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We are not to tell nature what she’s gofta be...
She's always got better imagination than we have

Richard P. Feynman



Resumo

Sistemas bidimensionais (2D) tém atraido um grande interesse nos
ultimos anos, tanto para estudos de fisica fundamental, como para possivel
aplicagcdo em uma nova geragao de dispositivos optoeletronicos. Em particular,
existe um grande interesse em materiais 2D baseados em dicalcogenetos de
metais de transicdo (TMDs), devido ao forte acoplamento de spin-vale e a
diversas propriedades excitdnicas. Exploramos a possibilidade de usar o talco
como um dielétrico alternativo para protecdo de monocamadas de TMDs. Foram
preparadas diversas amostras de WS2/talco que apresentaram alta qualidade
otica comparavel a amostras de WS2/hBN. Com isso, observamos diversos picos
de fotoluminescéncia que foram atribuidos a formacgéo de diversos complexos
excitdnicos, incluindo trions “dark” (DT) e réplicas de féonons de trions “dark”.
Realizamos um estudo sistematico de magneto-fotoluminescéncia em baixa
temperatura e em altos campos magnéticos (até 30T) em amostras de
monocamada WSz/Talco. Extraimos os fatores g e o grau de polarizagao circular
dos diversos picos de emissao otica. As naturezas desses picos foram discutidas
e comparadas com resultados de amostras de monocamada de WS:2
encapsuladas com hBN. Além disso, foram fabricados dispositivos transistores
de efeito de campo (FET), baseados em MoSe2/Talco e MoS2/Talco. Os
dispositivos obtidos apresentaram uma pequena histerese quando comparados
com dispositivos que utilizam SiO2. Observamos que as propriedades de
transporte desses dispositivos sdo comparaveis a dispositivos que utilizam hBN
como dielétrico. De forma geral, os resultados obtidos nessa tese sugerem que
o talco € um material promissor para uso em heteroestruturas de van der Waals
tanto para estudos de fisica fundamental e para o uso em dispositivos

optoeletrénicos.

Palavras-Chave: dicalgogenados de metais de transicdo 2D,
heteroestrutura de van der Waals, talco, magneto-ética, spin-vale, efeitos

exciténicos, FET.



Abstract

Two-dimensional (2D) systems have attracted great attention in the last
years, for fundamental physics and in potential applications as optoelectronic
devices. There is a great interest in transition metal dichalcogenides (TMDs) due
to their direct gap for monolayer, which makes them optically active, with strong
spin-valley and excitonic effects. In this work, we explore the use of talc dielectrics
as a potentially clean alternative substrate to hexagonal boron nitride (hBN). We
have prepared monolayer WS,/talc samples that exhibit high optical quality. As
a result, we have observed several emission peaks associated with excitonic
complexes, including "dark" trions (DT) and phonon replicas of DT. We have
performed magneto-photoluminescence studies on high-quality monolayer
WS,/talc at low temperature, under high magnetic fields (up to 30T) applied
perpendicular to the monolayer plane. The g-factors of the emission peaks were
extracted, and the nature of the observed peaks was discussed in detail. In
addition, we fabricated field-effect devices (FET) based on MoSe,/talc and
MoS,/talc. Our devices have shown small hysteresis, which does not depend
strongly on the sweep rate, and negligible leakage current. In general, our
experimental results suggest that talc is a promising material for protecting van
der Waals (VdW) heterostructures to explore fundamental physics and for use in

optoelectronics.

keywords: Transition metal dichalcogenide, van der Waals

heterostructure, talc, magneto-optics, spin-valley, excitonic effects, FET.
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1. Introduction

Two-dimensional (2D) systems have attracted considerable attention in
recent years [1]. Once it was shown that dimensionality reduction has surprising
effects. Scientists have begun to search for other 2D crystals, like graphene,
which exhibits properties that are different from their bulk counterparts. A new
field of research emerged and today more than 1000 2D materials are known,
including semiconductors, superconductors, metals, semimetals, and insulators
[2-7].

Suitable materials for a 2D system are denominated van der Waals (vdW)
crystals, with in-plane covalent bonds and weak vdW interactions between
planes. Therefore, it is easy to exfoliate them and stack different layers to create
vdW heterostructures with unique physical properties, making 2D materials
promising systems for the next generation of electronic and optoelectronic
devices such as transistors, light sensors, solar cells, biological sensors, etc.
However, there are still many unanswered questions about the fundamental
physics of these materials and many challenges for the actual production of high-
quality samples and large-scale fabrication for commercial use[1,5,7-14].

An interesting group of 2D materials is group VI of transition metal
dichalcogenides (TMDs), with formula MX2, where M is a transition metal,
Tungsten (W) or Molybdenum (Mo), and X is a chalcogen, Sulphur (S), Selenium
(Se), and Tellurium (Te). In general, TMD materials have different crystal
structures. The most common polymorphs are the trigonal 1T, hexagonal 2H, and
rhombohedral 3R phases, as shown in Figure 1, where the digits correspond to
the number of covalent bonds X-M-X in the unit cell. Depending on the crystalline
phase and density of states (DOS), the material can be a metal or a
semiconductor. TMD semiconductors in monolayers (ML) have a hexagonal
structure (2H) (Figures 1.1(f) and 1.1(e)), corresponding to the most stable phase.
Unlike graphene, they have a non-zero band gap, desirable for optoelectronic

applications [9,14-17].
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Figure 1.1 - Structural representation of (a) 1T, (b) 2H and (c) 3R TMD
polytypes. The digits indicate the number of layers in the unit cell and the
letters stand for trigonal, hexagonal, and rhombohedral, respectively. (e) the
unit cell, (f) top view of 2H, and (g) side view of 1 layer.

The band structure for the TMD group VI in the 2H phase is shown in Figure
1.2. For the bulk and few layers (Figure 1.2(a)), the conduction band minimum
(CBM) is located midway between the high symmetry points K, K', and I in the
first Brillouin zone (BZ), while the valence band maximum (VBM) is located at the
[-point. By reducing their dimensionality, the maximum of CBM and VBM shifts
to points K and K' (Figure 1.2(b)). Consequently, they show a transition from the
indirect to direct band gap for ML TMDs, accompanied by an increase in
photoconductivity, absorption, and photoluminescence intensity [3,18,19]. The
band gap for the group IV ML varies from 1 to 2.2 eV, which makes them
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promising materials for optoelectronic devices such as light-emitting diodes,

detectors in the visible range, light sensors, etc.[2,3,5,20-24].
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Figure 1.2 — Sketch of Band structure sketch for TMD group in (a) bulk and
(b) Monolayer. (c) Brillouin zone with the high symmetry points and (d)
lllustrated photoluminescence for bulk and monolayer.

Figure 1.2 is a simplified sketch of the band structure. In general, due to the
heavy transition metal atoms, these systems have a strong spin-orbit interaction
at the two non-equivalent points K and K' valleys, which play an important role in
the band properties of ML TMDs and have a large SO splitting from 150 meV for
MoS:2 to ~450 meV for WSe2 in the VBM (Asovb), as shown in Figure 1.3.
Therefore, the valleys K and K' can be selected by optical selection rules with
right and left circularly polarized light [25], a unique property that opens the

possibility of developing devices based on valleytronics [5,26—35].
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They also have a smaller SO splitting at the conduction band (Aso,cb) due to
second-order effects of d-orbitals of the metal atoms and admixture of p-states of
chalcogen (X) atoms. In particular, the SO splitting leads to a classification on
bright (Asocb < 0) and dark (Asocb > 0) materials, where due to selection rules the
bright materials (MoSe2) have an optically active ground state transition with the
aligned spins in the upper VB and lowest CB sub-bands, whereas the dark ones

(MoS2, WS2, and WSez2) have an optically inactive ground state transition [30,36]

Bright Ago cs<0

1K "
1\/ \/li
o[-0
VB!

Figure 1.4 Band structure for 2D TMD, comparative materials (a) Bright and
(b) dark at points K and K'

Optical transitions in direct-gap semiconductors occur when a photon is
absorbed by an electron (e). It is excited from VB to CB leaving a quasiparticle, the

hole (h), which forms an e-h pair, bound by Coulomb interaction, known as an

14



exciton. In the TMDs ML, the 2D confinement effects together with the reduction
of electrostatic screening rise the Coulomb interaction, increasing the binding
energy of the excitons to the order of 150-500 meV, which is very high compared
to other quasi-2D systems such as GaAs quantum wells. Therefore, the light-
matter interaction in 2D systems is dominated by excitons[16,37—-42].

The high values of binding energy combined with the valley and spin
degrees of freedom of ML TMDs promote the formation of multiple exciton
complexes (see Figure 2.1). These rich many-body phenomena can be observed
in photoluminescence (PL) experiments at low temperature on samples with high
optical quality, i.e., small linewidth due to reduced disorders effects. In Figure 1.5
we compare typical normalized PL spectra at room and low temperatures of
WSa\talc [28,30,43,44].

—~
O
-~

Intensidade de PL norm. (u.a.)

1.90 1.95 200 205 210

Energia (eV)

Figure 1.5 (a) WSy\talc Sample and (b) Typical Photoluminesce spectra at
room and low temperatures.

