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Abstract: Two-dimensional (2D) semiconductors like Transitional Metal Dichalcogenides (TMDCs)
have attracted strong research interest in the last decade. Unlike the more celebrated 2D material
graphene, TMDCs like molybdenum disulfide (MoS;) possess bandgap. The number of layers
critically depends on the band structure of MoS;. For example, it is indirect for bulk MoS,. However,
it becomes direct bandgap material for a monolayer MoS,. Monolayer MoS,, therefore, becomes
an important material for photoelectronic devices. An essential aspect of such devices is the
metal-semiconductor junction. Metal-TMDC junction is, therefore, a well-studied interface due
to its importance for 2D materials-based photoelectronic devices. Most importantly, it can be flexible,
stretchable to it’s length, and bent to a large angle. We used metals like Au, and Al to interface with
TMDs like MoS;. We used silicon and PDMS as substrates. So, we have to focus on investigating
the relative properties of various TMDCs. We see change in band energy and vibrational modes via
Photoluminiscence and Raman spectroscopy as shown in the article. However, certain aspects are yet
to be explored, for example, how this interface behaves in the presence of strain.

Keywords: Metal 2D semiconductor interface; 2D semiconductor material; Raman and
Photoluminescence Spectroscopy

1. Introduction

Transition Metal Dichalcogenides (TMDCs) are considered promising for the next generation of
nano-electronics due to their unique properties. In particular, their high surface-to-volume ratio and
atomically thin structure make TMDC-based devices highly desirable Exploring the properties of these
devices, especially concerning the charge injection and charge carrier trapping at the dielectric/ TMDC
interface, is of great importance. Current semiconductor technology relies heavily on silicon and
group III — V semiconductors, owing to their distinct properties, such as their ability to conduct
electricity under certain conditions and act as insulators under others [1]. Doping processes can further
enhance their electrical properties, making them ideal for amplifying electrical signals. Moreover, the
abundance of silicon on Earth contributes to its widespread use in electronic devices [2,3].

While silicon has been a predominant material for electronic devices, other materials have gained
attention, including graphene and Transition Metal Dichalcogenides (TMDCs). Graphene, with its
exceptional properties such as high mobility, flexibility, and electrical conductivity, shows promise
as a potential alternative to silicon. TMDCs, in particular, are gaining prominence due to their
unique two-dimensional properties and functionalities, especially in flexible optoelectronic devices.
Of these, Molybdenum Disulfide (MoS>), a type of TMDC, has garnered significant attention. Its
monolayer structure, with a direct band gap of 1.8 eV, makes it suitable for various applications such
as photodetectors, transistors, and LEDs [4].

Understanding the structural and optical properties of MoS, is essential. Raman and
photoluminescence spectroscopy play crucial roles in this regard [5]. Raman spectroscopy allows the
analysis of vibrational energy modes, while photoluminescence spectroscopy provides insights into
the material’s internal properties and interface characteristics that are not accessible through other
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means. These techniques aid in comprehending the energy band structure and excitonic properties
of MoS;. Additionally, the study investigates the optical properties of the 2D semiconductor-metal
interface, shedding light on the underlying physics and potential applications of these materials [6].

This simplified version captures the essential aspects of the study, highlighting the significance
of TMDCs, particularly MoS,, and their properties in the context of electronic devices and
nano-electronics.

Semiconductors are crucial in our modern lives, serving as essential materials for various devices.
Understanding their fundamental electronic properties is key to leveraging their potential. The
semiconductor’s distinctive characteristic lies in its response to an applied electric field. The concept
of the bandgap is fundamental in this context, where molecular orbitals form two energy bands - the
bonding-orbital or valance band, and the antibonding-orbital or conduction band [7]. In these bands,
the energy levels tend to smear, allowing continuous observation. For electrons to move from the
valance to the conduction band, they need energy greater than the bandgap. In contrast, metals possess
different electronic distribution, enabling immediate energy absorption from an applied electric field
due to the presence of empty energy states [8].

Parameters for Metal-Semiconductor Interface.

