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Resumo

Os materiais 2D emergiram como uma excelente plataforma para investigar fenémenos
optoeletrénicos. Por outro lado, o emprego de campos elétricos externos na matéria revela
fenémenos fisicos intrigantes. Neste trabalho, modificamos as propriedades optoeletrénicas
de materiais 2D, MoS» e talco, por campo elétrico, revelando possibilidades e efeitos inter-
essantes. No MoSs, da agao combinada de aplicagdes de campos elétricos e exposigoes a
luz, obtemos um efeito de fotomemoria, que é ndo-volatil, ajustavel com tensoes de gate, e
é obtida numa arquitetura simples. A fotomemoria deve-se & modulagdo com a tensdo de
gate da fotocorrente persistente em transistores de MoSy. Este efeito, por sua vez, é com-
pletamente ajustével com a tensao de gate. Desta forma, aplicamos tensoes de gate, durante
as exposicoes com luz, para “gravar’ estados de memoria distintos, com possibilidades para
memoéria multiniveis. Por outro lado, nés também utilizados a tensao de gate, com a luz
desligada, para ajustar os ganhos de memoria. Além disso, prevemos que nossos dispositivos
armazenam a informacao gravada por mais de dez anos, indicando uma memoria do tipo
nao-volatil. Também propomos um modelo fenomenolégico para explicar a fotomemoria e a
fotocorrente persistente, as quais atribuimos a um efeito de fotodopagem. Concluimos esta
parte mostrando que a fotodopagem modifica a distribuicao espacial da fotocorrente. Logo
apoés, realizamos uma investigacdo inovadora de emissoes de defeitos no talco 2D do tipo
atomica. Utilizamos o campo elétrico para controlar estas emissoes por dois mecanismos.
Primeiramente, deslocamos as energias das emissoes por um efeito Stark linear. Ao inves-
tigar este fenémeno, nés adquirimos um entendimento da natureza dos defeitos no talco.
Além disso, o campo elétrico pode controlar a intensidade das emissoes, o que leva a uma
aniquilacao reversivel de algumas destas. O efeito de aniquilacdo das emisses possui ricas
interpretacoes fisicas, portanto nés as discutimos e elaboramos qual mecanismo descreve mel-
hor nossos resultados. Em resumo, nosso trabalho aborda novas e excitantes possibilidades
de estudar e controlar as propriedades optoeletronicas dos materiais 2D.

Keywords: Optoelectronics, 2D Materials, Memory devices, Persistent photocurrent, Photodop-

ing, Photoluminescence, Defects, Stark effect, PL quenching, MoS,, Talc



Abstract

2D materials have emerged as an exciting platform to investigate optoelectronics phe-
nomena. On the other hand, the employment of external fields in matter reveals intriguing
physical effects. Here, we tune the optoelectronic properties of 2D materials, MoSs and
talc, by applying electric fields, unraveling interesting possibilities. In MoSs, from the com-
bined actions of electric field applications and laser exposures, we obtain a photomemory
effect, which is non-volatile, gate-tunable, and is obtained in a simple architecture. The
photomemory is due to a modulation with the gate voltage of the persistent photocurrent
in MoSs transistors. This effect, in turn, is entirely gate-tunable. In this way, we use gate
voltages, during laser exposures, to “record” distinct photomemory states, with possible ap-
plications for multilevel memories. On the other hand, we can also use the gate voltage, with
the laser off, to adjust the memory gains. Furthermore, we predict that our devices store the
photomemory information for more than ten years, indicating a non-volatile memory effect.
We also propose a phenomenological model to explain the photomemory and the persistent
photocurrent, which we ascribe to a photodoping effect. We conclude this part by showing
that the photodoping modifies the spatial distribution of the photocurrent. Next, for the
first time, we investigate atomic-like photoluminescence emissions from defect states in 2D
talc. We use the electric field to control these emissions by two different mechanisms. First,
we can shift the energies of the emissions by a linear Stark effect. By further investigating
this phenomenon, we get an insight into the nature of the defects in talc. Besides, the electric
field can control the intensity of the emissions, leading to a reversible annihilation of some
of the photoluminescence peaks. This quenching effect has rich physical explanations, so we
discuss them, and from our interpretations, we elaborate which mechanism describes better
our results. In summary, our work uncovers exciting and novel possibilities to study and
control the optoelectronics of 2D materials.

Keywords: Optoelectronics, 2D Materials, Memory devices, Persistent photocurrent, Photodop-

ing, Photoluminescence, Defects, Stark effect, PL. quenching, MoS,, Talc
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Chapter 1

Introduction to the thesis

Optoelectronics is the study and application of electronic devices and systems that source,
detect and control light [1]. Optoelectronic devices that source light convert electrical energy
to light, for example, the semiconductor lasers and the light-emitting diodes (LEDs) [2]. On
the other hand, by converting optical signals into electrical currents, the optoelectronic
devices can also detect light. Photodetectors and photodiodes are examples of such devices
[2]. The optoelectronics also study devices that control light, by manipulating its power,
wavelength, phase or polarization with an electrical control signal. Electro-optic modulators,
electroabsorption modulators, and acousto-optic modulators are examples of devices that
manipulate light [2].

The optoelectronics phenomena arise when optical materials interact with electric fields,
modifying their optics. The optical properties of solids are an interesting and diverse field
of physics. It includes the diffraction, the refraction, the absorption, the emission, and the
scattering, among others [3]. In optoelectronic devices, electric field applications modify one
or more of these classical effects, unraveling new phenomena beyond them. The exciting
possibilities that occur in optoelectronic devices also generate broad technological applica-
tions, as described above. In this way, optoelectronics is a fascinating research area that has
impacts on science and technology.

2D materials are an attractive platform to study optoelectronics [4-6]. They are innately
bidimensional systems, where their thickness is typically the size of an atom. 2D materi-
als have a vast number of crystalline species with distinct properties, as graphene, which
is a semi-metal [7], molybdenum disulfide (MoS2), molybdenum diselenide (MoSesz), tung-
sten disulfide (WSs), tungsten diselenide (WSez), which are semiconductors [4], niobium
diselenide (NbSez), that is a superconductor [8], boron nitride (BN), an insulator mate-

rial [9] and chromium triiodide (Crls), a magnetic material [10], among others. Due to their
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ultra-thin nature, the interactions of 2D materials with electric fields are strong, resulting
in novel optoelectronic effects and high-performance optoelectronic devices. Besides, their
mechanical properties allow the fabrication of flexible optoelectronic devices. In this direc-
tion, flexible and sensitive photodetectors, as well as flexible LEDs [11], using 2D materials
have been proposed [12,13]. Exotic optoelectronic phenomena have also been observed in
2D materials, like the valley hall effect, where an optoelectronic analog of the hall effect (a
magnetic-induced voltage difference in the transverse direction of the current flow) emerges
when MoS, devices absorb circularly polarized light [14].

In this thesis, we study two 2D materials, MoSs and the recently discovered 2D talc. We
explore the modifications by electric field applications of the absorption and emission effects
of MoSs and talc, respectively. In MoSsy, we detect light, converting it in memory states,
which leads to a photomemory application. On the other hand, in talc, we control the light,
by changing its energy and intensity, with possible applications in electro-optic modulators.
We briefly discuss these aspects below, and next, we explain the structure of this thesis.

We study the absorption of photons in MoSs transistors, where the gate voltage produce
electric fields. In this case, the MoSs channel is one of the elements that absorb photons
in the device, generating excess electron-hole pairs, which transform into a photocurrent
upon an electric field application. Furthermore, the photon absorption by the interface
between the insulator and the material used for the gate (gate-insulator interface) of the
MoS; transistor leads to a hole-trapping at this interface, which in turn generates doping
in MoSs - a photodoping effect. We associate this effect with the persistent photocurrent
effect, which origin is still under debate. To summarize, the optoelectronic properties that
we study in MoSs are the photocurrent and the photodoping. We show that the photodoping
is persistent, but we can modulate it by a simultaneous application of laser exposure and
gate voltage. The modulation of the photodoping generates distinct persistent photocurrent
states that are interpreted as memory states.

We apply optoelectronic properties of MoSs in a photomemory effect. The photomemory
device is gate-tunable. In this way, we use the gate voltage, during laser exposures, to
“record” photomemory states. We also show that gate voltage applications, with the laser
off, can modulate the photomemory gains. Furthermore, the photomemory states are non-
volatile, predicted to retain up to 50% of the “recorded” information for more than ten years.
We propose a model, supported by experimental evidence, that explains the photodoping
and photomemory effects. According to this model, the physics of these effects is contained
in the gate-insulator interface. To reinforce this point, we show that by using MoSs in a
different transistor, we continue observing a photodoping effect. So, the theory that we
propose generalizes the photodoping and photomemory effects to other transistors, using
different materials. Finally, we show how the photodoping generation in the gate-insulator
interface controls the photocurrent generation in the MoSs channel spatially.

2D talc is a recent discovered two-dimensional insulator [15]. Here, we study emissions
properties in this material under electric field applications. Because talc is an insulator, we
stimulate emissions in this material by photoexciting it with photon energies smaller than

its band gap energy. These subgap excitations induce electronic transitions in defect states
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from talc. The decay of electrons in these states generates photoluminescence emissions that
resemble atomic emissions. By applying transverse electric fields in talc, we manipulate the
energy and intensity of these atomic-like emissions. The modification in the energy is due
to a linear Stark effect. By inspecting these phenomena, we evaluate the dipole moments of
the defects in talc and get a better understanding of their nature. In addition to the Stark
effect analysis, we show some density functional theory calculations, revealing which atomic
impurity can give emissions similar to the observed experimentally.

The electronic manipulation of the intensities of the emissions in talc leads to a reversible
quenching of some of them. There are rich physical explanations for the photoluminescence
quenching effect. We inspect each quenching mechanism and analyze which one better
describe the results of talc. We also connect the quenching and Stark splitting effects. We
show that there is a relation between the dipole moments of the defects in talc, evaluated from
the Stark effect, and the possibility that their emissions are quenched or not with electric
field applications. Finally, we argue that we can use the quenching effect to implement talc
in photon switching devices.

The thesis has two parts. In part I, entitled “Unraveling photocurrent and photodop-
ing effects in MoSy transistors”, we describe the photocurrent and photodoping effects in
MoSs, with applications in a photomemory effect. In part II, entitled “Unraveling Stark and
quenching effects of atomic-like emissions in layered talc devices”, we present the Stark split-
ting and photoluminescence quenching of the atomic-like emissions in 2D talc, with possible
applications in electro-optic modulators. Both parts have a theory chapter, which provides
the background to understand the respective part. There are methods and characteriza-
tions chapters, which exposes the experimental methods, tools, and characterizations of the
materials. We also show results and discussion chapters, where we present and analyze the
experimental results of the parts. At the end of each part, we present a partial conclusions
chapter, that show the conclusions of the respective work. Finally, at the end of the thesis,
we present the general conclusions.

Chapter 2 presents the theory of part I. We start by introducing MoSs, which is the
primary 2D material that we study in this part. Then, we comment on the operation of the
field effect transistor, which is the device where we explore optoelectronics of MoS,. Next, we
elaborate on the photocurrent effect, which is the essential optoelectronic phenomenon of part
I. Latter, we explain the memory effects and operations, because we apply optoelectronics
of MoSy in memory devices.

Chapter 3 presents the methods and characterizations of part I of the thesis. We start by
describing the sample preparation, followed by the optical and electrical characterizations of
the devices. We finish this chapter by explaining the optoelectronic setups that we use for
the measurements.

Chapter 4 presents the results and discussion of part I. We start by showing the results of
the photodoping and photomemory effects. Next, we present a possible physical mechanism
that explains the photodoping and persistent photocurrent effects. Then, we elaborate on
technical issues of the photomemory device, studying its performance. We also generalize

the photomemory effect on other field effect transistors. Thus we also present photomemory
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results of a different MoSs device. Finally, we show that the photodoping is a local effect,
enabling a spatial control of the MoSy photocurrent.

Chapter 5 concludes part I of the thesis.

Chapter 6 presents the theory of part II of this thesis. We begin this chapter by introduc-
ing talc. Then, we explain the photoluminescence, which is the principal optical property
that we study in part II. Finally, we discuss the Stark effect and the photoluminescence
quenching, which are the optoelectronic effects that arise in our devices.

Chapter 7 shows the methods and characterizations of part II. We start by describing the
preparation of talc devices. Then, we discuss the techniques that we use to characterize talc,
which are the X-ray diffraction, the Raman spectroscopy, and the wavelength-dispersive
X-ray spectroscopy. We finish this chapter by describing the setups that we use for the
photoluminescence measurements.

Chapter 8 presents the results and discussion of part II. We begin this chapter by char-
acterizing the atomic-like emissions in talc. After describing these photoluminescence emis-
sions, we show how they modify upon electric field applications. Next, we investigate the
Stark splitting of the emissions. Finally, we inspect the quenching of the photoluminescence
peaks.

Chapter 9 presents the partial conclusions of part II of this thesis.

Finally, chapter 10 concludes this thesis.



Part 1

Unraveling photocurrent and
photodoping effects in MoS»o

transistors



Chapter 2

Theory

In this chapter, we explore the essential aspects needed to comprehend the part I of this
thesis. First, we present a brief description of MoSs, which is the crucial material of part
I. Next, we expose the operation of the field effect transistor (FET) using 2D materials be-
cause the FET is the architecture of the photomemory effect. Later, we show some physical
mechanisms that may explain the photocurrent generation in MoSs, including the photo-
conductivity and some aspects of the persistent photocurrent (PPC). Finally, we deliberate

on the memory phenomenon and some electronic devices that operate as memory devices.

2.1 Introduction to MoSs

MoSs is a layered crystal from the transition metal dichalcogenides family (TMDCs). The
materials belonging to this family have the chemical formula MXs - where M is a transition
metal from the family IV, V or VI, from the periodic table, and X is a chalcogenide (S,
Se or Te). The chemical bonding of these elements are of the type X-M-X, see Fig. 2.1.
Members of the TMDCs possess a wide range of electronic properties. They can be conduc-
tors, superconductors, semiconductors, semimetals, among others [4-6]. In particular, the
dichalcogenides that contain Molybdenum and Tungsten in its formula are semiconductors
with a band gap that varies from the visible to the infrared [4]. The Bulk of the TMCDs
have several types of crystal structures, regarding the relative positions of the atomic layers.
Nonetheless, the unit cell of the monolayer can have two configurations: trigonal prismatic,
2H, and octahedral, 1T, see Fig. 2.1 [16,17]|. The TMCDs monolayers, however, are pre-
dominately found at the 2H configuration. Fig. 2.1 present a picture of the crystal structure
of a TMDC on its 2H configuration, and also the unit cell of the 1T configuration. Fig. 2.1
also shows the interlayer spacing for MoSs, which is 0.65 nm.

Due to the 2D nature of MoSa, its electronic structure and its band gap are modified by
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OC‘S O d “o
Trigonal Prismatic Octahedral

Figure 2.1: Crystal structure of a TMDC. Taken from [16,17].

the quantum confinement. For example, from the bulk to the monolayer, the band gap goes
from indirect, with energy 1.29 eV, to direct, with energy 1.9 eV [18|. In bulk MoSs, the
maximum of the valence band (VB) is on the I' point, while the minimum of the conduction
band (CB) is between the I' and K points [19], see Fig. 2.2(a). The states of the CB in the K
point are due to the orbital d from the Mo atom, which are slightly affected by the interlayer
interactions. On the other hand, the states of the CB close to the I'" point are a result of
the hybridization of the orbitals p,, from the S atom, and d, from the Mo atom. These
orbitals are affected by interlayer interaction. In this way, decreasing the number of layers
increases the energies of the states of the CB close to the I' point, while near of the K point,
the states remain constant. This asymmetry in the modification of the CB states under
quantum confinement leads to the direct band gap of the MoSs monolayer [19-22], see Fig.
2.2. Some theoretical [22,23] and experimental |24, 25| works report that excitons influence
on the optical transitions in the few layers MoSs, instead of band-to-band transitions. In
absorption and photoluminescence measurements, it is possible to identify two excitonic
peaks, A and B, which physical explanation is a spin-orbital breaking of the degeneracy
of the top of the valence band in two states [24]. Beyond the strong excitonic effects in
MoSs, other interesting multi-body phenomena are still observable in this material, like

biexcitons [26] and trions [27,28|, which are out of the scope of this thesis.
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Figure 2.2: The band structure of MoS2. The figure (a) is from the bulk, while the
(b), (c), and (d), correspond to the tri, bi, and monolayer, respectively. Taken from [19].

The direct band gap of MoSs, the excitonic properties, and the ultra-thin nature make
MoS; an interesting platform to study electronics, optics and optoelectronics [6,29-32|. In
MoSs electronics research field, the most common architecture is the field effect transistor
(FET). MoSs FETs show ultra-high values of current on/off ratio (10%) [16] and high mo-
bility of 34,000 cm?V~1s~! that allows the observation of quantum transport [33]. MoSs
transistor are predominantly n-type, due to a Fermi level pinning close to the conduction
band, attributed to intrinsic vacancies in MoSs [34,35]. However, ambipolar transport 36|,
as well as p-type transistors [37-39|, have also been demonstrated. Most recently, some
works have proposed utilizing a thin capping hexagonal boron nitride (BN) layer between
the MoSsy and the metal electrode to make a tunneling contact. This procedure prevents the
influence of surface defects on the electrical contact, reducing the Fermi level pinning and
Schottky barriers [40,41]. Moreover, the development in the electronics of the 2D materials
allowed the creation of memory devices using MoSsy [42-47|.

Due to its direct band gap, and its ultra-thin nature that allows the formation of Van der
Waals heterostructures, MoSs possess a vast range of interesting optoelectronics phenomena.
It has been reported photodetectors with a high sensitivity of R ~ 103 A/W [13,48], where
R is the ratio of the generated photocurrent and the laser power. Also, laser exposures close
to the interface between MoSy and the electrode create temperature gradients, generating
an electric output tension that can power external devices, revealing a photothermoelectric
effect [49]. Furthermore, by transferring a p-type WSey on MoSs it is possible to obtain a high
photovoltaic effect with high external quantum efficiencies exceeding 50 %, with applications

for solar energy. [50]. MoSs is also an exciting material to study light emission, so electro-
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luminescence devices using MoSs have been explored [51,52]. Finally, the optoelectronic
properties of MoSs have also been used to develop an optical memory [53], where the memory

states are recorded by exposing the device to light.

