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Abstract
Photodetectors are devices that convert light into electricity and are widely investigated by
scientific community for numerous years.
Transition metal dichalcogenides (TMD's) belong to the family of 2D materials. Because
of their atomically thin structure and direct band gap that is in the spectrum of visible light, they
are considered a promising material for photodetection in the sence that extreme downscaling can
result in ultra small devices.
The scope of this thesis is to fabricate, study and optimize photodetecting devices based on
2D MoS2, a member of the TMD’s group. It should be mentioned that at the beginning of this
work, no material nor any processing know-how existed in the group. So the task is to overcome
several hurdles towards the end goal. To begin with, Chemical vapor deposition technique was
used to obtain large area of high quality ultrathin MoS2 suitable for large-scale applications. Raman
and photoluminescence analysis were used to optically characterize this material. Electrical
measurements were performed under dark conditions for testing the performance of metal contacts
which is a key element of devices and to test devices at different stages of treatment such as after
annealing and passivation with dielectric film. Finally, only preliminary photosensitivity data were
gathered using a low power white light source. There was no time to downscale the photodetectors
to nanometric size but even in the cases studied photo-sensitivity is significant.
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1 Introduction
1.1 Introduction to TMD’s
Transition metal dichalcogenides (TMD’s) exhibit remarkable optical and electronic
properties which makes them suitable for optoelectronic and nanoelectronic applications,
something that graphene lacks since its zero-band gap electronic structure limits its applicability
in semiconductor science. Some of those limits are more important in some electronic and
optoelectronic devices like transistors and photodevices. Since these devices and their applications
have been at the epicenter of research, scientists had a significant motivation to focus on alternative
2D materials.
Like graphene, TMDs share the same van der Waals solid structure [1]. They exhibit strong
in plane bonding and weak interactions between two different layers. Unlike graphene’s single
atomic layer, TMD’s is an atomically thin semiconductor of MX2 (X-M-X) type that can be
characterized as a “sandwich” of a hexagonal transition metal layer between two hexagonal
chalcogen layers in a trigonal prismatic arrangement [6]. Where M is one of the a transition metals
[2] from group IV (Ti, Zr, Hf) ,V (V, Nb, Ta) , VI (Mo, W) , VII(Re) and X (Pd, Pt) group of
periodic table and X is a chalcogene (Se, S, Te). Transition metal dichalcogenides such as MoS2,
MoSe2, WS2, WSe2 have gained significant attention in the last decade [3]. Figure 1.1 shows the
periodic table of elements. The transition metals and chalcogenides are highlighted [4].
The band structure of TMD’s is layer dependent. The transition from indirect band gap to
direct band gap as the thickness decreases from bulk to monolayer is one of the most interesting
features that makes TMD’s suitable for photodevices that can also exhibit fast photoresponses [5]
compared to traditional materials that have been used so far.

Figure 1.1 Periodic table of elements. The transition metals and chalcogenides are highlighted
with blue and yellow color respectively. Reprinted from [4].
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1.2 Introduction to Molybdenum disulfide (MoS2)
One of the main representatives of the TMD’s family is Molybdenum disulphide which
has attracted the scientific community’s attention in the last decade due to its remarkable structural,
optical, and electronic properties. These properties make it ideal for nanoelectronic applications
and they will be discussed further in the next section

1.2.1 Structure
An individual MoS2 monolayer is consisted of three atomic planes S-Mo-S where the
transition metal atom (Mo) is covalently bonded to six chalcogen atoms (S) located in the bottom
and top planes. The adjacent individual layers are held together with van der Waals forces in case
of bulk crystal with average monolayer thickness of 6-7Å [3].
Molybdenum disulphide (MoS2) can exist in three polymorphs, the 1T (trigonal), 2H
(hexagonal) and 3R (rhombohedral). As a natural mineral (molybdenite) is commonly found in the
2H phase with a trigonal prismatic metal coordination. The synthesis of MoS2 is usually in 3R
phase which has also trigonal prismatic coordination. The 1T polymorph has octahedral metal
coordination [4] Figure 1.2 Illustrates the different phases of MoS2

Figure 1.2 Representation of the three different polytypes of MoS2 with their top and side view.
Reprinted from [4].
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1.2.2 Electronic configuration
One of the basic properties of MoS2 is that the position of the band edges changes according
to the thickness of the material as discussed before. There is a transform from indirect band gap to
direct band gap as the thickness of the material decreases from bulk to monolayer. Figure 1.3
shows the evolution of band structures of MoS2 from bulk to monolayer [6]. The transition from
the maximum of the valence band located at Γ point to the minimum of the conduction band located
in the middle of Κ and Γ points represents the indirect band gap of bulk MoS2. For the monolayer
the bandgap is direct and larger and is the transition from the valence band maximum to the
conduction band minimum, both located at Κ point of Brillouin zone

Figure 1.3 The blue and green thick lines correspond to the top of the valence band and the
bottom of the conduction band respectively. The dashed red line represents the fermi level [6].

In many publications ([6], [7], [8]) the calculations suggest that the energy for the indirect
transition in case of bulk crystal is approximately E=1.2 eV [6] and for the direct transition it is
E=1.9eV.
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1.2.3 Optical properties of MoS2
The dependence of a material’s band gap from its thickness, discussed before, has a direct
impact on the optical properties. Photons with energy greater than the direct band gap can be easily
absorbed compared to the indirect band gap of the bulk material. As shown in figure 1.4 (a), (b)
the PL intensity of the two dominant peaks at 600 and 700 nm increases as the number of layers
decrease. In the PL spectrum of MoS2 there are also peaks that are originating from the Raman
scattering effect but the origins and the theoretical basis behind them will be discussed in the
section 4.1 [9]. Two peaks also can be observed at the absorption spectrum (figure 1.4c [3]) and
correspond to A and B direct band gap excitonic transitions at K point. The energy difference
between A and B peak can be attributed to the spin-orbit coupling in MoS2 and corresponds to
the energy splitting of the valence band [10].

(a)

(c)

(b)

Figure 1.4 Original (a) and normalized (b) PL spectra of monolayer to bulk MoS2 [9], (c)
absorption spectra of Monolayer to bulk [3].

1.2.4 Vibrational properties of MoS2
Since the TMD’s have emerged, numerous researchers focused on investigating and
understanding the vibrations of atoms in these materials. A major tool for this study is the Raman
spectroscopy which is commonly used in chemistry and materials science. The technique is a nondestructive method for characterizing crystalline materials such as MoS2 and it was invented by
Chandrasekhara Venkata Raman [11] who was working in the field of light scattering. Raman
spectroscopy will be discussed in details in the next chapter.
9

As already shown the unit cell of MoS2 crystal consists of two S-Mo-S units and thus it
includes 6 atoms in total. Because there are 3N degrees of freedom in 3 dimensions -where N is
the number of atoms- the resulting vibrational modes are 18 (phonon modes), were 15 of them are
optical and the other 3 are acoustic modes [12].
There are four-first order Raman active modes among the 18 total vibrational modes that
are present in most MoS2 Raman studies, E2g1 ,E2g2 ,E1g ,A1g and two IR-active modes, E1u1,A2u1
as shown in figure 1.5 [3].

Figure 1.5 Schematic representation of Raman active and IR-active modes reprinted from [3].

