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Heterostructures for Efficient
Photodetection
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Abstract

From the past few decades, photodetectors (PDs) are being regarded as crucial
components of many photonic devices which are being used in various important
applications. However, the PDs based on the traditional bulk semiconductors still
face alot of challenges as far as the device performance is concerned. To overcome
these limitations, a novel class of two-dimensional materials known as transition
metal dichalcogenides (TMDCs) has shown great promise. The TMDCs-based PDs
have been reported to exhibit competitive figures of merit to the state-of-the-art
PDs, however, their production is still limited to laboratory scale due to limitations
in the conventional fabrication methods. Compared to these traditional synthesis
approaches, the technique of pulsed laser deposition (PLD) offers several merits.
PLD is a physical vapor deposition approach, which is performed in an ultrahigh-
vacuum environment. Therefore, the products are expected to be clean and free
from contaminants. Most importantly, PLD enables actualization of large-area thin
films, which can have a significant potential in the modern semiconductor industry.
In the current chapter, the growth of TMDCs by PLD for applications in photode-
tection has been discussed, with a detailed analysis on the recent advancements in
this area. The chapter will be concluded by providing an outlook and perspective on
the strategies to overcome the shortcomings associated with the current devices.

Keywords: two-dimensional semiconductors, transition metal dichalcogenides,
pulsed laser deposition, photodetectors

1. Introduction

Photodetectors (PDs) are the optoelectronic devices which convert incident
optical signals into electrical outputs through the phenomenon of light-matter
interaction, which can be processed by the conventional read-out electronics.
PDs form the basis of many vital components present in numerous electronic and
optoelectronic devices as they find applications in a broad range of fields such as
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Practical Applications of Laser Ablation

in photovoltaics [1, 2], military and defense technology [3], optical communica-
tion [4], remote sensing [3], biomedical imaging [5], environmental and ozone
layer monitoring [4], and so on. Therefore, highly efficient photodetection has
become very crucial for the industrial and scientific communities. With advance-
ments in the matured technology of three-dimensional (3D) semiconductors
[6-17] such as gallium nitride (GaN), zinc oxide (ZnO), indium gallium nitride
(InGaN), indium nitride (InN), gallium oxide (Ga,03), gallium arsenide (GaAs),
silicon (Si), aluminum gallium nitride (AlGaN), germanium (Ge), mercury
cadmium telluride (HgCdTe), gallium antimonide (GaSb), and so forth, high-
performance PDs sensitive to wavelengths in the entire ultraviolet (UV)-far
infrared (FIR) have been successfully fabricated. However, further advances in
these PDs are hindered by the certain drawbacks encountered due to the intrinsic
limitations in 3D semiconductors such as lower charge carrier mobilities, low
light absorption properties, presence of dangling bonds at the interface, high
fabrication costs involved, and so forth [18]. Thus, it is crucial to explore alternate
materials, which can overcome the above-mentioned drawbacks for the develop-
ment of multifunctional PDs.

The successful delamination of graphene in the revolutionary work by Geim and
Novoselov in 2004 [19] ignited a plethora of research, in the field of two-dimen-
sional (2D) layered materials and their heterostructures [20-22]. In the recent
years, the amount of research focused on these layered materials has increased
multifold. A layered material is nothing but an ultrathin phase of a material, scaled
down to the level of atomic thickness, and is characterized by weak inter-layer van
der Waals (vdW) forces and a strong intra-layer covalent interaction [23]. This
makes these ultrathin materials possess electronic and optoelectronic properties
such as band gap, mobility, etc., that are thickness-dependent [24], and thus, their
novel chemical and physical characteristics pave a way towards the unexplored
areas, both in the fields of fundamental research as well as engineering applica-
tions. In spite of possessing unparalleled electronic and optoelectronic properties
such as high carrier mobility, dangling bonds-free surface, large current carrying
capacities, excellent mechanical properties, the zero band gap or the gapless elec-
tronic structure of graphene [25] limits its use in realization of practical applica-
tions-based PDs, which demand switching behavior or in other words, a definite
on/off state. This has led to the exploration of graphene alternatives with a sub-
stantial band gap, and researchers and scientists across the world have resurrected
a class of conventional 2D materials known as the transition metal dichalcogenides
(TMDCs), characterized by low-fabrication cost, chemical stability, earth-abun-
dance and environment-friendly properties. Some of the well-studied TMDCs are
molybdenum disulfide (MoS,), tungsten disulfide (WS,), molybdenum diselenide
(MoSe;,), molybdenum ditelluride (MoTe,), tungsten diselenide (WSe,), and so on
[26-28]. As of now, semiconductors of the TMDC family have enabled tremendous
accomplishments in the field of photodetection, such as from monofunctional to
multifunctional PDs, from homogeneous to hybrid 2D semiconductors-based PDs,
and from rigid to flexible electronic devices [29-31].