However, high-quality samples that allow observation and study of excitonic
complexes, including dark trions, have only recently been achieved by improving
the optical quality of ML TMDs encapsulated with hexagonal boron nitride (hBN)
[45—-48]. Prior to that 2D samples deposited on SiO2 as a substrate showed poor
guality due to disorder caused by impurities from trapped charges on SiO2 and

significant inhomogeneities in the band gap due to strain effects from surface
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roughness[49-55]. The hBN is a vdW crystal with a hexagonal lattice and, for this
reason, it is easily detached into a few layers. As a dielectric insulator (band gap
of ~6 eV), it acts as a protection for the ML, insulates from trapped charges and
impurities, also provides a smooth surface, and minimizes disorders effects,
resulting in improved optical and electrical quality, i. e. reduces the width of
luminescence line spectra and increases mobility. The 2D TMDs encapsulated
with hBN have enabled the exploration of several new physical properties of
many-body systems [56-59]. Therefore, high quality crystalline hBN is difficult to
obtain and expensive. In this work, we explore the possibility of using natural talc
as a potential alternative substrate for hBN[57,60].

Talc is a natural and abundant soft magnesium silicate mineral that is
already widely used in industry and has similar properties to hBN. Its crystalline
structure contains three octahedral Mg positions per four tetrahedral Si positions
with chemical formula MgsSisO10(OH)2, and it is a high gap dielectric layer
material (band gap of 5.3 eV). Previous studies have shown that natural talc can
also induce p-type doping in graphene, preserving its large electron mobility and
enabling the observation of the quantum Hall effect at low magnetic fields [57,61—
63].

We prepared the samples of ML WSa/talc using a standard dry transfer
procedure (see Figure 1.6), which allows the preparation of samples with high
optical quality [19,64]. The procedure consists of transferring the ML, which was
first exfoliated with a scotch tape, onto a viscoelastic polydimethylsiloxane
(PDMS) membrane. The PMDS is then placed on a microscope slide for
inspection with an optical microscope and the ML is stacked in the talc layers
previously exfoliated with scotch tape and finally on a SiO2/Si substrate.

16
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Figure 1.6 lllustration of standard Dry transfer method.

In the ML WS2/talc sample, we performed a detailed study of magneto-
photoluminescence at low temperatures under high magnetic fields (up to 30T)
perpendicularly applied to the ML plane. In this study, we observed several
emission peaks at low temperatures associated with excitonic complexes,
including "dark" trions (DT) and phonon replicas of DT [30,45,65-70].

The magneto-PL measurements presented in Section 2.1 were performed
with the setup shown in Figure 1.7 at the High Field Magnet Laboratory (HFML),
an international research facility in Nijmegen, the Netherlands, using a 30-Tesla
Bitter magnet. The technical specifications are described in the supporting
information of the published article in Section 2.1. These measurements allowed
us to study the valley properties of the exciton complexes and measure their g-

factors (summarised in Annex A).
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Figure 1.7 Sketch of the setups used for the measurements showing the
main components. The dashed squares are the upper floor, the green line
and red line illustrated laser and PL signal, respectively.

In addition, we have fabricated field-effect transistors (FET) based on
MoSez/talc and MoSz/talc in collaboration with the College of Exeter (Exeter, UK).
The field-effect transistor (FET) is the fundamental building block of modern
integrated circuits; new technologies that enable miniaturization on flexible and
transparent devices are highly desirable for commercial use. The results are
presented in the published article in Section 2.2. In general, the results of this
work have shown that talc is a promising 2D oxide for the fabrication of van der

Waals heterostructures/devices.
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We report on a detailed study of low-temperature photoluminescence (PL) and magnetophotolumines-
cence under perpendicular magnetic fields (up to 30 T) and circularly polarized excitation on high-quality
monolayer (ML) WS, on a thick layer (120 nm) of talc dielectric. Remarkably, we obtained high-quality
samples without any evidence of localized exciton emission at low temperature and a PL linewidth com-
parable to that of WS, /A-BN samples. As a consequence, we observe well-resolved emission peaks at low
temperature due to the formation of excitonic complexes, including a dark-trion (DT) state and phonon
replicas of the DT without the application of an in-plane magnetic field. The nature of the emission peaks,
the magnetic field dependence of the degree of polarization, and g factors are discussed in detail and
compared with the corresponding results obtained for #-BN encapsulated transition-metal dichalcogenide
(TMD) samples. We observe that under o t-polarized excitation the sign of the circular polarization of
biexcitons is reversed under higher magnetic fields. In addition, the dark-trion polarization increases con-
siderably with increasing perpendicular magnetic field, demonstrating different behavior compared with
previous studies of dark trions on monolayer WSe;. Our results suggest that talc is indeed a promising
layered material for the surface protection of ML TMDs and to explore fundamental physics in view of
applications in optoelectronic devices.
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We report on a detailed study of low temperature photoluminescence (PL)
and magneto-photoluminescence under perpendicular magnetic field (up to 30 T)
and circularly polarized excitation on high quality monolayer (ML) WS2 on a thick
layer (120 nm) of talc dielectric. Remarkably, we have obtained high quality
samples without any evidence of localized exciton emission at low temperature
and a PL linewidth comparable to WS2/h-BN samples. As a consequence, we
have observed well resolved emission peaks at low temperature due to the
formation of excitonic complexes, including dark trion (DT) state and phonon
replicas of DT without the application of an in-plane magnetic field. The nature of
the emission peaks, the magnetic field dependence of polarization degree and g-
factors are discussed in detail and compared with corresponding results obtained
in h-BN encapsulated transition metal dichalcogenide (TMD) samples. We have
observed that under o+ polarized excitation the sign of the circular polarization of
biexcitons is reversed under higher magnetic fields. In addition, the dark trion
polarization increases considerably with increasing perpendicular magnetic field,
demonstrating a different behavior compared to previous studies of dark trions
on monolayer WSe2. Our results suggest that talc is indeed a promising layered
material for surface protection of ML TMDs and to explore fundamental physics

in view of applications in optoelectronic devices.
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l. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are very
attractive systems for studying the physics of strong spin-valley coupling and
excitonic effects [1,2]. The strong Coulomb interaction in monolayer (ML) TMDs
results in the formation of different excitonic complexes involving electrons and
holes in the conduction (CB) and valence (VB) bands of the K and K' valleys [1-
10]. Several dark and bright excitonic complexes were recently unveiled due to
the improved optical quality of ML TMDs as a result of hexagonal Boron Nitride
(h-BN) encapsulation, which reduces considerably the linewidth of the
photoluminescence (PL) emission and increases its intensity [4,11]. Dark
excitonic complexes are not allowed to undergo radiative recombination due to
spin conservation and/or momentum selection rules [5,7,12—14]. Dark excitons
are of particular interest because of their long lifetimes and possibly long valley
coherence times[5,15]. Furthermore, despite intense recent investigations of the
fine structure of bright and dark excitonic complexes in ML TMDs, the detailed
nature of the lower energy emission peaks of monolayer TMDs, such as WS, is
still unresolved. Most of the magneto-PL studies have been performed on ML
TMDs [16] on SiO2 or on MLs encapsulated by h-BN, the latter of which shows
high quality optical properties of significant relevance for future device
applications and for fundamental physics investigations. However, it is also
interesting to develop alternative, layered dielectric and atomically flat substrates,
to circumvent the complex growth requirements for high quality h-BN. Moreover,
from a fundamental point of view, studies on the impact of different dielectric
materials on doping and the magneto-optical properties of monolayer TMDs are

Scarce.

Talc (chemical formula MgsSisO10(OH)2) is an abundant van der Waals
layered magnesium silicate mineral [17], whose crystalline structure contains
three octahedral Mg positions per four tetrahedral Si positions. It is an insulator
with a high bandgap (~5.3 eV) [17] and a high dielectric constant up to 9
depending on its doping [18,19]. Talc has a high thermal stability [18] and is

chemically inert [18,20]. In contrast to SiOz, talc is a genuine 2D natural silicate
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dielectric material which possesses atomically flat surfaces [18,20]. Previous
reports have demonstrated the use of talc within graphene transistors and the
obtained results compare well to those obtained using h-BN substrates [18].
These properties are promising for possible applications as an insulating medium
compatible with atomically thin p—n junctions and field-effect transistors for ultra-
compact devices [18,20]. Therefore, talc has excellent properties making it a
potential candidate as a low-cost dielectric material. More recently, it was
observed that MoSz/talc samples with a talc thickness of 30 nm present an
enhancement in the PL intensity and a reduced PL linewidth (40 - 45 meV,
depending on the laser position) at 300 K, as compared to MoS2/SiO2 (50 - 80
meV) [21]. It was also shown that talc is a promising dielectric for 2D devices [22].
However, there is no previous detailed study of PL and magneto-PL of ML
TMD/talc at low temperatures. Since the PL linewidths at low temperature usually
reflects homogeneous and/or inhomogeneous contributions to the PL spectrum,
such experiments are essential to probe the ultimate optical quality of ML TMDs.

In this work, we have investigated the optical properties of ML WS>
deposited on a thick talc layer. Our findings demonstrate that the use of a few
layers of talc results in high-quality, doped WS2 MLs with a reduced
photoluminescence linewidth and interesting valley properties. We have probed
the optical properties of ML WS2 on talc at low temperature and magnetic fields
up to 30 T. We observed several emission peaks due to the formation of different
bright and dark exciton complexes with different g-factors. In general, our results
show that talc is a promising layered material to explore fundamental physics and
also for possible application in novel opto-electronic devices based on high

quality doped TMDs.
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Il. Sample preparation and experimental methods

Our samples were prepared by conventional all-dry transfer techniques
and consist of a ML of WSz (bulk crystals from HQ Graphene) on a layer of talc
(natural crystal from a mine of Ouro Preto, Minas Gerais, Brazil). The talc layers
were exfoliated by Scotch tape and placed onto SiO2/Si substrates. The WS2 MLs
were first exfoliated by Scotch tape and later exfoliated again on a
polydimethylsiloxane (PDMS) stamp and placed on a glass slide for inspection

with an optical microscope.