The modes that are denoted with the letter “E” are doubly degenerate vibrational modes
along the xy plane of the crystal. The A1g mode is due to out of plane vibration of S atoms and the
other three active mode are due to the in plane vibrations as shown in Figure 1.5 [3]. The E2g2 and
E1g modes cannot be detected by conventional measurements. The E1g mode has weak intensity
because of the laser’s polarization and the random crystal direction that different MoS2 samples
have. The E2g2 mode is due to vibrational interactions of two MoS2 adjacent rigid layers and in
addition with the presence of strong Rayleigh scattering it is difficult to observe this peak at low
wavenumber. Thus the E2g1 and A1g modes are the dominant Raman active vibrational modes
around 400cm-1.
The position of these two dominant peaks has been found to depend on the thickness of the
MoS2 from bulk to monolayer. More specifically the frequency of the E2g1 peak has a blue shift
and the A1g has a red shift as the thickness decreases as shown in Figure 1.6. This dependence on
thickness can be explained by the van der Waals force model. As the layers are stacked on top of
each other, the restoring force between the S-S interlayer is enhanced. So this explains the
frequency increase trend of A1g peak as the thickness of the material increases. The red shift of the
E2g1 with increase of thickness on the other hand is due to the fact that in thinner MoS2 the S-MoS intralayer distance is shorter [3].
10

Figure 1.6 (a) Raman spectrums of MoS2 from 1L to bulk (b) frequency dependence on thickness
[3].

This layer dependent frequency of the peaks can be used to identify the number of layers
in MoS2 crystal by calculating the difference between the E2g1 and A1g. The reported values of
monolayer have been found to be Δω=18cm-1 for a monolayer and for bulk [13]. In the following
table 1.1 the E1g2 and A1g peak frequencies with various laser lines for different material
thicknesses are presented.

A1g peak frequency (cm-1)

E2g1 peak frequency (cm-1)

Excitation
wavelength

1L

2L

3L

4L

325

384.2

382.8

382.8

382.7

382.5

488

384.7

383.3

383.2

382.9

514.5

384.3

383.2

382.7

532

384.7

382.5

632.8

385

383.8

bulk

1L

2L

3L

4L

bulk

404.9

405.5

406.3

407

407.8

383

402.8

405.5

406.5

407.4

408

382.3

382

403

404.8

405.8

406.7

407.5

382.4

382.4

383

402.7

404.9

405.7

406.7

407.8

383.3

382.9

381.5

403.8

404.8

405

406

406.6

2

Table 1.1 Summary of the E1g and A1g peak frequencies with various laser lines for different
thicknesses. Reprinted from [13].
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1.3 Synthesis of MoS2
1.3.1 Mechanical Exfoliation
The initial attempt to obtain monolayer of TMDs was the exfoliation with micromechanical
cleavage (“scotch tape method”) which is similar to the method for fabricating monolayer of
graphene [14]. The advantages of using this method in order to take monolayer is that the
exfoliated flakes are of high quality. However, a major limitation in this technique is the small
lateral flake size of the samples which make them difficult to use in device fabrication [15].
Figure1.7 (A-H) shows optical (A-D) and AFM images (E-H) of mechanically exfoliated MoS2
[16].

Figure 1.7 Optical images of single and multilayer of MoS2 on Si/SiO2 substrate (A-D). AFM
images of the optical pictures showing the layer thickness of each one respectively (E-H)
reprinted [16].

1.3.2 Chemical exfoliation
A widely used chemical method, is Liquid phase exfoliation (LPE). The flakes are
produced in surfactant or polymer solutions with the assistance of ultrasonication. The sonication
forces the weak van der Waals bonds between two adjacent layers to break. Chemical exfoliation
has larger production than mechanical exfoliation but sonication during this process causes defects
in the 2D structure. This method can produce significant amounts of monolayer sheets with lateral
sizes less that a micron [17],[18], limiting the applications of 2D nanosheets in large-scale
electronic devices. Figure 1.8 is a schematic representation of the sonication effect.
12

Figure 1.8 Sonication from bulk to 2D materials: poor solvents lead to restacking of 2D sheets
while good solvents stabilize them. Reprinted from [19].

1.3.3 Chemical Vapor Deposition (CVD)
Chemical vapor deposition is commonly used during the last decades to grow
semiconductor materials. In the CVD technique, precursor gas or gases flow into a chamber
containing a heated object. Chemical reactions occur near or on the hot surface of the sample,
resulting in a deposited thin film on the surface. The chemical vapor deposition method offers
large and uniform flake size of high quality TMD thin crystals on substrates and thus is a promising
tool for preparing samples that can be used in large scale devices [20]. Figure 1.9 shows a typical
CVD system with S and MoO3 as precursors. Details about this technique and how we applied it
in order to produce thin films of MoS2 will be discussed in section 2.1.

Figure 1.9 Schematic of a CVD MoS2 setup. Reprinted from [21].
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1.4 Device applications
A variety of electronic and optoelectronic applications based on MoS2 have been achieved
and studied during the recent decades. The following small report describes in a few words the
existing state of art in TMD’s applications.

1.4.1 Field Effect Transistors
One of the main components in every electronic circuit is the Field effect transistor (FET).
A semiconductor channel with two connected electrodes at each end of the channel is the basic
structure of a FET. The current flows from one electrode (source) to the other (drain) through the
semiconducting channel. When the channel is highly conductive and the current flows easily then
the device is in “ON” state. In contrast, when the channel is highly resistive almost no current
flows and the device in “OFF” state. A third metallic contact (gate) is controlling the conductivity
of the semiconductor [22].
There are three basic parameters that characterize the performance of a FET namely the Rc
contact resistance, the mobility of the carriers inside the channel and the ION/IOFF current ratio of
the device. As has been already discussed in section 1.1 that the absence of a band gap in graphene
limits the operation of graphene based devices so the researchers turned their attention in other
2D-materials with sizable band gap.
The first attempt to electrically characterize 2D-crystals was made by K. S. Novoselov et
al. [23] in 2005. They used a field effect transistor-like device to extract the mobility of the 2D
exfoliated MoS2 and the reported value was μ=0.5-3 cm2V-1s-1 in ambient environment at room
temperature.
The first demonstration of a monolayer MoS2 transistors was by B. Radisavljevic et al. [24]
in 2010. They reported a dual gate transistor with HfO2 as a top gate dielectric for isolation of the
channel. The device exhibited current on/off ratio >108 and mobility μ ~ 200 cm2V-1s-1 after the
deposition of dielectric which is a large improvement compared to some devices before deposition
were the mobility was μ= 0.1 – 10 cm2V-1s-1. Figure 1.10 displays the device structure and the
transfer characteristics from the back gate sweep.

Figure 1.10 (a)Cross-sectional view of the transistor (b) Transfer characteristic of the device at
room temperature at Vds=10mV bias voltage for back gate sweep from -10V to 10V. Inset: I-V
characteristics for Vbg=0,1 and5 V .Reprinted from [24].
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In 2012 Han Liu et al. [25] demonstrated a dual gate transistor based in multilayer MoS2.
The device had 15nm thick channel and ~10nm of Al2O3 as top gate dielectric. Top and bottom
gate voltage was applied but the device performed better using bottom gating. They reported high
on/off current ratio >108 and field effect mobility μ=517 cm2V-1s-1. Figure 1.11 shows both bottom
and top gate transfer characteristics.