Regardless of the efforts of the researchers and scientists, some common chal-
lenges are still being faced related to fabrication and the performance of these
TMDCs-based devices [18]. The challenges include growth of high-quality crystals,
controlling the morphology and the thickness, scaling up the growth for industrial
scale production, optimizing the device architectures, and so forth. To address
these challenges, pulsed laser deposition (PLD) has emerged as a perfect tool for
the synthesis of TMDCs. With the use of PLD, the actualization of high quality and
wafer scale synthesis of TMDCs has become possible [32]. Eminently, PDs based
on the PLD-synthesized TMDCs have exhibited competitive device performance
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parameters when compared with the commercial PDs, and thus, offer great oppor-
tunities towards the next generation photonics. In the subsequent section, we will
give an introduction about TMDCs and their properties. Afterwards, the funda-
mentals of PLD will be discussed in detail, followed by the recent advancements in
the PLD-grown TMDCs for photodetection application. Finally, we will conclude by
highlighting the unresolved problems and suggest future perspectives in this evolv-
ing field of optoelectronics.

2. Transition metal dichalcogenides (TMDCs)

TMDCs are denoted by the general formula of MX, where M and X represent a
transition metal (Mo, Nb, W, Hf, Ti, and so on), and a chalcogen (S, Te, and Se),
respectively. In the periodic table, groups IV-X belong to the transition metals and
they contain different number of d-electrons. Thus, the difference in the valance
d-electrons of different transition metals gives rise to the different electronic prop-
erties such as metallic, semiconducting, and superconducting [33]. TMDCs exist in
a layered form at the atomic level, containing one or few monolayers. Figure 1(a)
shows a schematic depicting the layered structure of MoS,.

A TMDC can exist in various structural phases which are a result of the different
co-ordinations of the transition metal atom. The most common structural phases
in which the TMDCs crystallize are the trigonal prismatic (2H) and the octahedral
(1T) phase. These crystal phases can also be seen in the terms of different stacking
sequences of the atoms (as a representative result, Figure 1(b) shows crystal
structure of MoS,). The three atomic planes i.e. chalcogen— metal-chalcogen form
the individual layers of TMDCs. The 2H phase corresponds to an ABA stacking,
whereas, the 1T phase is characterized by an ABC stacking order. For most of the
bulk TMDCs (MoS,, MoSe,, MoTe,, WS,, WSe,, etc.), the 2H phase is thermody-
namically more stable than the metastable 1T phase. Tungsten ditelluride (WTe,)
shows an exception where the most stable phase is the orthorhombic (1T phase) at
room temperature [33].
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(a) Schematic showing a monolayer of a TMDC, where the atoms of transition metal are bonded through
covalent bonds with the chalcogen atoms. These individual monolayers arve stacked and held together by vdW
forces to form the bulk structuves. (b) Crystal structures of layered MoS, with different stacking sequences as
shown to form the two most common phases: trigonal prismatic (2H) and octahedral (1T). Figure is adapted
from Ref. [23]. (c) Transformation of the band structure of 2H phase of MoS, calculated by first principles
from bulk to a single layer. Figure is adapted and reproduced with permission from Ref. [34].
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The assortment of chemical compositions as well as the different crystal struc-
tures of TMDCs results in varying band structure characters, which in turn lead
to a wide range of electronic properties. In the thermodynamically most stable 2H
phase, MoS,, WS,, MoSe,, and WSe, show semiconducting behavior [33]. These
semiconducting properties accentuated these TMDCs as potential 2D materi-
als for next generation electronic devices. As a representative result, the basic
characteristics of the band structure of MoS, has been shown in Figure 1(c). The
transformation of the band structure as calculated from density functional theory
(DFT) for 2H-MoS, upon increasing its thickness from monolayer form to the bulk
has been shown in Figure 1(c). The positions of the conduction and valence band
edges change with increasing the number of layers of MoS,, and the direct band gap
in the monolayer form changes into an indirect band gap in the bulk material [33].
The calculated value of the band gap of the monolayer 2H-MoS, is ~1.89 eV [35].
The experimentally observed value for the electronic band gap of 2H-MoS, in its
monolayer form is 2.15 eV [36]. Notably, the conduction band minimum and the
valence band maximum are situated at the two inequivalent high-symmetry points,
which represent the corners of the hexagonal Brillouin zone [33]. This attribute is
common between monolayer 2H phase MoS, (and the other group VI single-layer
2H phase TMDCs) and graphene and allows the observation of potential valleytron-
ics applications.

Through the persistent efforts over the last decade, researchers have developed
several techniques to produce ultrathin TMDCs. In principle, these techniques
can be broadly classified into two categories. The first one is to produce TMDCs
by thinning bulk crystals, which is called as a top-down technique. Different
types of exfoliations (mechanical, chemical, etc.) fall under this category. Since
different layers of 2D materials are held together by vdW interactions, therefore,
the interlayer bonding is weak. Thus, under any external perturbations, bulk 2D
materials are readily processed into their few-layered forms. The second category
is to produce TMDCs through a bottom-up approach, where constituent atoms and
molecules are assembled together to form continuous layers. These mainly include
chemical vapor deposition (CVD), atomic layer deposition (ALD), magnetron
sputtering, molecular beam epitaxy (MBE) and PLD.

