properties of MoS,/MoSe, atomic
heterojunction, taking as the starting point the fabrication of
aMoS,/MoSe, multilayer system through RF-sputtering. Thin-
film heterojunction exhibited n-type semiconductor behavior
with thermally activated charge carriers as well as a compelling
Seebeck coefficient; moreover, a series of computational calcu-
lations for MoS,/MoSe, heterojunction models, in order to pro-
vide theoretical explanation of experimental results, emphasize
thermoelectric and electronic performance of two-dimensional
material heterojunctions.

Results and discussion

Thin-film fabrication of MoS /MoSe , heterojunction

A cross-sectional view of the MoS,/MoSe, deposit indi-
cates a clear and well-defined junction between the two mate-
rials (Fig. 1a) with a total thickness of approximately 1.6 pm,
whereas the surface of the thin film has a fringe-like structure,
which agrees with previous reports.”® Each transition metal
dichalcogenide layer has an approximate thickness of 800 nm,
as recorded by a profilometer (Fig. S1). In scanning Electron
Microscopy (SEM) images, a fringe-like structure was observed,
which corresponds to the preferential growth of the MoSe, and
MoS, layers along [101]-direction, with vertical alignment and
Atomic Force Microscopy (AFM) also confirms rough surface
and thickness. To further corroborate this, Raman spectros-
copy indicates vibrational modes at~400,~411, and ~ 375 em™!
corresponding to the A;, and EIQgVibrational modes of MoS,,!
and for MoSe,, the characteristic modes appear at 242 and
281 cm ™! (Fig. S2). The signals at~ 335 and ~ 275 cm ™! corre-
spond to the blue-shifted E; and A; modes, respectively, owing
to the formation of the MoSSe phase at the junction.’ From the
relation between the Alg and E12g peaks, we can indicate that
the material has preferential grain growth in the vertical direc-
tion due to a greater out-of-plane signal induced by the verti-
cally aligned material 2! X-ray diffraction shows the presence
of peaks of 20 at ~ 15° and ~ 28° (Fig. 1c), along with the peaks of
the polyamide flexible substrate at~ 18° and ~ 22° 20. The afore-
mentioned peaks are directly associated with (002)-basal plane
of both MoS, and MoSe, confirming formation of a 2H-MoX,
phase (where X =S or Se); however, SEM and broader XRD peaks
indicate and confirm large colonies of MoS, and MoSe, grains

and surface porosity.>! Hard X-ray photoelectron spectroscopy
(HAXPES) was used to identify the elemental composition for
near the surface of the MoS,/MoSe, sample (Fig. S3 presents
the survey spectrum of the sample). Detection of Mo 3d;,, and
Mo 3d;,, core levels at binding energy (BE) values 0f229.3 £ 0.1
and 232.4 £ 0.1 eV, respectively (Fig. 1d), agrees with BE values
reported for MoS, in literature.?? Additionally, more than one S
2 s peaks can be detected adjacent to the Mo 3d core levels, indi-
cating several sulfur chemical environments at the surface of the
sample. The more obvious of these S-related peak contributions
(i.e., those not fully overlapping with the Mo 3d lines) is found
at BE values 0f 226.0+ 0.2 eV and 234.3 + 0.2 eV, respectively.
These BE values correspond to sulfur compounds with oxidation
states of - 2 (e.g., sulfides) and + 6 (e.g., sulfates), respectively;
and sulfur oxidation state of — 2 corresponds to MoS, composi-
tion, whereas the minor signal is related to a sulfur oxidation
state of + 6 due to exposure to air conditions. HAXPES detail
spectra of the Se 2p;,, and Se 3d energy regions are presented
(Fig. S3a and b). The fact that Se-related signal can be detected
via HAXPES at the surface of the 800-nm-thick MoS, layer is
likely due to anion diffusion/intermixing across the heterojunc-
tion, in line with the above-mentioned Raman results, indicat-
ing the formation of the MoSSe phase at the junction. Finally,
Transmission Electron Microscopy (TEM) also confirms
typical fringes, vertical alignment, and random orientation of
MoS,-MoSe, layers (Fig. 1f); however in bulk thin film, a well-
defined heterojunction has been is achieved by our “one-step”
scalable fabrication method®"'*2" and Focus Ion Beam-SEM
images for “/ift-out”process in Fig. S4.