Figure 1.11 Transfer characteristics of the device (a)back gate configuration (b) top gate
configuration. Reprinted from [25].
In 2013 Das et al. [26] reported an even higher value of field effect mobility in a multilayer
backgated device at room temperature. A high value of μ= 700 cm2V-1s-1 was achieved by using a
low work function metal Sc as metal contacts and covering the top of the 10nm thick MoS2 channel
with 15nm Al2O3 dielectric. Before covering the top of the device with Al2O3 Pt, Ni, Ti and Sc
were used as metal contacts and the highest mobility μ= 184 cm2V-1s-1, was reached using Sc
metal. This indicates that choosing the proper metal to make contacts is essential for the optimal
device performance. Figure 1.12 (a) shows the transfer characteristics for the four different metals
and figure (b) shows the transfer characteristics after covering the channel with Al2O3 while using
Sc for metal contacts.
(a)

(b)
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Figure 1.12 (a)Transfer characteristics of the device with Sc, Ti, Ni and Pt as metal contacts at
room temperature for VDS=0.2V.Inset: Output characteristics of the device VG overdrive of 4.05.0 V.(b) Output characteristics with 15nm Al2O3 on top of 10nm MoS2 different VG overdrive
voltages. Inset: Transfer characteristics of the same device for different VD voltages. Reprinted
from [26].

1.4.2 Phototransistors
Ultrathin TMD’s became attractive materials for optoelectronic applications because of
their low dimensionality, the direct band gap which matches with the visible spectrum and strong
photoluminescence [27]. In phototransistors when the incident light has energy greater than the
band gap it is absorbed by the semiconducting TMD channel. This results in photocurrent
generation when the photogenerated electron hole pairs are separated by an applied field.
The first phototransistor based on mechanically-exfoliated MoS2 was reported in 2012 by
Z. Yin et al [28]. The responsivity of the the device was calculated ~0.42mA/W for zero gate
voltage and reached the value of 7.5 mA/W for -50V gate voltage as figure 1.13(b) shows. The
observed current rise (OFF state to ON state) or decay (ON state to OFF state) duration was ~50ms
as shown in figure 1.13 (c). The device exhibited good switching stability during 50s of multiple
illumination and the stability measurements are shown in figure 1.13(d).

(a)

(c)

(b)

(d)

Figure 1.13 (a) output I-V characteristics of phototransistor at different illumination optical
power (b) Photoswitching rate and (c) Photoswitching rate (d) stability test of photoswitching
behavior at Vds = 1 V, Plight = 80 μW. Reprinted from [28].
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An ultrasensitive photodetector based on exfoliated MoS2 monolayer was demonstrated in
2013 by O. Lopez-Sanchez et al [29]. The calculated responsivity for his device reached the value
of 880mA/W under illumination with a focused laser beam at 14μW excitation power and 561nm
in wavelength. An exfoliated monolayer of MoS2 was transferred on a degenerately doped silicon
substrate. Au electrodes (90nm thick) were fabricated on top with electron beam lithography and
metal evaporation. A decrease to the responsivity of the device was observed with the increase of
the incident laser power and was attributed to the shortening of the exciton recombination. The
current rise and decay durations was 4 and 9 seconds respectively. The decay duration was
decreased to 0.6 seconds when a gate pulse is applied at the end of the laser pulse.
(b)

(a)

(c)

Figure 1.14 (a) Photoresponsivity of the MoS2 phototransistor as function of the incident power
(b)The photoresponse of the device to an incident power of 0.425mW, with application of a gate
voltage pulse (c) The photoresponse of the device for different values of bias voltage Vds and
Pinc = 4.25 μW. The laser light is first turned on for 100 s, then turned off for 100 s. Reprinted
from [29].
The following table summarize some basic characteristics of TMD based photodevises
included the previous mentioned [5].
Year

Description

Responsivity

Response time

Wavelength

2012

Monolayer

<50 ms

2012

Multilayer

7.5 mA/W
50-120 mA/W for visible,
0.09mA/W for infrared

~670 nm
450nm ~850
nm
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2013

Monolayer

880 A/W(150pW,Vds= 8V,Vg
=70V)

2013

Few-layer

0.57 A/W

2014

Monolayer

~50 A/W Vds = 6V

2014
2015
2015

Monolayer
Monolayer
Thin films

1.1mA/W, 0.171A/W (550nm)
3.5A/W Vg = -40V,Vds =10V
~50u A/W to ~0.1mA/W

2015

Monolayer

2015

Monolayer

2015

Multilayer
bottom-gate
TFT

2016

Monolayer

5.5mA/W (1T) ,0.2mA/W(2H)
342.6 A/W (Vg = 8V,Vds = 1V,
incident power density =
2mW/cm2) incident power density
= 12.1μW/cm2)
3.07 mA/W

<0.6 s(with reset
Voltage pulse)
70 μs rise time,
110μs fall time
<1 ms at low
temperature

~few ps
3 ~5ps fast
component 80110ps slow
component

561 nm
532 nm
640 nm
514.5 nm
532 nm
658 nm
452nm
440 nm
532nm

<~few ms

633 nm

Table 1.2 Comparison of Device Performance of MoS2 based Photodetectors. Reprinted from
[5].
From the literature and this table, we can obtain as well some major differences and
characteristics of each device and further draw some rough laws from the results. The
photoresponsivities are in range of 22μA/W up to 880A/W [5]. In general it is clear that large
photoresponsivity detectors exhibit also large response times of the order of few seconds. On the
contrary, devices with response in the millisecond range have photoresponsivities of mA/W.
Furthermore, multilayer MoS2 based devises shows greater photoresponsivities than the
monolayer. The MoS2 based devices can operate in various wavelength for visible light. A
significant role on the device performance is the back gate voltage because the doping control of
the semiconductor can give rise to the photoresponsivity.

2 Experimental techniques
2.1 Chemical Vapor Deposition
Details
As described previously the CVD process takes place inside a tube. Typically there is
formation of MoS2 thin film on a substrate. Most studies start with precursors of Molybdenum and
Sulfur in solid state phase such as MoO3 and elemental S respectively [30], [31]. The process takes
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place in two phases. First, there is a reduction of MoO3 precursor to MoO3-x and then the reaction
with Sulfur (sulfurization) to create MoS2.

Experimental setup
Figure 2.1 is a schematic illustration of the experimental setup. The two furnaces can be
controlled separately from the software and an electronic valve controls the argon flow in the tube.
The sulfur is loaded in the upstream boat and the MoO3 powder in the downstream. The working
temperature during the CVD process is different for the two furnaces because of the different
evaporation temperatures of the substances. At the right end of the tube there is an exhaust for the
gases that originate from the evaporation or chemical reaction.
(a)
Upstream heater

Downstream heater

Ar flow

Exhaust
Substrate

Quartz tube

(b)

Surfur

MoO3

Upstream heater

Downstream heater

Ar flow

Substrate

Quartz tube

Surfur

Exhaust

MoO3

Figure 2.1 (a), (b) Schematic representation of the CVD setup. The substrate can be placed on
the boat or perpendicular to the tube axis next to the boat.