2.2 Field effect transistors

Due to the ultra-thin nature of the 2D materials, with an associated high surface-area-to-
volume ratio, their optoelectronic properties are profoundly affected by substrate interactions
and external fields [4,16,33,54]. Amongst them, the electric field is a powerful tool to tune
the optoelectronic properties of the 2D materials. The most common device structure used
for applying electric fields is the field effect transistor. By using MoSo in a FET device,
it is possible to control MoSs conductance [16]|, photocurrent generation [55] and excitonic
properties [28]. In part I of this thesis, the electric field applications in MoSy FETS enables a
controllable modification of the persistent photocurrent in these devices, which lead to a gate-
tunable photomemory effect. Thus, it is essential to describe the FET operation. Fig. 2.3(a)
shows a sketch of a 2D FET architecture. It is composed of three elements: the channel,
the gate, and the insulator. The channel is the material (mainly a semiconductor) where
the electrical current flows. The gate is the electrical terminal where electrostatic potentials
are applied (Vpg), generating an electrical field across the insulator into the channel. Three
electrodes are contacting the FET. The source (S) and drain (D) electrodes make electrical
contacts in the channel. Generally, we connect a voltage source to the source, and we ground
the drain. In this way, applying a drain bias (Vgp) to the source enables a current flow in
the channel. Finally, we connect the third electrode to the gate.

A transistor can operate as a current amplifier or as a switcher. By applying a fixed Vgp
in the source relative to the drain of the FET, it is possible to flow an electrical current in
the channel, named drain current (Igp), see Fig. 2.3(a). The Vpg application modulates
Igp, see Fig. 2.3(b), which shows a IspvsVpg curve, also called transfer curve. If the channel
is an n-type semiconductor, as for MoSs, the application of Vg > 0V electrostatic induces
negative charges in the channel. The drain is grounded, so the electrostatic induction injects
electrons from the drain to the channel, increasing Isp, see the red region on Fig. 2.3(b).
The transistor is on its “ON” state when a current flows on its channel, see red region on
Fig. 2.3(b). By applying Vg < 0V, the negative gate bias expels the electrons from the
channel towards the drain, reducing Isp. Below a specific gate voltage, the conduction band
of the semiconductor is empty of electrons, “OFF” state, preventing that a current flows in
the channel, see the blue region on Fig. 2.3(b). The specific value of Vg that switches
between the states “OFF” and “ON” is called threshold voltage (V;y), see Fig. 2.3(b).

Real-world transistors are not ideal, so divergences from the theoretical transistor model
may occur. For example, the current in the “OFF” state may not be absolutely zero. Another
example is that the transition between the “OFF” and “ON” states are not abrupt as shown
in Fig. 2.3(b). For this last case, we evaluate V4, from the intercept of the extrapolation
of the linear part of Isp, in the “ON” state, with the Vg axis, see Fig. 2.3(b). Another

important physical quantity extracted from a transfer curve is the transconductance (gp,)
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Figure 2.3: Field effect transistor. (a), Sketch of a field effect transistor. (b), transfer
curve of a field effect transistor. (c), transfer curves before, blue curve, and after, red curve,
laser exposure.

given by the slope of the transfer curve (g, = j{%’é) Both V;, and g, have important
physical significance since from Vi, it is possible to extract the intrinsic and induced dopings
in the channel and from gy, the mobility p of the semiconductor.

To estimate the density of charge induced by Vg we can use a parallel plate capacitor

model. From this model, we have:

Q = C(Veag — Vin) = nde, (2.1)

where @ is the induced charge in the channel, n is the density of free charges, C is the
capacitance, A is the area of the plates of the capacitor, and V — V4, is the effective voltage
applied on the channel. Equation 2.1 is valid for Vg — Vi > 0V, whether for Vg — Vin <
0V, @ =0. C has the following expression:

eoAeos
d M

where ¢ is the vacuum permittivity, which is 8,85 x 1072 C2N~'m~2, and €,, is the dielec-

C:

(2.2)

tric constant of the insulator. Finally, d is the thickness of the insulator. From equations
2.1 e 2.2, we get:
€0€ox

n = (Ve = Vin) = Do(Vc — Vin)- (2.3)

which gives an expression for the density of charges, units in cm™2, that is a function of

Vg and V;. In chapter 4, we present transfer curves before and after exposures of MoS,



CHAPTER 2. THEORY 11

to a laser. Comparing these curves, we argue that laser exposures change the doping of our
devices, so equation 2.3 is very important to describe our results. To exemplify how we get
to this conclusion, we show in Fig. 2.3(c) transfer curves of a fictional transistor. We first
evaluate a transfer curve before laser exposure, blue curve in Fig. 2.3(c). From the blue
curve, we evaluate the threshold voltage before laser exposure (Vj}). Then, we perform a
laser exposure on the fictional transistor. After this procedure, we repeat a transfer curve
and extract the new threshold voltage (Vfﬁh), see the red curve in Fig. 2.3(c). Inspecting
the red and blue curves, we conclude that their threshold voltages are different, which is
evidence for laser-induced doping. We can evaluate the change of the density of charges

induced by laser exposure through the following equation:

Any, = npy — 1o = Do(VE" = Vi3). (2.4)

Finally, from Fig. 2.3(b), we can evaluate the mobility of the FET, which is measured

by the following equations:

gm |
— 2.5
a Vsp wCoy ( )
dIsp
m = 2.6
g Vg (2.6)
€0€ozx
Com - ; 2.7
« 1)

where [ and w are the length and the width of the channel, respectively.

2.3 Photocurrent

In this section, we approach photocurrent, which is the main optoelectronic effect of part
I of this thesis. Photocurrent is any process where the absorption of photons in materials
generates electrical currents. Many mechanisms produce a photocurrent, as the photovoltaic
effect [50], the photothermoelectric effect [49], the photodoping effect [56] and the photo-
conductivity effect [55]. In the photovoltaic effect, a built-in electric field, in a pn junction,
for example, separates photoexcited electron-hole pairs, generating a photocurrent. For the
photothermoelectric effect, the laser exposure close to the interface between two materials
with different Seebeck coefficients generates a temperature gradient that drifts carriers. In
the photodoping effect, the photocurrent is due to the alteration of the threshold voltage
of the device with laser exposure. Finally, the photoconductivity effect is due to the sep-
aration of the photoexcited electron-hole pairs by an external electric field. For a detailed
explanation of these mechanisms, please see the reference [57]. The MoSe FETs in chapter
4 present both the photodoping and the photoconductivity effects. Next, we better analyze
these effects. For the photoconductivity effect, photons excite electrons from the valence to
the conduction bands of the material, generating excess electrons and holes. So, an elec-

tric field transforms these excess carriers in an electric current before they recombine. The
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conductivity of a conductor is given by:

0 = efinn + epipp (2.8)

where e is the electron charge and p is the concentration of holes. Here, we have assumed
that the mobility for electrons and holes are different. After the moment that the device
absorbs photons, there are excess carriers dn and dp. dn = dp, because the electron-hole
pairs are created simultaneously. Then, adding the terms of the excess carrier in equation
2.8 leads to:

o = e(tin + pp)on + epnn + eppp (2.9)

So, if we subtract equations 2.8 and 2.9, we get an equation for the photoconductivity:

do = e(fin + pp)on. (2.10)

Now, we describe in more details the dynamics of the excitation and decay of the pho-
togenerated carriers. When the semiconductor absorbs photons with energy larger than the

gap of the material, it creates electron-hole pairs, see Fig. 2.4(a).

’ v )

Y
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Figure 2.4: Excitation and decay of photogenerated carriers.

The photogenerated carriers relax to the bottom and top of the conduction and valence
bands, respectively, see Fig. 2.4(a). Generally, the relaxation process is due to carrier-carrier
and carrier-photon scatterings, which imposes a fast response of the order of femtoseconds
[58]. After relaxation, the excess carriers recombine emitting a photon with the energy of
the gap, see Fig. 2.4(b). The time for the recombination of the excited electron-hole pairs
(lifetime) has a characteristic value of 74. 74 varies from picoseconds to nanoseconds [58],
which is longer than the time for relaxation (femtoseconds). So, the carriers relax first, in
a fast process, to subsequently recombine. The equation of the time-evolution of the excess

carriers is given by:

aon _ g0 (2.11)

where ® is the photon flux. An expression for ® is & = nP,\/Ahc, where 7 is the quantum
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efficiency, P, is the power of the laser, A is the wavelength of photons, h is the Plank constant,
c is the speed of the light and A is the area of the incident light. For stationary conditions,

we have that % = 0, so equation 2.11 becomes:

on = dry. (2.12)

We expect that the photocurrent response is as fast as the lifetime of the electron-hole pairs
(nanoseconds). However, if the crystal has defects on its structure or interacts with the sub-
strate strongly, the lifetime may be prolonged. This fact occurs because these effects generate
mid-gap states that trap the carriers preventing them from recombining and increasing the
response time of the photocurrent, see Fig. 2.4(c). Sometimes, the response time of some
semiconductors is too slow that we name the photocurrent retained after we turn the laser
off by persistent photocurrent (PPC). PPC is undesirable for photodetection operations [55],
nonetheless in chapter 4 we show that we can use PPC for memory applications.

PPC is important in MoSy phototransistors, so we should describe better this effect.
Fig. 2.5 presents Isp vs Time measurements for a device without, Fig. 2.5(a), and with, Fig.
2.5(b), PPC. The plots in Fig. 2.5 are not from real measurements; we present them only
to explain the PPC better. In Fig. 2.5, the regions denoted by OFF means that the laser
is off, while the regions ON means that the laser is on. For a device free of PPC, see Fig.
2.5(a), the response time is fast, as it is limited by the lifetime of the excited electron-hole
pairs. In this way, the current increases and saturates very rapidly after we turn the laser
on and decays very fast after we turn the laser off. So, we commonly observe very sharp
square curves in devices that do not present PPC, see Fig. 2.5(a). On the other hand, for
devices with PPC, the response time is prolonged. In other words, the photocurrent takes
too long to saturate and to decay, so the Igp vs Time curves resemble a sawtooth profile,
see Fig. 2.5(b). In chapter 4, the Isp vs Time curves of MoS;, transistors have a response
which is a mixture of both Fig. 2.5(a) and Fig. 2.5(b), and we ascribe this behavior to the

coexistence of the photoconductivity and photodoping effects.

(a) (b)
OFF ON OFF OFF ON OFF
[a) a
< <
Time Time

Figure 2.5: Comparison of photocurrent responses. Igp vs Time measurement for a
device without, (a), and with, (b), PPC.

To estimate the response time of Isp vs Time curves, like in Fig. 2.5, we can apply an
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exponential fitting for the decay of the photocurrent, which formula is y = A+ B xexp (—%)
From this formula we can estimate 7. However, for MoSs devices, it is not possible to fit
the Isp vs Time curves with this last equation, so it needs a correction, which is called the

stretched exponential, see the following equation:

.
y=A+ B xexp <—t> ; (2.13)
T

where A is the reminiscent photocurrent, B is a multiplication factor, 7 is the decay time and
~ is a dimensionless parameter. In chapter 4 we apply PPC in a memory effect. Thus, we
can use equation 2.13 to estimate the reminiscent memory percentage (RMP (%)), evaluated

by the expression.

B y(t —o0) A
RMP (%) = 100 x £ 7= = 100 x 7. (2.14)

Many reports in MoSy phototransistors present a strong PPC effect [13,54,59]. On
the other hand, some MoSs transistors present a very sharp photocurrent behavior as Fig.
2.5(a) [55,60]. So far, it is not clearly understood the mechanism responsible for the PPC in
MoSs. MoS; is a 2D material, where the interfaces strongly affect its properties, so it is hard
to say if the PPC comes from MoSs itself or the interfaces. Indeed, some works associate
the PPC to a photodoping process that is attributed to the charge transference from the
adsorbed gases to MoSs [56]. On the other hand, some papers argue that the PPC is due to
the interactions between the MoSs channel and the substrate [54,61]. Another report claim
that PPC is due to some mid-gap states in MoSy that increase the recombination time of
the electron-hole pairs [48]. The reference [54] presents a profound and rich experimental
study that compares a freestanding device with a supported one. The authors show that the
supported device presents PPC, while the freestanding do not. In this way, the substrate
beneath MoSs plays an essential role in the photocurrent response. In this thesis, we give a
step forward to the understanding of the PPC in MoSs transistors. Thus, we show in chapter
4 that the PPC is due to a photo-assisted trapping of holes in the gate-insulator interface
- a photodoping process. We also show that we can modulate the PPC with simultaneous
applications of the gate voltage and laser exposure, which in turn give rise to a photomemory
effect. Hence, to better understand our photomemory effect we discuss some critical points

regarding the memory phenomenon in the next section.

2.4 Memory

Since the beginning of the information era, the production of data has increased exponen-
tially. So, the need to store information, by developing memory devices, have become crucial.
In this way, it is progressively desirable and demanded memory devices with high storage
capability. Furthermore, obtaining small devices is also a concern for memory technology.
These facts are highlighted in Fig. 2.6(a), where it shows a gigabit/in? vs year curve [62].
Fig. 2.6(a) depicts that the storage capacity of memory devices increases over the years,

with a simultaneous reduction of the size of the devices. However, storage capability and
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miniaturization are not the only desired features for actual memory devices. The cost is also
significant for the production of new technologies for memory devices. In fact, Fig. 2.6(b)
shows a USD/MB vs year curve [63], which indicates that the cost of a megabit is becoming

increasingly low.
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Figure 2.6: Evolution of memory over the time. (a), a gigabit/in? vs year curve. Data
taken from [62]. (b), a USD/MB vs year curve. Data taken from [63].

To better elucidate the evolution of memory devices, Fig. 2.7 compares two devices.
Fig. 2.7(a) shows a picture of the IBM 305 Ramac model [64], a memory device from 1956
which has a storage capacity of 5 Mb with a price of 10000 USD/Mb. On the other hand,
Fig. 2.7(b) shows an image of the Samsung 16TB SSD memory device from 2016 |65]. This
device has a storage capacity of 16 Tb, with a price of 0.001 USD/Mb. To compare the size
of the devices, Fig. 2.7(a) also present the picture of a man whose height is similar to the
primitive device, while Fig. 2.7(b) shows a cartoon of a finger with almost the size of the

present-day device.

O

1

Figure 2.7: Comparing memory devices. (a), an IBM 305 Ramac device, taken from
[64]. (b), a Samsung 16 TB SSD device, taken from [65].

To summarize, the required features (figures of merit) for actual memory devices include
the miniaturization capability, the power consumption (high memory on/off ratio), the oper-
ation speed, the memory retention time and the cost. To understand these aspects, we need
to describe what are memory devices. A memory device is an object able to store information

using power supply. There are two types of memory devices: volatile and non-volatile. The
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volatile memory device loses information after we turn the power supply off. On the other
hand, the non-volatile memory devices store the information even after we turn the power
supply off. Modern memory devices use digital electronics. The digital electronic uses the
binary system, thus digital memory devices stores information through “0” and “1” codes.
Before we discuss the memory figures of merit in details, lets first describe the components
of a memory device shortly.

A memory device is composed of a memory keeper, which is a physical object that stores
the information, see Fig. 2.8. The memory keeper has some physical property that has
binary configurations. For example, spins in a ferromagnetic device (hard disk drive) or
burned dye spots on a CD-R [66]. Also, the memory system needs a writer, which is a
physical element that manipulates the physical properties of the memory keeper in “0”s and
“17s, “recording” the desired information. The writer can be a magnet or a laser, for example.
Furthermore, the memory system needs a reader, which is a physical element that “reads”
and exports the information. This brief description of memory devices is quite general and
abstract. However, to develop memory devices in the modern era, we need to have in mind

the required figures of merit for their application.

Figure 2.8: Memory components.

The memory power consumption is the effort needed to read the memory states. So, as
much distant the “0” and “1” states are, the easier it is to read the memory states. Frequently,
memory device papers use the memory on/off ratio as the quantity that measures the power
consumption of the memory device. The on/off ratio is the ratio of the physical quantity
(used for memory storage) of the memory keeper in the “1” and “0” states, respectively. The
memory retention time is also an important parameter to evaluate a memory device, as it
measures the memory loss over ten years. A method to measure this quantity is by evaluating
the reminiscent memory percentage, which is the quotient (%), between the estimated value
after ten years and the initial value of the physical quantity used for memory storage. The
operation speed is the time to switch between the “1” and “0” states, or in other words

the time to record the memory information. The miniaturization capability, in turn, is the
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ability to decrease the size of the components from the memory device. 2D materials are
innately small, so they are excellent candidates to develop miniaturized memory devices.
Nevertheless, to compare the cost of nanotechnology devices is straightforward, as nowadays
it is tough to infer the real price of these products. Hence, we are not going to discuss the cost
feature of memory devices in this thesis. To exemplify memory operations, we describe in
Fig. 2.9 three types of electronic memories. We start by describing the flash memory device,
which is an electronically erasable programmable read only memory (EEPROM). The flash
memory consists of the semiconductor channel, with the source and drain contacting it; the
tunnel insulator, which is a thin insulator layer (thickness less than 10 nm [67]) that enables
tunneling; the floating gate, which is not connected electrically; the gate insulator, that is a
thick insulator that avoids tunneling (typical thickness of 30 nm [67]); the control gate, which
is contacted electrically, see Fig. 2.9(a). By applying Vgsp in the source relative to the drain,
a current flows in the channel. On the other hand, the application of Vg > 0V tunnels
electrons from the channel through the tunnel insulator, reaching the floating gate, where
they are trapped, storing the memory information, see Fig. 2.9(a). When this happens, the
channel is in its low current regime, and the device is referred to be in its “programmed”
state. Besides, by applying Vpa < 0V, electrons from the floating gate tunnels through the
tunnel insulator and reach the channel, erasing the memory information, see Fig. 2.9(b). In
this configuration, the channel is in its high current regime, and the device is referred to be
in its “erased” state. Making an analogy of flash devices with Fig. 2.8, the “writer” element
is the gate voltage, the ‘“reader” element is the current of the channel, and the memory
keeper is the trapped electrons in the floating gate. The flash devices have advantages of
high memory operation speed, moderate memory on/off and retention time values. Yet, a
bottleneck of this architecture is that it requires many elements into a complex structure.
Two-terminal floating-gate tunneling devices have been proposed to overcome the com-
plexities issues of the flash architecture [42,43,68]. These simpler architectures use fewer
elements than flash devices and need only two terminals. They are also referred to as two-
terminal tunneling random access memory (TRAM). The TRAM consists of a floating gate,
a tunnel insulator and a semiconductor channel contacted by the source and drain elec-
trodes [42], see Fig. 2.9(c). The TRAM devices use an intense electric field, by applying
Vsp < 0V, to tunnel electrons from the channel, close to the source electrode, through the
tunnel insulator, reaching the floating gate, see Fig. 2.9(c). The floating gate traps the elec-
trons, storing the information. On the other hand, by applying a large Vgp > 0V, electrons
from the floating gate tunnels through the tunnel insulator and reach the channel, erasing
the memory information, see Fig. 2.9(d). To “read” the memory information, the TRAM
requires a small Vgp, because a large bias tunnels the carriers through the tunnel insulator,
disturbing the memory information. Making an analogy of TRAM devices with Fig. 2.8,
the “writer” element is the Vgp, the “reader” element is the current of the channel, and the
memory keeper is the trapped electrons in the floating gate. Although the TRAM device
shows ultra-high memory on/off ratio and has a simple architecture, it lacks ultra-high time-
stability. This last fact is due to the thin insulator barrier that also allows tunneling without

applying a bias. Furthermore, the TRAM requires a specific insulator thickness to obtain
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Figure 2.9: Electronic memories. Flash memory for Vg > 0V, (a), and for Vg < 0V,
(b). TRAM memory for Vg < 0V, (c), and for Vg > 0V, (d). Photomemory for Vg < 0V,
(e), and for Vg > 0V, (f). Legend of the components, (g).
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high a memory on/off ratio and reasonable time-stability, which can be a bottleneck for
implementation in memory devices. In addition to this fact, the TRAM devices have limited
possibilities of memory operations, because it uses a single terminal to simultaneously “read”
and “record” the memory information.