Thermoelectric response of MoS /MoSe, heterojunction

The generated voltage as a function of temperature indicates
the existence of a Seebeck effect, considering the relation given
by the following equation:

AV

S=-ar M

where AV is the open-circuit voltage measured and A7 is the
applied temperature gradient. Then, the slope of the 2nd order
polynomial fit of the voltage vs. temperature gave us the estima-
tion of a Seebeck coefficient of~— 1.1 mV K ! for our heterojunc-
tion ata A7=40K (Fig. 2a). Here, negative slope confirms semi-
conducting n-type heterostructure, with maximum generated
voltage at 290 K, in agreement with similar reports'®-**?* and
consistent with computational study as discussed in next sections.

The heterojunction’s activation energy (£4 ) was estimated
using the relationship between the measured conductivity (o)
results, and Arrhenius equation is expressed by the following
equation:

,EA

o= CeTal 0)

where C is a constant, and £z and 7" are the Boltzmann constant
and the absolute temperature, respectively, as in agreement
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Figure 1. (a) Cross-sectional SEM image of the MoS,/MoSe, heterojunction as a
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thin film with an approximate height of the film of 800 nm, (b) Raman
spectroscopy showing the active modes detected for the deposited thin film, and (c) X-ray diffraction pattern of the fabricated heterojunction showing a
preferential growth of the film in the direction of the (002) plane for both MoS, and MoSe, labeled as MoX, in the figure (inset showing the layered structure
of MoS, with the exposed (002) and (100) planes). (e) HAXPES details spectrum in the Mo 3d/S 2 s/Se 3 s energy range as measured using 2 keV excitation
for the MoS,/MoSe, heterojunction. (f) High-resolution transmission electron microscopy confirming the existence of layered fringes with dg;,;i ~0.63 nm
characteristic of MoS, and MoSe, molecular structures. Atomic Force Microscopy indicates the rough surface which corresponds to needle-like colonies of
vertical aligned grains.

with.'®-23:24 The heterojunction exhibits an activation energy of
32.5 meV, as plotted in Fig. 2b, indicating different transport
mechanisms within heterojunction as a function of temperature,
as reported for MoS,.'” Furthermore, the order of magnitude
of the extracted activation energy is comparable to the thermal
energy at room temperature, suggesting an ease of activation of
charge carriers.
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The expected relationship between ¢ and A7 suggests a
complex transport mechanism in our material; however, the
overall trend indicates that thermally activated charge carriers
are predominantly dominated by diffusive transport, meaning
that charge carriers experience frequent scattering.'%-2%:26 This
observed complexity is mainly due to the existence of a lay-
ered structure and the formation of a heterojunction. Thus, at
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Figure 2. (a) Voltage vs. temperature plot with polynomial fit is an estimation of the Seebeck coefficient for MoS,/MoSe, heterostructure %), inset is

programmed heating ramp used for thermoelectric measurements with thin-film analyzer (TFA). (b) Conductivity vs. inverse temperature, the slope of the
linear region indicates the activation energy (£,), and the solid line is the polynomial fit, (c) Computed power factor using PF = S2q equation.

temperatures below 300 K or high (£7) 7!, the film’s transport
mechanism may be due to in-gap impurities, whereas at tem-
peratures above 300 K or low (k7)7! charge carrier transport
across the band gap due to the temperature gradient may become
dominant. Furthermore, the computed power factor (PF = S%¢)
displays a sharp decrease as the temperature increases, in line
with the fact that as the temperature increases, the electron-pho-
non scattering process becomes dominant,'® and the Seebeck
coefficient decreases, overcoming the increase in electrical con-
ductivity observed previously (Fig. 2c) and helping to confirm a
diffusive transport.