As mentioned above, researchers have developed several methods to fabricate
TMDC:s. In spite of the substantial progress, none of the above techniques can meet
the comprehensive demands for industrial-scale production, as in the terms of process
simplicity, good scalability, excellent homogeneity and continuity, high quality of the
products, high compositional and thickness control, low cost for mass production and
higher safety. The techniques such as exfoliation, CVD and ALD suffer from a huge
drawback that the growth process occurs in absence of high vacuum, which generally
leads to unclean interfaces, and therefore, one has to compromise with the device
performance. Moreover, exfoliation and CVD are further associated with low product
yield as the films formed are non-continuous and in the range of several microns.
Sputtering and MBE are much more sophisticated in terms of the interface quality
due to the involvement of ultrahigh vacuum, however, sputtering is characterized by
poor surface quality of the films whereas MBE poses drawbacks such as bulky and
expensive setups, time-consuming growths, and limitations in terms of substrates.
Such limitations further hinder the utilization of these growth methods for industrial
scale fabrication of devices. Thus, research and development towards a potentially
competent approach which can address the above issues is greatly required.

PLD is a synthesis technique where a high-power pulsed laser beam is focused
on a target, which results in the vaporization of the material in the form of a plasma
plume and this material gets deposited on a substrate in the form of a thin film.
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Figure 2.
Schematic view of a typical PLD process. Adapted from Ref. [37].

A typical illustration of a PLD process is shown in Figure 2. Compared with the
conventional methods discussed above, PLD exhibits the following advantages:

* PLD is the most versatile growth method where a focused and high-energy
pulsed laser ionizes almost all types of materials, because of the generation
of instantaneous and localized high temperatures up to tens of thousands of
9C on the target’s surface. Therefore, majority of the materials can be ablated
to form a plasma, which carries out the deposition. In addition, PLD exhibits
an excellent compatibility with different substrates which provides numerous
routes for the construction of heterojunctions-based devices.

* PLD is highly scalable, because the plasma plume can be readily positioned
and directed just by adjusting the external optical path of the laser beam.
Consequently, PLD is very much suitable for the growth of wafer-scale
and uniform TMDCs for practical industrial production. Serna et al. [38]
have successfully fabricated continuous bilayers of MoS, on sapphire with a
diameter up to ~50.8 mm using PLD. Singh et al. [39] have also synthesized
centimeter-scale MoS, thin films on various substrates.

* The substrate temperature required for the PLD growth of TMDCs is relatively
low when compared with techniques like CVD and sputtering because the
species (atoms, molecules, ions, etc.) ablated by the focused pulsed laser
possess a very high energy, and therefore, can freely migrate on the substrate’s
surface. Therefore, direct growth of TMDCs on substrates that are intolerable
towards high temperature can be achieved with PLD. For instance, Singh et al.
[39] have successfully fabricated MoS, on InN at a low substrate temperature
of 450°C. It may be noted that low temperature deposition is required for InN
as it dissociates above 500°C.

* PLD isaclean, highly efficient, safe, and highly controlled deposition technique
where the product is highly continuous and uniform. Due to the ultrahigh
vacuum growth conditions, the products of PLD are clean and contamination-
free. Furthermore, Siegel et al. [32] fabricated MoS, on centimeter-scale
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sapphire substrates using PLD, varying the thickness from 60 monolayers down
to a single monolayer, just by tuning the number of laser pulses.