We describe in Fig. 2.9(e) and Fig. 2.9(f) the operation of the photomemory device that
we present in chapter 4. The photomemory is a standard FET, so it has a control gate,
a gate insulator, and a semiconductor channel. As we discussed above, the gate insulator
is thick, which prevents tunneling. However, the photomemory is due to a photoassisted
charge trapping at the gate-insulator interface. By a simultaneous application of Vg <
0V and laser exposure, electrons from the gate-insulator interface are photoemitted to the
conduction band of the insulator and are drifted by the electric field from the gate voltage
towards the channel. The photoemitted electrons leave behind trapped holes that store
the memory information. On the other hand, by applying Vg > 0V and laser exposure
simultaneously, photons excite electrons from the channel to the conduction band of the
insulator. Next, the electric field drifts the photoexcited electrons to the gate-insulator
interface, where they recombine with the trapped holes. Hence, this process “erases’ the
memory information. By making an analogy of photomemory devices with Fig. 2.8, the
“writer” is the combined actions of Vg and laser exposure, the “reader” is the current of
the channel and the memory keeper is the trapped holes in the gate-insulator interface. The
photomemory has the advantage that we can apply large biases (Vsp and Vpg), without
destroying the memory information, because the thick gate insulator prevents tunneling. In
photomemory devices, the applications of laser exposure, Vsp and Vpg work as independent
terminals, which combination gives novel and diverse memory operations. One example of
these operations is the possibility to use the gate voltage to “read” and “record” the memory
information independently. In addition, the photomemory has high memory on/off ratio and
ultra-high time-stability.

After describing the memory operation of some architectures (see Fig. 2.9), we review
the implementation of 2D materials in memory devices shortly. Many types of research have
made efforts to apply the 2D materials in memory devices. However, to date, no reported
simple memory devices are using 2D materials that cover most of the required features,
notably the memory retention time [42-47,53,67-76]. The most common architecture to
study electronic memory effects in MoSs is the flash architecture [44-46,67|. As we argued
before, the flash devices have advantages of high memory operation speed, moderate memory
on/off and retention time values . Yet, a bottleneck of this architecture is that it requires
many elements into a complex structure. Two-terminal floating-gate tunneling devices using
2D materials have been proposed to overcome the complexities issues of the flash architecture,
[42,43,68]. They are simple devices with ultra-high memory on/off ratio, but they lack
ultra-high time-stability. Hence, the development of alternative, high-performance, simpler
memory architectures are strategical. Toward this direction, some reports have investigated
a thermally assisted memory effect [69] and an optical memory effect [53] in a MoSy field
effect transistor (FET) that is also a simpler architecture than flash devices. Nonetheless,

in the first case, the memory effect has a drawback of not operating at room temperature
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and both cases [53,69] showed low memory on/off and short memory retention time values.

In chapter 4, we show that we can obtain a non-volatile photomemory effect with high
on/off ratio and retention time in a MoSy FET architecture. Our photomemory effect is
quite unusual compared to the memory effects described in the literature. Besides, the FET
architecture, which is a simpler and more common structure than the standard memory
architectures, hosts our photomemory effect. In chapter 4 we describe the photomemory
effect in details. However, in advance, we propose a photomemory effect in MoSs FETs that

expands the possibilities of memory application beyond conventional memory architectures.



Chapter 3

Methods and characterizations

In this chapter, we describe the methods and characterizations used in part I of the
thesis. We start with the preparation of MoSs transistors. Next, we consider the optical
characterizations of MoSsy, which are the photoluminescence and Raman spectroscopies.
Then, we present the electrical characterizations of the MoSs transistors. Finally, we present

the photocurrent setups that we use for the measurements of chapter 4.

3.1 Sample preparation

For part I of this thesis, we build two types of MoSy FETs. The first is a Van der Waals
heterostructure consisting of a monolayer MoSs supported on a high-quality Boron Nitride
crystal (BN). In this case, we use a graphite crystal to provide a flat back gate electrode.
This device is referred to MoSa/BN. The second device is a MoSe FET composed of a
monolayer MoSs on a SiO2/Si substrate where a highly n-type doped Si wafer is used as a
back gate terminal. We name this device of MoS2/SiO3. Before explaining the preparation
of the devices, we first comment on the transfer setup that we use to make the Van der
Waals heterostructures. The transfer setup is composed of an optical microscope, see Fig.
3.1(a), a CCD camera, three micro-manipulators (xyz) that holds a glass slide and a stage
with a heater.

The stage with a heater holds a substrate that keeps the flake after the transference.
The substrate in the stage with a heater can also possess flakes on its surface. The glass
slide holds a membrane, which supports the flake that we want to transfer. This membrane
has different compositions depending on the procedure we want to do. For example, if we
intend to do a single transference, we can make a membrane consisting of polydimethyl-
siloxane (PDMS), then an adhesive tape and methyl methacrylate (MMA). The PDMS is
just a support substrate, and we need the tape to adhere the MMA to the PDMS. After we

21
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Figure 3.1: Transfer setup. Credits to Natalia Rezende.

prepare the membrane, we exfoliate the desired crystal with a blue tape (Blue Medium Tack,
Semiconductor Equipment Corp.). Afterward, we transfer few-layer flakes from the tape to
the membrane, see Fig. 3.1(b). We scan the area of the membrane, looking for specific
flakes. Then, we load the membrane to the transfer setup, as in Fig. 3.1(c), and align the
flake from the membrane with the flake from the stage with a heater. We approach the
flakes, and after they touch each other, we heat the samples up to 135 °C, so the flake from
the membrane transfer to the flake from the substrate [9]. To remove the MMA residue,
we insert the substrate with the transferred flake in an acetone bath for a period of eight
hours, or in boiling acetone (60 °C) for fifteen minutes. After the acetone bath, we rinse
in isopropyl alcohol (IPA) and blow dry with argon. To make the layer of MMA, we spin
coat MMA EL9 following the recipe: first ramp of 1000 rpm for 10 s, then the second ramp
of 1500 rpm for 45 s followed by hotplate at 100 °C for 2 min. We can do another type of
transference by using only the PDMS as the membrane [77]. For this case, it is not necessary
to warm up the membrane to transfer the flakes in Fig. 3.1(d); physical contact is enough
to accomplish that. We use the PDMS from the SYLGARD®) 184 SIL ELASTOMER. The
advantages of using the PDMS in the transference procedure are the acquisition of large
area flakes, and the absence of polymer residues, because it is a dry procedure that does
not require heating the samples [77]. However, this method allows transference of a limited
number of materials, as TMDCs and talc. On the other hand, using MMA as a membrane
allows transference of most 2D materials, but it is a wet procedure (leaving residues on the
surface of the samples) and it demands to heat the flakes.

Now that we have commented on the transfer setup, we describe the preparation of
the MoSy/BN device. We do the following procedure to prepare the MoSy /BN devices:
graphite is mechanically exfoliated on a silicon wafer with a thermally grown oxide with
285 nm thickness (SiO3/Si). Then, hexagonal boron nitride (BN) crystal is exfoliated on a

membrane containing MMA. Afterward, a BN flake with ~ 28 nm thickness is transferred to
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a ~ 20 nm graphite flake, see Fig. 3.2(a), by common wet transference procedure described
in Fig. 3.1.

(b)

Graphite

(d)

Figure 3.2: Preparing the MoSz /BN Device.

We use the geometry of underneath contacts in our FET devices, so the electrodes
are beneath MoSs. The e-beam lithography technique is used to define source and drain
electrical contacts on BN, and the gate electrode on graphite. We do not describe the e-
beam lithography here, but the reader can find a detailed description in [57]. After writing
the electrical contacts with the e-beam lithography, we develop the PMMA with a solution
of deionized water (DI H20) and isopropanol (IPA) in the proportion 1:3 at 0°C for two
minutes and rinse in (IPA). Next, we deposit by thermal evaporation a chromium sticking
layer (thickness less than 1 nm) followed by a deposition of a layer of gold with 50 nm thick,
see Fig. 3.2(b). At this point, the metal residue is removed by a lift-off procedure: boiling
acetone (60 °C) bath for fifteen minutes and rinse in isopropanol followed by a nitrogen
blow dry. Intending to remove PMMA and organic residues, we clean the sample in a
tube furnace using Ar/Hs flow (300 scem /700 scem) at 350 °C for three hours (ramp from
room temperature to 350 °C of one hour). We exfoliate MoSy on the PDMS substrate, and
then transfer it to the Metal/BN /graphite hetero-structure (see Fig. 3.2(c)) so forming the
MoS2/Au/BN/graphite heterostructures we label as MoSy /BN, see Fig. 3.2(d). In this way,
MoSs is directly contacted to the gold electrodes, which show linear response in I'sp vs Vgp
curves [16]. In part I of this thesis, we study two MoSs/BN devices, named MoSy/BN-
1 and MoSy/BN-2. We deposit a second 20 nm gold layer on top of MoSy to improve
electric contact in the MoSy/BN-1 device. In addition to MoSy/BN devices, we also study
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MoS,/SiO2 devices. For the MoSs/SiO4 preparation, MoSs is exfoliated directly on SiOy/Si
substrate, the electrical contacts are again defined by e-beam lithography, and a 70 nm gold
layer is deposited by thermal evaporation, then a lift-off procedure is done. Both MoSy /BN
and MoS3/Si04 devices are transistors, and they present the photodoping effect. However,
in chapter 4 we use the MoSo/BN device to demonstrate the photomemory effect. On the
other hand, we demonstrate that the photodoping in the MoSy/SiO2 device is local, allowing
a spatial control of the photocurrent in this device.

Fig. 3.3 shows optical images of the devices under study. On Fig. 3.3 we highlight the
elements of the devices. For the MoSy/BN-1 device, see Fig. 3.3(a), the channel width (w)
is 10 pm while its length (I) is 1 pm. For the MoSs/BN-2 device, see Fig. 3.3(b), w = 6 um
and | = 2 pm. For the MoSy/SiO4 device, see Fig. 3.3(¢c), w =1 pm and [ = 8 pm.

Figure 3.3: Optical images of the devices. Optical Images of the MoSy/BN-1, (a),
MoS3/BN-2, (b) and MoS3/SiOq, (c), devices.

We can use the atomic force microscopy (AFM) to investigate the topography and surface
cleanness of the devices. Fig. 3.4(a) and 3.4(b) show AFM phase images of the MoSs /BN-1
and MoSs/BN-2 devices, respectively. We did the measurement of Fig. 3.4(a) before the
second 20 nm gold layer deposition on the MoSs/BN-1 device. The figures show how the
devices are clean due to the dry transference procedure and flat in most of the device area,
despite there are a couple of regions with bubbles and wrinkles in MoSs. As the MoSy/BN
devices are clean and flat in most of its area, the probability of scattering processes in the

electronic transport decreases, improving the mobility of the device.
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Figure 3.4: AFM measurements. AFM phase images of the MoSy/BN-1, (a), and
MoS2/BN-2, (b), devices.

3.2 Optical characterization

Photoluminescence is the luminescence via photon absorption process. In semiconductors,
the absorption of photons promotes excitations of electrons from the valence to conduction
bands, see Fig. 2.4(a). The photoexcited electron-hole pairs relax to the botton and top
of conduction and valence bands, respectivelly, and recombine emitting a photon with the
energy of the gap of the semiconductor, see Fig. 2.4(b). Thus, the photoluminescence
spectroscopy can provide relevant informations of materials, like the energy and type of
their band gap, as well as the presence of excitonic effects. Monolayer MoSy is a direct
band-gap semiconductor, so it exhibits strong photoluminescence (PL) emission with the
existence of excitons at room temperature [19,24]. For more than one layer, the band-gap
of MoSs is indirect, and its PL is not so strong as for its monolayer counterpart. The PL
spectra of the monolayer show two excitonic peaks at 1.8-1.9 eV and 2 eV, named A and
B, respectively [19,24]. Thus, by investigating MoSs with PL spectroscopy, it is possible
to obtain crucial information regarding this material. Fig. 3.5 shows PL spectra of the
MoSy/BN-1, Fig. 3.5(a), MoS2/BN-2, Fig. 3.5(b), and MoS2/SiO2, Fig. 3.5(c), devices.
These figures show emissions that correspond to the A and B excitons, and also show the
energy position of the A exciton which is 1.85 eV for the MoSs/BN-1 device, and 1.83 eV
for the MoS2/BN-2 and MoS2/SiO2 devices, which correspond to a monolayer MoSs [19,24].
Because we do not study photoluminescence as the primary effect in part I, we do not explore
this effect profoundly. Here, we only use the photoluminescence spectroscopy to characterize
the monolayer MoS;. However, in section 6.2 of part II we provide more details of the

photoluminescence effect.
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Figure 3.5: Photoluminescence measurements.
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MoS2/BN-1, (a), MoSy/BN-2, (b) and MoS2/SiO2, (c), devices. The measurements are
done with a 457 nm laser (= 1 um spot size) and fluence of 340 W /um?.
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The Raman spectroscopy studies the vibrations in crystals and molecules that inelas-
tically scatter light. Thus, by measuring the spectrum of this light, we can get pieces of
information about the vibrational modes of the materials. More precisely, we can identify
the Raman active vibrational modes by peaks in the Raman spectrum. As vibrations in
systems are unique, we can consider the Raman spectrum as a “fingerprint”. For example,
the Raman spectroscopy can identify MoSs, and the number of layers in a MoSs crystal.
Here, we measure Raman spectra of MoSs to identify monolayer crystals. Among several
Raman modes in MoSs, E’ and A’ are the most important to identify the number of layers.
The Raman peak of E’ for monolayer is located around 384.5 cm ™! and is due to asymmetric
in-plane vibrations of the S-Mo-S atoms. The A’ mode, located around 403 cm ™!, is due to
the out-of-plane vibrations of the sulfur atoms. As the number of the layer increases, the
E’ peak suffers a redshift, while A’ peak suffers a blueshift. So the difference between the
positions of these peaks is a good indicator for the number of layers [78,79|. To identify
the number of layers of the devices, Fig. 3.6 shows Raman spectra of the MoSy/BN-1, Fig.
3.6(a), MoS2/BN-2, Fig. 3.6(b) and MoS,/SiO2, Fig. 3.6(c), devices. The blue dots corre-
spond to experimental data, and the red line represents Lorentzian fittings of the E’ and A’
peaks. The difference between the position of these peaks is 19 cm~!, for the MoSs /BN-1
device, 18.9 cm™!, for the MoSs/BN-2 device and 16.7 cm™!, for the MoSs/SiOs device.

These values are in the range acceptable for a monolayer sample [78,79].
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Figure 3.6: Raman measurements. Raman spectra of the MoS2/BN-1, (a), MoS2/BN-2,
(b) and MoSy/SiOg2, (c), devices. The dots are the data from the A’ and E’ peaks and
fittings with two Lorentzians are represented by the red line. The measurements are done
with a 457 nm laser (=~ 1 ym spot size) and fluence of 340 W /um?.
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To investigate the spatial distribution of the photoluminescence, Fig. 3.7(a) shows a PL
image from the integrated area of the exciton A peak of the MoS;/BN-1 device. Observe
that the whole device emits photoluminescence uniformly with high quantum yield. In the
bubbles regions, however, the emission is higher. To study how the Raman spectra distribute
spatially, Fig. 3.7(b) shows a Raman image from the integrated area of the A’ peak, again
this peak is uniform throughout the device, except in bubbles regions. Fig. 3.7(c) shows
the PL image of the MoS,/BN-2 device, and its emission is more uniform than the emission
from the MoSy/BN-1 device. For the MoSs/BN-2 device, the MoSs is above gold electrodes,
so in Fig. 3.7(c) it is possible to observe PL emission in the contact region, but with lower
intensity. Fig. 3.7(d) shows a Raman image of the A’ peak for the MoSs/BN-2 device.
The A’ intensity barely varies throughout the device except in bubbles regions. Finally,
Fig. 3.7(e) and Fig. 3.7(d) show PL and Raman images of the MoS2/SiO2 device, which
intensities are very uniform throughout the device in both figures. Interestingly, the PL
emission is higher for the MoS, /BN devices than for the MoSs/SiO2 device.
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Figure 3.7: Photoluminescence and Raman images. Photoluminescence and Raman
images of the devices under study. The photoluminescence images show the integrated area
of the intensity of the maximum photoluminescence peak, while the Raman images show the
integrated area of the intensity of the A’ peak. Photoluminescence images of the MoSs/BN-
1, (a), MoS2/BN-2, (c), and MoS3/SiO9, (e), devices. Raman images of the MoS;/BN-1,
(b), MoS2/BN-2, (d), and MoS2/SiO2, (f), devices. The measurements are done with a
457 nm laser, ~ 1 um spot size and fluence of 340 W /pum?.
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3.3 Electrical characterization

The final fabrication step is the insertion of MoSs FETs in a chip holder. We wire bond
the FETs, contacting them to the chip holder, which we connect to a cryostat. We do
all measurements in vacuum (P =~ 10~% mbarr). Before the measurements, we keep the
devices in 200 °C for 20 h to improve electrical contact [80]. Before we present the electrical
characterization of our devices, we show the electrical measurements setup for clarification,
see Fig. 3.8. We use the DC voltage output of a lock-in amplifier to apply a DC voltage in
the source (S) of the FET. The generated current in the FET flows toward the drain (D),
which is connected to a pre-amplifier. The pre-amplifier is grounded and convert the current
signal in an amplified voltage signal, which is measured by a multimeter (Keithley 2000).
Finally, we use a DC voltage source (Keithley 2400) to apply a gate voltage.