2.2 Characterization of MoS2
In this chapter, experimental techniques that have been used for characterization of the
samples will be discussed in details.
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2.2.1 Optical microscopy
The optical microscope is a type of microscope which uses visible light and a system of
lenses to magnify images of small samples [32]. Optical microscope have advantages like direct
imaging of the sample without pretreatment, real color imaging and capability to mount a digital
camera on the setup for data storage and analysis. However, there is a disadvantage in optical
microscopy. The modern optical microscope can reach magnifications only of the order of 1000x.
This limitation exist because there is a theoretical limit of resolution while the sample is
illuminated with white light (~550nm) and thus samples with size smaller than 200-250nm cannot
be observed [33]. Figure 2.2 shows the limits of detection of two separate points.

Figure 2.2 The right schematic represents two objects closer that 200-250nm so the central spot
overlaps reprinted from [33].

2.2.2 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is a method that produces very high resolution
images (high magnification). The SEM consists of an electronic column, a vacuum system and
signal detectors. The electron optical column has an electron source that produces the electrons,
magnetic lenses which bend the path of electron beam, magnetic coils at the end of the column
that control the beam and focuses it on the sample and apertures to prevent the electrons from
spraying around [34]. The produced electrons are accelerated and pass through a combination of
apertures and lenses and finally a focused electron beam hits the sample which is mounted in a
vacuum chamber because electrons can move unimpeded only in the presence of high vacuum.
The position of the beam is controlled with the scan coils above the objective lens and the beam is
scanned with a raster scan pattern. As the electron beam traces over the surface of the sample,
secondary electrons are created from the surface in unique patterns. These electrons are attracted
by a secondary electron detector and therefore depending on the amount of the collected electrons,
different levels of brightness are registered on the monitor and form a black and white image.
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There are also additional sensors that detect back scattered electrons from the surface and
X-rays beneath the surface of the specimen that can give us information about the composition of
the probed material. Figure 2.3 shows the key components of the SEM.

Figure 2.3 This schematic illustrates the basic components of SEM microscope reprinted from
[35].

2.2.3 Raman spectroscopy
Introduction to Raman spectroscopy
Raman spectroscopy is a technique that allows us to observe any lattice vibrational mode
in the crystal. Light scattering can be considered as the redirection of light, a procedure that takes
place when an electromagnetic wave (i.e. incident light) interacts with matter. During this
interaction the electron orbits of the atoms are perturbed periodically at the frequency (𝑣0 ) of the
EM wave resulting in an induced dipole moment. The oscillating induced dipole acts like a source
of electromagnetic radiation resulting in scattered light. Depending on the local lattice vibrational
modes, the scattered light may not have the exact same frequency thus giving characteristic
signature of secondary scattered peaks near the original frequency. Those peaks reveal information
about the material that scatters the light.
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Vibrations in Crystals
Crystals in solids consist of periodic arrays of atoms that form the crystal lattice. The atoms
in the lattice have some vibrational modes that are quantized. These vibrational modes are called
phonons and represent a lattice of atoms or molecules that are oscillating at the same frequency.
This vibration of phonons is called normal mode [36]. The frequency of phonons, 𝜔(𝑘) ,is a
function of the wave vector k and the relation between them 𝜔 and 𝑘 𝜔 = 𝑓(𝑘), is the dispersion
relation. Two types of phonons emerge from the dispersion relation, the acoustic and optical
modes. Figure 2.4 Shows the plot of the dispersion relation solution for a diatomic system within
𝜋
𝜋
a range of k= − and (the boundaries of the first Brillouin zone).
𝑎

𝑎

In a crystal with at least 2 atoms (𝑁 ≥ 2) 3𝑁 phonon modes can exist where three of them
are acoustic modes in the primitive cell and (3𝑁 − 3) are optical modes. In acoustic modes the
movement of the atoms is coherent in the lattice and the displacement is in the direction of the
propagation (as a sound wave). On the other hand, in optical modes, the adjacent atoms are moving
the opposite way leading to an out of phase movement in the lattice [37]. Both optical and acoustic
phonons have Longitudinal and Transverse modes where the motion of the atoms is parallel to the
wave propagation and perpendicular respectively. For the optical modes Transverse and
Longitudinal phonons are labeled as TO and LO and for the acoustic modes TA and LA
respectively.

Figure 2.4 Dispersion curves in a diatomic chain. Reprinted from [37].

Experimental setup of Raman spectroscopy
A typical Raman spectrometer consists of a monochromatic source of light (excitation
laser), an optical microscope, and a spectrometer as shown in Figure 2.5. [38].
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Figure 2.5 Representation of a typical Raman experimental setup.Reprinted from [38].

The generated laser beam passes through an optical microscope’s objective lens and is
directly focused on the surface of the sample. The backscattered signal contains inelastic and
elastic scattered light. The elastic scattered light (Rayleigh) is cut off by a Notch filter to reveal
the weak signal of inelastic scattered light (Raman). A high resolution grating is used to diffract
the beam and a CCD sensor converts the incident photons to electrical signal which is analyzed by
the software.
In this study, the Thermo scientific Nicolet Almega XR Micro raman system was used,
including microscope objective lens with a magnification of x100. A diode pumped solid state
laser 473nm in wavelength was focused using microscope objective lens with maximum output
power (on the sample) of 0.8mW.

2.2.4 Photoluminescence
Photoluminescence Spectroscopy is a technique that allow us to observe directly the energy
of the light produced by a material. In deep contrast to Raman, photoluminescence uses light with
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energy high enough to be absorbed by the material under study. The excited carriers then relax
into the electronic structure of the material to recombine into photons characteristic of the materials
band-gap (luminescence) [39]. Real material systems always have physical disorders such as
structural defects [40] in the lattice or variations of the chemical composition. Their theoretical
treatment is challenging because there is not always detailed knowledge about these perturbations.
Therefore their influence on the photoluminescence is phenomenologically addressed [41].

Theoretical basis
When a material is probed with electromagnetic radiation (photons), some of the electrons
that are relaxed in their ground states become excited. Eventually, a recombination process follows
where the electron recombines again with the hole and the energy is released as a photon or through
multiple phonons (non-radiative recombination).

MoS2 photoluminescence
The two peaks at 1.9eV and 2.04eV in figure 2.6 originate from the radiative
recombination of A and B excitons in K and K’ points of Brillouin zone respectively. There are
other kinds of quasiparticles in TMD’s, called trions, wich are a combination of 2 electrons and 1
hole (denoted as A-) or 2 holes and one electron (denoted as A+). The peak with energy 1.85 in
figure 2.6 originates from a A- trion. Figure 2.7 shows the band diagram of an A exciton, B exciton
and A- trion [42].

Figure 2.6 Typical PL spectrum of a MoS2 monolayer. Grey dots represent the experimental
data and green peaks represent three fitted curves with Lorenzian profile. Reprinted from [42].
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Figure 2.7 (a) A exciton (b) B exciton (c) A- trion. The band gap ,valence band splitting and
binding energy of the A,B exciton and A- trion are denoted as Eg,Δ,εA,εB,εA- respectively.
Reprinted from [42].