For the experiments the ML WS2 sample was mounted on Attocube
piezoelectric x-y-z translation stages to control the sample position with
submicron precision. The sample was cooled by helium exchange gas
(temperatures around 4.2 K) within a liquid helium bath cryostat, placed in a
Florida-Bitter magnet with a maximum magnetic field strength of B = 30 T. The
PL measurements were performed using a continuous-wave green laser with a
photon energy of 2.33 eV, which was focused by an Attocube objective (40x,
numerical aperture NA = 0.55) to a spot size of about 3 ym. The resultant PL
signal was collected by the same objective and measured by a Princeton
spectrometer (Acton SpectraPro-300i) equipped with a liquid-nitrogen cooled
Charge Coupled Device (PyLoN from Princeton Instruments). Circular
polarization was controlled independently for the excitation and detection beams
by using appropriate optics, consisting of quarter wave plates and linear
polarizers. The light propagation was parallel to the direction of the magnetic field

(Faraday configuration).
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lll. Results and discussion

Fig.1 shows schematically the configurations of the different excitonic
states for a n-doped monolayer WSa2: the bright neutral exciton (X), dark neutral
exciton (DX), bright intervalley negative trion (Tt), bright intravalley negative trion
(Ts), negative dark trion (DT), biexciton (XX) and charged biexciton (XX-).
Particularly, the dark exciton (DX) at the K valley has an electron in the lowest
CB level and a hole in the highest VB level. A dark negative trion (DT) can be
formed by an exciton in the K valley and an extra electron in the K' valley.
Furthermore, strong Coulomb coupling gives rise to strong exciton—exciton
interactions, resulting in the formation of biexcitons (XX), formed by bright and
dark excitons in the K and K’ valleys. Similarly, the charged biexciton (XX-) can
be formed with an extra electron in the K valley [5]. Recently, it was reported that
the negative dark trion (DT) configuration results in two different recombination
channels [12,23], depending on the electron involved in the emission process
itself. One emission pathway (TD) involves recombination of an electron-hole pair
from the same K or K' point via an intravalley spin-forbidden transition [12]. The
other transition (TI) involves recombination of an electron and a hole from
different valleys through an intervalley momentum-forbidden transition [12]. The
lower energy transition (Tl) was recently observed at zero magnetic field and the
higher energy transition (TD) was observed under an applied parallel magnetic
field (Voigt configuration) [12]. The energy separation between these two dark
trion transitions was reported to be on the order of 530 peV for ML WSz and the
reported g-factors values for the TD and TI transitions were found to be equal to
-8.9 and -13.7, respectively [12].
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FIG. 1. Schematic configurations of the expected bright/dark excitons/trions,
biexcitons (XX) and charged biexcitons (XX-) at the K and K' valleys for a n-
doped monolayer WS,. The arrows and colors indicate the spin directions in
the valence (VB) and conduction bands (CB). The bright excitons/trions (X/T)
emit circularly polarized light in the out-of-plane direction; the dark
excitons/trions (DX, DT) emit vertically polarized light in the in-plane
direction.

Fig. 2(a) shows the optical microscopy image of a ML WS2/talc sample,
together with the Atomic Force Microscopy (AFM) image of the talc layer. The

AFM results demonstrate that the talc layer has a thickness of = 120 nm and



provides an atomically flat surface (root mean square (rms) roughness Rms O
0.35nm), which is an important property to obtain high quality samples. Fig. 2(b)
shows typical low temperature (4.2 K) PL spectra for two different selected laser
powers (5 and 120 pW) for the position labeled P1. The PL spectra were
normalized to the intensity of the X peak. The PL spectra of the WSz/talc sample
were stable [22] and no photodoping effect [24] was observed. Fig. S1 in the
supplemental material [25] shows in more details the spectra for different laser
powers. Similar results were obtained for different laser positions on the sample
(Fig. S2 in supplemental material [26]). The PL spectrum is composed of several
emission peaks, associated to the emission of the different excitonic complexes.
Specifically, we can identify the neutral exciton (X) emission at 2.086 eV and the
negative trion recombination around an energy of 2.056 eV. The full-width-at-half
maximum (FWHM) of the exciton peak is of the order of 10 meV at 4.5 K (= 26 -
30 meV at 300 K depending on the laser position) showing that talc is a promising
dielectric to separate a monolayer TMD from the SiO2 substrate. Indeed, this
value is much lower than the reported value of ML WSz on SiO2, which is around
20 meV (= 35 - 50 meV at 300 K) [9,24,27] and comparable to ML WS2 on h-BN
which are around 10 meV [28,29].

Our results also show an improved sample quality using a thicker talc layer
(120 nm) as compared to previous work on MoS2. However, it isn’t easy to
compare results of FWHM for different TMD materials. In addition, it should be
mentioned that the different values of the FWHM at 300 K for samples with a
different talc thickness could be due to a different sample inhomogeneity
introduced in the exfoliation/transfer method or due to a different doping level.
Actually, typical impurities in our talc crystals are Fe and Al, of which it is known
to result in p-doping of graphene [18]. It was shown that Fe/Al impurities occupy
Si sites in talc and acts as acceptors [18]. Therefore, these impurities remove
electrons from the graphene layer, resulting in a p-type doping effect [18]. A
similar result is expected for ML TMD/talc heterostructures. Actually, we have
observed recently that TMD/talc FET devices with a layer thickness below 40nm
are slightly more p-type than MoS2 and MoSe:2 transistors on h-BN or SiO2
dielectrics [22]. We anticipate that the FWHM of the X emission of WS2/talc can
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be further reduced by using an appropriate thermal treatment such as the
standard procedures used for hBN-encapsulated TMD monolayers [30].

The trion peak exhibits a clear asymmetry, the appearance of which
depends on the laser position on the sample. This observation strongly suggests
that the WSz/talc ML is n-doped, such that the trion emission is composed of two
different bright negatively charged species, i.e., intralayer and interlayer trions,
as illustrated in Fig. 1. In our case, the bright trion PL peak consists of a singlet
(Ts) peak, around 2.053eV and a triplet (Tt) peak around 2.060 eV, split by the
Coulomb exchange interaction [5,27,31] (Fig.1). The energy separation between
the Tt and Ts peaks is on the order of 7 meV, similar to the trion splitting observed
for WS2 on h-BN [32,33]. The intensity of the total trion band for the two laser
powers (5 and 120 yW) is approximately equal to the exciton intensity (Fig. 2(b)).
The laser power dependencies of both the X and trion PL intensities, obtained by
fitting the spectra by using Voigt functions (Fig. 2(c)), shows a linear relationship
dependence with laser power (Fig. 2(d)). Using / oc P9, where [ is the integrated
PL intensity and P the laser power, we have obtained a = 1.0 for the exciton peak
and a = 1.1 for the trion peak. In contrast, the peak around 2.031 eV shows a
super-linear behavior as a function of the laser power [5,34] (a = 1.2). We attribute
this peak to the emission of charged biexcitons (XX-) giving a binding energy of
about 55 meV, consistent to previous reports in the literature [5,24,34-36]. It was
shown that the emission of neutral biexcitons in MoSe2, WSe2 and WS2 MLs is
located at an energy in between the exciton and trions PL peaks, with a typical
binding energy of around 20 meV, in agreement with theoretical predictions [5].
The unambiguous identification of both neutral and charged XX transitions was
recently reported through experiments using electrostatic gating, ranging from
hole- to electron-doping [5]. Therefore, the energy position and the laser power
dependence of the 2.031 eV peak confirm its origin to be the emission of charged
biexcitons (XX-) [5,24,34,36—38]. While a nearly quadratic power law is expected
for full thermal equilibrium between neutral exciton and biexcitons, values smaller
than 2, like we have observed, were reported recently in other TMD MLs [5,34—
36,38].
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FIG. 2. (a) Optical microscope and AFM images of the WS»/talc ML sample.
(b) Typical PL spectra for position P1 for two selected laser powers (5 and
120 pW) at 4.5K (c) Typical fitting of the PL spectrum at zero magnetic field.
(d) Double logarithmic plot of the integrated intensities of the different
excitonic peaks as a function of laser power.