® Lock-in , : o
LA B i A |

Insulator

2400 \ { Multimeter l

Figure 3.8: Electrical measurements setup.
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By measuring Isp vs Vgp curves, we get information of the quality of the electrical con-
tacts. For example, Schottky contacts present exponential I'sp vs Vgp curves, while Ohmic
contacts show a linear form [81]. Generally, Ohmic contacts are synonyms of high-quality
contacts [80,81]. To check if the contacts of the MoSe FETs are working accordingly, we
measure Igp vs Vgp curves. Fig. 3.9 shows Igp vs Vgp measurements for the MoSy/BN-1,
Fig. 3.9(a), MoS2/BN-2, Fig. 3.9(b), and MoS2/SiO9, Fig. 3.9(c), devices. All devices show

linear response in the range used, so we have reasonable contacts.
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Figure 3.9: Isp vs Vgp measurements. IgpvsVgp measurements for the MoSy/BN-1,
(a), MoS2/BN-2, (b), and MoS3/SiOa2, (c), devices. In all measurements Vgg =0V
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To obtain significant parameters of the MoSy, FETs, like their mobility, threshold voltages,
and the presence of hysteresis, we measure ovsVpg curves, see section 2.2. Fig. 3.10
shows o vs Vg curves for the MoS2/BN-1, Fig. 3.10(a), MoS2/BN-2, Fig. 3.10(b), and
MoS2/SiO2, Fig. 3.10(c), devices. The blue circus represents experimental data acquired
when Vg is swept from negative to positive values, while red marks represents experimental

data acquired when Vpg is swept from positive to negative values. In Fig. 3.10, the dashed
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Figure 3.10: o vs Vg measurements. o vsVpg measurements for the MoSs/BN-1, (a),
MoS2/BN-2, (b), and MoS3/SiOq, (c), devices. The black dashed lines represents the line
extrapolation of curves. For the MoS;/BN-1 and MoSs/BN-2 devices, Vgp = 0.1V, and for
the MoS,/SiO4 device, Vsp = 1V.

lines correspond to the line extrapolation of the linear part of the curves. We obtain the
threshold voltage (Vi) from the interception of the linear extrapolation with the z axis. For
the MoSy/BN-1 device we obtain V4, ranging from —2.2 V to —2.9 V, for the MoSy/BN-2,
Vin & —0.9 V and for the MoSy/SiOy Vi, varies from —3.9 V to —14.4 V. So, all devices
are n-type. Furthermore, from Fig. 3.10, it is also possible to evaluate the device mobility
using the formula p = é X d\igc
insulator dielectric constant (considered 3.9 for both BN and SiO2) and d is the insulator
thickness (28 nm for BN and 285 nm for SiO3). For the MoS,/BN-1 device we achieve values
of y ranging from 1 cm?/V.s to 2 ecm?/V.s, for the MoSy/BN-2, 12 cm?/V.s, and for the
MoS2/SiOg, from 60 cm?/V.s to 70 cm?/V.s. It is counter intuitive that the mobility is

higher for devices on SiO9 substrate than on BN. However the Schottky barriers mislead the

where C' = €g€;/d, € is the vacuum permittivity, €; is the

real value of the mobility, so we believe that the schottky barrier on the MoSy/SiOy device
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is much lower than on the MoSy /BN devices. Another information that we can extract from
a o vs Vg curve is the hysteresis. Hysteresis occurs in a transfer curve, if it follows different
paths when we sweep the gate voltage in different directions. Generally, the presence of
hysteresis is due to interfacial traps or adsorbed molecules [82-84|. The applied electric field
polarizes these contaminants differently according to the direction of the field, generating
hysteresis in transfer curves. There is no detectable hysteresis in Fig. 3.10, which is a
indicator of the absence of adsorbed molecules on the channel and interfacial traps [82-84]
with the substrate.

3.4 Photocurrent setup

In chapter 4 we use two photocurrent setups to perform the measurements. We use the
setup of Fig. 3.11 to measure photocurrents with a static laser (the position of the laser is
fixed during the measurements). In the setup of the Fig. 3.11, we use a continuum wave
(CW) laser with A = 488 nm (2.54 V). The laser beam passes through some mirrors and an
objective of 50x magnification focus the beam on the device (spot size of 1 um). Again, the

device is on a cryostat, and we keep the device in vacuum as described in section 3.3.

Rack

Laser Beam

[ ] .
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Figure 3.11: Setup for the photocurrent measurements.

On the other hand, we use the setup of Fig. 3.12 to scan the device with the laser,
forming a photocurrent image. We name this technique of scanning photocurrent microscopy
(SPCM). We use a CW laser, with A = 561 nm (2.21 V) laser that generates a beam that
passes through a chopper working at 3001 hz. Then, the beam goes through a pair of
collimator lens and are reflected by the scanning mirrors. So, the beam splitter partially
reflects the beam to a photomultiplier and partially transmits to the device. A 50x objective
focus the transmitted light on the device (1 um spot size). We connect a voltage source to

the source of the device, and we connect the drain to the lock-in. The combination of applied
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bias and the laser, modulated by the chopper, generates an alternate photocurrent in MoSs,
which is measured by the lock-in. As the scanning mirrors scan the device, a photocurrent

image is simultaneously generated with an optical image, forming the SPCM measurement.

Collimator Lens

Scanning Mirrors

Beam Splitter

Lock-in

i

Figure 3.12: Setup for the SPCM.



Chapter 4

Results and discussion

In this chapter, we describe and discuss our results. We elaborate that we can increase
the density of charges of MoSs FETs by simultaneous applications of gate voltage and laser
exposure, a photo-induced doping phenomenon that we call the photodoping effect. In the
first part of this chapter, we show that we can control the photodoping effect with gate
voltage, during laser exposures, in MoSs/BN devices. From the gate-modulation of the
photodoping, we can generate distinct conductive states, which are associated with memory
states. Thus, we use the modulation of the photodoping effect to show a new memory
phenomenon in FET devices that we denominate of photomemory effect. We then propose
a phenomenological model, supported by several experimental evidence, that explain our
results. We also point that the photodoping generation and the photomemory states are
persistent, retaining up to 50 % of the “recorded” information for more than ten years.
Furthermore, we note that the gate voltage can also be used, with the laser off, to amplify
and modulate the memory on/off ratio, demonstrating the power of the electric control of the
photodoping effect. Next, we show that we can observe a stronger photodoping effect in the
MoS2/SiO9 device. Finally, we show that we can also control the photocurrent generation

in a MoS2/SiO4 device spatially.

4.1 The photomemory effect

We begin this chapter by applying the optoelectronic properties of MoSs transistors in a pho-
tomemory effect. The photomemory effect consists of the modulation of the conductance of
a monolayer MoS, field effect transistor via a simultaneous application of light and electro-
static gate potential. Along the thesis, we show evidence that the primary mechanisms for
the photomemory rely on the manipulation of a charging effect at the gate-insulator interface

(the interface between the insulator and the material of the gate terminal). The photomem-

35
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ory is non-volatile, and its architecture is the FET, which is simple and accessible. Also,
our photomemory devices have novel operation features, because we use the gate voltage to
both “record” and “read” the memory information independently.

We start by describing the photomemory device. To apply MoSs in photomemory op-
erations, we use FETs that are Van der Waals heterostructures consisting of a monolayer
MoS, supported by a high-quality hexagonal Boron Nitride crystal (BN), see Fig. 2.3(a),
Fig. 3.3(a) and Fig. 3.3(b). In this case, we use a graphite crystal to provide a flat back
gate electrode. Finally, Fig. 4.1(a) shows the photomemory device..
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Figure 4.1: PPC and photodoping. (a), sketch of the photomemory device. (b), time
resolved photocurrent, laser exposure at 488 nm with fluence of 60 yW/um?. The parameters
are Vgg = =5V and Vgp = 0.1 V. (c), Isp vs Vg curves before laser exposure, blue curve,
and after laser exposures with Vg values defined in the color bar. For (c) we do laser
exposures with a 488 nm laser for 20 s (laser fluence of 60 W /um?).

The photomemory effect is due to the gate-modulation of to the persistent photocurrent
(PPC) discussed in section 2.3. So, we now consider the process of photocurrent generation
in the MoSy FET. Fig. 4.1(b) shows a typical time-resolved photocurrent measurement of the
MoS2/BN device. Initially, we measure the standard current (/sp) in dark conditions, then
we illuminate the device using the laser (A = 488 nm) for 20's, setting Vgg = —5 V. A careful
analysis of the current as a function of time reveals that two optical processes are generating
the photocurrent in the photomemory device. First, there is a rapid increase of Isp due
to excitation of electron-hole pairs in the MoSy channel (see vertical black arrow), then a

second and slow process that starts to dominate the photocurrent. The same trend occurs
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when the laser is turned off. There is a rapid collapse of Isp, due to the recombination of the
electron-hole pairs, then a prolonged decay process that leads to a persistent photocurrent
(PPC). We associate the mechanism of PPC to a photodoping effect, which we will discuss
later. For now, note that the device before and after the laser exposure exhibit different
conductivity states: after the exposure, Isp is higher than before exposure at the same Vgp
and Vag. In this way, in Fig. 4.1(b) we can ascribe photomemory states “0” and “1” for the
conductivity states before and after laser exposure, respectively. In this chapter we use the
laser A = 488 nm (2.5 €V) in all optoelectronic measurements, except in a few experiments
that we mention the use of different lasers.

Now, we shall associate the PPC to a photodoping effect, and how we can “record”
photomemory states by using a simultaneous application of gate voltage application and
laser exposure. First, we measure a transfer curve of our device before any laser exposure,
see the blue curve in Fig. 4.1(c). We then expose the device to the laser with Vg = -2V
for 20 s. After the exposure, we measure a new transfer curve with the laser off, see the
black curve in Fig. 4.1(c). The linear extrapolation of the blue and black curves, see
dashed lines, shows that the laser exposure changes the threshold voltage of the device,
turning it more n-doped, see Fig. 2.3. So, the laser induces a doping effect in MoSs, a
process we call photodoping. The photodoping defines new Igp values for each Vpg. Such
permanent modification represents the ‘“recording” of a memory state. We repeat laser
exposures in the same fashion described above but with Vpg varying from —3V to -5V
during the laser exposures. This procedure increases, even more, the doping of MoSs, see
Fig. 4.1(c), demonstrating that the gate voltage application during laser exposures tunes
the photodoping effect. Thereby, we denominate of “record” operations the combined actions
of laser exposures and gate voltage applications. We denominate the memory state of the
device before any laser exposure, the blue curve in Fig. 4.1(c), as “OFF” state. So, the
memory device is “blank” while in the “OFF” state. On the other hand, we denominate of
“ON” states any memory state measured after a “record” operation.

To completely characterize the gate-dependence of the photomemory effect, we do laser
exposures on our device applying gate voltages in a range of —5V <Va< 5V, see Fig.
4.2(a). Fig. 4.2(a) illustrates the change of the density of free charges acquired for the MoSs
after every photomemory “record” operation as compared to the intrinsic density of charge
of the photomemory. Here, we use equation 2.4 to evaluate the photodoping. We do the
“record” operations in the same fashion as Fig. 4.1(c), but in Fig. 4.2(a) we achieve the
initially “recorded” state by applying a Vg = 0V during the laser exposure. We name this
“recorded” “ON” state as “0” state. We “record” the other photomemory states by changing
the gate voltages in a range of =5V <Vpg< 5V, following the sequence indicated by the
arrows. The negative gate voltages are used to monotonically increase the density of charge
to set a “1” state and the positive gate voltages are used to reduce the density of charge and
to restore the initial “0” state. We name the process of charge injection in the MoSs channel
as a “write” operation (red arrow). We perform the “write” operation by exposing the device
to the laser with an applied negative gate voltage. We denominate the process of removing

the charges as an “erase” operation (blue arrow). The gate-“erase” operation is performed



CHAPTER 4. RESULTS AND DISCUSSION 38

,\
]
~
~
o
~
o
<
|
1
6;]
<

off on off on off on off on off on off on off

22 Vep = = = Before Laser |
o I o I |—|,3,|—|'§'|—|'1‘
1" 5 5
5

=
()}

[y
o

Ang, x 10 (cm™)

0 4 8 12

28EWEWEV+VEWEWE
5 _}__f___i__?k_
>
— 24
gl i
U [ ol B R
20

20 100 180

Time (s)

Figure 4.2: Gate-tunable photomemory. (a), Ang}, vs Vg curve. First, the point Vag =
0V is measured, and then the arrows indicate the followed applied gate voltages. For figure
(a) there is a 488 nm laser exposure on each point for 20 s (laser fluence of 60 W /um?).
(b), multilevel photomemory, gate values from 0 V to —5 V are used for the writings and
20 s of laser exposure, laser fluence of 700 W /um?. For the “readings”, a gate value of —4 V
and bias pulses of 0.1 V are applied. (c), “write”“erase” operations, for Vgg = —5V and
Via = 5V, respectively, and 20 s of laser exposure (fluence of 700 W /um?).
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right after writing the “1” state, but with gate voltages larger than Vpg = —5V during
the laser exposures. For example, in Fig. 4.2(a) the “erase” operations are executed with
several laser exposures applying Vg = —4V,—3V ... 5V. In Fig. 4.2(a) the gate-“erase”
operation does not remove the photodoping completely, but partially (Anp, does not go to
zero, instead Anp, = 10 x 1019 cm™2 after the “erase” operation). Fig. 4.2(a) also shows
that the “record” operations with distinct gate voltages generate particular Angpy, values.
The different Anpy, correspond to distinct photomemory states.

The dependence of the photomemory states on the Vpg used during the “record” opera-
tions enables multilevel memory states operation. Multilevel memory is a memory capable
of storing more than a single bit of information in a single memory element. However, we
must point out that it is not the aim of this work to explore multilevel memory operation
in details. We depict in Fig. 4.2(b) the application of MoSe FET on multilevel memory
operation by employing current “readings”. In Fig. 4.2(b), the dashed black line represents
the Igp from the “OFF” state, which is measured by applying Vsp = 0.1V and Vg = -4V

before any laser exposure. We “record” multilevel memory states by applying laser exposures

1
5

... “1”. After each “record” operation, we “read” the photomemory state by measuring

using Vg from 0 V to —5 V, with increments of —1 V. We name these states of “0”, “

w2
5

the current through the device at the same electrostatic condition used when we “read” the
“OFF” state. The difference here is that we use pulses of Vgp = 0.1V for 2 s spaced by 2 s
to show that the information is stored in the photomemory even when no Vgp is applied.
Although multilevel memory states are interesting, here they are illustrated only to
demonstrate the usefulness of the gate-tunability property of the photomemory. However,
for practical memory operations, it is straightforward to explore the reliability in the “write’-
“erase” operations between the binary memory states. In this case, we generate the binary
“1” and “0” states by applying Vpg = —5V and Vg = 5V, respectively, during the 20 s laser

77 (6

exposures. We show the reproducibility and reliability of the “write”-“erase” operations of
the binary memory states in Fig. 4.2(c), that presents a sequence of successful “write’-“erase”
cycles. These results confirm the device robustness. In Fig. 4.2(c), it is also represented the

7 L

error bars in each “record” operation. The error bars show that the “write”-“erase” operations

generate distinguishable photomemory states.

4.2 The mechanism of the photomemory effect

In this section, we discuss the process of photodoping that possibly generates the PPC and
photomemory effects in our MoSo FETs. PPC is not a consensus topic. The most discussed
explanations for the PPC in MoSs is either due to the photo-induced charge transfer from
adsorbed gases to the MoSs channel [56] or due to the Coulomb interaction with defects at
the insulator surface [13,48,54,59,61,85-87]. We believe that the interactions with adsorbed
gases are not a valid explanation in our devices as there is no hysteresis in the o vs Vpg
curves when we sweep the voltage in forward and backward directions [82] (see Fig. 3.10).
We believe that the interactions with defects at the insulator surface are not the dominant

mechanism, as the devices have a low density of defects when compared with the photodoping
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Figure 4.3: Physical model for the photodoping. (a), energy band diagram for the
MoS2 /BN /graphite junction as a function of position for Vgg< 0V. (b), photogenerated
leakage current, Vgg= —5V, A = 488nm and fluence of 60 uW/um?. (c), energy band
diagram for the MoSy /BN /graphite junction as a function of position for Vgg>0V. (d),
photogenerated leakage current, Vgg= 5V, A = 488 nm and fluence of 60 pW /um?.

observed in our work. Furthermore, the fact that we measure the photodoping in a clean
and flat BN/Graphite substrate [9] reinforces this statement. Also importantly, we use a
thick BN (~ 30nm, see section 3.1), which prevents tunneling as the primary mechanism
for charge trapping. On the other hand, tunneling mechanisms are crucial in flash devices
and other tunneling-based memory devices, see the reference [42—44| and the discussion in
section 2.4.

Thus, after testing several hypotheses, we strongly believe that the photodoping in our
MoSs FET occurs via a controlled way of trapping holes in the gate-insulator interface.
We clarify this mechanism by drawing the energy band diagram of the MoS,-BN-graphite
heterojunction, with the potentials Vg < 0V, Fig. 4.3(a), and Vg > 0V, Fig. 4.3(b),
applied in the graphite relative to the MoSs. In Fig. 4.3(a) we depict the MoSs (XMos,)
and BN (xBn) electron affinities, which are 4.0 eV [88] and 2.2 eV [67], respectively. We also
depict the graphite work function ®y; = 4.4 €V [89-91]. There are two energy barriers in the
heterojunction of Fig. 4.3, between MoS, and BN, which energy is xamos, —xBN = 1.8 €V, and
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between BN and graphite, that is &y — xpy = 2.2 eV. We also show in the gate-insulator
junction the bending of the graphite band, that generates a built-in electric field. For
VBa < 0V, photons with sufficient energy (Epn, > v —xBn = 2.2eV) promote the electrons
from the gate-insulator interface to the conduction band of BN. The applied negative gate
voltage drives these photoexcited electrons through the conduction band of BN to the MoS,
channel, but some holes generated during the photoabsorption process remain trapped at
the gate-insulator interface by the electric field of the gate-insulator junction. The positively
charged layer generates photodoping in the MoSs channel, see Fig. 4.3(a). According to this
energy diagram description, we predict that we should observe a photo-generated leakage
current under laser exposure between the drain and gate electrodes. This fact is verified in
our experiments, as depicted in Fig. 4.3(b) that exhibits a 1078 A leakage current during
the laser exposure.

For Vg > 0V, the MoSy channel is n-doped. When we turn the laser on, photons
with enough energy (Epn > XMos, — XBN = 1.8eV) promote electrons from MoSy to the
conduction band of BN, see Fig. 4.3(c). In this case, the gate-field drives these electrons
through the conduction band of BN to the gate-insulator junction, recombining with some of
the trapped holes, reducing the photodoping. We do not achieve the photodoping reduction
process totally, in Fig. 4.2(a), because the built-in electric field of the gate-insulator junction
prevents some of the electrons to recombine. Fig. 4.3(d) shows that, for Vg > 0V, we can
also observe a photo-generated leakage current during the laser exposure. For Vg > 0V the
photo-generated leakage current is smaller than for Vgg < 0V. The fact that the density
of states of MoSs is smaller than the graphite flake’s may explain this result. The proposed
model in Fig. 4.3 explains the results of Fig. 4.2(b), which shows that the applied negative
gate bias increases the photodoping, whether positive gate bias reduces the photodoping.
Moreover, the threshold energy for the photodoping generation (Efffl = O — xBN = 2.2€V)
in Fig. 4.3 matches our experimental results. Indeed, we measure the photodoping with
laser energies of 1.6 ¢V, and 2.5 eV, which are below and above the threshold energy for
photodoping, respectively.