In the past few years, TMDCs have elicited tremendous research interest, owing
to their novel properties in the 2D form, which has triggered a spark in the growth
of TMDCs using PLD [18]. In this part of the chapter, a few reports describing the
chronological developments in the area of PLD grown TMDCs have been briefly dis-
cussed. One of the earliest works on PLD deposited MoS, was reported by Zabinski
et al. [40], where they have prepared PbO-MoS, thin films for tribological applica-
tions. Other early reports on MoS, thin films by PLD include growth of amorphous
MoS, by McDevitt et al. [41] and MoS, coatings for friction-related studies by
Mosleh et al. [42]. The major advancements in this area have been achieved in the
past few years. In 2010, Fominski et al. [43] have experimentally studied the fabri-
cation of MoSe, thin films with varying compositions obtained by PLD in vacuum
condition and in presence of different rarefied gases. They also developed a process-
based mathematical model which played a dominant role on the chemical composi-
tion of these thin films. Loh et al. [44] in 2014 fabricated MoS, on different metals
such as Ag, Ni, Al, and Cu by PLD. In 2015, a significant step towards the fabrication
of transfer-free TMDC-based PDs was demonstrated by Serrao et al. [45] in which
MoS, was directly deposited on substrates like sapphire, SiC-6H and GaN. The
first significant work towards the wafer-scale growth of TMDCs by PLD was done
by Siegel et al. [32] who reported growth of centimeter-scale MoS; thin films of
varying thickness (from monolayer to 60 monolayers). Growth of other members
of the TMDC family such as WS, was also investigated simultaneously. In 2015,
Lohet al. [46] synthesized WS, thin films on Ag substrates by PLD and reported
the thickness dependent Raman and PL spectra. However, the obtained WS, was
having a mixed phase (1T and 2H). In subsequent works, Yao et al. [47] obtained the
pure 2H phase WS, directly by PLD on insulating SiO,/Si substrates. The growth of
selenides via PLD usually suffers from a large number of Se vacancies. Therefore, a
two-step growth method was adopted for production of MoSe, [48]. This included
deposition of MoO; film via PLD, followed by its selenization. Later on, Mohammed
et al. [49] achieved 1-8 monolayers of WSe, via single-step deposition. This was
achieved through a hybrid PLD cluster, where a tungsten target was ablated by the
laser beam and selenium vapors were synchronously provided from an effusion
cell by thermal evaporation. In 2018, a single-step PLD approach was used by Seo
et al. [50] to deposit WSe, on Al,O; and SiO,/Si substrates by using a Se-rich target.
Lately, Gaoet al. [51] demonstrated a two-step synthesis route to fabricate 2D WTe,,
which included PLD of amorphous WTe, target followed by annealing treatment of
the thin films in a Te atmosphere. These reports suggest that the technique of PLD
can be suitably applied for the successful production of various TMDCs. In the next
section, we will discuss in detail about the fundamentals associated with PLD.

3. Basics of pulsed laser deposition

PLD falls under the category of physical vapor deposition and is a method used
to synthesize materials (generally thin films) in an ultrahigh vacuum environment.
The development in the field of laser-assisted film growth can be traced back to
1960, after the successful technical realization of the first laser by Maiman [52].
Following on from there, from just being a growth method for fundamental labora-
tory research, PLD has moved on to become a technique employed in industries. A
typical PLD system mainly consists of a laser (usually an excimer laser), an opti-
cal path system consisting of apertures, lenses and reflectors, and a stainless-steel
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growth chamber equipped with gas paths, vacuum pumps, vacuum gauges, and a
heating source [37]. The basic principle behind a PLD process is that a high-inten-
sity pulsed laser interacts with the target or the source material (called ablation)
and produces a plasma plume of the target material [37]. The formation of plasma
involves a sequence of complex phenomena such as collision, localized heating
and subsequent ionization of atoms and molecules. Afterwards, the plasma plume
expands, travels downstream, condenses on the substrates and finally crystallizes
into the desired materials [37]. Figure 3 shows the PLD setup located in Materials
Research Centre, Indian Institute of Science, Bangalore, India.

The major advantage of a PLD system is that the laser can be operated from
outside the vacuum chamber. Thus, just by changing the optical paths of the laser
beam, a single laser source can be used for multiple deposition systems. All the
other components such as the target carousel, substrate holder, heater, vacuum
gauges, and so on are mounted in the vacuum chamber. A set of optical components
such as apertures and mirrors are used to focus the pulsed laser beam over the target
surface. Therefore, a variety of materials (semiconductors, metals and insulators)
can be grown by PLD just by optimizing the growth parameters and by incorpora-
tion of different gases during the process in a controlled manner. With this, the
exact stoichiometry of the target material can be copied down onto the substrates,
which is one of the major benefits of PLD over other deposition techniques. Some of
the important parameters associated with PLD have been described below.

Laser source: A krypton fluoride (KrF) laser is a type of excimer laser, and with a
wavelength of 248 nm, it is a deep UV laser which is commonly used for the growth
of various thin films as the absorption spectrum of most of the inorganic materials
lies in the range of 200-400 nm. Typically, excimer lasers contain a mixture of two
gases: a noble gas such as argon, xenon or krypton; and a halogen such as chlorine
or fluorine. Under suitable conditions of stimulation and pressure, an excimer
molecule is created, which decays via a stimulated emission and a coherent beam
of stimulated radiation is emitted in the UV range. The continuous emission is
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Figure 3.

PLD setup in Materials Research Centre, Indian Institute of Science, Bangalove, India.
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then converted into a pulse by various discharge mechanisms and a pulse width of
~10-20 nanoseconds (ns) can be achieved.

Laser fluence: The laser fluence or laser energy density is defined as the laser
output energy per unit area and is a very important parameter which decides the
proper ablation of the target where the laser beam interacts with the target. A
minimum threshold laser fluence is required to carry out the proper ablation pro-
cess, otherwise, only evaporation takes place. The plume formation depends upon
the target conditions such as its density, porosity, morphology, and compositional
impurities as well as the laser conditions such as laser pulse duration and laser
pulse width. If the laser fluence is much above the threshold value, crystallographic
defects and damage can occur in the deposited thin film because of the bombard-
ment by the ablation particles possessing high kinetic energy. Also, it can lead to
macroscopic particles ejection during the process of ablation, particulate formation
on thin films as well as back-sputtering of species from the deposited thin film.
Various mechanisms have been proposed for the formation of particulates and
several methods have been devised to minimize these effects [53, 54].