At lower laser powers (Fig. 2(b) and (c)) we observe clearly an additional
emission peak around 2.016eV, which is attributed to dark trion (DT) emission
[5]. Fig.S1 shows more details on the DT emission for different laser powers. As
mentioned above, transitions of these dark states are optically forbidden for in-
plane polarized light [5], i.e. in the backscattering geometry scheme we have
used. However, it was shown that an objective with a large numerical aperture,
as used in our experiments, permits the detection of dark exciton emission in ML
TMDs [5]. In addition, emission of dark exciton states can also be caused by
disorder/strain from the talc substrate, which can break the optical selection rules.
Finally, we have observed additional lower intensity emission peaks at lower
energies, labeled L1 and L2 in Fig. 2(b) and (c). We remark that for this position,
P1, the energy separation of these peaks from the DT peak is ~ 20 meV for L1
and ~38 meV for L2, which are very close to phonon energies in ML WSz [12].
Therefore, a possible cause for the origin of these peaks could be the occurrence

of phonon replicas [39] of dark trions.
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Fig. 3 presents the polarization resolved magneto-PL spectra and
corresponding false color PL intensity plots, as a function of magnetic field for
position P2 using circularly polarized excitation. Fig. S3 in the supplemental

material [40] shows similar magneto-PL results for position P1.
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FIG. 3. PL spectra of the WS»/talc ML sample at 4.2 K for o+ (a) and o- (b)
detection, measured at position P2 and at different magnetic fields, using a
laser power of 61 yW and circularly polarized excitation (o+). For clarity the
spectra are vertically shifted. (c) and (d) false color maps of the
corresponding PL intensity as a function of magnetic field for respectively o+
and o- detection.

With increasing magnetic field we have observed blue and red shifts
respectively for the o— and o+ circularly polarized PL, as expected [38,41-47].
We have fitted the magneto-PL spectra with a set of 8 Voigt functions and Fig.4(a)
shows the PL peak positions E for the ¢ — and o+ circularly polarized emission,
given by: E = Eo + )29 usB, where Ep is the energy of each species at zero
magnetic field, g is the g-factor of each excitonic complex and ug ~58 ueV/T is
the Bohr magneton. Fig. 4(b) displays the corresponding magnetic field induced
valley splittings. In order to extract the g-factors we have performed linear fittings

of the Zeeman splittings AE using:

AE = Eo*- Eo = g upB (1)
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The fitting results are indicated by the solid lines in Fig.4(b). We obtained
gx = -3.6 for the exciton, grs= gr: = -3.9 for the singlet and triplet trion states, gxx-
= -4.3 for the charged biexciton and gpr = -9.3 for the dark trions. The obtained
values of the g factors for the bright excitons, trions and charged biexciton are
consistent to previous values reported in the literature [5,12,32,34,47-49].
Furthermore, the g-factor of the spin forbidden dark trion peak is very similar to
the values obtained for ML WSez2 [5,6] and for the TD peak under tilted magnetic
field in ML WSz [2,6].

Fig. 4(c) shows the magnetic field dependence of the degree of circular
polarization of each species, defined by P = (lo+ - Io.)/(lo+ + I5-). It is important to
note that in our experiments we have used circularly polarized excitation.
Therefore, we observed that the polarization of the X emission is constant
(around 15%) with varying magnetic field. This constant exciton polarization can
be understood as a result of the valley selection effect under circularly polarized
excitation, which is field independent for the W-based ML[45]. The trion
polarization degrees are also consistent with those reported in previous studies
in the literature [16,32]. For the singlet trions we observed a rather low value of
polarization degree with small changes with increasing magnetic field with
indications of a sign reversal at finite fields, in agreement with previous results
[32]. For the ftriplet trions we observed a field depend, yet always positive,
polarization degree. However, it is difficult to provide a detailed discussion of the
field dependence of the trion polarizations as it is usually affected by different
non-equilibrium phenomena, such as intervalley relaxation of carriers and spin-
flip processes [16,32]. Therefore, further studies, including time resolved PL and
magneto-PL, would be necessary to understand in more detail the magnetic field

dependence of the trion polarization degrees.

The polarization of the charged biexciton peak shows a non-monotonous
behaviour, increasing up to 10 T and a subsequent decreasing until it reverses
sign at the highest magnetic field. To further illustrate this behavior, Fig. S4 in the
supplemental material [50] shows the o— and o+-polarized PL spectra for both
the P1 and P2 positions for selected magnetic fields. At high fields (30 T) the o—

polarized high energy XX- peak is brighter than its low energy o+ polarized
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counterpart, even for the o+ laser excitation used here, which leads to an overall
higher o+ PL intensity due to the induced valley polarization. This peculiar
behavior was previously observed [5,34] and is related to the fact that the energy
difference between the two Zeeman states of the biexciton is determined by the
total g-factor (gt), including the contributions from all four constituent particles of
the biexciton [35]. In contrast, the spectral difference between the o— and o+ PL
peaks in an applied magnetic field is determined by the Zeeman states of the
emitting bright exciton, given by the spectral g-factor (gs). The different values,
and signs, of the total gfactor (gt = +4) and the spectral g-factor (gs = -4.3),
therefore, this explains why the spectrally lower energy emission peak
corresponds to a higher energy biexciton state and has lower intensity than its
higher energy counterpart [5,35]. This effect is particularly evident when
comparing the 30 T PL spectra obtained using parallel circular polarizations for
excitation/detection (Fig. S5 in supplemental material [51]), removing the effect
of the induced valley polarization present when comparing the intensities of the
o— and o+ PL under o+- excitation (Fig. S4). The biexciton peak at 2.038 eV for
o0-/0- polarization has higher intensity than the biexciton peak at 2.030 eV for
o+/0+ polarization, in contrast to the regular behavior observed for the neutral

exciton emission.

Finally, we have observed a clear increase with magnetic field of the PL
intensity of the dark trions in o+ detection, resulting in a positive polarization
degree. These results have been obtained using systematic fitting of the spectra
for both detected polarizations (result in Fig. S6 in supplemental material [52]) on
position P2. We remark that on position P1 (Fig. S2) the DT emission is more
visible than for position P2, but for this position the DT emission peak can hardly
be seen in o- detection due to the superposition of this peak with the XX- emission
peak. Previously, dark excitons/trions in monolayer WSz have been observed in
parallel or tilted magnetic fields [6,53], where the in-plane magnetic field brighten
the dark exciton/trion emission due to the mixing of the spin components of the
conduction bands [53]. We attribute the observation of the dark trion emission in
our experiment to the use of the high numerical aperture objective. The positive

degree of circular polarization of the DT emission is related to the occurrence of
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intervalley scattering mechanisms, where the possibility to emit a photon is
determined by the optically excited minority carrier (holes for n-doping and
electrons for hole-doping) under weak optical excitation conditions [5]. Therefore,
the PL of the negatively charged dark exciton is expected to exhibit the same
valley polarization as that from X, whereas the positively charged dark exciton is
expected to have opposite valley polarization relative to X [5]. For our sample, we
have observed the same polarization signs for the X and DT emissions, which
indicates that monolayer WSz on talc is naturally n-doped and its doping is not
affected by the talc layer, consistent with our interpretation of the PL spectrum at

zero magnetic field described above.
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FIG. 4. (a) PL peak position versus magnetic field for o+ (filled circles) and
o- detection (open circles) of all observed excitonic species. (b)
Corresponding splittings of the peaks versus magnetic field. (c)
Corresponding polarization degrees as a function of magnetic field. All
results have been obtained at position P2 using circularly polarization
excitation (o+).

This result is different from a previous work on graphene/talc [18] which
have demonstrated a substrate-induced p-doping of graphene/talc. The PL decay
time of the DT emission is much longer than that of the bright excitons and trions.

Therefore, thermalization of the DT states occurs within their lifetime, resulting in
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an increasing DT polarization with increasing magnetic field, in contrast to the
constant circular polarization of X and to previous studies of DTs in ML WSe:>
[49].

In addition, we have also extracted the g-factors of the lower energy
emission peaks at 2.000 eV (labelled L1) and 1.982 eV (labelled L2). Fig.S8 in
supplemental material [54] shows the magnetic field dependence of the PL peak
positions for o+ and o- detection and the valley Zeeman splitting of these peaks.
These lower emission peaks follows selection rules similar to the bright exciton
emission, i.e, they show conservation of excitation helicity in emission (circularly
polarized emission). We obtained g-factors of ~ -12.3 and ~12.6 for the L1 and
L2 emission peaks, respectively (Fig. S9 in supplemental material [55]). We
remark that the energy separation of these peaks from the DT peak is ~ 17.8 meV
for L1 and ~35.8 meV for L2. The nature of these peaks is not well established.
Similar lower emission peaks having similar g-factors were recently reported for
high quality ML WS2 and associated to momentum forbidden dark trion with the
emission of optical (E™") or acoustic (ZA, LA) phonons, i.e, phonon replicas of
dark trions [5]. The positions of the phonon replicas of the dark trion emission are
expected to be red shifted from the DT peak by the phonon energies of ML WSa.
Comparing the measured redshift (~35.8 meV) and the theoretical phonon energy
(36.4 meV) [12], the peak at about 1.982 eV (L2 peak) could be identified as a
phonon replica TD E” (I'). The shift of the L1 peak around 2.000 eV (~17.8 meV)
is close to the theoretical energy values of the TA(K) and ZA(K) phonons (18.2
and 17.7 meV) [12]. Furthermore, other phonon replicas, which could involve a
momentum flip, could be induced by phonons from the K point. It would be
possible to transfer an electron (hole) between K valleys with emission of E” (K)
(LA(K)) phonons [12]. Their theoretical energies (43.0 meV and 22.6 meV) [12]
are also close to the measured PL energy redshifts (35.8 meV and 17.8 meV)
from the dark trion peaks in our samples. Therefore, the observed L1 and L2
peaks could be associated to dark trion replicas due to momentum forbidden dark
transitions. Particularly, the obtained g-factors of L1 and L2 are consistent to
previous reported values [2,6] for phonon replicas of dark trions TD ZA(K) and
TD E"(K) respectively.
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IV. Conclusion

We have investigated the low temperature photoluminescence and
magneto photoluminescence of monolayer WSz on talc. We have obtained high
quality samples showing the emission of different excitonic complexes in the PL
spectra at low temperatures. At low temperature, we observed that the FWHM of
the exciton peak is comparable with WS2/h-BN, showing that talc is a promising
dielectric to separate a monolayer TMD from the SiO2 substrate. We have
investigated the properties of all excitonic complexes under perpendicular
magnetic fields up to 30 T and extracted the g-factor of all emission peaks. The
obtained g-factors are in agreement with theoretical values in the literature [12].
In contrast to previous studies of graphene/talc [18], which have demonstrated a
spontaneous p-doping, our magneto-PL results indicate that ML WSa2/talc is
naturally n-doped, as revealed by the observation of the same valley polarization
for the X and charged DT emission.