Fig. 4.4 shows o vs Vg curves which express a comparison between generated photodop-
ings with a 1.6 eV, Fig. 4.4(a), and 2.5 eV, Fig. 4.4(b), lasers before (blue curves) and after
(red curves) exposure. Such comparison shows that the 1.6 eV laser induces negligible dop-
ing (Anpp ~ 101%cm=2) compared to induced by the 2.5 eV laser (Anp, ~ 1012 cm™2). In
all these measurements, the laser is kept on the device for thirty minutes, with fluence of
700 uW /pum? and Vg = —5 V, to ensure a saturation of the photocurrent and the photodop-
ing effect. So, the results of Fig. 4.4 agrees with our theoretical prediction. Although the
proposed model suits well our results, we do not discard that other minor effects may co-
occur. For example, there is a negligible, but not null, photodoping generated with the
1.6 eV laser (Anpy ~ 10 ecm=2). This small photodoping may be due to the excitation
of defects from the MoSs channel, for example, [35]. However, mostly the gate-insulator

interface contains the physics of the photodoping.
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Figure 4.4: Photodoping comparison using different laser excitation. (a), o vs Vpg
curves, before (blue) and after (red) a 1.6 eV laser. (b), ovs Vg curves, before (blue) and
after (red) a 2.5 eV laser. In these measurements Vgp = 0.1 V. During the laser exposure,
we use Vg = —b V, laser fluence of 700 W /um? and exposure time of thirty minutes.

4.3 The photomemory performance

We have described how the gate voltage can be used to define binary memory states during
“record” operations. Now, we show that we can also use the gate voltage during memory
“readings”. More importantly, we show that the gate voltage can tune the memory on/off
ratio (this parameter was defined in section 2.4). We can read the photomemory states by
measuring Anpy or by measuring Isp. However, by measuring Isp instead of Anyy, we have
the advantage of adjusting the gate voltage, choosing the highest memory on/off ratio. This
fact is better observed in Fig. 4.5(a), where we show transfer curves of the photomemory
device on a log scale. In the inset, we plot the same curves, but on a linear scale. In blue, we
plot a transfer curve before the laser exposure. By extrapolating the Isp curve it is possible
to estimate the threshold voltage (Vin) as V,P¥F = —2.2V, see the inset in Fig. 4.5(a). We
define the blue curve (before laser exposure) as a memory “OFF” state. After this, the MoSs
device is exposed to the laser beam with Vg = —5V until the photocurrent saturates. The
typical time for photocurrent saturation is thirty minutes. The reason for waiting for the
photocurrent saturation is to reach the best response of our device. Then, we turn the laser
off and repeat the transfer curve measurement. The data from the transfer curve after the
laser exposure (red curve in Fig. 4.5(d)) displays a significant increase of Igp at all applied
gate conditions. We estimate by extrapolating the data that the new threshold voltage is
Vt(gN = —9.8V, see the inset in Fig. 4.5(d). Also, the expected change in the density of
charge of MoSy due to photodoping in Fig. 4.5(a) is Anpp = 6 x 1012cm™2, evaluated by
the equation 2.4. We define the red curve (after laser exposure) as a memory “ON” state.
Also importantly, for the same memory state in Fig. 4.5(a), rather “ON” or “OFF”, we
have several Isp values for the different Vg used. So, we can adjust the Vg to optimize the
memory “reading”. Fig. 4.5(b) depicts a Ion/Iorr vs Vg curve. This curve was obtained
by dividing the blue and red curves in Fig. 4.5(a) and can be interpreted as a memory on/off
ratio curve. The Ion/Iopr ratio changes from 10, for positive gate voltages, to values up

to 109, for negative gate voltages. Observe that the high modulation of the memory on/off
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Figure 4.5: Memory parameters. (a), The Isp vs Vg measurements on a log scale before
(blue) and after (red) the laser exposure, Vsp = 0.1 V. In the inset, the same measurements
but on a linear scale. The red curve is measured after the 488 nm laser exposure with fluence
of 700 uW /um? and Vgg = —5V until photocurrent saturation. (b), Ion/Iorr ratio as a
function of the gate voltage. (c), photocurrent decay after the photodoping induced by the
488 nm laser with fluence of 700 W /um? until photocurrent saturation. The parameters
Ve =0V and Vogp = 0.1V are used for this measurement.
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ratio with gate voltage is an attribute of the photomemory effect. In flash architectures, for
example, the gate voltage is used only to define the memory states, and can not be used
during the memory “readings”.

In Fig. 4.5(a) we obtain a high on/off ratio by selecting two photomemory states, “ON”
and “OFF”, that are quite different from each other (Anp, = 6 x 1012 cm™2). On the other
hand, in Fig. 4.2(a), we sweep between the “ON” states named “0” and “1” photomemory
states. The photodoping values of these states differ only by 1 x 102 cm™2, which may
not give a memory on/off ratio as high as 10%. However, the photomemory device is gate-
tunable. In this way, during the memory ‘“reading” we can set a Vg value slightly lower than
the Vi of the “0” state, which turns the FET off (low current regime) in this state. After a
“write” operation, the FET goes to the high current regime. So, Isp in the “1” state increases
by orders of magnitude for the same Vpg used to “read” the “0” state. Consequently, this
procedure allows for obtaining high values of memory on/off ratio.

Another crucial figure of merit of a memory device is the memory retention time. To
estimate that, we measure the MoSy photocurrent decay over time with the laser off, after
“recording” a memory state, see the blue dots in Fig. 4.5(c). Before measuring the decay of
the photocurrent, we perform a “write” operation in our device with Vgg = —5 V. Next, we
turn the laser off and keep measuring Isp with Vgg = 0V. After 15h the photocurrent barely
decreases, suggesting that the photomemory state is permanent. So, the photomemory is a
non-volatile memory. To estimate the memory loss over ten years, we employ an exponential
decay fit, the red line in Fig. 4.5(c), see equation 2.13. From the fitting, we predict that the
reminiscent memory current percentage for the photomemory device is approximately 50% of
the initial photocurrent, see equation 2.14. Thus, the devices can retain 50% of the memory
for ten years. These values are much better than the MoSy flash memory architectures’,
where the retention percentage is in the range of 15-30% [44-46,67].

To finalize the description of the photomemory effect, we need to present the response
time of the photomemory device. Fig. 4.6 shows Igp vs Time curves while the “write” and
“erase” operation occurs. The dots represent experimental data acquired, and the lines are
exponential fittings, see equation 2.13. Fig. 4.6(a) is a “write” operation with a 488 nm laser,
fluence of 700 W /um?, and Vgg = —5V. The “write” operation is observed by an increase
in current. Fig. 4.6(b) corresponds to an “erase” operation under the same conditions of
Fig. 4.6(a) but with Vgg = 5V, and the “erase” operation is observed by an decrease of the
current. From the fittings, the obtained values of 7 for “write” and “erase” operations are
four and fourteen minutes, respectively. Although these values are high, the gate-tunability
property of the photomemory effect allows parallel “record” operations. Fig. 4.2(a) shows
that the generation of the photomemory states “0” and “1” are defined by the gate voltage
applications. So, in a given multi-cell device, composed of several photomemory cells, we
can apply Vgg= —5V in the cells that we desire a “1” state and Vgg= 5V in the cells that
we desire a “0” state. So, by using a laser beam we can “record” all the cells at the same
time. Moreover, with a short exposure time of 20 s we can still obtain a high photodoping
of Anpp &~ 102 cm™ (see Fig. 4.2(a)).

At this time we can describe in more details the photomemory device, which is composed
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Figure 4.6: Response time. (a), Isp vs Time, in “write” operation. For this measurement,
Vsp = 0.1V and Vg = —5V. (b), Isp vs Time, in “erase” operation. For this measurement,
Vsp = 0.1V and Ve = 5V. In both measurements, we use a 488 nm laser, fluence of
700 W /pum?.

mainly of two elements in the FET architecture. One element is the gate-insulator interface,
where possibly the charges are trapped inducing the photodoping. The other element is
the semiconductor channel, from which we “read” the photomemory states. In this way,
we can design better photomemory devices by choosing other gate-insulator interfaces that
can provide higher values of photodoping and retention time. Furthermore, the choices of
semiconductors with better mobility and subthreshold swing would enable us to achieve

higher memory on/off ratio values.

4.4 The photodoping in the MoS,/SiO, device

As we have discussed in section 4.2, the photodoping is an effect from the gate-insulator in-
terface. Thus, we can extrapolate the photodoping effect to other transistors, using different
components in its structure. Furthermore, we can improve some of the photodoping features
by engineering the materials of the gate-insulator interface. Here, we show that we can also
observe a photodoping generation in the MoSy/SiO9 device, which is composed of MoSs on
a SiO9/Si substrate, see Fig. 3.3. We also show that the magnitude of the photodoping and
reminiscent memory percentage values of this device are higher than the MoS2/BN devices’.
Fig. 4.7(a) shows transfer curves of the MoS2/SiO2 device before (blue) and after (red)
the laser exposure. By extrapolating the Isp curve we estimate the threshold voltage as
Vto = —10V before laser exposure.

After the laser exposure, the device displays a significant increase of Isp at all applied
gate conditions. There is a strong shift of the threshold voltage (V4y,) towards Vg out of the
range of the experiment. We estimate by extrapolating the data that the initial Vt0 =—-10V
shifts to VtIfl = —130V. Also, the expected change in the density of charge of the MoSs due

~2 see equation 2.4. This value is higher than the

to photodoping is Anp, = 9 x 10'2 cm
photodoping obtained from the MoSs/BN device (Anp, = 6 x 1012 ¢cm™2), and is compared

to doping values obtained using high-K dielectrics, see reference [16]|. Besides, photodoping
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Figure 4.7: Photodoping from the SiO;,/Si substrate. (a), Isp vs Vg measurements
before (blue) and after (red) the laser exposure for the MoSs/SiO2 device, Vsp = 1 V. The
red curve is measured after the 488 nm laser exposure with fluence of 700 W /um? and
Vee = —50V until photocurrent saturation. (b), photocurrent decay for the MoSs/SiO2
device after the photodoping induced by the 488 nm laser with fluence of 700 W /um? and
VBa = —50V until photocurrent saturation. The parameters Vgg =0V and Vgp =1V are
used for this measurement. (c), Isp vs Time, in “write” operation. For this measurement,
Vsp =1V and Vg = —50V. (d), Isp vs Time, in “erase” operation. For this measurement,
Vsp = 1V and Vg = 50V. In both measurements, we use a 488 nm laser, fluence of
700 W /pm?.
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enables the acquisition of high doping values by simply exposing the MoSy FET to a laser
beam, which has a scientific and technology appeals.

Next, we study the time-decay of the photodoping by presenting, in Fig. 4.7(b), the
photocurrent decay over time, see the blue dots in Fig. 4.7(b). The measurement is per-
formed after the photocurrent saturation by laser exposure and Vg = —50V. After 15h
the photocurrent barely decays suggesting that the photodoping in the MoSs/SiO2 device
is permanent. To estimate the photodoping loss over ten years, we employ an exponential
decay fit, the red line in Fig. 4.7(b). From the fitting, we predict that the reminiscent
current for the MoSs/SiOy device is approximately 80% of the initial photocurrent. This
value is even higher than the obtained for the MoSy /BN device (50%).

In Fig. 4.7(c) and Fig. 4.7(d) we show the gate-modulation of the photodoping for
the MoS2/SiO2 device, by means of Igp vs Time curves. The dots represent the acquired
experimental data, and the lines are exponential fittings, see equation 2.13. In Fig. 4.7(c)
we do a laser exposure with a 488 nm laser, fluence of 700 W /um?, and Vgg = —50V.
This procedure is similar to the “write” operation in Fig. 4.6(a). In Fig. 4.7(d) we do
a laser exposure under the same conditions of Fig. 4.7(c) but with Vg = 50V. This
procedure is similar to the “erase” operation in Fig. 4.6(b). From the fittings, the obtained
values of 7 for the “write” and “erase” operations are twenty-three minutes and forty-three
minutes, respectively. These values are much higher than for the MoSs/BN device and are
a bottleneck of the MoSs/SiO2 device.

According to our model, proposed in Fig. 4.3, the physics of the photodoping effect is
contained mostly in the gate-insulator interface. As this interface is crucial for the photodop-
ing generation, we predict that devices which do not have a gate-insulator interface do not
generate photodoping. To check this key point experimentally we can compare the photodop-
ing generation of two devices, with and without a gate terminal. However, it is important
that both devices have the same insulator substrate. The simpler way to build these devices
is by using a standard MoSs FET on a SiOs/Si substrate, and by using a MoSs sample on
top of glass (SiO2 device). So, the first device has a gate electrode and the second does not
have, while both have the same insulator (SiO2). Fig. 4.8(a) shows a sketch of the Si/SiOq
device and Fig. 4.8(b) shows an Igp vs Time curve for this device. In a similar way to
4.1(b), the Si/SiO2 device shows a prominent PPC due to the photodoping effect. On the
other hand, Fig. 4.8(c) shows a sketch of the SiOs device, and Fig. 4.8(d) shows a Isp vs
Time curve of this device. In contrast to Fig. 4.8(b), Fig. 4.8(d) presents a very sharp and
fast response. So, the SiOy device presents negligible PPC. This result reinforces our model

that the gate-insulator interface is crucial for the photodoping generation.
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Figure 4.8: Photodoping and the gate-insulator interface. (a), sketch of the SiOy/Si
device. (b), time-resolved photocurrent for the SiOy/Si device, Vgg= —10V. (c), sketch of
the SiO; device. (d), time-resolved photocurrent for the SiOy device. In both measurements
we use a 488 nm laser with a fluence of 60 W /um?.
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4.5 Local photodoping

So far, we have used the photodoping to generate memory states in MoSs FETs. However,
we did not explore how is the spatial distribution of the photodoping. Here, we show that the
photodoping is a local effect and that this local phenomenon can control the photocurrent
generation of MoSs spatially. To visualize the spatial distribution of the photodoping, we
use a scanning photocurrent microscopy (SPCM) setup. We observe the photodoping effect
indirectly because in SPCM measurements the laser beam passes through a chopper working
at 3 kHz (see section 3.4), which imposes a very short excitation time that prevents the
direct observation of the photodoping. Recall that we can only obtain measurable values of
photodoping after a 10 s laser exposure in a single point, see Fig. 4.7(c). Therefore, what we
observe in a SPCM image is predominantly the photocurrent due to the electron-hole pairs
generation in MoSs. Fig. 4.9(a) shows a SPCM measurement for the MoS2/Si04 device using
a 561nm (2.2 eV) laser with fluence of 100 uW /um?. Notice that we use the MoS,/SiOs
device instead of the MoSy /BN device, because the MoSs/SiO2 device has a longer channel
and its photodoping generation is higher. A gate voltage of —70V is applied in the MoS»
while the measurement is performed to ensure that the sample is almost depleted of charges.

During the SPCM measurement, the laser dwells at each point for small periods of time
(7 &~ 500ms), which generates a small, but not null, photodoping in the whole sample. To
prevent distortions in the SPCM images due to the small photodoping generation during the
SPCM measurement, we normalize all the measurements of Fig. 4.9 with the photocurrent
from the ordinary region indicated by the arrow. We depict a band diagram of the region
delineated by the dashed circle in the inset of Fig. 4.9(a) . When photons strike the sample,
electrons can be excited from the valence to the conduction band generating excess carriers.
Hence a photocurrent can be measured. Indeed, the photocurrent is generated throughout
the sample, but higher values are attained close to the contact interface due to Schottky
electric field [92].

After measuring the photocurrent spatially, we expose the delimited area (dashed circle)
in Fig. 4.9(a) with the 561 nm laser with a fluence of 1000 uW /um? and Vg = —50V for
five minutes to ensure that a photodoping is generated. After that, we repeat the SPCM
measurement with the same parameters used in Fig. 4.9(a) and a notoriously suppression
of the photocurrent occur predominantly at that exposed region. We can explain this local
effect qualitatively via a photodoping process. The inset of Fig. 4.9(b) depicts the band
diagram of MoSs in the dashed circle area that shows why the photocurrent is suppressed.
After inducing the photodoping in the dashed area, the states in the conduction band are
filled, which limits the photoexcitation of electron-hole pairs. Thus, there is a suppression of
the photocurrent in the exposed area (see Fig. 4.9(b)), indicating that the photodoping effect
occurs locally in the MoSs channel. Similarly to Fig. 4.9(a) and Fig. 4.9(b), Fig. 4.9(c)
and Fig. 4.9(d) present SPCM measurements before and after a laser exposure in the area
delimited by the dashed circle for five minutes (fluence of 1000 xW/um? and Vg = —50V),
respectively. Again, a suppression of the photocurrent in the exposed area shows that the
photodoping is a local effect and that we can control the photocurrent spatially. We adjust
the color bar of Fig. 4.9(a) and Fig. 4.9(b), and of Fig. 4.9(c) and Fig. 4.9(d), accordingly
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Figure 4.9: Spatial control of the photocurrent. (a), scanning photocurrent microscopy
measurement for the MoS,/SiOs sample. The excitation laser wavelength is 561 nm with a
fluence of 100 W /um?. In this measurement we use Vg = —70V and Vsp = 1V. In the
inset is the band structure of the region inside the dashed circle. (b), SPCM measurement
from the same region and conditions as in (a), but after exposing the region inside the
dashed circle with the A = 561 nm laser, fluence of 1000 xW /um? and Vg = —50V for five
minutes. Scale bar is 4 ym. (c) and (d), SPCM measurements before and after the laser
exposure in the dashed circle of (c) for five minutes, A = 561 nm, fluence of 1000 W /um?
and Vgg = —50V. Again, the excitation laser wavelength is 561 nm with a fluence of
100 pW/pum? during the SPCM measurement.
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to highlight the photocurrent suppression after the laser exposure.
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Chapter 5

Partial conclusions

In part I of this thesis, we studied the electric-induced modifications of the optical
absorption in MoSs transistors that unraveled photocurrent and photodoping effects. We
revealed that persistent photocurrent, a phenomenon that is still under debate, is due to
the photodoping effect. By making simultaneous applications of the gate voltage and laser
exposure, we controlled the photodoping generation. This process caused a modulation of
MoSs conductance, leading to the creation of photomemory states with possible use in mul-
tilevel memories. We proposed a model, supported by experimental evidence, that explains
the photodoping and photomemory effects. According to this model, these effects are due
to a charge trapping at the gate-insulator interface of the FET. We also studied the per-
formance of the photomemory devices. We explained that the gate voltage could be used,
with the laser off, during the photomemory “readings”, to adjust the memory on/off ratios
up to 105, We estimated the memory loss, and from our predictions, the photomemory
device keeps up to 50% of the memory information for more than ten years. To generalize
the photomemory effect to other transistors, we presented photodoping results in a different
FET, the MoS3/SiO9 device. By using different insulators and materials for the gate, we
showed that it is possible to obtain higher photodoping and reminiscent memory retention
percentage values. To give another validation of our model, we confirmed that we do not
observe persistent photocurrent in a MoSs device that does not have a gate-insulator inter-
face. Finally, we used the photodoping effect to control the photocurrent generation at MoSs
spatially. Our work unravels the optoelectronic effects in MoSs transistors and shows their
applications in non-volatile memories that expand the possibilities of memory application

beyond conventional memory architectures.
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Part 11

Unraveling Stark and quenching
effects of atomic-like emissions in

layered talc devices
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Chapter 6

Theory

Now we start the second part of this thesis, entitled unraveling Stark and quenching
effects of atomic-like emissions in layered talc devices. Here, we show photoluminescence
(PL) emissions in talc that are similar to atomic emissions. We also deliberate that we can
control them by application of a transverse electric field. This control occurs in two ways,
Stark splitting of the energies and a quench of the intensities of the emissions. Therefore,
to understand these results we need to expose some essential topics, which we do in this
chapter. We start by introducing talc, describing its crystal and electronic structures. Next,
we explain the photoluminescence effect, which is vital to comprehend our measurements.
Subsequently, we consider the linear Stark effect, which is the mechanism that shifts the
emissions in talc. Finally, we take into account the physical phenomena that cause PL

quenching.