Understanding electronic material parameters is crucial for comprehending the
metal-semiconductor interface. Parameters such as the fermi level (Ef), vacuum level (Eygc),
work function (®), energy gap (Eg), ionization energy (IE), and electron affinity (EA ory) play a
significant role in controlling charge exchange and transport across various interfaces in electronic
devices. The Fermi energy level (Ef) represents the energy difference between the highest and
lowest occupied particle states. Similarly, the work function symbolizes the minimum amount of
thermodynamic work required to remove an electron from the material to the vacuum level. This
understanding is depicted in the energy diagram, providing insights into the material’s electron
behavior and the charge carriers within the semiconductor.
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Figure 1. Shows the Excitation of an electron to a higher energy level and the subsequent de-excitation
that gives out A and B exciton.

In the world of 2D semiconductor devices, the 2D semiconductor-metal contact holds significant
importance. Metal-semiconductor contact leads to two types of contact widely used in semiconductors:
the Schottky barrier contact and the Ohmic contact. The formation of these contacts depends on the
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difference in fermi energies during the contact. Under ideal conditions, the metal and semiconductor
are assumed to be in direct contact without any oxide or charge layer at the atomic level. No intermixing
or interdiffusion takes place during this contact. The Schottky barrier contact forms a large potential
barrier when the fermi energies of the metal align together, resulting in rectifying characteristics
suitable for use as a diode shown in Figure .
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Figure 2. shows the metal-semiconductor after contact at the non-equilibrium condition when we have
metal work function greater than semiconductor work function (®,, > ®s) and vice versa ®,; < Ds.

On the other hand, the ohmic contact allows current flow in both directions, displaying no
potential height barrier between the 2D semiconductor and metal interface. The band banding
concept illustrates the behaviour of the free charge carriers within the materials, allowing a better
understanding of their electronic structure. The I-V characteristics of both types of contacts display
distinct patterns under different biasing conditions, aiding in comprehending the flow of electrons in
these contacts [9].

2. Formation of 2D Semiconductor-Metal Interface

Before we prepare the sample of 2D semiconductor metal, we have to know how we can transfer
the semiconductor material flake (Mo0S,) to the desired substrate.

MoS, flake transfer

First, we have to know how to transfer the flake and get a monolayer to multiple layers. A
micromechanical exfoliation of 2D crystals method is also known as the "Scotch tape method"
discovered by Andre Geim and Konstantin Novoselov. This is a common technique to transfer
the flake of MoS; on the substrate at the nano scale. We have to follow the steps to prepare the MoS;
flake.Take the semiconductor material, in our case MoS,. By using the tweezer, take a small piece of
MoS5; and put it on the adhesive tape. The tape with crystals of layered material is pressed against the
surface of choice on the substrate.upon peeling off, Some of the crystal’s bottom layer is left on the
substrate. Now see the transferred flake under the microscope to identify the monolayer or multiple
layers of flake .The steps we are followed are shown in Figure 3.
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Figure 3. shows the process of transferring of MoS, flakes on substrate.

3. Raman and Photoluminescence of Different layers of MoS, and experimental setup

After transferring the MoS; flake onto the substrate, we must identify the monolayer under the
microscope. For this, we use the 10x and 50x lenses and try to identify, by using contras, the layer
thickness to the background substrate as seen in Figure 3(d).

After the process of flake deposition, we move on to the following setup of performing the
measurements. For this, we work with the Raman spectroscopy (backscattering) setup. It contains the
532nm excitation laser, followed by a laser line filter which allows the only laser to pass through and
clean it spectrally. When we see the schematic diagram of the setup (see Figure 4 (b)) in the following
line, we have a beam splitter, which directs the incident light towards the substrate (PDMS or Si).