Experimental setup
In this work we used a Coherent Verdi-V10 532nm pump laser as source. For collection
and spectrum analysis a Princeston Instrument Acton SP2500 triple grating spectrograph with a
build-in CCD camera was used. The experimental setup is shown in the following figure 2.8.
Laser
source

Mirror

Lens
Mirror

Mirror

Sample

Lens

Beam
splitter

Spectrometer

Objective
lens
CCD

Figure 2.8 Schematic illustration of the PL experimental setup

2.3 Fabrication Techniques
2.3.1 Electron beam lithography
Electron beam lithography is a process that allows the patterning of small features with
dimensions of few nanometers up to hundreds of microns. A tightly focused electron beam is
scanning directly the surface of the substrate which is coated with an electron sensitive polymer
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called resist. A main disadvantage of this technique is that it requires a lot of time to scan small
samples and the equipment (e-beam microscope) is very expensive.
When electrons interact with the polymer, two chemical reactions can occur: cross linking
or chain scission (fragmentation)
In the case of cross linking, the interaction of the electrons with the polymer cause an
activation of the atoms in the adjacent chains and the different polymer chains bond to each other
increasing the effective molecular weight (cross-linking). Cross-linked molecules dissolve slowly
during the development process. The process is frequently completed by thermally activating the
cross-linking after exposure. The type of polymer were cross-linking is the dominant reaction is a
negative resist. The radiation can also break the polymer chains in smaller pieces and reduce the
molecular weight of the substance. This reaction makes the polymer more soluble during the
developing process and the resist is defined as positive [43]. Figure 2.9 shows the basic steps of
the e-beam lithography
Electron beam radiation

Resist
Thin film
substrate
Positive resist

Development
Negative resist

Metalization

Lift-off process

Figure 2.9 Schematic representation of the steps for device fabrication with e-beam lithography.

2.3.2 Metal deposition
Thin-film deposition is a process applied in the semiconductor industry to grow electronic
materials. Electron-beam physical vapor deposition offers a high deposition rate from 0.1 to 100
nm/min at relatively low substrate temperatures [44].
In a metal deposition system, the deposition chamber must be pumped down to at a low
pressure of at least 7.5×10−5 Torr in order to allow passage of electrons from the electron gun to
the evaporation material. The evaporation material can be in ingot or rod form. An electron beam
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can be generated by thermionic emission, field electron emission or the anodic arc method. The
generated electron beam is accelerated and directed towards the evaporation material. When the
beam strikes the material, the electrons will rapidly lose energy. The kinetic energy of the electrons
before the impact is converted into other forms of energy and one of those is the thermal energy.
The produced thermal energy heats up the evaporation material causing it to melt or sublimate.
Once temperature and vacuum level are sufficiently high, vapor will result from the melt or solid.
Then the vapor can be used to coat surfaces. In figure 2.10 a metal deposition system is shown
[44].

Figure 2.10 Electromagnetic alignment. The ingot has positive potential with respect to the
filament. The filament is kept out of sight to prevent chemical interactions with the ingot
material. The electron beam path is assisted from a magnetic field in order to reach the ingot’s
location. An additional electric field can be used to steer the beam over the ingot surface
allowing uniform heating. Reprinted from [44].
In this study the electron beam evaporator Temescal BJD 1800 with 8 turret system was
used. The chamber was pumped down to 5E-7 torr. A 500Å of gold metal was deposited.

2.3.3 Plasma etching
Plasma etching is a plasma process that involves a high energy stream of plasma being
generated on top of a sample and is used in production of semiconductor devices [45]. A plasma
etcher produces a plasma from a process gas, typically oxygen, chlorine or a fluorine-bearing gas,
using a high frequency electric field (13.56MHz). Before etching, a photoresist is deposited on the
surface, illuminated through a mask with a desirable pattern, and developed. Then the sample is
transferred into the chamber of plasma etcher, and the air is evacuated using a system of vacuum
pumps. In the last stage, dry etch is performed by controlling gasses, pressure, power and time of
exposure so that a structured etching is achieved [46].
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3 MoS2 CVD growth
In this section, the process of growing MoS2 in a CVD system is studied. Several
parameters were independently studied and are shown here organized in separate paragraphs.

3.1 Effects of substrate cleaning
In this section, three different cleaning methods before CVD growth will be tested and the
results concerning the deposition will be discussed. The substrates used in these experiments are
SiO2 280nm /Si and the amount of precursors used are 14mg of MoO3 and 120 mg of Sulfur
powders.
For the first experiment, no chemical treatment was performed on the substrate before the
growth. The growth temperature was 700℃ for 5 minutes with 20sccm argon flow and the
substrate is positioned face down on the precursor source.

(a)

(b)

(c)

(d)
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Figure 3.1 (a) optical picture of the sample after deposition at temperature T=700℃ for 5
minutes without cleaning treatment at capped position. The green circle shows were the grown
MoS2 is located and the red circle indicated the middle were 3D stucture can be found. (b)
optical picture of the grown MoS2 in cluster formation. (c) high magnification SEM picture of
the area under the cluster,(d) SEM picture of area at the center. (e) Raman spectrum of a
triangle. (f)Raman spectrum of a big 3D cuboid structure.
Figure 3.1(a) is an optical picture of the sample obtained by a camera mounted on an
optical microscope. Figure 3.1(b) is an optical microscope picture of the area were triangular
shapes appear. The Raman spectrum of these shapes is shown in figure 3.1(e) were the
characteristic signature of MoS2 is present. Under this cluster of triangles, there is formation of
wires and other cubic and cuboid 3D structures as shown in figure 3.1(c). The peaks at 205, 231,
347, 365, 462, 497, 571 and 744cm-1 position as red arrows indicate in the Raman spectrum in
figure 3.1(f) correspond to the presence of MoO2 [47]. Moving from the edge of the trace to the
center, the cubic structures dominate and there is no optical sign of triangles as shown in SEM
picture in figure 3.1(d).
For the second experiment, a silicon substrate was prepared and cleaned for 2 hours with
piranha solution and rinsed in DI water for 30s followed by 5min in O2 plasma.
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(b)
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Figure 3.2 (a) optical picture of the sample after deposition at temperature T=700℃ for 5
minutes after 2h in piranha solution, 10minutes in DI water and 5min in O2 plasma
(80W,5sccm). Yellow arrows indicate the pre-patterning of the substrate (b) SEM image at the
edge of the trace.
The trace of the deposited material is similar to the pristine sample and some pre-patterning
of the substrate appears as shown in the optical picture in figure 3.2(a). This pattern is possible to
originate from the grid holder of the plasma etching machine. The deposition of MoS2 is at the
borders of the trace confirmed by Raman spectroscopy as figure3.2(c) shows. The flakes appear
as particles with size ~100nm as shown in high resolution SEM image in figure 3.2 (b).
For the third experiment, the same piranha chemical process was followed for a silicon
substrate but without the previously mentioned plasma-etching step.

(b)
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Figure 3.3 (a) optical picture of the sample after deposition at temperature T=700℃ for 5
minutes after 2h in piranha solution and 10 minutes in DI water (b)optical image of the grown
MoS2 at the touching point. (c)SEM image of the same area. (d)SEM image of Grown MoS2 and
wires closer to the center (e) optical picture of 3D structures (f) high magnification SEM image
of triangles that are grown between the big crystals.