6.1 Introduction to talc

Talc is a crystalline hydrated magnesium silicate, belonging to the silicate crystals family.
We can extract talc from the soapstone rock, and a common pure form of talc has the unit
cell chemical formula Mg3SisO19(OH)o. It has several properties, like softness, hydropho-
bicity, organophilicity, inertness, diverse mineralogical composition and the ability to form
plates. All these properties make talc appropriate for many industrial applications such
as cosmetics, pharmaceuticals, coatings, paper, ceramics, polymers, and wastewater treat-
ment. Also important, talc is a layered material, so the layers that form talc interact by
Van der Waals forces [93]. Thus, it is possible to extract a single layer (monolayer) of talc
experimentally [15].

In this thesis, we study talc samples obtained from a typical mine in Ouro Preto (Brazil).

Previous works, using similar samples, showed that talc has a triclinic structure [15, 94].
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Fig. 6.1 presents the crystal structure of triclinic monolayer talc. This image is taken with
permission from [95]. Each talc layer consists of an atomic layer of Mg atoms placed between
two quartzlike Si-O layers, with additional hydroxyl units. More precisely, the monolayer
talc is an octahedral layer composed of Mg and OH™ between two tetrahedra layers of Si
and O.

W AV Wa ) N

Figure 6.1: The crystal structure a monolayer talc. Taken from [95].

In Fig. 6.2(a) we show the bulk structure of talc, taken with permission from [95]. In Fig.
6.2(b), we show the top-view of the triclinic structure of talc. The red arrows correspond to
the triclinic C1 unit cell, while the blue arrows correspond to the triclinic P1 unit cell. Also,
in Fig. 6.2(b) we depict in black lines the zig-zag and armchair directions. The triclinic
structure is the Bravais lattice which a # b # ¢, and o # 8 # . X-ray measurements in
talc give a = 5.291(1) A, b = 9.172(1) A, ¢ = 9.455(1) A, a = 90.58(1)°, f = 98.77(1) ° and
v =89.99(1)° [94].



CHAPTER 6. THEORY 56

(b)

SR )
ay \.’/‘;‘\.__ =
AV S P e fu -}
}-f”‘:’-@’.}', o,
TS ,0 9, S »
»ie e MRS &l
'?'-"'02-!'."' P4 o
A Tl oAt XX B
r!\!?.! \9?:' X }
N PP ¥ e,

% X/

-

Figure 6.2: The crystal structure of talc. Taken from [95]. (a), the structure of bulk
talc. (b) and (c), top and side-view of the triclinic structure of talc, respectively. In (b),
we represent with red and blue arrows the the unit cell of the triclinic C1 and P1 structures,
respectively. The black lines in (b) show the zig-zag and armchair directions.

To understand the electronic properties of talc, we plot in Fig. 6.3 the electronic struc-
tures of the bulk, (a), and monolayer, (b), talc, calculated by density functional theory
(DFT) [95]. Fig. 6.3 exhibit that the bulk and monolayer crystals have a similar electronic
structure. Both are insulators with band gap energy (E;) of approximately 5 eV, and the

minimum of the conduction band and maximum of the valence band are located at the I

point.
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Figure 6.3: Electronic structure of talc. Electronic structure of the bulk, (a), and
monolayer, (b), talc. Taken from [95].

Talc has natural impurities on its composition, which varies from the mine where we ex-

tract talc crystals. The literature reports lots of impurities, mainly Fe and Al, but also traces
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of Ni, F, Na, K, Cu, Mn, and others [96-100]. The presence of these impurities changes the
properties of talc, as its hydrophobicity, polymer adsorption [98], and its magnetic proper-
ties [100]. They may also modify the optical properties of talc, see Fig. 6.4, which shows
optical pictures of talc samples with different colors from different mines. For example, Fig.
6.4(a) shows a white talc from North Carolina (USA) [101], Fig. 6.4(b) shows a green talc
typically from Ouro Preto (Brazil) [94,102], Fig. 6.4(c) shows a pink talc from Texas (USA)
and 6.4(d) shows a black talc from Guangfeng County (China) [103]. Most notably, we do
measurements in talc crystals from Ouro Preto (Brazil), that are typically green, see Fig.

6.4(b).

Figure 6.4: Talc crystals. Optical images of the white, (a) [101], green, (b) [102], pink ,
(c) [104], and black, (d) [103], talc crystals.

Since 1970, it is known that the layers in talc electrostatically attract by Van der Waals
forces [93]. However, only very recently, experimental and theoretical groups from the Federal
University of Minas Gerais (UFMG) have isolated a monolayer talc [15]. They have also
demonstrated that talc has interesting elastic and mechanical properties. Ever since, research
groups specialized in 2D materials started to study talc even further. The reference [105]
demonstrates that talc generates spontaneous doping in graphene while keeping the intrinsic
quantum properties of this material. Furthermore, the reference [94] explores the hyperbolic
properties of talc to uncover surface plasmon-phonon polaritons in a heterostructure of talc
and graphene. Here, we make advances in the study of the 2D talc, but on a previously not

studied topic in this material: the photoluminescence. We show that electronic transitions in



CHAPTER 6. THEORY 58

intrinsic defects in talc generate atomic-like photoluminescence emissions, with a potential
application on quantum information. Moreover, we describe an external control of talc PL
in two different manners. We tune the energy of the PL by the linear Stark effect. On the
other hand, we modulate the intensity of the PL and quench some of the emissions with
applications of transverse electric fields.

Next, we briefly describe the photoluminescence effect, which is the essential optical

effect that we study in part II.

6.2 Photoluminescence

Atoms emit light by spontaneous emission when electrons in excited states drop down to a
lower level by radiative transitions [3|. In crystals, the spontaneous radiative emission process
is called luminescence. Several mechanisms generate luminescence, however here we are
going to describe only the photoluminescence. The photoluminescence is the luminescence
stimulated by photons. So, in this case, photons promote electrons to excited states, which
decay by spontaneous emission. The spontaneous emission rate for radiative transitions
between two levels is determined by the Einstein A coefficient [3], which gives the radiative

emission rate:

dN
<> — _AN, (6.1)
dt Radiative

where N is the population of the excited state. The solution of the equation 6.1 is an
exponential decay, where the radiative lifetime can be given by 7r = 1/A. The spontaneous
emission occurs through radiative channels (RC), which are the transitions that emit photons
during the decay process. However, some transitions go through a non-radiative channel
(NC), which do not emit photons. The NC can be phonon-assisted transitions or defect-
assisted transitions, for example. In a system that both RC and NC coexist, there is a
competition between these processes, decreasing the probability that radiative emissions

occur. For this particular case, we can write the luminescence efficiency np as:

1

= 6.2
1+TR/TNR ( )

MR

where 7y R is the non-radiative lifetime. Doing an asymptotic analyses of equation 6.2, we get
nr = 1, for rvg — +00, and ng = 0, for Tyvg — 0. Therefore, the longer the non-radiative
lifetime, the higher the luminescence efficiency.

To better describe the photoluminescence process, in Fig. 6.5 we illustrate this effect
for an atomic, Fig. 6.5(a), and crystal, Fig. 6.5(b), systems. In section 8.1, we present PL
spectra from talc (which is a crystal) that are similar to atomic emissions, so the differences
between the atomic and crystal photoluminescences are crucial for the understanding of our
results. Hence, we start describing these emissions, pointing out some differences between
them. The photoluminescence process starts by exciting the system with photons with energy
(EL) larger than the difference between two atomic states, Fig. 6.5(a), or the bandgap of

the solid, Fig. 6.5(b). For the atomic system, the electrons are excited to virtual states
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and subsequently decay to an excited atomic level, see Fig. 6.5(a). For the crystal system,
photons excite the electrons from the valence band (VB) to the conduction band (CB), then
they relax to the bottom of the CB, see Fig. 6.5(b), while the photoexcited holes relax to
the top of the VB. Generally, the relaxation process is due to carrier-carrier and carrier-
photon scatterings, which imposes a very fast response of the order of femtoseconds [58]. So,
after relaxation, the electron-hole pairs can recombine through radiative and non-radiative
channels. The electron-hole pairs that recombine by radiative channels emit photons with
energy equal to the difference between the two atomic levels, Fig. 6.5(a), or to the bandgap,
Fig. 6.5(b). The decay time of the radiative process is of the order of nanoseconds [5§],
which is longer than the time for relaxation (femtoseconds). So, the carriers relax first, in a
fast process, to subsequently recombine. The energy of the emitted photons is independent
of the laser excitation energy because the energy difference between the atomic levels and the
bandgap of the material are fixed parameter for a given temperature. Consequently, if we
want to figure out that an unknown spectrum is due to a PL effect, we need to measure it after
several energy excitations. If the energies of the peaks from the spectrum are independent

of laser energy, it is probably due to a PL effect.

(a) (b)

Figure 6.5: Photoluminescence process. Photoluminescence in an atomic system, (a)
and in a crystal system, (b).

To obtain the intensity of the PL, we need to evaluate the equation:

I ~ |M|?g(hw) x level occupancy factors, (6.3)

where M is the matrix element, that describes the effect of the external perturbation caused
by light on the electron, g(Aw) is the joint density of states, that comes from the Fermi golden
rule, and the level occupancy factors refer to the probability that the excited and ground
states are filled and empty of electrons, respectively. From the equation 6.3 we can obtain
the intensity of the PL of a 3D crystal, which is given by I ~ (hw — Eg)l/2 X exp (— ﬁ“,;b_fg),
where E, is the bandgap energy [3]. From this last equation, the PL intensity increases

abruptly, due to the term (fiw — Eg)l/Q, but decays at an exponential rate, due to the

expression exp (— h“;b_f g). Furthermore, the typical full width at half maximum in this
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equation is k7. On the other hand, the PL from atomic systems is quite narrow, obeying
the uncertainty principle (AEAt > g) These differences occur because in atomic systems
the states are discrete, whether in solids they form a continuum named the band structure.

Although atomic emissions emerge in ensembles of atoms that do not interact so strongly
as in solids, there are interesting solid systems that can behave as atomic. We can cite two
of them, the defect centres in crystals [106-108| and quantum dots [109,110]. In the first
case, point defects in solids generate flat, discrete states inside the gap of the solid, which
resemble atomic levels. On the other hand, the quantum confinement generates the atomic-
like states in quantum dots. The defect centres in solids can better describe our results
in chapter 8, so now we are going to focus on this system. There are some distinctions
between the atomic-like and crystal emissions. One of them is the narrow FWHM of atomic-
like emissions discussed previously. In addition, the defect centres generate mid-gap states
in the solid, so we can probe them by measuring PL with subgap excitation (E, < Ejg).
Recall that in solids, we observe PL with Ey, > FEg, see Fig. 6.5(b). Another measurement
that can distinguish between the atomic-like and solid emissions is the dependence of the
excitation laser intensity of the PL. Conventionally, atomic-like levels have a limited density
of states, so in this case, the PL intensity follows a sublinear curve with the excitation
intensity, tending to saturate [106,107,109]. On the other hand, the band structure of
solids have a high density of states, so the intensity dependence of the photoluminescence
is linear [111]. Conclusively, the discussion of this section is fundamental to interpret the

atomic-like emission measurements in talc, see section 8.1.

6.3 Photoluminescence under non-trivial electrostatic condi-

tions

Interesting phenomena show up when we apply an electric field in materials and atoms.
Here, we study some effects that raise upon transverse electric field applications. More
specifically, we consider some of the mechanisms related to the splitting and quenching of
the photoluminescence, which are observed in our experiments. We start by describing the

Stark effect, that can elucidate the energy shift of atomic-like states.

6.3.1 Stark effect

When we subject atoms or atomic-like systems to an electric field, we can sometimes observe
splitting of the energies of the atomic levels. So, we call this phenomenon of Stark effect.

Under the electric field influence, the Hamiltonian of the system is given by:

H=H,— E-D, (6.4)

where Hj is the Hamiltonian of the system in the absence of the electric field, ﬁ is the
external electric field operator and ? is the dipole moment operator. In our experiments,
we apply a transverse electric field electric field (parallel to the z direction), then the term

- P becomes simply EP,. For weak electric fields, we can use the perturbation theory of
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the quantum mechanics [112] to expand the energies of the levels as a function of electric
field:

1
Ezeo—p-E—ia-EQ+..., (6.5)

where ¢¢ is the unperturbed energy, and p and « are coefficients of the linear and quadratic
terms of the electric field, respectively. The displacement of the PL from our samples with
the electric field are linear, so here we explore only the linear part of the Stark effect. Thus,
the quadratic and higher order terms are beyond the scope of this work. Considering only

the linear Stark effect, we have:

e=¢y—p-E. (6.6)

For the linear term, if the states are non-degenerate, we have:

p = q{¢0|Z| o), (6.7)

where we use the formula P, = ¢Z (Z is the projection of the position operator in the
z direction) and ¢g is an eigenstate of the unperturbed Hamiltonian. The coefficient p
is the expected mean value of the operator electric dipole moment. Using the SI system,
the unit of the electric dipole is C.m, but the most used unit is the Debye (D), where
1D =3.33564 x 1073°C - m. From equation 6.6, the operator Z has odd parity, so if the
eigenstate |¢g) has a well-defined parity, which occurs for some atomic states, the equation
6.6 is zero. Thus, a non-degenerate state displays linear stark shift if it does not possess
parity, which sometimes characterizes non-centrosymmetric states. Besides, the expected
mean value of the dipole moment, evaluated in non-degenerate eigenstates that display linear
Stark effect, are necessarily non-zero, see equation 6.7. Nevertheless, degenerate states with
well-defined parity may also present linear stark shift. In this case, the electric field lifts the
degeneracy of these states.

Note that according to equation 6.6, for E > 0 the stark effect shifts the energies of the
system toward lower values (redshift) if p > 0. On the other hand, we can observe shifts of
the energies toward higher values (blueshift) for p < 0. For the case of E < 0, we observe a
redshift if p < 0 and a blueshift if p > 0. In a linear Stark effect experiment, we can fit the
energy vs electric field curve with equation 6.6 to extract the dipole moment of the system.

Recall that talc is a dielectric material. So, the applied electric field inside talc (internal
field) is different than the external electric field. The internal field is given by Fiy =
Eexﬁ—%P [113], where Ejy and Eeyt, are the internal and external electric fields, respectively.

Assuming that talc is a linear dielectric, we have P = €gxeFext- S0, we can obtain:

2+ ¢,
Eint = < 3 ) Eex‘m (68>

where €. = 1+ . is the dielectric constant. This expression is frequently called the Lorentz

local field approximation [114,115].
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6.3.2 Photoluminescence quenching

Now, we briefly describe some of the mechanisms that can quench the photoluminescence
upon electric field applications. We observe a PL quenching in talc, see subsection 8.2.2; so
the following discussion is essential to illuminate the interpretation of our results. Some of
the mechanisms that explain a PL quenching via electric field applications are (I) thermal
dissociation, (II) ionization via electric field, (III) field-induced enhancement of the non-
radiative portion of exciton recombination, (IV) change in radiative lifetime, and (V) impact
ionization by field accelerated electrons [116]. Below, we provide a brief discussion of each
of these effects.

For the (I) thermal dissociation process, the thermal energy is not enough to break the
excitons of a semiconductor or to ionize atomic levels in an atom. However, the electric field
application lowers the energy barriers that prevent the separation of the charges. In this
process, the field lowering may be enough to yield the thermal dissociation. The electric
field does not quench the PL by itself. It only helps the thermal energy to separate the
carriers. The thermal dissociation of the carriers prevents their recombination, quenching
the photoluminescence.

The (II) ionization via electric field occurs when we use ultra-high electric fields (E ~
1 — 100 MV /m, see the reference [117-119]). In this scenario, the electric field can ionize
a defect center in a semiconductor/insulator to its valence or conduction bands [117], or
can also break excitons in quantum dots [116,118]. The quenching effect of the mechanism
IT is reversible [117,118|. Note that the electric field by itself separates the carriers in the
mechanism II, quenching the PL during the process.

The (III) field-induced enhancement of the non-radiative portion of exciton recombina-
tion can decrease the photoluminescence because the non-radiative channels compete with
the radiative, reducing the PL efficiency as pointed in equation 6.2.

The (IV) change in radiative lifetime induced by electric field may also quench the PL,
because an increase of the radiative lifetime reduces the spontaneous emission rate, see
equation 6.1.

Finally, the (V) impact ionization by field accelerated electrons occurs when the electric
field accelerates free carriers (they can also be photoexcited excess carriers), which collides
with the excitons, breaking them. The exciton breaking prevents their recombination, lead-
ing to a PL quenching. This effect typically occurs in semiconductors, where the excitonic
states are close to the conducting states. Generally, we need a low electric field to quench
the photoluminescence by this mechanism (E ~ 1 —10mV/m), see the reference [116,120].

The Stark splitting and PL quenching are fascinating and rich physical phenomena. Fur-
thermore, they have large applications, including electro-optic modulators and integrating
optoelectronics. Few works are exploiting the linear stark effect in solids, especially the 2D
materials. There are even fewer papers on the PL quenching topic. In this thesis, we explore
these two interesting effects simultaneously in a new 2D material (2D talc). In this direction,
we believe that our work illuminates the aspects of the atomic-like emission in solids and
uncovers interesting phenomena in 2D materials. Now that we have discussed the critical

theoretical points of our work, we describe in the next chapter the methods used in this
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project, and very soon, in chapter 8, we expose and elaborate our experimental results.
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Chapter 7

Methods and characterizations

In this chapter, we describe the methods and characterizations used in part II of the
thesis. We start with the preparation of our talc device. Next, we consider the experimental
techniques that we use to characterize the talc crystal, which are the X-ray diffraction, the
Raman spectroscopy and the wavelength-dispersive X-ray spectroscopy (WDS). Finally, we

present the photoluminescence setup that we use for the measurements of chapter 8.