The dimensionless figure-of-merit (Z7) value of a material
is a fundamental parameter used to compare different thermo-
electric materials at a given temperature. The Z7 value can be
computed using Eq. 3 and relates the electronic transport and
thermal transport as follows:

052

K

ZT

= T, 3
where o is the electrical conductivity, S is the computed Seebeck
coefficient, « is the thermal conductivity, and 7" is the absolute
temperature. The Z7 values for our fabricated heterojunction
were computed indirectly, considering that k = pDCp, where p
is the density of our thin film, Dis the thermal diffusivity, and Cp
is the temperature-dependent heat capacity. Details on these cal-
culations are provided in the Supplemental Material (Table S1),
and the resulting values of thermal conductivity are in good
agreement with available data in the literature.'>*%2 Then, this
results in an approximate Z7 value of~ 1.0 at~ 330 K, which is
a high value of thermoelectric performance compared to state-
of-the-art Z7 values of ~ 1.3 (@400 K) for Cu,PbSe, 9gTe (
alloys] ~ 1.8 for n-type PbTe (@773 K),?* and ~ 0.9 for InP.?%-3!
This predicted Z7 value indicates that our material has the
potential to be implemented in technologies like low-grade waste
heat recovery and powering small electronic devices,?’-32-34

although almost an order of magnitude lower than the value we
compute when solving the Boltzmann transport equation (BTE)
with BoltzTraP2.°? We then sought to describe the observed
dominant transport mechanism and divergence between ZT
values using computational modeling through density func-
tional theory in conjunction with the BTE, as discussed in the
next section.

Electronic and thermoelectric properties of bulk MoS, and MoSe,
by computational methods

We began by validating our DFT calculations using MoS, and
MoSe, unit cells. The lattice parameters of the unit cell models
of MoS, and MoSe,, after the structural optimization, resulted
in excellent agreement with the experimentally reported values,
and the partial density of states (PDOS) of the MoS, and MoSe,
indicates that conduction and valence bands are populated by
the p and d orbitals from the chalcogen and the molybdenum,
in agreement with previous reports (Table 1) and with.’-1-25:35
From the computed band structures, we extracted the effective
mass of the electrons (me*) in the conduction band (K—T) for
bulk MoS, and MoSe,. Considering parabolic bands, we have that

-1

where /1 is the reduced Planck’s constant. The resulting values of
the effective mass for bulk MoS, and MoSe,, in units of electron
mass at rest (), in agreement with previous reports,
displayed in Table 1. In terms of the computed thermoelectric
properties, both MoS, and MoSe, resulted in a computed value
of the figure-of-merit Z7', which decreased as the temperature
increased, dropping to a maximum of 3.4 and 3.1 at 200 K to
3.0and 2.6 at 500 K for MoS, and MoSe,, respectively (Figs. S5
and S6). Our Seebeck coefficient values are consistent with those

d2E

75 “

27,36 are
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reported by Sharma et al. using DFT methods,'® although com-
puted for single-layer MoS, (Table 1). The values differ by half for
those presented by Jia et al. for single-layer MoS, at 300 K, with
Seebeck coefficients for single-layer MoS, of~3 mV K ! at 300 K,
but with periodic conditions onlyin the x direction of the super-
cell, which may influence the computed transmission function
L%inside the Boltzmann transport equation.'” Nevertheless, our
values are in agreement with reports from Wu et al. which indi-
cates for Seebeck coefficient of bulk MoS, should be one order of
magnitude less in comparison with single-layer MoS, at 300 K.1¢

Electronic and thermoelectric properties of MoS /MoSe,
heterojunctions by computational methods

Next, we computed the electronic structures of the hetero-
junction configuration. The computed band structure of the
random heterojunction exhibited intermediate values between
those of MoS, and MoSe, (Figs. S5 and $6). The random hetero-
junction presents a band gap of 1.15 eV (Table 1). This band gap
decrease represents a reduction of ~ 15% of the band gap com-
pared to pure MoS,. From the PDOS plots, a change in the con-
tribution of each orbital to the conduction and valence bands can
be observed. A strong metallic nature (high contribution of Mo d
orbitals) arises for both the conduction and valence bands, indi-
cating a substantial decrease in the contribution of the chalco-
gen. Although the relationship between metallic and chalcogen
ionsis conserved as a stoichiometric TMDC, the distribution of
chalcogen ions affects the electronic distribution of the orbitals.
The former observation of a change in the nature of the valence
and conduction bands can be understood as the decoupling of
the p and d orbitals around the Fermi level. This decoupling is
supplemented by an overlap between chalcogen p orbitals from
both S and Se atoms, even though no direct bonding occurs

between chalcogen species after the structural optimization of
the heterojunctions.