The pre-patterning of the substrate is still present as the optical picture in figure 3.3(a)
shows. Although there is a large deposition of MoS2 (see figure 3.3(e)) in triangular shape at the
contact points as figure 3.3(b) and (c) shows but there is no formation of continuous film. Closer
to the center of the trace, wires start to form, similarly to our first experiment and between them
there are also MoS2 flakes as high magnification SEM picture shows in figure3.3(d). At the optical
picture in figure 3.3(e) many MoO2 cuboid shapes appear in different colors and at the high
magnification SEM image in figure 3.3(f) triangular shapes also appear between them.
From these three experiments, we can conclude that the growth of 2D MoS2 occurs at the
edge of the trace in all cases. Before the formation of MoS2 there is big deposition of MoO2 at the
area that is directly above the precursor and the density of these 3D structures gradually decreases
at the point where there are triangles between them. Cleaning the sample with piranha solution
does not seem to have strong influence in growth since the flake size was the same for both cases.
In contrast with the recipe in [30], we found that plasma etching should be avoided. For our further
experiments, substrate cleaning with piranha solution for 2h and rinse with DI water for 30 seconds
was used.
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3.2 Effects of substrate position
In this section, we will investigate how the position of the substrate with respect to the
MoO3 precursor affects the growth of MoS2. The results from growth in three different substrate
positions will be presented.
The major limiting parameter in CVD growth from our initial experiments appears to be
the walls of the precursor boat that are in contact with the substrate surface. They may prevent the
lateral diffusion of MoO3 precursor further away to the surface of the substrate and inability of
reaction with sulfur. To prevent this phenomenon a silicon substrate was prepared for CVD growth
and was placed face down on the boat with two other silicon pieces lifting it up by 0.6mm as is
shown in figure 3.4(a).

(a)

(c)

(b)

(d)

Figure 3.4 (a) optical image of the substrate on the boat. Yellow arrows show the 2 silicon
pieces used for lifting up. (b) optical image of the sample after deposition at T=700℃ for 5
minutes (c) low magnification optical picture at the top edge of the trace (d) higher
magnification optical picture of the bottom of the trace

The deposition on the substrate is even on both sides as we expected because there is
enough spacing between the substrate surface and the boat for the MoO3 vapor to diffuse. The
MoS2 triangles form a continuous film on the top and bottom of the trace as figure 3.4 (c) and (d)
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shows. The flake size ~20μm is significantly larger compared to previous results in section 3.1.
Wires and cubic structures are still present and always located closer to the center.
For the next experiment, a silicon substrate is placed in perpendicular position next to the
boat as figure 3.5(a) shows in order to improve the homogeneity of the mixing precursors on the
surface and suppress the formation of wire and cuboid 3D-structures.

(a)
(b)

(c)

(d)

Figure 3.5 (a) optical picture of the setup (b) optical image of the sample after deposition at
T=700℃ for 5 minutes (c),(d)low and high optical magnification images of CVD grown MoS2.
The optical picture in Figure 3.5(c) is inverted because we used an inverted optical
microscope. There is a high density of triangular shapes that form a continuous film while below
them, the 3D cuboid MoO2 structures appear in blue and purple color. A higher magnification
optical picture in figure 3.5(d) shows that some groups of triangles above the homogeneous film
appear in clusters. This may be a result of contamination from the crucible. The nucleation of
crystals like MoS2 is known to be very sensitive to impurities.
In these set of experiments we have examined the growth behavior of MoS2 versus the
position of the substrate. The flake size of the individual triangles is similar for the perpendicular
and caped (0.6mm gap) substrate. The area were the triangles can be found is always over the
limits of the crucible’s walls for the capped substrates (including the previous experiments). At
perpendicular position, the ideal “mixing” of precursors on the surface cannot be achieved since
the 3D MoO2 crystals are still present almost on the entire surface far from the MoO3 source.
Therefore, we can conclude that the triangles are formed bellow or on the point where the red and
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green line cross in figure 3.6.The walls of the boat seem to play significant role to the amount of
the precursors that are mixing in order to form MoS2.

Figure 3.6 Experimental setup with the substrate next to the boat. The red line indicates the
position of the substrate and the green line the horizontal level of the boat.

3.3 Effects of different substrate
In this section an other type of substrates will be investigated. For this experiment C-plane
sapphire was used as a growth surface because of its crystalline nature and small lattice mismatch
compared to the MoS2 crystal. The position of the substrate was identical to the position of the
silicon substrate in figure 3.4(a).
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Figure 3.7 optical image of the sample after deposition at T=700℃ for 5 minutes (b) optical
picture at the edge of the trace (c),(d) low and high magnification SEM image at the edge of the
trace (e),(f)High magnification SEM imaged of individual structures (g),(h) Raman spectra of
MoS2 on silicon and sapphire respectively.
In the optical picture at figure 3.7 (a) the deposition of MoS2 is shown at the edge of the
trace. The area of growth is similar to the silicon substrates. The MoS2 flakes have size ~25μm
and they form a continuous film as is shown in figure 3.7 (c) and (d).
Although the results seems to be similar with the silicon substrates, a major difference is
visible in the Raman spectrums. The characteristic MoS2 peaks on the sapphire in figure 3.7(h)
have smaller FWHM compared to the silicon in figure 3.7(g) something that corresponds to better
crystal quality of the grown material.
Higher magnification SEM images in figure (e), (f) reveal several smaller triangular
crystallites in the vicinity of the larger triangles. Also at the edges of a large triangle, there are
smaller triangular shapes with different orientations attached to the “parent” flake.
In conclusion, sapphire promotes crystal quality when used as a growth substrate for CVD
MoS2 material without any other change in growth parameters.

3.4 Amount of precursors and crystallite symmetry
In this section, MoS2 crystallite shape evolution as function of different ratio of sulfur to
MoO3 precursor will be discussed. For this purpose, three different experiments with 120, 60 and
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30 mg initial amount of sulfur were done. The growth conditions and the position of the substrate
during the CVD growth is the same in all three experiments. In figure 3.8 the results from the three
different growth experiments are presented.

120mg Sulfur
(a)

(d)

60mg Sulfur
(b)

(e)

30mg Sulfur
(c)

(f)

Figure 3.8 (a),(b),(c) optical pictures of the samples after deposition at temperature T=700C
for 5 minutes with 120,60 and 30mg of sulfur. (d),(e),(f)optical pictures at the beginning of the
trace of sample (a),(b) and (c) respectively
At the left extremity of the trace of each sample the shape of the flakes are star like with
straight edges. Also the size of the flakes is ~20 , 15 and 18μm for the 120, 60 and 30mg of sulfur
respectively. So we cannot conclude if the initial amount of sulfur in our experiments has an impact
on the characteristics of the crystallites. As has been previously reported the domain shape depends
on the initial amount of precursors during the growth [48].
The MoS2 2D crystal start growing from a nucleus with hexagonal shape. Three of the six
edges are sulfur terminated and the others have Molybdenum termination as figure 3.9 at the left
shows. When the ratio of Mo:S is 1:2 all the edges of the hexagon will grow at the same rate
resulting to a hexagonal shape at the end of the growth. If the ratio is >1:2 ,because of the Mo rich
environment, the S-zz edges of the hexagon will grow faster than Mo-zz and the final shape will
be a triangle with straight Mo-zz terminated edges. If the ratio is <1:2, because of the S-rich
environment, the Mo-zz edges grow faster leading to an S-zz terminated triangle. If the ratio is
<<1:2 and enough for the Mo-zz edges to grow 3 times faster, then the resulting shape is a star like
domain [21].
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Figure 3.9 Schematic illustration of MoS2 domain shape in different Mo:S atom ratios.
Reprinted from [21].