One possible explanation for this result is that the p-doping from talc could
result in a reduction of the n-doping of ML WSz, but it is not enough to affect the
type of doping. In addition, we have observed that under o+ polarized excitation
the sign of circularly polarization biexcitons is reversed under higher magnetic
fields, which shows that under very high fields the effect of thermalization is the
dominant mechanism, as compared to valley selectivity. We have also observed
that the polarization of the dark trion emission increases considerably with
increasing magnetic field, in contrast to previous studies on ML WSez. In general,
the improvement of the optical quality of TMD on talc dielectric also contributes
to uncover further information on the valley physics of ML WSz particularly for the
properties of biexcitons and dark trions under high perpendicular magnetic fields.
Finally, our results suggest that talc is a promising low-cost layered material to
explore fundamental physics and also for possible application in novel

optoelectronic devices based on high quality doped TMD heterostructures.
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Supplementary Information

Revealing excitonic complexes in monolayer WS2 on talc
dielectric

Figure SO shows typical AFM results for talc flakes with different thickness.
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Figure S0 - Optical image and AFM topography image of Talc flakes with
different thicknesses: (a) Talc A (~85 nm) and Talc B (~20 nm) and (b) Talc
D (~22 nm) and Talc E (~37 nm).

We have found that talc show atomically flat (root mean square (rms)
roughness, Rms = 0.35nm) surfaces. The Rms measured in our samples are: Talc
A (~85 nm) - Rrms = 0.35nm, Talc B (~19.7 nm) — Rrms = 0.17nm, Talc D (~22
nm) — Rrms = 0.14nm, Talc E (~37 nm) — Rrms = 0.19nm. Our results indicate
that talc has a good surface topography, and the roughness does not vary

significantly with the thickness.

Figure S1(a) shows the normalized PL spectra at 300K for the ML WSz/talc
(talc thickness = 120nm) and ML WS2/SiO2 . We usually observe an improvement
of PL intensity in ML WSz2/talc (not shown here) and an improvement of FWHM
as compared to samples on SiO2 (Figure S1). Figure S1(b) shows the PL spectra
at 4.2K of the ML WSa2/talc for different laser powers for the position P1. Figure
S2(a) illustrates typical PL spectra for position P2 for 6 and 128uW laser powers,
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showing a super-linear dependence for the XX- peak. Figure S2(b) shows typical
fitted curves of the PL spectra. Figure S2(c) shows the laser power dependence
of the PL peaks in a double logarithmic representation. The slopes for each of
the PL peaks are similar to the results obtained for position P1 on the sample

(compare to Figure 2)
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Figure S1- (a) Typical PL spectra of ML WS, on talc and on SiO, at 300K
(b) PL spectra of MLWS/talc for different laser powers for position P1 at
4.2K.
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Figure S2. (a) Typical PL spectra of WS, monolayer on talc for position P2
and different laser powers (6 and 128uW) at 4.2K (b) Typical fitted curves of
the PL spectrum at 100 yW. (c) Double logarithmic representation of the
integrated PL intensity as a function of laser power.

Figure S3 shows the magneto-PL results for position P1. The obtained
results are also similar to the results shown in Figure 3. Figure S4 shows the
polarized resolved PL under o+ laser excitation for both positions P1 and P2. The

inverted polarization of the XX- peaks is clearly observed at high magnetic fields.
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Figure S3 - PL spectra of the WS2/talc ML sample at 4.2 K for o+ (a) and
o- (b) detection, measured at position P1 and at different magnetic fields,
using a laser power of 86 yW and circularly polarized excitation (o+). For
clarity the spectra are vertically shifted. (c) and (b) false color maps of the
corresponding PL intensity as a function of magnetic field for for respectively
o+ and o- detection.
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Figure S4 - (a) Typical polarization-resolved PL spectra under o+ laser
excitation for positions P1 and P2 and at selected magnetic fields at 4.2K.
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Figure S5 - Polarized PL spectra for position P2 at 30 T for the c—0- and
o+0+ configurations at 4.2K. We observed that the XX- emission exhibits an
inversed PL intensity (high PL intensity for the high energy component), in
contrast to the regular behaviour of the X peak.
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Figure S$6. Typical fitted curves of the circularly polarized PL spectra for o+
excitation for the P2 position at 4.2K. We observed a red and blue shift of the
DT emission peak for o+ ad o- detection respectively with increasing
magnetic field.
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Figure S7. (a) PL peak positions for o+ and o- emission for position P1
versus magnetic field at 4.2K (b) Corresponding Zeeman splitting versus
magnetic field and (c) Corresponding polarization degree as a function of
magnetic field.



Figure S6 shows the magnetic field dependence of the PL peak positions
(a), energy splittings (b) and polarization degrees (c) for all excitonic complexes
for position P1. The obtained results are similar to the results in Figure 4. Figure
S7 shows the circularly polarized PL spectra for the position P2 at 30 T for the
o0-0- (o-excitation and o- collection) and o+o+ configurations (o+ excitation
and o+ collection) . We observed that the XX- emission shows an inverse PL
intensity, relative to the X emission. Figure S8 shows the typical polarization-
resolved PL spectra under o+ excitation in the energy range of the L1 and L2
emission peaks for different values of the magnetic field. Figure S9 shows the PL
peak positions and Zeeman splittings of the L1 and L2 peaks as a function of

magnetic field at 4 K. The extracted g-factors are also shown in this figure.

20T
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1.95 2.00
Energy (eV)

Figure S8. Details of the L1 and L2 emission peaks at
position P2 under o+ excitation for different magnetic fields

at 4.2K.
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Advanced van der Waals (vdW) heterostructure devices rely on the incorporation of high quality dielectric
materials which need to possess a low defect density as well as being atomically smooth and uniform. In
this work we explore the use of talc dielectrics as a potentially clean alternative substrate to hexagonal
boron nitride (hBN) for few-layer transition metal dichalcogenide (TMDC) transistors and excitonic TMDC
monolayers. We find that talc dielectric transistors show small hysteresis which does not depend strongly
on sweep rate and show negligible leakage current for our studied dielectric thicknesses. We also show
narrow photoluminescence linewidths down to 10 meV for different TMDC monolayers on talc which
highlights that talc is a promising material for future van der Waals devices.
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Advanced van der Waals (vdW) heterostructure devices rely on the
incorporation of high quality dielectric materials which need to possess a low
defect density as well as being atomically smooth and uniform. In this work we
explore the use of talc dielectrics as a potentially clean alternative substrate to
hexagonal boron nitride (hBN) for few-layer transition metal dichalcogenide
(TMDC) transistors and excitonic TMDC monolayers. We find that talc dielectric
transistors show small hysteresis which does not depend strongly on sweep rate
and show negligible leakage current for our studied dielectric thicknesses. We
also show narrow photoluminescence linewidths down to 10 meV for different
TMDC monolayers on talc which highlights that talc is a promising material for

future van der Waals devices.

64



l. Introduction

The field effect transistor (FET) is the fundamental building block of modern
integrated circuits, which are used for information processing and data storage
[1]. FETs typically have at least three contact terminals designated as source,
drain and gate, and in principle rely on controlling the current flow through a
channel material by applying an electric field across dielectric barrier in order to
modulate the density of free charge carriers and hence the channel conductivity.
Downscaling of transistor devices are required for miniaturized devices. State of
the art transistor devices have been scaled down to the nanometre scale and are
now approaching their fundamental size limitations [2]. Moore’s law has shown
an exponential increase in FET number density with time and, in turn, requires
the length scales associated with the device to decrease, eventually reaching
fundamental physical length scales. In addition to this, future FETs need to show
continual improvement in their electrical performance such as having increased
switching speeds, reduced energy cost per switch and improved sub-threshold
swing [3]. In order to satisfy Moore’s law, significant research efforts have been
made to replace ultra-thin channel materials with high carrier mobility materials
and significant down scaling. One possible avenue for improvement is the use of
two-dimensional (2D) transition metal dichalcogenides (TMDCs) as alternative
channel material instead of Si [4—7] or ultrathin van der Waals dielectrics such as
hexagonal boron nitride (hBN) [8]. TMDCs have the chemical formula MX2,
where M is a transition metal (for instance Mo or W) and X is a chalcogen (S, Se
or Te).9 TMDC materials form layered hexagonally bonded structures of the form
X-M-X with adjacent layers being held together by weak van der Waals forces,
allowing for the exfoliation of monolayer flakes in a manner similar to
graphene [10,11] and show promise for future optoelectronic device applications.
Important for FETs, TMDCs also possess a band gap,[12—-15] have high carrier
mobility [5,16—18] and offer the choice of monolayer channel thicknesses, which
facilitates improved FET switching behaviour whilst at the same time mitigating
scaling issues such as source—drain tunnelling. Furthermore, these materials
are also semi-transparent and flexible, allowing for the creation of a new