However, before entering the light into the spectrometer, a notch filter is also added to block
the laser signal and only allow the signal to come from the sample. A white light source is added to
locate the monolayer MoS, by using different objective lenses on the substrate and with the help of a
Thor-labs camera. Images of these flakes are also shown in Figure 7. All the data presented here is
taken on these flakes using the setup described below

The Raman characterization of the prepared sample went through the setup, and a 532nm
wavelength laser was used to characterize the MoS, flake. We end with the results that the monolayer
MoS, shows the Raman active mode E%g and Aj, with spectral separation of 18.8¢cm 1 (see Figure 5(a)).
The spectral separation in the vibrational modes happened by increasing the number of layers. We can
conclude that by increasing the number later, the separation within modes increases because of the
change in interlayer interaction, and the bond lengths also change (see Figure 5(b)). We can discuss the
photoluminescence spectroscopy of MoS; that happens to optical PL to Monolayer when we increase
the number of layers of MoS,. About the optical characterization of monolayer MoS,. Here we will see
PL characterization for the different layers.

In the monolayer case, the peak intensity corresponds to A exciton at 1.84eV. However, the
excitonic energies depend upon the number of layers, and the peak intensity of these peaks depends
upon the interlayer coupling. By increasing the number of layers toward bulk, the intensity goes
down, and the peaks go shift towards the left. As the number of layers increases, MoS, goes from
direct to indirect bandgap semiconductor and emission intensity decreases due to phonon-assisted
relaxation requirement. Because of this reason, the peak also shifts towards lower energy (eV). So, we
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can conclude that by increasing the number of layers, the PL intensity decreases, and the peak shifts
towards lower energy (eV).

Laser line filter
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Figure 4. (a) microscopic picture of MoS; flake with different number of layers. (b) schematic diagram
shows the Raman and photoluminescence set up along with the white light source, Which is used to
locate target area on the substrate.
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Figure 5. (a) Raman spectra of the monolayer, bilayer to bulk (b) By increasing the number of layers,
the Raman modes separation increases.
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4. Sample Preparation of 2D Semiconductor-Metal

We discussed already above how we can transfer MoS; flake on the substrate. It will be easy for
us to understand sample preparation in a sequence. To prepare the sample of the Metal-semiconductor
interface, we have different metals and MoS, as a 2D semiconductor. When we make contact, then the
flow of electrons will happen to attain the equilibrium. In this section, we focus on the preparation
of the Metal-semiconductor interface, for we should have hard card tape, double-sided tape, and
use Polydimethylsiloxane (PDMS)/ Silicon (5i) as a substrate and thin layer of metal which we have
to deposit on the MoS, flake at the end by using physical vapor deposition (PVD) or magnetron

sputtering.
@ Metal Thin film (b) Metal Thin film
Mos, Flake
Doubl — Mos, Flake Double —— Mos,
VI Pe— e s M Siicon 5
Hard tap—> Substrate Hard tap—> Substrate

Hard tap

Hard ta
3 PVD metal Thin film

¢ EDm " on MoS, Flake
Double e :

sided tap «—— PDMS

(c)

Figure 6. schematic diagram of the metal-semiconductor interface (a)Metal-MoS, contact and next
prepared sample of thin metal film on MoS; flake on PDMS as a substrate (b)Metal-MoS, contact and
next prepared sample of thin metal film on MoS, flake on silicon as a substrate (c) PVD method which
used to deposit the thin film on MoS, flake.

PVD processes are sputtering and evaporation. This method is also used to manufacture thin
films for optical, mechanical, chemical, and electronic functions. In our case, we will use both for the
deposition of metals on substrates.

For sample preparation, we must follow the steps discussed, take hard card tape (flexible tape),
put a piece of double side tape on it, and stick the wafer of silicon or PDMS (in our case, we use both
one by one). We have to transfer the MoS, flake onto the desired substrate. The process of transferring
the flake is already discussed in the above section, and at the end, deposition of a thin film of metal
onto the transferred flake by using PVD or magnetron sputtering.