Laser-target intevactions: The three main processes taking place during the
laser-target interaction are: (i) the laser beam interacts with the surface of the
target and gets absorbed into surface layer; (ii) the removal of atomic species from
the material is done by vaporization of the surface region in a non-equilibrium
state; (iii) afterwards, rapid vaporization further produces a recoil pressure, which
leads to the expulsion of the molten pool and produces the plasma plume, and the
formed plasma is a collection of electrons, neutral atoms, ions, etc. Therefore, the
absorption process is highly dependent on the target properties as well as the laser
characteristics. Also, this absorption process is different for metals, insulators
and semiconductors [55, 56]. When the laser beam interacts with the target, the
photoenergy gets converted into electronic excitations immediately, and the energy
relaxation through lattice takes place in ~1 picosecond (ps). Next, the photoenergy
is transformed into heat diffusion (over a few microseconds (ps)), which results in
the melting of the solid surface (in tens of ns). During the laser-target interactions,
the localized temperature of the target reaches up to 10,000 °C or even higher,
leading to the evaporation of the target material. At this point of time, the plume
formation takes place (in the range of few ps). The plasma plume consists of atoms,
electrons, ions and particulates of varying sizes, ranging from nanometer (nm) to
micrometer (pm). This plasma reaches the substrate and undergoes re-solidification
and condenses in the form of a thin film [53, 57].

In most of the cases, melting of a material depends on the rate of thermal con-
duction via lattice, which can be well described by the Fick’s laws of diffusion. If
the heated volume of the material is smaller than or equivalent to the thickness of
ablated layer per laser pulse, then congruent melting will take place. Hence, PLD
offers the advantage of congruent melting and vaporization. The amount of heated
volume depends on the time of the laser-target interaction, i.e. the pulse duration.
For a pulse duration of ~10 ps, heat diffusion will not play a role in the melting and
vaporization of the material, whereas, above ~20 ps, conventional heat diffusion
dependent ablation occurs [57]. Therefore, the use of a pulsed laser with a pulse
duration of a few ns is more likely to provide congruent ablation. This allows the PLD
process to preserve the anion-cation stoichiometry of the target material during the
mass transfer of the material from the target onto the substrate.

Ambient growth pressure: The background pressure during deposition is a very
important and critical parameter that plays a significant role in the plume collisions
and plasma dynamics. Keeping the right background pressure is of utmost impor-
tance in order to obtain controlled stoichiometric products during the PLD growth.
A specific phase and composition of a material can be achieved under controlled
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and optimized conditions of background pressure at specific temperature. Plasma
species with kinetic energies greater than 50 eV can re-sputter the material already
deposited on the substrate and this usually leads to a lower deposition rate, modi-
fications in the stoichiometry of the film, and increase the surface roughness.
Controlling the background pressure can reduce re-sputtering of the deposited thin
films. Increasing the background gas pressure to an optimum value slows down the
highly energetic species in the dilating plasma plume [58].

Target-substrate distance: The target to substrate distance is a useful parameter
for reducing the particulate formation since majority of the PLD depositions are
carried out in high pressure conditions. If the thin film is deposited in vacuum
environment, the target to substrate distance mainly affects the angular spread of
the ejected flux. Thus, the effect of target to substrate distance and the background
gas pressures is inter-related. The plume length decreases as the ambient gas pres-
sure increases, because of the increased collisions between the plume species and
background gas molecules. Therefore, a smaller target to substrate distance should
be kept in the case of depositions carried out at high pressures.

Deposition rate: This mainly depends on the repetition rate or the frequency of
laser shots which controls the volume or amount of the plume species reaching the
substrate and, thus, controls the thickness of the deposited thin film. Deposition
rate also depends on the background gas pressure as described previously and
mainly modulates the super-saturation process during deposition, which has an
influence on the critical nucleation point and the density of nucleation sites. Also,
ultra-smooth thin films can be obtained at optimized deposition rates.

Substrate temperature: Substrate temperature plays a critical role in terms of the
diffusion barrier during the growth process and strongly affects the growth modes.
It influences the nucleation process as well as the mobility of the condensed species
across the substrate, and therefore, is crucial in deciding the phase boundary in the
crystalline thin films during PLD growth. At lower substrate temperatures, the thin
film produced may be amorphous or polycrystalline due to the lower nucleation
rate, as the thermal energy provided is too small for overcoming the nucleation
barrier. When the substrate temperature is too high, the nucleation rate gets limited
due to the high rate of atomic exchange between the solid and gaseous species.
Thus, an optimum temperature is required for the easy crystallization of thin films
as it becomes easier to overcome the nucleation barrier and form nuclei on the
substrate [57].