generation of transparent and flexible electronics [19,20].
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Therefore, significant steps have been made regarding the incorporation of
TMDC monolayers into FET prototypes with the goal of producing devices which
can compete with commercially available FETs based on Si. Although still in
an embryonic stage of development, TMDC-based FETs have demonstrated
competitive switching behavior [11,21,22] and subthreshold swing [23,24]
compared to the theoretical limit of Si-based transistors [25,26]. Despite this,
TMDC channels consistently underperform when compared to their
maximum theoretical potential [11,27], a direct result of both extrinsic
(adsorbents, lattice vacancies, etc.) and intrinsic (channel and channel dielectric
interface phonon) scattering, both of which drastically lower the carrier mobility
and hence electrical performance of the FET [28]. Consequently, it is important
to keep in mind the FET performance not only depends on the channel material
but also on the choice of dielectric substrate and metallic contact material as well.
Ideally, the barrier material with have a large band gap and high permittivity, an
atomically flat surface free of dangling bonds and a large band off-set with the
channel material to prevent leakage current, and as a result dielectrics such as
hBN [29,30,31], HfO2 [32,33] and Al203 [34] have been shown to drastically
improve the electrical performance when incorporated into TMDC-based FETs.
Therefore, investigation of the entire dielectric parameter space is required in
order to identify materials which could potentially alleviate these issues and thus
optimize device performance. One such overlooked material group are the
layered oxides. Specifically in this work we focus on the material Talc, which is
insulating crystalline magnesium silicate which has the complex chemical
composition MgsSisO10(OH)2 [35] a large band gap (5 eV at the I-point) [35],
dielectric constant of 2—4 [36] and a layered structure allowing for mechanical
exfoliation into atomically flat monolayers [35—41], thus making it a potential
candidate dielectric material for future TMDC-based FETs. Moreover, recent
work incorporating this dielectric within graphene transistors has shown
comparable performance to commercially available hBN dielectric crystals [36].
As of yet a detailed study into the optical and electrical performance of
TMDC materials placed on these substrates has not been done. In this work we
study, through a combination of electrical transport and photoluminescence

measurements, the performance of this emerging dielectric material.
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Fig. 1(a) illustrates the crystal structure of the talc used as a dielectric within
our devices.

Each individual talc layer consists of a layer of Mg atoms situated between
two quartzlike Si—O layers, with additional hydroxyl units present. Weak vdW
forces hold the adjacent layers together [42] allowing for the exfoliation of few layer
flakes via the usual scotch-tape method [43]. Fig.1(b) illustrates the device
architecture of the MoS, and MoSe, FETs, shown in (c,d), respectively, used
within this study. In both devices, talc flakes are used as a dielectric layer and
graphite flakes serve as electrical contacts for application of a back-gate voltage,
Vg. All structures were created using standard mechanical transfer techniques
[44]. The source and drain channel contacts, along with the back-gate contact on
the underlying graphite, were patterned using standard electron beam
lithography. Finally, Cr/Au (5 nm/50 nm) contacts were then deposited through

thermal evaporation.
FET characterization

An important property for any dielectric material is the breakdown electric
field. To determine his, we produced a simple graphite-talc-Au device on a quartz
substrate, see ESI (Fig.S2). From the /-V curves measured in ambient conditions
we found that the average breakdown field to be, Esp = 0.5 + 0.2 V nm™'. This

value is found to be similar to our thermally grown SiO2 oxides measured under



the same conditions (Our 300 nm thick thermally grown SiO2 wafers typically
break down at 0.4—0.5 V nm~") and consistent with earlier reports [36]. However,
under inert conditions (He atmosphere) our talc dielectric was found not to break-
down even at fields as high as 1.2 V nm™, Fig. S4. Such large values of
breakdown field are comparable to highest quality hBN crystals [45]. In order to
understand the electrical transport measurements, it is necessary to measure the
physical dimensions of the individual layers, particularly that of the talc dielectric
as this is needed to estimate the field-effect mobility, y, for each device. Atomic
force microscopy (AFM) was used to determine the talc thickness, see ESI (Fig.
S1), which were measured for two devices, dtaic = 18.4 + 1.9 nm and 29.4 + 3.3
nm in the MoS2 and MoSe2 FETs, respectively. In addition to this, AFM was also
used in conjunction with Raman microscopy, see ESI (Fig. S1), to determine the
thickness [46,47] of the MoS2 and MoSez2 channels, which were measured as 4.5
1+ 0.3 nm and 40.1 £ 6.9 nm, respectively.

Fig. 2(a, b, d and e) shows, for both channel materials, the typical source—
drain (lsa—Vsa) sweeps taken at different values of Vg in each device, whilst Fig.
2(c and f) shows /lsq versus Vg at Vsda = 0.03 V. Additional measurements at higher
bias voltages are available within the ESI, Fig. S4. Measurements were
performed using a two-terminal configuration in a He atmosphere at T = 270 K.
Additional measurements at cryogenic temperatures are available within the ESI,
Fig. S3. Hysteresis can be seen within Fig. 2(c and f), likely the result of defects
at the channel-dielectric interface charging as Vy is swept [48] which scatter
charge carriers within the channel material. This is a consequence of surface
adsorbates and natural impurities within the composition of our talc crystals
(expected to be Fe and Al) [49]. The magnitude of the hysteresis width (the
difference between forward and backward-sweep threshold voltages) can be
controlled by the back-gate sweep rate and shows a small increase above 0.5
Vs~ in both MoS2 and MoSe2 FETs (see ESI, Fig. S4).
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Fig. 2 Electrical transport measurements (T = 270K, Helium atmosphere).
(a—c)v Electronic transport measurements on the MoS; FET device. (d—f)
Electronic transport measurements on the MoSe; device. (a and d) Isp
versus Vsp for select values of Vg, with complete contour plots shown in (b,
e), highlighting ambipolar behaviour in the MoSe: FET. (c, f) Representative
Isp versus Vg with Vsp = 0.03 V, where Fs and Bs represent the forwards and
backwards sweeps, respectively. Insets: I-V; for larger values of V.

The change in threshold voltage between forwards and backwards sweeps,
AVi, is approximately constant in our devices for sweep rates up to at least 0.6
V s71, with AVtne ~ 2 V for electron conduction in both FETs and AVinh ~ 0.75 V
for hole conduction within the MoSe2-based FET. There is a wide range of
hysteresis widths reported in the literature for both MoS2 and MoSe2 FETs
utilizing either SiO2 or hBN as a dielectric (see ESI, Table S1), a result of several

factors such as the measurement conditions, dielectric material used and
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whether or not the devices were encapsulated [50-52]. All these factors
determine the concentration of adsorbates both on the surface of the channel
material and at the channel-dielectric interface [1,51] which can become charged
and introduce hysteretic effects into the measurements. Despite the lack of
encapsulation in our FETs, the hysteresis widths generally compare favorably
with similar devices in the literature, indicating the ptimization of future FET

prototypes using talc as a gate dielectric material. The

MoS2-based FET is unipolar across -5V < Vg < 20 V with a forward sweep
threshold voltage, Vi, 1, of <1 V and backwards-sweep threshold voltage of Vin, b
~ 3 V at room temperature. The MoSe2-based FET shows typical ambipolar
behavior [563,54] across =15V < Vg <15 V with Vin 1 ~—2.5V (7 V) and Vin, b ~
-0.5V (8 V) for hole (electron) conduction at room temperature. At a bias voltage
of Vsa = 0.03 V, the MoS2-based FET was found to display an on/off ratio of 4 x
103 for electron conduction at Vg = 20 V, an off-state current, lorf ~ 350 pA, a sub-
threshold swing SS = 1.60 + 0.07 V dec™" and, using € = 3 as the permittivity of
talc [36], an electron mobility of ~0.81 cm? V' s7'. This electron mobility is less
than reported in MoS2/hBN and MoS2/HfO2-based FETs [4,55], although it is
comparable to MoS2/SiO2[10] and MoS2/Al203[34] FETs. The low mobility is well
known to be due to the large Schottky barriers at the TMDC Cr/Au contacts [56].
The large value of sub-threshold swing is a result of the thickness of the talc
dielectric used. At a bias voltage Vs4 = 0.03 V, the MoSe2-based FET had an
on/off current ratio of 1 x 10% (5 x 10%) for hole (electron) conduction at Vg = -15
V (15 V), an off-state current lorf ~ 10 pA, a sub-threshold swing SS =1.39 £ 0.12
V dec™ (1.17 £ 0.15 V dec™") and, with € = 3, a carrier mobility of 5.1 cm? V™"
s (~3.3 cm? V' s71). Similar to our MoS2-based FETSs, the carrier mobilities in
this device are lower than those reported in MoSe2/hBN and also MoSe2/SiO2-
based MoSe2/SiO2 [57]. One point to note is the doping of our material which we
find to be n-type for MoS2 however p-type for MoSe2. Overall, we find that our
TMDC channel materials are slightly more p-type than MoS2 and MoSe:2
transistors on hBN or SiO2 dielectrics.