The resulting thermoelectric properties of the heterojunc-
tions align with the trend observed in the bulk models of MoS,
and MoSe,; the Seebeck coefficient (S) value decreases as the
temperature increases, as expected for z-type semiconductors
as well as for the MoS, and MoSe, bulk models (Fig. 3). The
maximum value of S (1.58 mV K™!) occurs at 200 K for the het-
erojunction, which is slightly larger than that of bulk MoS, and
MoSe, and is in the same order of magnitude as our experimental
values.

We can relate this behavior to the change in the effective mass
of electrons at the conduction band owing to heterojunction
formation computed using Eq. 4. As displayed in Table 1, the
effective mass of electrons increased to 0.7 compared to bulk
MoS, and MoSe,. Because the Seebeck coefficient relates to the
effective mass as

wiro

Somi-n"3, 5)
where 7is the charge carrier concentration. Therefore, the heav-
ier the electrons become, the Seebeck coefficient increases. As
the temperature increases, the Seebeck coefficient decreases,
because, in the Boltzmann transport equation, a broader energy
distribution of carriers is generated at higher temperatures.

It is predicted that MoS,/MoSe, heterostructure facilitates
the spatial separation of electrons and holes across the inter-
face, as reported previously.” Moreover, at lower temperatures
and carrier concentrations, band alignment can enhance the
thermoelectric performance by selectively allowing high-energy
carriers to contribute to transport. However, as the temperature
increases, itis anticipated that.S decreases because thermal exci-
tation enables a broader range of carriers to participate, dimin-
ishing the selectivity of high-energy carriers. This contrasts with
MoSe,-based heterojunctions with bismuth telluride, which

2.0 2 -
b c 18
) ) ~ ——200K
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b 400 K
' 14 —-—-500K
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Figure 3. Computed Seebeck coefficient (S) as a function of chemical potential (a) and concentration (b) at different temperatures for the heterojunction
models. The inset shows a close-up at charge carrier concentrations above 1x 10 cm~3. (c) Computed ZTvalue at different temperatures for the modeled
heterojunction.
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have been demonstrated to maintain or even enhance thermo-
electric performance at elevated temperatures due to persistent
energy filtering effects at semi-coherent interfaces.?%-31:3%:38 The
observed temperature dependence of the Seebeck coefficient
for our heterojunctions suggests that transport is primarily
diffusive, following experimental observations, meaning that
the majority of charge carriers (electrons in this case) experi-
ence frequent scattering events with phonons, impurities, and
interface roughness. The mean free path of carriers is shorter
than the length scale of the heterojunction, and the flow of elec-
trons follows diffusive mechanisms governed by concentration
or thermal gradients. Consequently, the thermally generated
voltage is attributed to differences in the carrier energy distribu-
tion, rather than to ballistic transport or tunneling across the
interface.?8:31:32:39-40 Ag scattering intensifies with temperature,
especially via phonon interactions, the carrier mobility should
decrease, further reducing the Seebeck coefficient and confirm-
ing a diffusive transport regime.

Nevertheless, the calculation of the Seebeck coefficient as a
function of charge carrier concentration suggests that our het-
erojunction configuration can maintain thermoelectric perfor-
mance at temperatures above 300 K due to persistent energy
filtering effects attributed to interface formation.?!3° The See-
beck coefficient as a function of concentration shows a significant
variation between MoS, and MoSe, (Fig. S7), especially at high
temperatures and high concentrations. Meanwhile, the random
heterojunction reaches values of S=0.19 mV K ! at charge carrier
concentration of 1 x 102° em™ at 500 K. In contrast, the Z7 val-
ues of the heterojunction decreased exponentially as the carrier
concentration increased, but they increased as the temperature
increased for all the heterojunctions (Fig. 3). The maximum value
of ZT'for the modeled heterojunctionis 1.75 at 500 K. The result-
ing values of Z7 indicate that at low carrier concentrations, the
heterojunction selectively enhances the thermoelectric power
by filtering high-energy carriers, as suggested in the previous
paragraphs.’’#! This is similar to Zhang et al. report, where the
authors attribute Z7 values for a metastable cubic “@” phase of
SnSe of 1.0 at 300 K and up to 3.0 at 800 K to intra-band tun-
neling transport, which decreases thermal conductivity.** This
ZTvalue for our heterojunction model differs from the predicted
experimental values of ~ 1.0 presented in the first section; how-
ever, this can be attributed to a lower charge carrier concentra-
tion in our fabricated heterojunction, as expected in lab-growth
TMDC, compared to the computational models.’-314%434> None-
theless, it is assumed that, as the charge carrier concentration
and temperature increase, diffusive transport dominates, taking
the thermoelectric performance to zero, which is what is occur-
ring in both observations. This is an indication that the interface
between MoS, and MoSe, facilitates thermal transport.