4. Recent advancements in the PLD growth of TMDCs-based PDs

In general, the PLD-grown TMDCs-based PDs exhibit device performance that
is comparable with the PDs based on traditional bulk semiconductors. Additionally,
PLD is also beneficial for scalable production up to the wafer-scale. Therefore,
growth of these TMDCs through PLD for applications in photodetection shows a
tremendous potential to translate the fundamental laboratory research to realization
of industrial and practical applications.

MoS, is probably the most studied material among various TMDCs and was prob-
ably the first member to be fabricated by PLD. One of the earliest investigations on
the photodetection studies of MoS,-based PDs was done by Alkis et al. [59], in which
the authors have fabricated MoS, nanocrystallites through PLD in deionized water
and have demonstrated ultraviolet photodetection using the thin films of the obtained
MoS, nanocrystallites. Mostly, the PLD fabricated PDs based on the TMDCs are in the
form of thin films. The earliest MoS, thin film-based PD grown by PLD can be traced
back to 2014, when Late et al. [60] synthesized wafer-scale MoS; thin films on flexible
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kapton substrates. The devices showed a good photoresponse towards UV light, with
stable response and recovery in self-powered mode (Figure 4a and b). The origina-
tion of this self-powered behavior might be from the unintentional inhomogeneities
in the contact electrodes [61, 62]. However, the observed response was very weak in
the zero-biased mode. This work demonstrated that layered TMDCs can be promising
candidates to be used as flexible devices in future photonic applications. In the mean-
time, researchers across the world started to explore the synthesis of other TMDCs

by PLD. In 2015, Yao et al. [47] deposited multilayered WS, by PLD and performed
detailed and systematic investigations on its photodetection properties (Figure 4c—f).
The synthesized device exhibited a broadband and reproducible photoresponse with
good stability. The photoresponse in ambient conditions reached 0.51 AW, which
was several orders higher than the CVD-grown WS, thin films. In vacuum conditions,
the responsivity was found to be enhanced to a value of 0.7 AW, The lower respon-
sivity in ambient conditions has been explained on the basis of oxygen molecules
adsorbed on the surface of WS, which trap conduction electrons, and form O,". These
species act as recombination centres for the photogenerated carriers. Thus, a greater
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(a) MoS, thin film deposited on flexible kapton substrate and (b) temporal response of the device in zero-bias
mode. Figures have been reproduced with permission from Ref. [60]. (c) Cross-sectional schematic view of the
WS,-based photoresistor, (d) temporal vesponse of the device in air, (¢) I-V curves of the WS,-based device in
vacuum and in air, and (f) schematic of the photodetection mechanism based on adsorption and desorption of
O, molecules. Figures have been reproduced with permission from Ref. [47].
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number of adsorbed O, molecules are present in ambient air environment, which
hampers the responsivity of the device. Furthermore, the device maintained a stable
and reproducible photoswitching even after one-month of storage in air, indicating
the robustness of the device.

The progress in the PLD growth of TMDCs has been quite significant, however,
the crystal quality normally remains inferior when compared to the bulk natural
crystals. This opens a window to further improve the device quality as well as the
performance of PLD-fabricated PDs. One such work has been reported recently,
where Wang et al. [63] have attained a dramatic improvement in the quality of the
PLD-synthesized WS, photoresistors by using a post-synthesis annealing procedure.
With increase in the post-deposition annealing temperature from 310 to 610°C, the
device performance parameters of the WS,-based PD (annealed at 610°C) enhanced
by 2-3 orders of magnitude when compared to the devices annealed at lower tem-
peratures. Annealing treatment usually provides a sufficient amount of energy and
time to the atoms and molecules, for the structural reconstruction to annihilate
crystal defects, and thus, has been adopted as a universal post-fabrication technique
for improving the quality of the products. In another work, Yao et al. [64] have
synthesized a hybrid WS,/Bi,Te;/SiO,/Si-based PD. The purpose of the insertion of
the Bi,Te; layer in between WS; and SiO, was to passivate the interface. The device
demonstrated a stable, reproducible and broadband photoresponse (370 to
1550 nm). Moreover, the device showed a high photoresponsivity of 30.7 AW ' and a
pronounced specific detectivity of 2.3 x 10" Jones with a rise time of 20 ms. The