70



Photoluminescence characterization of TMDC's on talc substrates

We now turn our attention to the optical performance of monolayer TMDCs
placed on a talc dielectric. In general, an enhancement of photoluminescence
(PL) signal and reduced linewidth was observed compared to emission from
TMDCs placed directly on SiOo.
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Fig. 3 - (a) Optical micrograph of a WS,/talc sample. (b) Typical PL spectrum

of a WS2 monolayer on talc at 300 K. (c) PL spectra at 4 K for different

incident laser powers, (d) Double logarithmic representation of Integrated PL

intensity as a function of laser power.

Fig. 3(a) shows a typical WSz/talc heterostructure device with the monolayer
region highlighted by a blue perimeter. Fig. 3(b) shows a typical PL spectrum at
room temperature for a WS2 monolayer on talc. A peak is observed at 2.008 eV
with a full-width half-maximum (FWHM) of ~30 meV, a reduction compared to
WS2/SiO2 samples which are ~50 meV [58]. We also measured the
photoluminescence properties of the structure at cryogenic temperatures; Fig.
3(c) shows the PL spectrum at low temperature (4 K) for a variety of different
laser power excitations. The typical FWHM of the Exciton peak at4 Kis ~10 meV

which is once again a reduction compared to monolayers of WS2 placed on SiOz,
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which are typically ~20 meV [59,60] and comparable to WS2/hBN which typically
show linewidths ~10-15 meV [61,62].

Furthermore, these values of FWHM for monolayer TMDCs on talc
substrates can be further reduced by using appropriate thermal treatment such
as the standard procedures used for hBN-encapsulated TMDC monolayers. The
observed small FWHM and strong PL intensity suggests that talc can serve as
an effective material for isolating TMDC monolayers from SiO2 and consequently
preserve the intrinsic optical properties of the TMDC. For example, both the
neutral exciton and trion emission peaks can be observed at 2.086 eV and 2.056
eV, respectively. The latter of these corresponds to a trion binding energy ~30
meV smaller than is typically observed for monolayer WS2/hBN heterostructures.
Moreover, the trion peak presents a clear asymmetry which is associated with
unresolved PL emission from different trion species. Therefore, the trion peak
was deconvolved into two separate peaks, one at 2.053 eV and the other at 2.060
eV which are associated to singlet (T®) and triplet (TT) trion states formed via the
Coulomb exchange interaction [63]. In addition to these, another strong PL peak
at 2.034 eV (along with several low intensity peaks at lower energies) were
observed, which, at first glance, are usually attributed to the recombination of
carriers localized at defects. However, measurements at varying incident laser
power indicate that the additional strong PL peak at 2.034 eV seems to be due to
charged biexciton emission (XX7) instead [64,65]. In order to further analyse
these peaks, we have fitted the PL spectra using Voigt functions. Fig. 3(d) shows
the PL intensity of these additional peaks as a function of incident laser power.
The power law dependence of PL intensity can be expressed as / « P% where |
is the integrated PL intensity and P is the laser power. By fitting the spectra with
Voigt functions, we obtain a = 1 for the neutral Exciton emission, a = 1.19 and
1.02 for emission from the triplet and singlet trion states, and a = 1.30 for the
lower energy peak associated to the charged biexciton. Therefore, the observed
laser power dependencies for all emission peaks are consistent to previous
interpretations of the PL spectra measured from WS2 monolayers reported in the
literature [63—-65].
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lll. Conclusion

In conclusion we have characterised the optical and electronic properties of
various TMDCs on talc dielectrics. We find that our FETs show small hysteresis
compared to SiO2 and comparable electron transport characteristics compared
to similar devices using hBN as a dielectric. We also show that the PL properties
of monolayer WS2 indicate an improvement compared to exfoliated WS2 on SiO2
substrates [58— 60] and comparable to WS2/hBN [61, 62]. Overall, this work
indicates that talc dielectrics can serve as a promising alternative to commonly
used hBN to produce future vdW electronic devices as well as a suitable

substrate within TMDC-based optoelectronic devices.
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Methods

Materials

Talc is a soft magnesium silicate mineral with a crystalline structure that
contains three octahedral Mg positions per four tetrahedral Si positions with the
chemical formula MgsSisO10(OH)2. The bulk crystals were purchased in Ouro
Preto, Brazil from a talc and soapstone mine. Conventional mechanical
exfoliation methods were used to produce few-layer talc atop a substrate, which
consisted of p-doped Si covered by a 300 nm thick SiO2 layer. TMDC monolayers
were obtained from the same crystal purchased from HQ Graphene. Flakes of
WS2, MoS2 and MoSe2 were exfoliated on commercial PDMS film (Gel-Film ®
PF-40-X4-A sold by Gel Pak) using adhesive tape. The PDMS stamp with TMDC
attached was placed onto a transparent quartz plate and brought into contact with
a thin Au film (formed through sputtering onto Si) at room temperature. The
ensemble was heated to 65 °C for two minutes using a Peltier module beneath
the Si/SiOz2 substrate. After allowing the ensemble to cool down, the PDMS stamp
was slowly detached, leaving behind the exfoliated flakes transferred on top. The
transfer processes we performed in a cleanroom at 23 °C £ 1 °C with a humidity
of 55% + 5%.

Materials characterisation

Micro-Raman spectroscopy was carried out using a Renishaw RM1000
system which uses 532 nm excitation at 1 mW laser power, which was focused
into a 1 um diameter spot. AFM was performed using a Bruker Innova system
operating in the tapping mode to ensure minimal damage to the sample surface.
The tips used were Nanosensors PPP = NCHR, which have a radius of curvature
<10 nmk, spring constant of 42 N m~' and operate at a nominal frequency of 330
kHz.

Photoluminescence measurements

Micro-PL measurements were carried out at 300 K and 4 K using 532 nm
laser excitation with varying laser power. The samples were placed within an

attocude positioner inside of a cryostat. The laser was focused using a 50x%
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Attocube objective lens within the crysostat resulting in a 4 ym diameter spot size.
The PL signals were collected and focused onto a Spectra Pro 300i spectrometer

coupled to a PyLon Princeston instruments Si CCD.

Electrical measurements

Electrical measurements were carried out in AC (37 Hz) using a 7265 DSP
Lock-in amplifier in conjunction with a Femto DLPCA-200 current amplifier. DC
measurements utilized two Keithley 2400 source-meters. One was used to

provide source—drain bias and the second biased the graphite gate.
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Supplementary Information:

Electrical and optical properties of transition metal dichalcogenides on

Talc dielectrics.

1. Characterisation of FET devices

1.1. AFM characterisation

Figure S1 illustrates AFM images of the MoS2, MoSe2 and talc layers within
our FETs. These images, and their corresponding line profiles, were computed
using Gwyddion analysis software 1. The large error on the thickness of the
MoSe2 channel given in the main text is a result of non-uniformity in channel

thickness across its length, as shown by the blue profile in Figure S1 (h).
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Figure S1. AFM characterisation of TMDC/talc heterostructures. (a, b) and
(c, d) AFM image and line profile of the talc dielectric and MoS2 channel
within the MoS2/talc FET, respectively. (e, f) and (g, h) AFM image and line
profile of the talc dielectric and MoSe2 channel within the MoSe2/talc FET,
respectively.



1.2. Breakdown electric field in ambient conditions

Figure S2 shows the breakdown voltage |-V traces for a 15 £ 3 nm thick
talc dielectric barrier. We find the breakdown electric field of talc dielectrics to
be Esp =0.5+0.2 Vo ~ 1

| p—ry
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Figure S2. Breakdown characteristics of talc dielectrics. (left) I-V traces for
the breakdown of the talc dielectric. (Top right) Optical micrograph of the
device on a quartz substrate (Scale bar: 20 ['m). (Bottom right) AFM topology
of the device after breakdown measurements.

1.3 MoS2 FET Leakage current & high V.4 behaviour

Figure S3 shows the field effect behaviour of our MoS2 FET measured after
12 months stored in ambient conditions. A reduction in conductivity is seen likely
due to degredation of the contacts. However, the gate leakage shows little
change as can be seen in figure S3 B, with the onset of leakage occuring at Vgs=
13 V. Given the talc dielectric thickness was measured to be 18 nm, this
corresponds to an electric field of Eth~0.7 V/nm before leakage current becomes

measureable.
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Figure S3. Repeat measurements of the MoS2 FET. (A) Field effect
dependence of the MoS2 FET shown in figure 2 after being left for 12 months
in ambient conditions. (B) Shows the corresponding gate leakage current,
with onset of leakage occurring at Vgs~13V. T=270 K, helium atmosphere.
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Figure S4. Leakage at higher bias. (A,B) Isd-Vsd curves for increasing gate
voltage for negative (A) and positive (B) source-drain voltage. (C, D)
corresponding leakage current which shows an onset at Vgs~13V which
agrees with the data shown in figure S3 B. T=270 K, helium atmosphere.

Figure S4(A,B) shows the Isd-Vsd for increasing back gate voltage with the
corresponding leakage current shown in S4(C,D). The onset of measurable
leakage current occurs at Vgs=13 V. We found that when we increased Vgs to 20
V electric breakdown occured which yields a breakdown field of ~1.3 V/nm,
approximately twice the value obtained in ambient conditions and comparable
with hBN dielectric.