5. Deposition of different Metals on MoS, flake

This section will see microscopic pictures of different Metals on the MoS, flakes. By contrast,
we can make a difference between before and after deposition. First, we use the metal gold having a
thickness of 5Snm deposited on bilayer MoS; by using magnetron sputtering. See Figure 7 (a). You can
see the microscopic picture under 50x before and after the deposition of gold. Figure 7 (b) shows the
growth of aluminum with a thickness of 1nm before and after deposition on bilayer MoS, flake. In
Figure 7(c), you can see the clear difference before and after the growth of silver, having a thickness of
2.5 nm. You can see the single layer, bilayer to the bulk of the MoS2 flake. All these prepared samples
are studied under the microscope (50x) and use the PDMS as a substrate.
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(a) (b) (c)

Before Before Before

After After After

Figure 7. (a)Au- 2LMoS, Contact With 5nm Gold thickness.(b) Al- 2LMoS, Contact With Inm
Aluminium thickness. (c) Ag-1LMoS, Contact With 2.5nm Silver thickness.

6. Results and discussion

Photoluminescence Spectroscopy of gold and aluminum on MoS, (Metal-MoS; interface)

In this section, we will see the optical properties for deposition of gold and aluminum on 2LMoS,,
respectively. First, we sputter the gold of 5nm thickness on the MoS, flake. Gold has a work function
of 5.19 eV, and bilayer MoS, has 5.25 eV. According to the work function and literature view, they
make the Schottky contact. If we see in Figure 8 (a), the PL get quench clearly and has no A exciton or
bound exciton because they make a Schottky contact. The work function of gold is greater than the
work function bilayer MoS;. So, more electrons are moved from semiconductors to metal, and we
know that metal has no bandgap. The metal shows no photoluminescence, and the PL intensity goes
down due to most of the electron movement from semiconductor to metal.

In the case of aluminum, if we deposit the Al of Inm thickness by using PVD on the bilayerMoS,.
The photoluminescence increases three times (see Figure 8(b)). The work function of aluminum is
4.3 eV, which is less than bilayer Mo0S;. So, they make an ohmic contact in which we can say that
most of the electrons move from metal to semiconductors. The bilayer MoS, already has a bandgap of
1.8 eV, and electrons also come from the metal. So, we can conclude that due to this type of electron
movement, the photoluminescence of Al-2LMoS, increases three times, and the peak shift from 1.895
eV to 1.873 eV. Because of the Al conduction on 2LMoS,, the peak shifts and the bandgap of Al-2LMoS;
go from direct to indirect because we see the decrease in the bandgap energy in this case.
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Figure 8. (a) PL before and after megnetron sputtering of 5nm gold on bilayer MoS, and PMDS as
substrate .(b) PL before and PVD of Inm Al on bilayer MoS; and PDMS as substrate .

6.1. Raman Spectroscopy of gold and aluminum with MoS,

For the case of Raman spectroscopy, we already discuss that after sputtering of 5Snm gold and
deposition of Inm Al on bilayer MOS;, what kind of contact they form. In the case of gold, If we see
the Raman vibrational modes E%g and A1, before and after the sputtering of gold, we find no Raman
modes shifting. That means nothing happened to the vibrations of phonon in the Au-2LMoS; contact
(see Figure 9(a)).
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Figure 9. (a) Raman before and after megnetron sputtering of 5nm gold on bilayer MoS; and PMDS as
substrate .(b) Raman before and after PVD of Inm Al on bilayer MoS; and PDMS as substrate.

Nevertheless, in the case of Al on 2L MoS,, there are shifting of in-plan vibration E%g and in
out-plan vibration. The vibrational mode E%g shifts from 388.54 cm ! to 394.01 cm~! and Alg mode
shifts from 412.09 cm~! to 414.75 cm~!. So in, the E%g has more shifting than the corresponding Aj¢
mode. This means that phonon’s in-plan vibrations are more disturbed by the Al conduction on bilayer
MoS,, and in out-plan vibration has less disturbance due to the conduction (see Figure 9(b)). We can
see that the vibrational mode for Al-2LMoS, is not so clear because having disturbance due to IPA
(cleaning agent) on the surface of the substrate. So, make sure that the IPA is cleaned out before using
the sample for optical characterization.
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Effect of substrate