performance of the detector has been attributed to the surface passivation of SiO, by
the Bi,Te; interfacial layer. SiO, surface possess a lot of unscreened dangling bonds.
When WS; is directly deposited on SiO,, these bonds can introduce a large density of
defects at the bottom of the WS, layer, which will act as recombination and scattering
centers for the photogenerated charge carriers. With the introduction of Bi,Te; layer,
these dangling bonds are greatly suppressed, and this results in the growth of WS,
film with high crystalline quality, which eventually enhances the PD’s performance.
Spectral range of a PD is equally important when compared with the other
figures of merit and altering the effective wavelength range of TMDC-based PDs is
extremely important for specific applications. It has been shown that by introducing
defect states in the forbidden gap of a semiconductor, the detection range can be
dramatically extended, and sub-band gap detection can be accomplished. Xie ez al.
[65] have demonstrated ultra-broadband MoS,-based PDs through PLD by forming
sulfur vacancies in MoS,. The S/Mo atomic ratio was modified from 1.89 to 1.94 by
controlling the number of laser pulses from 1200 to 300, resulting in a dramatic
increase in the band gap of the semiconductor. Consequently, the S-deficient
MoS,-based PD exhibited an unprecedented ultra-broadband detection range from
445 to 2717 nm. However, theoretical calculations have been done which indicated
that the Mo vacancies in MoS, possess a higher capability for narrowing the band
gap. Therefore, in a subsequent work, Xie et al. [66] have synthesized a series of
Mo-deficient MoS,-based PDs by moderating the target to substrate distance during
the PLD growth. As a result of these modulations, the effective spectral range of
a MoS, 17 PD spanned all over from 445 nm to 9536 nm. Although the detection
range can be extended up to mid infrared (MIR) with the introduction of the defect
states, however, it is accompanied by certain challenges that hinders the usability
of this method in practical devices. These include the control over the creation of
these defects, which is still an unresolved problem. Furthermore, the electronic
properties of the charge carriers are severely hampered owing to the increased scat-
tering effects from these defect states. Thus, such devices often suffer from meager
responsivities and slower response speeds.
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Recently, Jiao et al. [67] have synthesized high-quality and wafer-scale 2D lay-
ered MoS§; thin films by PLD. The device exhibited competitive device performance
to the commercial Si and Ge-based PDs. The value of the responsivity was recorded
to be 1.96 AW for single layer MoS,-based device, under 300 nm light illumination
(Figure 5). The PD shows a broadband photoresponse ranging from UV to NIR,
with a fast response of 96 ms. This enhancement in the performance was attributed
to the variation in the Schottky barrier at the Au/MoS; interface.

The above discussed PLD-grown TMDC-based PDs are based on the metal-
semiconductor-metal type device configuration, and suffer from relatively lower
photoresponsivity, low on/off ratios, narrowband detection and slower detection
speed. Hence, strategies are being developed to overcome these limitations. PDs
having transparent electrodes such as indium tin oxide (ITO) and graphene, instead
of the conventional metal contacts and PDs based on heterojunctions of two or
more materials have many advantages such as low value of dark current, higher
on/off current ratios, broadband detection range, and higher responsivities due to
favorable band alignments.

One such work was carried out in 2016, when Zheng et al. [68] successfully
prepared centimeter-scale and highly-crystalline WSe, thin films on polyimide
substrates by the technique of PLD and have fabricated high-performance PDs
based on these WSe; thin films. They obtained a broadband spectral response,
ranging from 370 to 1064 nm. Moreover, a reproducible photoresponsivity
approaching up to 0.92 AW, an EQE of 180% and a fast response speed of
0.9 s have also been achieved. The PD also exhibited excellent air durability and
mechanical flexibility. The enhanced performance has been attributed to the good
Ohmic contacts WSe, forms with ITO, because of a low mismatch between the
work functions of the two materials. Due to the Ohmic contacts, the carriers can
be efficiently injected through the ITO electrodes under an applied bias, which
will result in generation of a high photocurrent. Ohmic contacts lead to photo-
detection mechanisms based on the intrinsic properties of the photosensitive
material under light irradiation.

Using a similar approach of integration of ITO electrodes on the device,
Kumar et al. [69] have reported a UV PD which utilizes few layered MoS, depos-
ited by PLD. The device shows a high responsivity of 3 x 10* AW " and detectiv-
ity of 1.81 x 10" Jones, at a nominal voltage of 2 V with fast response time of
32 ms. This performance is better than most of the reported devices based on 2D
layered materials. The PD exhibited a very low value of dark current (~107'° A)
which is the reason behind such an excellent device performance. This may be
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(a) Schematic of the interdigital patterned gold electrodes to form a metal-semiconductor-metal type

contact, and (b) the wavelength dependence of vesponsivity (300 to 900 nm) for the device. Figures have been
reproduced with permission from Ref. [67].
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because of suitable band alignment with the ITO electrodes as well as the deposi-
tion of high-quality films as the deposition was carried out in the presence of
nitrogen gas, leading to lower number of sulfur vacancies.

Till now, all the above reported devices require some external bias for obtain-
ing significant photodetection. Over the years, PDs which consume no external
power have attracted a lot of attention because in the current scenario of energy
crisis, a lot of research has been focused on energy producing and energy stor-
age devices [70-74]. Such self-powered PDs depend on the interfacial built-in
potential which enhances the effective separation of photogenerated carriers.
This built-in electric potential also suppresses the dark current, which is another
benefit for such PDs. Therefore, these self-powered devices have a great prospect
for the next-generation PDs.

In 2015, Yao et al. [75] designed a Bi/WS,/Si heterojunction-based PD by
depositing polycrystalline WS, and Bi thin films on a p-type Si substrate by PLD
(Figure 6). The PD exhibited a decent responsivity of 0.42 AW 'and a high detec-
tivity of 1.36 x 10" Jones with ultrahigh sensitivity. It was observed that the
performance of the Bi/Si heterointerface was enhanced by the insertion of the WS,
film. The enhanced device performance has been attributed to the effective passiv-
ation of the junction, and enhanced light absorption. Moreover, due to the favorable
band alignment, WS; acts as a selective carrier blocker, which further enhances the
device performance.