1.2 Raman characterisation

Figure S5 shows the Raman spectra used to characterise our FETs, with
(a, b) and (c, d) corresponding to the MoS2 and MoSe2 FETs, respectively. In (a,
c), the peaks at ~ 520 cm-1and ~ 960 cm-1 correspond to the underlying Si
substrates, while those at ~ 1350 cm-1, ~ 1580 cm-1 and ~ 2710 cm-1 come from
the graphite contacts. Talc does not have a Raman response between 200 cm-1

and 3000 cm-1 as shown in Figure S5 (e).
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Figure $5. Raman characterisation of TMDC/talc heterostructures. (a)
Full Raman spectrum of the MoS2/talc/graphite FET. (b) The same Raman
spectrum as (a) between 360 cm-1 and 440 cm-1, highlighting the
characteristic peaks of MoS2. (c) Full Raman spectrum of the
MoSe2/talc/graphite FET. (d) The same Raman spectrum (c) between 220
cm-1 and 280 cm-1, highlighting the characteristic peaks of MoSe2.
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Figure S6. Raman characterisation of WS2/talc heterostructure. (a) and

(c) Raman mapping of the integrated intensity of peak E’+2LA modes (b) and

A" mode for sample talc\WS; (b) Optical image and (d) Raman spectra of a

single point ( ML WS2 region) indicated in the mapping.

Figure S6(a) and (c) show the Raman mapping of different Raman modes
of the WS2 —talc sample using 514nm laser excitaon. Figure S6(b) shows the
optical image and Figure S6(d) the Raman spectrum in the ML WS2 region. The
Raman positions and Raman mode relative intensity of Raman peaks are fully

consistent to the ML WS2.

88



1.3 Electrical characterisation
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Figure S7. Electrical characterisation of TMDC/talc/graphite FETs. (a,e) I-
Vg curves for our FET devices. (b, f) Temperature dependence of the activation
energy, Va. (c,g), where Vea, f (Vea, b) and Vha, f (Vha, b) are the activation
energies corresponding to electron and hole conduction during forward
(backwards) sweeps of the gate voltage, respectively. Gate leakage current vs
Vg. for a number of different voltage sweep rates. Representative leakage
current vs Vg during electrical measurements. For the above, (a, b, c, d) are
from the MoS2/talc/graphite FET whilst (e, f, g, h) are from the
MoSe2/talc/graphite FET.



Figure S7 (a, e) shows the current vs applied back gate voltage, Vg, for a
range of temperatures and for a gate voltage range of -15<V3<15 V with Vsq4 = 30
mV. Freeze-out of the charge carriers can clearly be seen in both devices by the
reduction of current magnitude and the drift of the activation voltages, as is
illustrated in (b, f). Figure S7 (c, g) shows the at leakage
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Figure S8. Change in threshold voltage vs sweep rate. The change in
threshold voltage between forwards and backwards sweeps in Vg, AV, for
the MoS2-based FET and for both electron (AVine) and hole (AVinn)
conduction in the MoSe2-based FET as a function of V4 sweep rate.

Figure S7 (a, e) shows the current vs applied back gate voltage, Vg, for a
range of temperatures and for a gate voltage range of -15<Vg<15 V with Vsd =
30 mV. Freeze-out of the charge carriers can clearly be seen in both devices by
the reduction of current magnitude and the drift of the activation voltages, as is
illustrated in (b, f). Figure S7 (c, g) shows the gate leakage current for increasing
sweep rates of the back-gate voltage, while (d, h) highlights the magnitude of
leakage current during a typical device measurement. As can be seen in Figure
S8, there is little change in the magnitude of hysteresis for Vg sweep rates < 0.6
Vs-1. This value for the upper limit of sweep rate was decided based on Figure S3

(c,9), and was not exceeded for fear of damaging the devices.
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MoS/SiO./Si?

MoS2/SiO./Si2

MoS2/hBN/Si2

hBN/MoS2/hBN/
Si02/Si4

hBN/MoS./SiO2/
Sit

MoSe./SiO./Si¢

Ambient/Exfoliated/
No/No/0.5

Vacuum/Exfoliated/
No/Yes/0.1

Vacuum/Exfoliated/
No/Yes/0.1

Ambient/Exfoliated/Y

es/No/2

Ambient/Exfoliated/Y
es/No/2

Vacuum/Exfoliated/
No/No/0.1

15

~0.5

~0.5

~71.5

~22.5

~1.5

6.67

~0.29

~0.29

~12.9

~2

Annealed at 85 °C for 12 hr.

Annealed at 85 °C for 12 hr.

Hysteresis width increases for

decreasing sweep rateZ¢, and

so the talc diminution factor at
comparable sweep rates to
those in Figure S4 would be

even higher.

Hysteresis width increases for
decreasing sweep ratez®, and
so the talc diminution factor at

comparable sweep rates to
those in Figure S4 would be
even higher.

Table S1: Comparison of hysteresis widths for a number of MoS2 and
MoSe2-based FETs using different dielectrics within the literature. As can be
seen within Table S1, the hysteresis widths present in comparable devices
within the literature is widely varied, depending on a number of factors such
as measurement conditions, dielectric material and if the devices were
encapsulated or not. The lack of available data within the literature prevents
a like-for-like comparison of the hysteresis widths of our devices, and thus
Table S1 only serves as an approximate guide here.



92

2. Optical characterisation

Figure S9 shows the PL mapping and a typical PL spectrum of the sample
WS2-talc at 300K.

2.005 eV

PL Intensity (a.u.)

Integrated Intensity PL (a. u.)

18 19 2.0 21
Energy (eV)

Figure S9. (a) PL mapping of the ML WS,-talc at 300K (b) Typical PL
spectrum. Figure S10 shows the PL color-plot versus time for a ML WS, on
talc. We have observed that the PL signal is very stable on increasing time.
Therefore, no photo-doping effect was observed for ML WS2 on talc
substrate which shows that talc is a promising substrate for ML TMD.

Figure S10 shows the PL color-plot versus time for ML WS2 on talc. We
have observed that the PL signal is very stable on increasing time. Therefore, no
photodoping effect was observed for ML WS2 on talc substrate which shows that

talc is a promising substrate for ML TMD .
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3. Conclusions

We have prepared different samples of 2D TMDs on talc dielectrics. We
have studied the low-temperature photoluminescence of TMD/talc samples,
which evidenced the optical quality of our samples. We have also studied the
magneto-photoluminescence spectra of WS2/hBN samples under perpendicular
magnetic fields (up to 30T). These samples have shown various emission peaks
associated with different excitonic complexes such as excitons, trions, biexcitons,
dark trions, and phonon replicas of dark trions. We have investigated the
magneto-optical properties of all excitonic complexes up to 30 T with circularly
polarized laser excitation. The nature of the observed emission peaks was
discussed in detail and compared with previous studies in the literature.
Interestingly, we observed a significant increase in the PL intensity of dark trions
and phonon replicas of dark trions, which is a different result compared to
previous works in the literature [1-5]. This result may suggest that the emission
of dark trions in WS2/Talc samples is probably favored by a possible effect of
dielectric disorder caused by the talc dielectric, which could break the selection
rules[6]. However, further studies would be needed to understand this effect in
detail. We also observed that the polarization degree of the exciton and dark trion
emissions have the same signal, which is evidence that the sample is n-doped.
This result is very different from previous results obtained with graphene/taic,
which showed a significant p-doping effect related to the natural impurities of the
talc crystal [7]. A possible explanation for our result could be that the p-doping
effect due to the impurities of the talc crystal is lower than the natural n-doping of
the WS2 samples. In addition, we observed that with ot polarized excitation, the
sign of the circular polarization of the biexciton emission reverses at higher
magnetic fields, suggesting that at very high fields, the effect of thermalization is
the dominant mechanism compared to the valley selectivity due to the use of ot
polarized excitation.

In addition, we have prepared several field-effect devices (FET) based on
MoSe2/talc and MoSz2/talc heterostructures. The electrical properties of these
devices have been studied in detail and compared with those of devices based
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on SiO2 and hBN. Our devices have shown good quality, with a small hysteresis
observed, comparable to devices using hBN as the dielectric. The characteristics
of our devices do not depend strongly on the sweep rate and have negligible
leakage current. In general, our results suggest that talc is a promising low-cost
layered material for the protection of van der Waals (vdW)
heterostructures/devices.

Our work shows a distinct behavior of the dark complexes for the parallel
magnetic field. We expect that this will stimulate further theoretical investigations
and experimental studies on talc-encapsulated samples, in turn leading to a

better understanding of the dielectric disorder caused by the talc.
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Annex A
Excitonic complexes DELLS UL
Phonon Replicas
Peak : Inter Intra Charged ,
Exciton (X) Dazléglon valley valley Biexciton Z(ﬁ(:;) E(L(ZK))
Trion (Tt) Trion (Ts) (XX-)
Experimental
Values -3.3 -9.1 -3.7 -3.4 -4.3 -14.4 -13.3
P1
Experimental
Values -3.6 -9.3 -3.9 -3.9 -4.3 -12.3 -12.6

P2

: -8.95[1] -3.95[1] -4.0%[1
Literature © 3.5 [1] g 73T[[1]] -3.56T[[1]] -3.56T[[1]]
values = ST U o) 455(2)

41511 -13.7%[1] -13.3F[1]
-5.35[2] -1227T[1] -12.21]

Table A.1.g factors extracts from magneto -PL measurements. Font: elaborated by the
author

Notes:

* Coefficient of PL Intensity (I) dependence with Laser Power (P), using l«<P?;

E Experimental;

T Theoretical.
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