7.1 Sample preparation

For the part I of this thesis, we study a single device, which is a Van der Waals heterostructure
consisting of few-layer graphene on top of a 116 nm thick talc flake. In this case, we use
a graphite crystal to provide a flat back gate electrode. We require few-layer graphene as
an electrode because it is a quasi-transparent material. On the other hand, a flat back
gate electrode is needed to apply an electric field uniformly. To make this structure, we
use the pick-up method [121]. Now, instead of transferring flakes from the membrane to
the substrate, we initially do the opposite: we pick-up the flakes from the substrate with
the membrane. To pick-up the flakes, we approach a polycarbonate (PC) membrane to the
substrate at T' = 70°C but without touching the flakes. Then, we warm-up the system up
to T = 83°C for two minutes. After we increase the temperature of the system, the PC
expands, touching the flake in this process, because PC is a thermoplastic material. So, we
turn the heater off and wait for the system to cool down, picking-up the flake. To transfer
the flakes to a substrate, we keep the membrane in the desired substrate and warm-up the
system to T" = 160 °C. To remove the PC residue, we put the substrate on a chloroform bath
for ten minutes at T" = 40 °C and rinse in [PA followed by blow-dry in Argon. The membrane
that we use for the pick-up method is composed of PC on top of PDMS. The PC is from
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Sigma Aldrich and is 6% dissolved in chloroform. Fig. 7.1 presents how we prepare the talc
devices by the pick-up method. First, we exfoliate graphite crystals on a Si/SiOg substrate
by standard micromechanical cleavage. Then, we select few-layer graphene flakes and also
thin graphite crystals (20 nm thick). Next, we exfoliate talc on a different Si/SiO4 substrate.
Afterward, we pick-up the few-layer graphene flake, Fig. 7.1(a). Then, we pick-up the talc,
but ensuring that the graphene flake is on top of the talc flake. Finally, we transfer these
flakes to a graphite flake, again ensuring that the flakes are aligned and that the graphene

does not touch the graphite, avoiding electrical contact between them.

355 FL Graphene

(d)

Figure 7.1: Preparing the talc device.

After we prepare the Van der Waals heterostructure of talc, we contact the graphite
and the few-layer graphene electrically by e-beam lithography and thermal evaporation of
a stitching layer of Cr (1 nm) followed by Au (90 nm). Fig. 7.2 shows an optical image of
the talc device, where we can see the graphite, talc, and few-layer graphene flakes. We have
two graphene flakes that are electrically contacted independently. So, we can apply different

potentials in these flakes.



CHAPTER 7. METHODS AND CHARACTERIZATIONS 66

Figure 7.2: Optical image of the talc device. Scale bar is 10 um.

7.2 X-ray diffraction

In this work, we obtain the talc samples from a talc (soapstone) mineral crystal from Ouro
Preto (Brazil), see Fig. 7.3(a). X-ray diffraction (XRD) measurements were carried out
at the XRD1 beamline of the Brazilian Synchrotron Light Laboratory (LNLS) to corrobo-
rate Mg3SizO19(OH)s as the major phase of the mineral crystal, see Fig. 7.3(b). We can
access these measurements in the reference [94|, and we repeat them here with proper per-
mission of the authors. Here, we use the same mineral crystal of this group. The main
phase observed is the triclinic P1 system (Rietveld refinement using ICSD 100682), with
lattice structure given by a = 5.291(1) A, b =9.172(1) A, ¢ = 9.455(1) A, a = 90.58(1)°,
B =098.77(1)°, v =289.99(1)°. This crystallographic structure that we show in Fig. 7.3(c)
was used to produce the fit of Fig. 7.3(b) (Rietveld refinement using the MAUD software),
which is the best possible fit using a single talc phase. It is possible to simulate the other
structures from crystallographic databases but leads to poor or incomplete fits of the exper-

imental data.

7.3 Raman spectroscopy

We discussed in section 3.2 that the Raman spectroscopy provides information of the vibra-
tional properties of materials. In this way, the peaks in the Raman spectrum are assigned to
vibrational modes. So, it is possible to use Raman spectroscopy to characterize materials.
However, few reports are describing and interpreting the Raman spectrum of talc [122,123].
We present in Fig. 7.4 the Raman spectrum of our talc crystal. The spectrum is very similar

to data from the literature [122,123|. Talc has a rich Raman spectrum, because of the large
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Figure 7.3: X-ray characterization of talc. (a), optical image of a talc/soapstone crystal,
scale bar is 2.5 cm. (b), X-ray measurement of the talc crystal. (c), representation of the
triclinic crystalline structure of talc (ICSD 100682), used to fit the diffraction data of (b).
Data taken with permission from [94].

number of atoms and of its complex structure. The Raman spectrum shows three prominent

peaks at 369 cm ™!, 684 cm~! and 3684 cm~! among others with smaller intensities.
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Figure 7.4: Raman spectrum of talc. We use a A\ = 457 nm, fluence of 12 mW /um? and
600 g/mm grating.

Table 7.1 shows the position of the Raman peaks of Fig. 7.4. The most intense peaks
are highlighted in bold. Table 7.1 also shows the intensity of the peaks on a scale of weak
(w), medium (m), strong (s) and very strong (vs). The strong peak with a frequency of
3684 cm~! is attributed to the stretch of the hydroxyl group (OH™). The medium peak of

440 cm™!, in turn, corresponds to the in-plane asymmetric stretch of the bridging oxygen
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(Si-O-Si), while the 475 cm~! may be due to the out-of-plane stretch of the “brucite” layer
(MgsOHj) [123,124]. For more detailed group analyses of talc vibrational modes, see the
reference [123,124].

Table 7.1: Raman peaks of talc. Position of the Raman peaks of talc and their intensity.
The abbreviations w, m, s and vs of the intensity correspond to weak, medium, strong and
very strong, respectively. The most intense peaks are highlighted in bold.
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7.4 Wavelength-dispersive X-ray spectroscopy

The soapstone is a rock with several components, been talc one of them. We show in Fig.
7.3 that the main phase of our soapstone crystal is talc. However, the literature reports
lots of impurities in talc crystals, mainly Fe and Al, but also traces of Ni, Cu, Mn, and
others [96-99], that cannot be measured by standard X-ray spectroscopy. As we study PL
from defect states in talc, it is so important to identify the impurities on its structure.
For this purpose, we did wavelength-dispersive X-ray spectroscopy (WDS) measurements
at the Center of Microscopy at the Federal University of Minas Gerais (Brazil). WDS is
a technique that can provide information regarding the chemical species of the materials
and their concentrations. WDS uses an electron beam with high energies (typically 20 KV)
that interacts with the sample. From this interaction, the sample emits X-rays with specific
energies for each element. Thus, from the X-ray spectra that the sample emits, we can
identify the elements of the material. Furthermore, the setup of the WDS contains a crystal
and detector that are mobile. The X-ray from the sample goes through Bragg diffractions in
the crystal. By employing precise spatial configurations of the crystal and detector, the Bragg
diffractions select specific X-rays with proper energy. In this way, we can measure a particular
signal from the sample at each time, which increases the precision and the detectability of
the chemical species. From the WDS measurements, we can identify the impurities of Fe
and Ni in our talc crystal. Yet, WDS can detect only elements with concentrations in weight
percentage larger than 0.1%. Hence, our talc crystal can possess more impurities rather
than Fe and Ni, but with a lower concentration. Table 7.2 shows the concentration in weight
percentage of the SiOy, MgO, FeO, and NiO elements. We did thirteen measurements
in different locations in the talc crystal, and surprisingly the concentrations do not vary
significantly. From the values of the table, we can estimate the concentrations of Fe and Ni,
which are 1.3240.04 % and 0.3240.02 %, respectively.

Table 7.2: Weight concentrations of talc chemical species. Weight concentrations of
the SiO9, MgO, FeO and NiO elements.

N. | SiOz (%) | MgO (%) | FeO (%) | NiO (%)
1 61.85 29.18 1.30 0.29
2 64.22 30.75 1.42 0.30
3 61.33 30.56 1.34 0.31
4 64.70 28.91 1.28 0.33
5 57.87 26.74 1.30 0.36
6 59.23 28.65 1.28 0.35
7 64.76 30.93 1.29 0.31
8 62.63 29.59 1.36 0.32
9 61.20 31.51 1.27 0.31
10 62.58 28.85 1.32 0.31
11 60.34 29.20 1.34 0.34
12 62.66 32.04 1.31 0.35
13 61.10 35.03 1.30 0.29
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7.5 Photoluminescence setup

Now, we describe the photoluminescence setup that we use for the measurements of chapter
8. Fig. 7.5 shows the photoluminescence setup. To do the PL measurements, we use both
Witec and T64000 systems. We mainly use two lasers, a He/Cd laser with A = 441nm
and a solid state laser with A\ = 457nm. After the laser, there is a Senrock laserline filter
for the T64000 setup. Next, the laser crosses a beam splitter, which reflects and transmits
50 % of the light. The reflected light enters the microscope and is focused on the device by
a 50x magnification lens (spot size of ~1 pm). The generated PL signal goes back to the
microscope and is transmitted by the beam splitter. For the Witec setup, the transmitted
PL passes through an edge filter. In this way, we can filter the laser signal from the PL
signal. In both Witec and T64000 setups, the PL beam enters a spectrometer and a CCD.
For the T64000, we use the spectrometer in a triple subtractive mode, with a 1800 g/mm
grating. For the Witec, we use the single mode, with a 600 g/mm grating.

Mirror Mirror &
. .
Laser Senrock laserline filter Edge
(N filter

Beam splitter

Spectrometer

Rk
S58 Tle'e

N, flux
controller

Microscope

Lalisjisis]

N, reservoir
Cryostat

Figure 7.5: Photoluminescence setup. The credit for the microscope cartoon is to Natalia
Rezende.

Our device is inside a Linkam cryostat during the measurements. Thus, during our
measurements, the temperature of the device is T'= 80 K. The Linkam cryostat is coupled
with the microscope stage, and there is a Ny reservoir that provides liquid Ns to the cryostat.

N, flux and temperature controllers are also connected to the cryostat, which ensures thermal
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stabilization. The cryostat also has electronic terminals, which are connected to the device
and Rack. The Rack, in turn, has the electrical components that we need for doing the
measurements. Finally, to apply an electric field in talc, we connect a DC voltage source

(Keithley 2400) on graphite, and we ground the few-layer graphene.



Chapter 8

Results and discussion

In this chapter, we describe and discuss our results from the second part of this thesis. We
study the electric-control of the atomic-like emissions from 2D talc. So, we characterize these
emissions at the beginning of this chapter. Then, we apply an electric field in talc and show
how the photoluminescence peaks modify under the field influence. The electric field affects
the photoluminescence in two different ways: by Stark splitting and photoluminescence
quenching. Thus, we analyze the Stark splitting first, followed by the PL quenching. After
presenting our measurements, we deliberate on the possible mechanisms and effects that

describe better our results.

8.1 Atomic-like emission in talc

To study the atomic-like emission in talc, we perform photoluminescence spectroscopy mea-
surements with subgap excitation. In other words, we excite talc with laser energy smaller
than the band gap energy of talc. Fig. 8.1(a) shows a PL spectrum of talc at low temperature
(T=80K) using a Ep, = 2.8 eV laser. Note that Ey, < Eg, since the band gap energy of talc
is 5 eV (see Fig. 6.3), so we are exciting subgap defect states in this material. In a moment
we show measurements demonstrating that the optical spectrum in Fig. 8.1(a) is a PL, but
from now let us discuss the features of this spectrum. In Fig. 8.1(a), we observe four main
peaks with approximate energy of 1.8 eV, denoted by P1’, P17, P2’ and P2”, among others.
These peaks are narrow, so we need to use a high-resolution spectrometer to visualize them
(in this case, we use a spectrometer with a triple subtractive mode, 1800 g/mm grating, with
a 40 peV resolution). We use this spectrometer mode for all the measurements presented in
this section. Since we measure a PL in talc by exciting it with subgap energy, defect states
may originate this PL. To better illustrate this hypothesis, Fig. 8.1(b) shows an energy band

diagram of an insulator, but with mid-gap defect states. When we excite this system with

72
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subgap energy photons, we excite electrons from the filled states (E;) to the state Ey, which
can be real or virtual. Next, the electrons decay to the empty states Eo and decay back to

the states E; emitting photons with subgap energy.
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Figure 8.1: PL emission from defect states. (a), PL emission from defect states in
tale, B, = 2.8eV, fluence of 12 mW /um?, and T= 80K. In this measurement, we use a
spectrometer with a triple subtractive mode and 1800 g/mm grating. (b), band-diagram of
an insulator with mid-gap states.

We need to perform a fitting analysis of the spectrum from Fig. 8.1(a) to obtain relevant
parameters, as the energy and full width at half maximum (FWHM) of the peaks. Fig.
8.2 presents a fitting analysis of the PL peaks from Fig. 8.1(a). Here, we use Lorentzians
functions to fit the data. Fig. 8.2(a) presents fittings from the P1” and P1” peaks, while Fig.
8.2(b) presents fittings from the P2’ and P2” peaks. In Fig. 8.2(b), we fit other peaks rather
than P2’ and P2”, but we do not study them in this thesis. From the fittings, we obtain
values of energy and FWHM of the peaks, that are presented in Fig. 8.2(c). The energies of
the peaks are in the range 1.78783 eV-1.79768 eV. Also, the values of the FWHM are in the
range 27-48 x 10 peV. These small values of FWHM show that the measured PL peaks are
narrow, similar to the atomic emissions, where the FWHM is of the order of 40 peV [125].

To show that the peaks from Fig. 8.1(a) are due to a PL process, we should study the
behavior of the PL for different Ep, - the energies of PL peaks do not vary when we change
the excitation energy. For this purpose, we measure spectra with the excitation wavelengths
of 442 nm, 447 nm, 488 nm, and 514 nm, see Fig. 8.3. Fig. 8.3 shows that the peaks have the
same energies for all the excitation lasers, see the dashed red line. Accordingly, the results
of Fig. 8.3 corroborates that the peaks from Fig. 8.1(a) are due to a PL effect.
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Figure 8.2: Fittings of the PL spectrum. (a), Lorentzian fittings of the P1’ and P1”
peaks. (b), Lorentzian fittings of the P2’ and P2” peaks. (c), values of energy and FWHM
obtained from the fittings.
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Figure 8.3: PL spectra with different excitation lasers. In these measurements
T= 80K, and we use a triple subtractive mode with 1800 g/mm grating.



CHAPTER 8. RESULTS AND DISCUSSION 75

It is relevant to provide more evidence that the PL peaks of Fig. 8.1 (a) are from defects.
It is known that the PL of defect centres in insulators has a sublinear behavior with the
laser power and tends to saturate [106,107]. This property is due to the limited density of
states from the defect states relative to the conducting states of a crystal. With these facts
in mind, we measure a power dependence of the PL spectra, see Fig. 8.4. The symbols
represent the intensity of the PL peaks for each laser power. To confirm that the power
dependence of the PL is sublinear, we fit the data of Fig. 8.4 with the equation y = az®. In
this equation, a is the multiplier coefficient, and « is the exponent coefficient. The PL data
has a sublinear response if we obtain a < 1 after fitting it. The lines in Fig. 8.4 are fittings
from the equation y = ax®. From the fittings, we obtain the values of « for each peak. For
the peaks P1’, P17, P2’ and P2” we have a = 0.76, 0.72, 0.84 and 0.81, respectively. For
all peaks a < 1, which characterize a sublinear response. A sublinear response is another

evidence for the excitation of defects, as we desired.
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Figure 8.4: Power dependence of the PL spectra. For these measurements we use the
2.8 €V (442 nm) laser, T= 80K, and a triple subtractive mode with 1800 g/mm grating.

So far, we presented the basic characterization of the narrow PL peaks, which shows
up when we excite talc with subgap excitation. We argued that these peaks are actually
from a photoluminescence effect and that they follow a sublinear behavior with the laser
power. This last result, combined with the fact that we observe the PL peaks with subgap
excitation, points to the existence of mid-gap defect states. Moreover, the emissions are
atomic-like. According to our WDS measurements, see table 7.2, the predominant impurity
in our talc crystal is Fe. Toward this direction, Alencar, A. did some DFT calculus to predict
the modification of the talc electronic structure due to the replacement of Fe impurities in
the atoms of talc, see the reference [95|. There are three different possible configurations of
Fe replacing atoms in talc, see Fig. 8.5: Fe replacing Mg in the site 1, see Fig. 8.5(a), Fe
replacing Mg in the site 2, see Fig. 8.5(b), and Fe replacing Si, see Fig. 8.5(c). In Fig. 8.5,
the region highlighted in blue and delimited by the dashed blue line correspond to mid-gap
states generated by the Fe impurity, the dashed black line is the Fermi level, and the red

and black lines correspond to states with opposite spins. Observe the images on top of Fig.
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8.5, that represent the possible configurations of Fe replacing Mg and Si.

Note that the Fe impurities generate flat states that are similar to atomic levels. The
small dispersion observed for the defect states in Fig 8.5 originates from the periodic unit cells
of the DFT calculation. Additionally, the Fe atom has electronic configuration of [Ar]|3d%4s?,
so it has eight electrons in the valence orbitals. Interestingly, the Fe impurities in talc give
rise to exact eight states with well-defined spins, see Fig. 8.5. Perceive that, in Fig. 8.5(a),
the red curve right above the Fermi level has two states. It is possible to occur, in the
diagram of Fig. 8.5, radiative transitions between defect states that are above and below
the Fermi level. Our PL peaks have energies close to 2 eV, so in Fig. 8.5 we also point
with arrows the transitions that have similar energy difference. Thus, the transitions of the
levels marked with arrows may explain the results of Fig. 8.1(a) qualitatively. Otherwise
stated, the DFT calculus reinforces that the Fe impurities in talc can give rise to atomic-like
emission as we observe in Fig. 8.1. Each of the configurations in Fig. 8.5 can explain our
results, so we are working on XPS measurements to confirm which of these configurations
is more likely to occur in our talc crystal. Nonetheless, in subsection 8.2.1 we show strong
evidence that points toward Fe replacing Si atoms as the configuration that better describes

the emissions of talc.
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Figure 8.5: Electronic structure of talc with Fe impurities. In (a), Fe replacing Mg
in the site 1. (b), Fe replacing Mg in the site 2. (c), Fe replacing Si. Taken from [95].
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8.2 Effects of electric field applications in the photolumines-

cence of talc

We have studied optical properties of talc, the atomic-like emissions. Now, we apply a
perpendicular electric field in this material to unravel optoelectronic effects, using the device
depicted in Fig. 7.2. Here, we tune the energy and the intensity of the PL peaks. These
measurements are time-consuming, so to speed up the process, we use a 600 g/mm grating,
which provides a better signal. This grating has a low resolution (260 peV) compared to
the 1800 g/mm grating (40 pueV), so we observe the P1’ and P1” peaks as a single peak
when we do not apply a gate-potential. The same is observed for the P2’ and P2” peaks,
see the red spectrum in Fig. 8.6. To clarify the modifications of the PL spectra under
electric field applications, we measure PL spectra for several gate voltages and plot these
results in a 2D waterfall graph. Fig. 8.6 shows a 2D waterfall graph from PL spectra with
Veg =0V, =35V, =56V, and —98V. For Vgg = 0V we observe mainly two peaks, P1
and P2, because we use a low-resolution grating, so we do not distinguish the fine structure
of Fig. 8.1(a). When we apply Vg = —35V, we detect the fine structure of the peaks
because P1’ and P1” split further away from each other. Observe that the same occurs for

the P2’ and P2” peaks.
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Figure 8.6: PL spectra for different Vgg. For these measurements we use the 2.7 eV
(457 nm) laser, T= 80K and fluence of 12 mW /um?. We use a spectrometer in the single
mode with 600 g/mm grating.