Asthe electrical conductivity is expressed aso = ngu, where
nisthe carrier concentration, g is the charge, and j¢ is the carrier
mobility, which is equal to

-9
M_m;f’ (6)
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where 7 is relaxation or scattering time. From here, we observe
that the carrier concentration plays a more significant role in
the electrical conductivity of the heterojunctions compared to
other effects due to the interface formation, like the increase in
the effective mass; however, at high temperatures, the thermal
conductivity dominates for our heterojunctions, diminishing the
thermoelectric power and taking the material into a highly dif-
fusive transport regime. This implies that the optimization of
the conductivity properties of MoS,/MoSe, heterojunctions can
be addressed by proper doping of the material as used in Mg;Sb,
or Cu,TiSe,.*>

The random phase of MoS,/MoSe, makes this material
extremely attractive compared to single-layer TMDC, with the
advantage of single one-step fabrication methods, as reported
in previous reports.” The potential use of MoS,/MoSe, het-
erojunctions in thermoelectric applications is demonstrated
by these results. Nevertheless, this shows us that a trade-off
among electrical conductivity, thermal conductivity, and See-
beck coefficientis occurring, and charge carrier concentration
can be anovel strategy to tune the thermoelectric performance
of TMDC thin films.*’

Conclusions

This study demonstrates the promising thermoelectric
capabilities of heterojunctions fabricated via a scalable rad-
iofrequency (RF) sputtering technique. The as-fabricated
thin-film heterostructure exhibited n-zype semiconductor
behavior with an outstanding experimental Seebeck coef-
ficient of - 1.1 mV K™! at A7=40 K, alongside a low charge
carrier activation energy. This performance projects an
approximate experimental dimensionless figure-of-merit
(ZT) value of ~ 1.0 in the range of 290-330 K. Computa-
tional modeling corroborates these findings, predicting a
maximum of Z7 at higher temperatures for the random het-
erojunction model, a value higher than the experimental
result, which is attributed to lower charge carrier concentra-
tions in the lab-grown material. The measurements confirm
a diffusive transport regime in MoS,/MoSe, heterojunction,
characterized by strong “electron-phonon” scattering in the
lattice that intensifies when temperature is increased, lead-
ing to a decrease in the Seebeck coefficient. This suggests a
transition from energy-filtered effects (at low carrier concen-
trations) to bulk-like diffusive transport, which ultimately
dominates and facilitates thermal transport at high temper-
atures/concentrations. These combined insights establish
heterojunctions as a compelling platform, demonstrating
that charge carrier concentration and interface engineer-
ing offer an attractive strategy to tune the conductivity
properties and optimize thermoelectric performance for
next-generation, low-grade waste heat recovery and energy-
harvesting applications.