Recently, Singh et al. [4] demonstrated an MoS,/AIN/Si-based PD grown
by PLD, thus combining the excellent and unique properties of MoS, with the
matured technologies of Si and III-nitride semiconductors. Moreover, due to a large

(@) (b)

100
—Bi/WS /Si ==0==535 nm

- = -Bi/Si 80

light on

604

404

Current (A)
Current (uA)

204

4 light off light off

=

T T T T 0 l
0 50 100 150 200 250
Time (s)

-
W
=
w
=
~

Figure 6.

(a) Transient behavior of the Bi/Si and Bi/WS,/Si PDs under zero bias. (b) Corresponding single on-off cycle.
Schematic of the energy band diagrams of the (c) Bi/Si and (d) Bi/WS.,/Si heterointerfaces. Figures have been
reproduced with permission from Ref. [75].
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difference in the work functions of these materials, the band bending of the hetero-
junction at the interfaces resulted in self-powered behavior. The vertical transport
of the PD exhibited an exceptional broadband photoresponse (300-1100 nm) in
the self-powered mode. The device shows a responsivity of 9.93 AW ™" under zero-
bias condition with ultrafast response speeds (response/recovery times - 12.5/14.9
ps). The photoresponse of MoS,/Si has also been given, to show the importance of
inserting the AIN layer. The MoS,/Si PD exhibits a responsivity of 1.88 AW ™" (~5
times less) in self-powered mode. The authors have shown that the native oxygen
defects are present throughout the AIN layer, and this has been confirmed with the
help of X-ray photoelectron spectroscopy and transmission electron microscopy.
These oxygen impurities form deep donor states in AIN and modulate the transport
of the charge carriers, and this leads to the enhanced performance of the MoS,/AIN/
Si-based device (Figure 7).

5. Summary

The past few years have undoubtedly witnessed tremendous advances in the
PLD growth of TMDCs and their applications in the field of photodetection.
In this chapter, the basic properties of TMDCs and the common growth tech-
niques employed for their fabrication have been reviewed briefly, followed by
a detailed and elaborated discussion about PLD and the important parameters
associated with it. Finally, a progressive investigation about the PDs based on
TMDCs fabricated through PLD has been discussed. These extensive achieve-
ments in the field of photodetection have unquestionably established PLD as
one of the most competitive and reliable methods for fabricating industrial-
scale and high-quality TMDCs. PLD, therefore, certainly has a lot of potential to
contribute in the development of the next-generation TMDCs-based PDs in the
future.

6. Looking into the future
Based on the analysis of the previous reports in this area, an outlook regarding
the future of PLD-synthesized TMDCs and the related follow-up research work has

been summarized below.

14



Pulsed Laser Deposition of Transition Metal Dichalcogenides-Based Heterostructures...
DOI: http://dx.doi.org/10.5772/intechopen.94236

The research on the PLD-fabricated TMDCs-based PDs is still in its nascent
stage and therefore, there is still a room for improvement in the crystal-quality
of the PLD-grown thin films, by selecting appropriate substrates and by
further tuning and optimizing the various unexplored growth parameters,
such as annealing temperature and time, cooling ramp rate, geometry of the

laser spot, surface morphology of the source targets, laser frequency, and so
on [18].

Apart from a few reports, most of the research regarding PLD growth of
TMDCs for photodetection application is based on the use of a single photosen-
sitive material. Therefore, promising results are expected on the exploration of
the heterojunctions of these layered materials with established bulk semicon-
ductors like I1I-nitrides, which have shown great results in this field. Moreover,
TMDCs can serve as excellent substrates for high quality and epitaxial growth
of III-nitrides, which would lead to better device performance.

The use of transparent 2D semiconductors such as graphene or graphene
derivatives and semi-metallic phase of TMDCs, can be used in place of the
conventional metal electrodes, as they maximize the area of light absorption
along with having outstanding electronic properties.

Till date, researchers and scientists across the world have mostly exploited
heterojunctions of TMDC s in their thin film forms. Heterointerfaces based on
one dimensional (1D) nanostructures may provide new routes for the develop-
ment of high-performance devices. The nanowire-based heterostructures of
the TMDCs with growth along these nanowires or a core-shell structure will
enable a much higher surface to volume ratio and therefore, a larger active
interface. This will lead to enhancement in the photoresponse and superior
optoelectronic performance.

As a concluding statement, PLD has been proven to be a promising synthesis

technique for TMDCs for applications in photodetection, and these PDs have shown
outstanding performance that can compete with those of the commercially available
PDs. The fabrication through PLD is cost-effective and scalable, and hence, PLD isa
perfect tool for fabrication of practical devices for optoelectronic applications at an
industrial scale production.
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