4 Optical characterization
4.1 Raman spectroscopy
In this section the Raman spectrum of samples grown on different substrates will be
discussed. In figure 4.1(a) the Raman spectrum of a CVD grown MoS2 on sapphire and silicon is
presented.
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Figure 4.1 (a) Normalized raman spectrums of MoS2 monolayer on sapphire and silicon (b)
Fitting of the Raman peaks with Pseudo-Voight profile peaks.
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The difference Δω between the two characteristic peaks of MoS2 is 19.6 cm-1 for the
sapphire and 18cm-1 for silicon. Both values are in agreement with previousl experimental
calculations for monolayer on sapphire [49] and silicon [13]. The difference between the calculated
Δω values may be related to different interaction of the monolayer MoS2 flake with the substrate
[50].
In every calculation, a peak at ~380cm-1 (denoted as a shoulder of the main peak in figure
4.1(a)) had to be considered in order to fit peaks with Pseudo-Voigt profile and extract the data
(figure 4.1(b)). This peak overlaps with the E peak and in the case of silicon substrate is not easily
identified although it still exists as revealed by fitting the experimental data. It has been previously
reported as a Raman-inactive TO phonon mode with E21u symmetry in bulk MoS2 [51] but it has
been also observed in monolayer [52].
In figure 4.2 the full range Raman spectrum of the previously presented MoS2
monolayers on different substrates is presented.
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Figure 4.2 Full range Raman spectrum of 1L-MoS2 on (a) sapphire (b) silicon.
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In figure 4.2(a) there is a large number of peaks that originate from first order and
multiphonon processes. The two dominant peaks at 385.8 cm-1 and 405.4 cm-1 are from the first
order E12g and A1g Raman active modes and are the characteristic structural fingerprint of MoS2.
The peak at ~454 cm-1 (2LA(M)) is from a second order longitudinal acoustic phonon around the
M-point of the Brillouin zone [53]. This peak has been previously ascribed to Mo-S vibrations for
oxy-sulfide species. It is possible for the oxygen to attack the Mo-S-Mo bonds, especially at the
edge of the flake, because of the existing dangling bonds. Moreover this peak is present only in
ultrathin MoS2 flakes and indicates that the oxygen attacks only surface layers. Thus the
encapsulation of the ultrathin MoS2 devices is necessary to eliminate the influence of oxygen in
the performance of the material [13]. The mode combination of A1g+ LA(M) at ~180cm-1 and A1g
- LA(M) at ~635cm-1 have been reported to exist in multilayer MoS2. In our case, these modes are
not present and this is an extra indication that a monolayer structure is predominantly grown. From
750-850 cm-1 other higher order Raman peaks can be clearly observed. The same peaks can be
observed in figure 4.2(b) along with the silicon peak at 519 cm-1.

4.2 Photoluminescence spectroscopy
In this section, micro PL and normal PL measurements of grown MoS2 will be presented.
In addition, the PL dependence on laser power and temperature are discussed in detail. The micro
PL was obtained at room temperature. Large area PL, was recorded using excitation at different
laser power and different temperatures. All the measurements were performed with a 532nm in
wavelength laser.
Figure 4.3(a) shows the micro-PL spectrum obtained from Monolayer MoS2 on a c-plane
sapphire substrate at room temperature.
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Figure 4.3 Micro-PL spectrum of MoS2 monolayer on c-plane sapphire.
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The MoS2 shows one prominent emission peak labeled as A exciton and an other low
intensity peak at lower energies identified as negative trion. Between them there is a narrow peak
that is assigned to the PL emission of the sapphire crystal [54]. It should be mentioned that this
line does not originate from the laser plasma lines since those were separately recorded and
substracted from the measured spectra The position of peak A matches well with the energy of the
A exciton in the direct band gap transition [55]. The presence of the B excitonic peak in higher
energies because of the valence band split is absent in our PL spectrum. Apart from the A exciton
emission, two other additional emissions due to defects or substrate effects are observed in
agreement of other studies [54]. The lowest energy emission is defined as negative exciton (X,negative trion , three body negatively charged quasiparticle). The fitted spectra of A exciton
(blue), unidentified emission (green) and trion X- (red) are displayed in the inset of figure4.3 and
the results of the fitted data are presented in the following table 4.1.

A exciton
MoS2/Sapphire

Position
1.87 eV

FWHM
50 meV

Emission from
defects
Position FWHM
1.82 eV 40 meV

Trion X-1
Position
1.81 eV

FWHM
1.19 eV

Table 4.1 Results from fitting at the PL spectrum of MoS2/sapphire

Figure 4.4(a) shows the results from the photoluminescence measurements with different
excitation power ranging from 0.32mWatt to 2.65mWatt on the same area were micro-PL was
performed. The measurements at variable excitation power were taken at 30K.
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Figure 4.4 (a) PL spectrus of MoS2 for different laser powers (b) PL spectrum for a 0.32mWatt
laser power. The red, green and blue curves correspond to the fitted curves with Gaussian
profile. The orange peak is the sum of the three fitted peaks. (c) Intensity after integration of the
orange curve (grey area) is plotted as function of the laser power.
In figure 4.4(b), the PL spectrum for the lowest excitation power is shown. There is no
emission of A and B excitons. Fitting with Gaussian profile curves reveals that the broad PL peak
consists of three peaks. The peak at 1.74eV (red curve) and 1.65(green) can be assigned to an
emission from bound excitons. These emissions originate from defects like sulfur vacancies that
create traps in the band gap of the semiconductor [56]. While the laser excitation power increases,
it is expected that the traps will completely fill with bound excitons and the PL intensity will
saturate at some point [56]. In our case, as figure 4.4(c) shows, the PL intensity does not saturate
but a trend is present. We can assume that there is a big amount of traps that probably cannot be
filled with bound excitons at the laser power used. The lowest energy emission at 1.5eV(blue
curve) has been previously reported as an indirect band gap transition that is observable at 2L and
3L-MoS2 [57]. This low energy peak and the absence of A and B excitons implies that the big
laser spot size for normal PL measurements is not suitable to isolate the behavior of the small
monolayer flakes. Also we don’t have totally homogeneous flakes of MoS2 but spatially there are
areas were a second or third layer exists as well.
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PL at different temperatures
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Figure 4.5 (a)photoluminescence spectrum at different temperatures (b)Plot of A exciton peak
position as function of temperature
In figure4.5 the PL measurements at different temperature for 0.32mW excitation power
is presented. The PL intensity diminishes gradually with increasing temperature. This is expected
since the trapped excitons are not tightly bound to defects and this interaction can be easily
perturbed by thermal stimulation [56].

5 Electrical characterization
In order to investigate the electrical properties of the CVD grown MoS2 the sample, which
was presented in figure 3.4(b), was chosen because of the large continuous film at the border of
the trace. The width and length of this film can be used for fabrication of large-scale devices.

5.1 Device fabrication
A Transfer Length Measurement (TLM) pattern made by e-beam lithography and Au
metallization was used to form all metal contacts. Several TLM patterns were patterned onto the
area of the sample that contains predominantly monolayer MoS2. For this purpose, 7 groups of
TLM lines were designed and each of them consisted of 8 pairs as shown in figure 5.1.