The role of the substrate is also essential in understanding the optical characteristics of
metal-semiconductor contact. The optical properties are changed by changing the substrate. We
use two kinds of substrate PDMS and silicon. The PDMS is a flexible substrate having a high-quality
property of high mechanical strength, high transparency, thermally stable at room temperature,
and high optical properties [11]. On the other hand, silicon is an ideal substrate for exploring
the microfabrication and cells behavior also due to silicon is also high rigid, brittle, has very low
biocompatibility, and is stable at room temperature. Because of these properties, silicon is highly
appreciated for making nanoelectronics devices [10]. In the following subsections, we will see the
effect of substrate on the metal-semiconductor interface

Photoluminescence and Raman spectroscopy of Al-MoS, interface

Either use silicon or PDMS, both making an ohmic contact because the work function of aluminum
is less than the Mo0S2. So, the electrons move from metal to semiconductor in both cases to attain the
equilibrium contact. In silicon as a substrate case, when we see the Figure 10 (a), the PL intensity after
deposition of Al decreases, and also PL peak shifts from 1.89 eV to 1.83 eV. Due to the silicon substrate,
the photon emission and electrons get stuck in MoS,-silicon contact and peak shifts due to going from
direct to the indirect bandgap. On the other hand, when we have a PDMS as a substrate on the same
deposition case, the PL the intensity goes increases due to the movement of electrons from the metal
to the semiconductor, and MoS;-PDMS contact does not affect the flow of electrons between them,
and fewer peak shifts as compared to the silicon substrate. (See Figure 10 (b)). Suppose we observe
the Raman spectroscopy on both substrates and have the same case mentioned above. In the case of a
silicon substrate, we find no vibrational mode shifts and no changing in mode intensity. Furthermore,
the PDMS case we already discussed in the above section.

So, we can conclude that if we want a photoluminescence-based study, then PDMS is good as a
substrate because it enhances photons emission, which is excellent for understanding optoelectronics
devices properties. If we want Raman based study, then the silicon is suitable as a substrate as it
does not affect the vibrational modes of the material after deposition of metals and is suitable for the
understanding of the vibrational phonons of the materials.
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Figure 10. (a) PL before and after PVD of 1Inm Al on bilayer MoS; and Silicon as substrate .(b) PL
before and after PVD of Inm Al on bilayer MoS; and PDMS as substrate .
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Figure 11. (a) Raman before and after PVD of Inm Al on bilayer MoS; and Silicon as substrate .(b)
Raman before and after PVD of Inm Al on bilayer MoS; and PDMS as substrate .
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Helicity-resolved photoluminescence and Raman study of monolayer MoSy and Al — MoS;

In helicity-resolved spectra, with the circularly polarization light, we observed the helicity of
photons emission for co-polarization (co-valley) and cross-polarization (opposite valley) and the same
for the helicity measurement of photons emission after the phonons inelastically scatter them. So, we
measure that the excitation by specific helicity results in the selective helicity emission of photons to
co-valley or cross valley in PL case and the helicity selective scattering of Raman vibrational modes for
Raman case. First, in helicity for monolayer MoS,, we observed the excitation with the application
of right circularly polarized light ( o +), and detection is shown for both ¢ + (co-polarization) and ¢ -
(cross-polarization) see Figure 12 (a). we observe the same PL intensity and peak as the emission is the
same in co and cross valley. For the Raman case, we observe the selective helicity scattering of E1 o and
A1¢ modes (see Figure 12(b)).

Now, if we look into the Inm Al deposition on bilayer MoS», and we selectively make excitation
with the application of right circularly polarization light (o +) and detection as we observed above, see
Figure 13 (a), the photons detection from cross-polarization (¢ -) is more than the co polarization. In
the Raman case, if we make selective excitation by o + and detect the selective scattering of E o and
Ayq for co and cross-polarization. See Figure 13 (c). We observed the A, mode and measured the
scattering of E} o Vibrational mode with very low intensity when we have ¢ + detection—the same case
for the o - detection in vice versa scattering of vibrational modes. The low-intensity vibrational modes
start to appear due to softening of the helicity selection rule. This proves that Al deposition on MoS,
flake made some changing in the scattering phenomenon of Raman modes.
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Figure 12. (a)Photoluminescence helicity of 1LMoS;(b) Raman helicity of 1LMoS,.
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