Methods

Thin-film fabrication of MoS /MoSe , heterojunction

MoS, and MoSe, heterojunctions (MoS,/MoSe,) were
deposited using radio frequency (RF) sputtering in Kurt J.
Lesker PVD 75 machine with commercial targets at 99.9%
7: MoS, and MoSe, have an
intrinsically n-type semiconductor character, attributed pri-

purity, following previous works®

marily to sulfur vacancies and dangling bonds at the edge of
grain boundaries.?” Thus, the MoS,/MoSe, multilayer thin
film resembles an nn-heterojunction. The MoS,/MoSe, mul-
tilayer thin film was deposited directly on a polyamide flex-
ible substrate mounted on a Si wafer with a 4 in (1 016 mm)
diameter and a thickness of 500 pm (Fig. 4). During the fab-
rication, we set a vacuum pressure of 1 x 104 Pa with an RF
power of 200 W at 13.56 MHz. We proceeded with the sequen-
tial deposition of MoS, after MoSe,, without breaking the
vacuum, to achieve a high-quality, contaminant-free MoS,/
MoSe, multilayer thin film. The target thickness of the MoS,/
MoSe,; was 800 nm, with a dwell rate of ~0.3 nm s71. Once
the deposition was completed, the polyamide flexible sub-
strate was unmounted on the Si wafer and kept under vacuum
conditions.

Characterization of the MoS /MoSe, heterojunction as a thin film

The obtained p-Si/MoS,/MoSe, multilayer structure was
characterized using scanning electron microscopy (SEM) to
reveal the morphological aspects of the thin film. A Nova 600
Nanolab from FEI Company was used, setting a tilt angle of 45
deg with a working voltage of 5 kV to avoid damage to the mate-
rial, and a working distance of 4.4 mm with magnifications of
15,000 x and 30,000 x. Meanwhile, Raman spectroscopy was
performed using a laser with a wavelength of 532 nm, with
measurements of 10 points with an integration time of 0.64 s.
Raman spectroscopy was taken at room temperature with no
further sample preparation. X-ray diffraction (XRD) was per-
formed using an X-Pert Pro machine from Panalytical with a
Cuy,,=0.15405980 nm, a voltage of 35 kV, and a measured cur-
rent of 25 mA. The sample was measured from 10 to 80 deg of 26
using a step time of 30 s and step size of 0.016 deg. Similarly, the
XRD measurements were performed at room temperature with-
out further sample preparation. High-resolution transmission
electron microscopy was performed using a field emission Cs-
corrected STEM unit model 2200-JEOL®, equipped with high-
angle annular, dark-field (HAADF) detector, X-Twin lenses, and
CCD camera operated at 200 kV, and Atomic Force Microscopy
was obtained using a Nanoscope IIla Digital Instruments® using

MoS,

I
6 MoSe2

Ar*

Vacuum pump

46
Gt
0T
S

b) 4in (1 016 mm) Si wafer

Polyamide substrate

Thermocouple
Electrodes

Figure 4. (a) Simplified schematic showing the process of RF-sputtering of the MoS,/MoSe, heterojunctions as a thin film. (b) Schematic of the Si wafer
used as a support substrate for the RF-sputtering process, (c) photograph of the chip-based platform from Linseis with the sample mounted and schematic
of the chip-based platform from Linseis showing the main components of the chip.
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a carbon coated probe. Hard X-ray photoelectron spectroscopy
(HAXPES) measurements were carried out at the HiKE endsta-
tion located at the BESSY Il KMC-1 beamline at Helmholtz-Zen-
trum Berlin (HZB).%3** The HiKE endstation is equipped with
a Scienta R4000 electron analyzer, and two different excitation
energies were used, exploiting different diffraction orders of the
Si(111) crystal pair of the KMC-1 double crystal monochroma-
tor (i.e., 2 keVin 1st order and 6 keV in 3rd order). The binding
energy (BE) scale of the HAXPES measurements was calibrated
by measuring the Au 4f energy region of a clean Au foil in electri-
cal contact with the (grounded) sample and setting the BE of the
Au 4f; 5 line to 84.0 eV.

Thermoelectric measurements

We operated a Thin Film Analyzer (TFA) from Linseis Inc. to
measure the electrical conductivity and Seebeck coefficient of
the MoS,/MoSe, heterojunction thin film within the tempera-
ture range of 290-330 K, setting a heating rate of 20 Kh™" and
using the chip-based platform from Linseis, Inc. The thin-film
sample was mounted on the chip-based platform provided by the
manufacturer for thermoelectric measurements, using silver
paste as an adhesive. These chips came with built-in thermocou-
ples and heating elements to run the experiments, which were in
direct contact with the fabricated MoS,/MoSe, heterojunction,
avoiding undesired influence from the substrate (Fig. 4).