Besides, we observe a partial quenching of the peaks. This quenching is more evident
when we apply Vg = —56V, because there is a strong reduction of the PL intensity in

this configuration. Furthermore, the peaks displace even further by applying larger electric
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fields. Finally, we quench the P1’ and P2’ peaks almost completely by applying Vgg = —98.

To better describe the gate-tunability of the PL peaks, Fig. 8.7 presents a colormap of
the normalized PL intensity as a function of Vpg and energy. In Fig. 8.7, we also plot the
PL for Vgg > 0V. We observe a linear shift of the energies of the PL peaks by increasing
the electric field. For Vg < 0V, the P1” and P2’ peaks suffer a redshift, while the P1” and
P2” peaks suffer a blueshift. On the other hand, for Vg > 0V the P1’ and P2’ peaks suffer
a blueshift, while the P1” and P2” peaks suffer a redshift.

Normalized Photoluminescence 0 I 0 .

80

Vag (V)
o

-80

1.770 1.795 1.815
Energy (eV)

Figure 8.7: Colormap of the normalized PL intensity as a function of Vg and
energy. For these measurements we use the 2.7 eV (457 nm) laser, T= 80 K and fluence of
12 mW/um?. We use a spectrometer in the single mode with 600 g/mm grating.

Furthermore, the electric field starts to quench the PL intensity from Vg =~ |40| V.
For example, for the P1’ peak, the color goes from green, for Vgg = 0V, to blue, for
Vea = —98 V. The blue color corresponds to the intensity 0, and the red color corresponds
to the intensity 1. Similarly, the color of the P2’ peak goes from red to blue. In the Vgg <0V
regime, the PL of the P1” and P2’ peaks quenches almost completely for large electric fields,
as the color that corresponds to the peaks in this condition is similar to the color of the
substrate. However, we do not quench the P1” and P2” peaks completely in the Vgg <0V

regime, because for Vg < 40V these peaks have approximately a constant intensity. On
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the other hand, the application of large electric fields in the Vg > 0V regime quench the
P17 and P2” peaks instead of the P1’ and P2’ peaks.

The application of a perpendicular electric field in talc modifies the PL peaks in two
manners. So, we are going to study these modifications separately, starting with the shifting

of the peaks, which are due to a linear Stark effect.
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8.2.1 Linear Stark splitting of the photoluminescence peaks

Now, we draw our attention to the splitting of the photoluminescence peaks. Although
the colormap in Fig. 8.7 provides a beautiful picture of our results, it is not the better
representation to describe the PL shift. For this purpose, we should plot the energy of the
peaks as a function of the internal electric field. We evaluate the internal electric field by
the equation 6.8. Here, we assume that the dielectric constant of talc is 2.5 [105], and its
thickness is 116 nm, measured by atomic force microscopy. Fig. 8.8(a) presents a PL energy
as a function of the internal electric field curve for the P1°, P17, P2’ and P2” peaks. To
obtain the plot of Fig. 8.8(a), we fit the data from Fig. 8.7 with Lorentzians, considering
only the Vg < 0V region. From the fittings, we extract the energies of the peaks, and
plot them as a function of the internal electric field, see Fig. 8.8(a). The PL energies are
linear functions of the electric field, which points for a linear stark effect, see section 6.3.
In this way, we use the equation 6.6 to fit the data from Fig. 8.8(a) and extract the dipole
moment of the emissions. The lines in Fig. 8.8(a) are the fittings, and in Fig. 8.8(b) we
show the dipole moments extracted from the fittings. The dipole moments are represented
in units of D (1D = 3.33564 x 10739 C - m). For the P27, P2’, P1” and P1’ peaks, we obtain
dipole moments of 0.0934+0.003 D, —0.09040.003 D, 0.105+0.003 D and —0.098+0.004 D,

respectively.
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Figure 8.8: PL energy as a function of the electric field. For the measurements
of (a) we use the 2.7 eV (457 nm) laser, T= 80K and fluence of 12 mW/um?. We use a
spectrometer in the single mode with 600 g/mm grating. (b), dipole moments obtained by
fitting the data of (a).

To get insight into the results of Fig. 8.8, we should note that first, the PL energy
behaves linearly with the electric field, and second, it seems that there is already a small
split of the peaks with Vpg = 0V, see Fig. 8.1. These results may allude for the existence of
an intrinsic electric dipole moment in the surroundings of the defect centres, which could lift
the degeneracy of the defect states in the Vg = 0V condition. We cannot observe this issue
in Fig. 8.6 (red curve), because in these measurements we use a low-resolution grating. On
the other hand, in Fig. 8.1 we use a high-resolution grading, which allows the observation
of the splitting with Vg =0V.
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In section 6.3, we argued that a linear Stark effect occurs if the expected mean value
of the dipole moment evaluated in the non-perturbed eigenstate is non-zero. However, if
the expected mean value of the dipole moment is zero, there is still a possibility to observe
the linear Stark effect. In this case, the states have to be degenerate. As the PL states are
non-degenerate, see Fig. 8.1 and Fig. 8.2, it is natural to think that the expected mean value
of the dipole moment is non-zero. From these hypotheses, we deduce which configuration
in Fig. 8.5 should be appropriate to describe our results. It is not possible to obtain a
dipole moment if the Fe atom is replacing the Mg atom in talc. The reason is that in this
configuration the Fe atoms are symmetrically positioned in the monolayer talc, because the
Mg atoms are located in the middle of the monolayer, see Fig. 6.2(d). In contrast, the Si
atoms are positioned in the edges of the monolayer, see Fig. 6.2(d). So, the replacement of
Fe atoms in Si sites generates an intrinsic dipole moment. There are two layers of Si atoms in
talc, which are symmetrically located on opposite sides of the monolayer talc. Consequently,
we expect that they generate dipole moments with opposite orientations along the z-axis.
These assumptions match our measurements, that exhibit dipole moments with opposite
signals, see Fig. 8.8(b). Thus, from our linear Stark effect results, we strongly believe that

Fe impurities are substituting Si atoms in talc, and they generate the atomic-like emissions.

8.2.2 Quenching of the photoluminescence peaks

Now, we describe the quenching of the PL intensity as a function of the transverse electric
field. Fig. 8.9(a) displays the absolute PL intensity of the P1’, P17, P2’ and P2” peaks as
a function of the gate voltage. To plot the data of Fig. 8.9(a), we extract the maximum
intensities of the Lorentzians fittings of the peaks from Fig. 8.7. Here, we only consider the
VBag < 0V regime. For the P2” peak, the PL intensity varies from 125 to 75. This value
remains almost stable at 75 for large electric fields. Similarly, for the P1” peak, the intensity
slightly varies from 50 to 40. Differently, the intensity of the P1’ and P2’ peaks drops to
approximately zero for large voltages. In Fig. 8.9(b), we normalize the data of Fig. 8.9(a)
by the intensities of the P2” peak. Note that the normalized intensity of the P17 peak is
constant, while the intensities of the P1’ and P2’ peaks drops to zero for large voltages.

We should remark some essential issues of our results from Fig. 8.9. First, we use ultra-
large electric fields to quench the PL. An obvious quenching occurs with Vg > [40|V or
E > |500| MV /m, which is a strong field. Second, the PL that we measure comes from the
radiative recombination of deep mid-gap states. Third, the PL quenching is reversible. We
show this last feature in Fig. 8.9(c), where we present two PL spectra with Vg = 0V,
before (blue) and after (red) the PL quenching. More precisely, we measure a spectrum with
Vg = 0V (blue), apply Vg = —98V to quench the PL (see Fig. 8.6). Then, we apply
Vee = 0V again and measure a new spectrum (red). The blue and red curves, in Fig. 8.9(c),
differ only by 14 %, which suggests that the PL quenching is reversible.

The three points raised above are important to understand the main mechanism of the
PL quenching. In section 6.3, we approached five mechanisms that may generate this effect.
Now, we try to argue which one better describes our results. The (I) thermal dissociation

process may be irrelevant in our case, as we do all measurements in cryogenic temperature.
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Figure 8.9: PL intensity as a function of the gate voltage. (a), intensity in absolute
units. (b), normalized intensity relative to the P2” peak. (c), PL spectra with Vgg =0V
before (blue) and after (red) the PL quenching. To obtain the PL quenching we apply
Vg = —98V. For these measurements we use the 2.7 eV (457 nm) laser, T= 80K, and
fluence of 12 mW /um?2. We use a spectrometer in the single mode with 600 g/mm grating.
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In a moment we elaborate about the (II) ionization via electric field. Unfortunately, we do
not have enough experiments to investigate the (III) field-induced enhancement of the non-
radiative portion of exciton recombination and the (IV) change in radiative lifetime induced
by electric field mechanisms. For the (IV) mechanism, we would have to measure the lifetime
while applying an electric field, which is quite hard to do in our setup. The (V) impact
ionization by field accelerated electrons is unlikely to occur, as our system is an insulator
which there are no free charges to flow and ionize the defects. Furthermore, generally the
reference [116,120] use low electric fields to observe this effect (£~ 1 —10mV/m).

By elimination, we believe that the (II) ionization via electric field is the most probable
mechanism that describes the results. Some issues also corroborates with the mechanism
II. Recall that we use ultra-large electric fields (E ~ GV/m), which is predicted to allow
field ionization [119]. Also important, our quenching effect is reversible similarly to the
reference [117,118|, which quenching mechanism is the ionization via electric field. At last,
our PL is probably due to deep defect mid-gap states, which means that the charges are
trapped in these states, see Fig. 8.5. In this way, one of the few possible ways to ionize them
is by using a strong electric field or either by a simultaneous application of electric field and
photon absorption. However, we do not discard the mechanisms III and IV completely, as
we do not have enough measurements for this purpose.

We can not quench the P2” and P1” peaks completely using large electric fields in the
VBa < 0V regime, see Fig. 8.7. On the other hand, in the same situation, we quench
the P2’ and P1’ peaks. Consider that the P2” and P1” peaks have electric dipole moments
contrary to the field for Vpg < 0V, see Fig. 8.8. On the other hand, the P2" and P1’ peaks
have electric dipoles that are in the same direction of the electric field for Vgg < 0V. By
looking at Fig. 8.7, we observe that these results reverts in the Vg > 0V regime. In this
case, large electric fields quench the P2” and P1” peaks instead of the P2’ and P1’ peaks.
We interpret these issues by looking at the potential energy of the electric dipole, which
isU = —7 . ﬁ From this expression, the potential energy is maximum when the dipole
is anti-parallel to the field and is minimum when they are aligned with each other. Based
on these simple assumptions and in our results, we conclude that the electric dipole offers
maximum resistance to the field ionization if it is anti-parallel to the field. These resistance
avoids the quenching of the P2” and P1” peaks in Fig. 8.9(a). On the other hand, if the
electric dipole is aligned to the field, it offers minimum resistance to the field ionization.
In this case, large electric fields quench the P2’ and P1’ peaks almost completely, see Fig.
8.9(a).
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The quenching of the PL peaks is interesting for photon switching applications. Also,
obtaining an electrically controlled photon switch is relevant for designing on-chip optoelec-
tronic structures. Now, we show that it is possible to use a talc device for photon switching
applications. For this purpose, we do a confocal PL imaging of our device with an applied
electric field, see Fig. 8.10. Fig. 8.10(a) shows the optical image of our device and the red
square outlines the region that we do the confocal imaging. To clarify that our device can
work as a photon switch, we plot in Fig. 8.10(b) two PL spectra with Vgg = 0V (black) and
Veg = —98V (red). If we manage to filter the blue region in Fig. 8.10(b), we can measure
a high and low PL signals with Vgg = 0V and Vg = —98V, respectively. As a matter of

fact, this process is the base mechanism of a photon switch.
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Figure 8.10: Prospects of an electrical photon switch application. (a), optical
image of our device. The red square delimits the region that we do the confocal PL image
measurements. (b), comparing the PL spectra of talc for Vgg= 0V and Vgg= —98 V. The
blue region delimits the region of the spectrum that we filter in the confocal PL image
measurements. (c), confocal PL image with Vgg = —70V. For these measurements we use

the 2.7 eV (457 nm) laser, T= 80K and fluence of 12 mW/um?. We use a spectrometer in
the single mode with 600 g/mm grating. (d), description of the regions of figure (c).

Fig. 8.10(c) shows the confocal PL image with Vg = —70V applied in graphite and
by filtering the blue region of the spectra in Fig. 8.10(b). We need to describe each of the
highlighted regions in Fig. 8.10(c) to understand what information this figure shows. The



CHAPTER 8. RESULTS AND DISCUSSION 85

region I is the substrate, that does not emit any PL. In Fig. 8.10(d), a purple rectangle
represents the substrate. The region II is talc that emits PL with high intensity. In Fig.
8.10(d), a green rectangle represents talc. The region III corresponds to the stacking of few-
layer graphene on top of talc, see Fig. 8.10(d). The region IIT emits a PL, but not so strong
as in region II. The reason for the weaker intensity in region III is that the few-layer graphene
absorbs some photons. In Fig. 8.10(d), a thin black rectangle represents the graphene. To
elucidate the difference between the regions IV and V, first, we shall point out that in Fig.
8.10(a) there are two few-layer graphene flakes on top of talc, which in turn is partially on
the graphite flake. The top graphene flake is grounded, while the bottom graphene flake is
floating. So, we expect that there is an applied electric field in the talc region that is beneath
the top graphene and above the graphite flake. In contrast, there is no electric field in the
region beneath the bottom graphene.

The region IV in Fig. 8.7(c), where there is a robust suppression of the PL, corresponds
to the specific area of the top graphene which is on top of the talc/graphite heterostructure
(see also Fig. 8.7(d), where a thick black rectangle represents the graphite). The color of
the IV region is similar to the region I (substrate), which means that their PL intensities
are identical (close to zero). On the other hand, region V corresponds to the particular area
of the bottom graphene which is on top of the talc/graphite heterostructure. The region
V emits a PL, with an intensity represented by a color that is identical to the region III.
However, the region III does not have graphite beneath talc. In short, the PL quenching is
observed only in the region IV, where there is an applied electric field. There is an electric
field applied in the region IV, because it has a grounded graphene on top of talc, and an
applied Vg = —70V on the graphite beneath it. Instead, the other regions do not show any
significant quenching, including the region V that has a similar structure to the region IV.
Comparing these similar regions, where IV and V have low and high PL signals, respectively,
the only difference between them is that region IV has a grounded graphene (which allows an
electric field application), while region V has a floating graphene (which prevents the electric
field application). In conclusion, these results suggest that the electric field application can
lead to a photon switching application in our devices. Moreover, by comparing the PL
intensities of different regions of the talc device in Fig. 8.10, we discard artifacts that would

decrease the PL intensity.



Chapter 9

Partial conclusions

In part II of this thesis, we studied the electric-induced modifications of the optical emis-
sion in layered talc devices, that unraveled Stark splitting and photoluminescence quenching
effects. We measured an optical spectrum with narrow peaks by exciting talc with photon
energies smaller than its bandgap energy, a subgap excitation. By presenting a laser energy
dependence of the measured spectrum, we confirmed that it is due to a photoluminescence
mechanism. Furthermore, the intensity of the photoluminescence followed a sublinear be-
havior with laser power. We argued that the features of the measured photoluminescence
spectrum are similar to atomic emissions. We also pointed out that the observed atomic-
like emissions are probably due to the photoexcitation of defect states in talc. By applying
transverse electric fields in this material, we could modify the energies and intensities of the
emissions. We attributed the splitting of the energies to a linear Stark effect. By inspecting
this phenomenon, we could evaluate the dipole moments of the defects. Combining these
issues with density functional theory calculations, we argued that Fe impurities substituting
Si sites in talc would explain the experimental results. We had also investigated the physical
mechanisms that can quench photoluminescence, and we concluded that the ionization via
electric field might be the mechanism responsible for the photoluminescence quenching in
the results. We also connected the Stark splitting and photoluminescence quenching effects,
by showing that we did (did not) quench photoluminescence peaks which dipole moments
were aligned parallel (antiparallel) to the field. Finally, we pointed a direction toward the
implementation of the photoluminescence quenching effect in photon switching devices. Our
work unravels impressive optoelectronic effects in the recent discovered 2D talc, and show

interesting possibilities for implementing talc in optical devices.
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Chapter 10

(zeneral conclusions

In this thesis, we studied optoelectronic properties of 2D materials. By applying elec-
tric fields in MoSy and talc devices, we modified their absorption and emission properties,
respectively, unraveling interesting possibilities. The influence of electric field applications
in MoS, transistors generated two optoelectronic effects: the electric-induced separation of
photoexcited carriers in MoSs, a photocurrent effect, and a photoinduced charge-trapping at
the gate-insulator interface of the MoSs transistor, a photodoping effect. In talc devices, for
the first time, we investigated atomic-like emissions under the influence of electric fields. In
these systems, the field application controlled the energies, by a linear Stark effect, and the
intensities, through a photoluminescence quenching effect, of the emissions. We made efforts
to understand and model the observed optoelectronic phenomena. In MoSsy, we developed
a physical model based on the combined actions of photon absorptions and electric field ap-
plications that trap holes in the gate-insulator interface of the transistor. We supported this
model with experiments and extrapolated our results to other transistors. In talc devices,
the inspection of the Stark effect combined with density functional calculations helped us
to understand the atomic-like emissions. We argued that the defect states that generate
these emissions are due to the replacement of Fe impurities in the Si sites of the monolayer
talc. We have also investigated the physical mechanisms that generate photoluminescence
quenching. We concluded that the ionization via field is the most reasonable mechanism
that can explain our results. We also showed interesting applications of the optoelectronic
effects. In MoS,, we used the electric-control of the photodoping effect to apply MoSs in
photomemory devices, with gate-tunability properties, high memory on/off ratio up to 109,
and ultra-high memory retention percentage up to 50% after ten years. We had also exposed
that the photodoping effect controls the photocurrent generation in MoSs spatially. For talc

devices, we deliberated that the strong manipulation of the emission properties of talc with
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electric fields can lead to applications in electro-optic modulators. In conclusion, our work
makes advances in fields of science and technology, unraveling novel and exciting possibilities

to study and control the optoelectronics of 2D materials.
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