Computational calculations

All DFT calculations were performed using the Quantum
ESPRESSO package 7.3,%® the generalized gradient approximation
(GGA), and the Perdew-Burke-Ernzerhof (PBE) exchange-corre-
lation functional. The electronic description of the materials was
performed through plane-augmented wave (PAW) pseudopoten-
tials provided as included in the SSSP package (1.2.1 version).*
Structural visualization and handling of the heterojunction model
were supported by VESTA®® and XCrysden codes.”® For the struc-
tural optimization calculations, we employed a plane-wave cutoff

Figure 5. Top-view and side-view
of the heterojunction model. The
solid black lines represent the
boundaries of the supercell used
for the calculations.

: 01010 :

o““o

random

OOO

OOO O
dobyt,

energy of 885 eV and a self-consistent field (SCF) energy value of
1.6  10® eV atom™". The criterion of ionic minimization achieved
convergence when all forces were smaller than 8.3 x 10 eV nm ™!
and the total energy changes less than 6.5 x 10~ ¢V atom ! in two
consecutive self-consistent field steps. A A-point set of dimensions
4 x 8 x4 was used to sample the Brillouin zone for the heterojunc-
tion model. For the structural optimization of the MoS,/MoSe,
phases, all the atoms and lattice could move freely without con-
straints. For the density of states (DOS), partial density of states
(PDOS), and band structure (BS) calculations, a k-point set of
8 x 16 8 with a cutoff energy of 1.09 x 10° eV and an SCF energy
value of 1.6 x 1078 was used to improve the accuracy and detail of
the calculations. The electronic structure calculations were per-
formed using optimized structures of the heterojunction model
(Fig. 5).

All models started with an optimized MoS, unit cell with
space group P6;/mmc and lattice constants a=56=0.3168 nm,
¢=1.2491 nm, a=p=90°,and y=120°,with a Mo-Sbond distance
(dhto.s) 0£0.2406 nm. The ionic states of S and Se inside the lattice
are S?” and Se?”, respectively, both in a three-coordinate geometry
linked to three equivalent Mo** ions in a trigonal prismatic coordi-
nation. Then, we created a4 < 2 x 1 P1 supercell from this model,
containing 16 molybdenum atoms and 32 chalcogen atoms, con-
sidering three different heterojunction typesin a 1:1 relationship
between sulfur and selenium. The lattice parameters of this super-
cellwere @=1.2672nm, 5=2.498 nm, ¢=1.2491,x=90°,$=90°,
andy=120°. For the random MoS, _, Se, phase, the selenium atoms
substituted for sulfur atoms were distributed randomly through-
out the supercell model. For the stability analysis of the resulted
atomic arrangement, we considered the formation energy per atom
(Ejorm €V atom ™) of the MoS,/MoSe, interface, representing a
simultaneous deposition process where all the atomic species con-
verged to the formation of the targeted MoS, _, Se, phase. Thisvalue
was computed using the following equation:

N
1
Eform = N (EM052XSBX - Z Mi) > @)
i=1

O O"O

2.
°°‘r°

'Y
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where E)oS, | Se, 15 the Tesulting enthalpy of the heterojunc-
tion from the structural optimization calculations, /Vis the total
number of atoms, and w; is the chemical potential of the 7 th
atom in the phase. For simplicity, the indicated chemical poten-
tial was considered as the bulk energy for the conforming atom
extracted from the corresponding pseudopotential file. This
approach considers that the distribution of selenium and sulfur
atoms has an equal probability and that no other type of defect
isleftin the supercell afterward. The thermoelectric properties
were calculated using the BoltzTraP2 code in its 24.9.4 version,
which calculates Onsager coefficients by solving the linearized
Boltzmann Transport Equation (BTE). Single-point energy cal-
culations from Quantum ESPRESSO were used as input for the
BoltzTraP2 code to perform the transport property calculations
of the MoS,/MoSe, heterojunction. The calculations were car-
ried outin the temperature range of 200-500 Kina - 0.2-0.2 Ha
energy interval using a k-point set of 48 x 96 x 48 for improved
accuracy for all heterojunction models.
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