42

Figure 5.1 A representative optical picture for a specific area of the sample. The red-dotted
square represents the group 1, Green Square the pair 1 and the blue line shows the width of the
CVD grown MoS2.

After a series of initial experiments, half of the sample was encapsulated. For this process
a thin coating of Si3N4 was applied all over the surface after the sample was annealed for 8min at
150℃. After encapsulation with Si3N4 electron beam lithography was used to pattern and etch the
Si3N4 , thus exposing only the metal pads surface. Figure 5.2 is an optical picture of the sample
after encapsulation.

Figure 5.2 Optical image of the device after encapsulation and etching.
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5.2 Experimental setup

Current (A)

For the electrical characterization of the devices a Keithley 4200 probe station was used
and all the measurements were carried out in ambient conditions. For all the measurements, the
range of the voltage sweep was from -2 to 2V starting at 0V with 0.05V step. Before taking any
measurements the leakage current of the setup was measured and is shown in figure 5.3.
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Figure 5.3 Leakage of the experimental setup when probes are not in contact with any sample

5.3 As-deposited MoS2
The results from the electrical characterization of the as deposited material without any
treatment will be presented in this section. The following graph in figure 5.4(a) shows the I-V
characteristic of Pair 1 with contact distance of 5 μm (group 3 at line 2). Many devices with the
same or larger contact distance were also measured and the I-V characteristics are similar as shown
in figure 5.4(b)
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Figure 5.4 (a),(b) I-V characteristics for pair 1 in different regions of the sample without
illumination
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The current flowing through the as deposited metal contacts, is comparable to the noise
floor of the experimental setup so it can be concluded that the metal contacts are not performing
as expected. In figure 5.5 (a) the I-V characteristic of pair 1 of group 5 at line 2 is presented. This
is one of the devices were the amplitude of the current is larger than the noise.
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Figure 5.5 (a)(b) I-V characteristics of the operational devices (c)(d) the same I-V
characteristics with the current plotted in log scale

Because the work function of Au is similar to the work function of few-layer MoS2 the IV characteristics are expected to be ohmic and symmetric. However Schottky behavior is clearly
shown. Furthermore, the I-V characteristic is not symmetric and shows large hysteresis as shown
in figure 5.5 (b) were the current is in logarithmic scale.

Discussion
The first electrical measurements of the as-deposited MoS2 showed that most of the pairs
in different regions of the device were not operational since the current was bellow the
measurement capability of the setup. There are few exceptions were some pairs give a measurable
current but even then there is no symmetry at the I-V characteristics and a large hysteresis exists.
There are several possible reasons that could explain this response. The electrical contact between
the material and the deposited contacts could be hindered by a thin layer of residues or oxidation.
The surface traps on the material itself could also be an issue if they act as traps for moving carriers.
Finally since this is a 2D system, any strong physisorption could strongly affect the electrical
properties of the MoS2 channel and/or the metal contact quality as well. The height and width of
the Schottky barrier between the metal and the semiconductor increases with the density of the
physisorbed impurities leading to a Schottky behavior [58]. In the next sections, we will try to
eliminate these effects using annealing and encapsulation.
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5.4 Effects of annealing on MoS2 contacts
Annealing process
Annealing was performed under vacuum with 20sccm Argon flow at 300℃ for 40 minutes.

Electrical characterization of annealed contacts
The same experimental technique that was described in the previous section was used for
the electrical characterization. In figure 5.6 two contact pairs with similar contact distance and at
different regions were measured and the IV characteristics are presented bellow.
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Figure 5.6 (a),(b) I-V characteristics after annealing for two different devices from figure 2(a) and
figure 3(a) respectively. (c),(d) the same I-V characteristics with the current plotted in log scale

The pair 2 (metal distance 10μm) of group 3 at line 2 exhibits large current and nearly
ohmic behavior with no hysteresis as shown in figure 5.6(a). The symmetry is clear in figure
5.6(c) were the absolute current is plotted in logarithmic scale. The pair 1 (metal distance 5μm) of
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group 5 at line 2 in figure 5.6(b) exhibit also large current but the hysteresis has not been
completely suppressed and there is no perfect symmetry as figure 5.6(d) shows.

Results and discussion
At the following graphs Figure 5.7(a)-(d) show the I-V characteristics of the devices
before and after annealing with the absolute current plotted in log scale.
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Figure 5.7 (a)-(d) I-V characteristics of the devices with the current plotted in log scale
From Figure 5.7 (a), (b) we can see the improvement in the electrical characteristics for
two devices. At figure 5.7(c), (d) the hysteresis is suppressed after annealing. Pair 1 (metal
distance 5μm) of Group 5 line 2 is an exception because unlike the other pairs it gives less
maximum current after annealing. The drastic improvement of ohmic behavior and increase in
current for the given applied voltage indicates improved interaction of the deposited metal with
the MoS2 semiconductor. It remains to clarify what is the effects of the physisorbed water and
oxygen molecules on the surface of the material. Although such species could have been partially
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removed during annealing there is every reason to expect they will re-attach with time and current
stressing. Thus, it is important to estimate what is the remaining electrical hysteresis, which is
discussed in the next section.

Total Hysteresis
To compare the hysteresis before and after annealing, the absolute current was calculated
and plotted. The absolute currents for the 0 to 2V part of the plot was divided with the current at
2V in order to obtain normalized values. The same was done for -2V to 0V. At the normalized
plot, the absolute area of the hysteresis loop was given by the integration of the graph from -2V to
2V. The following histogram in figure 5.8 shows the impact of the annealing process to the
hysteresis. The normalized units at the x-axis of the histogram correspond to the normalized area.
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Figure 5.8 Histogram with number of devices in y-axis and normalized area of hysteresis values
in x-axis
It is obvious that the hysteresis is also drastically reduced by the annealing. Even when
normalizing to the total current flowing through the devices. This result indirectly indicates that
the limiting mechanism for the as-deposited low conductivity was the activation of the metal
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contacts to the material. To further explore this we will study the effect of encapsulation to the
stability of the current flowing through the metal semiconductor metal system with time.

5.5 Effects of encapsulation
Encapsulation process
Encapsulation was performed with a thin coating of Si3N4 which was applied all over the
surface after the sample was annealed at 150℃. After encapsulation with Si3N4 electron beam
lithography and plasma etching was used to expose the metal pads surface
After encapsulation, electrical characterization was performed at 1V voltage sweeps. In
figure 5.9 some representative IV characteristic curves from the various regions of the sample are
presented.
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Figure 5.9 (a)-(d) representative IV-characteristics of the device from pairs in different
regions

In general, all the pairs exhibit ohmic behavior and excellent symmetry. The currents are large at
the range of 10-8 to 10-6 despite the low voltage sweep. The hysteresis is not present and all the
measured pairs are sensitive to the visible light of the microscope (this will be discussed later).
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Results and discussion
In figure 5.10 (a) - (d) the IV characteristics in different stages of process are plotted
together with the absolute current in logarithmic scale.
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Figure 5.10 (a),(b) IV-characteristics from different process (c),(d) IV characteristics from
pristine and encapsulation stage

The encapsulation further suppresses the hysteresis in all cases and all the devices after
encapsulation exhibit good symmetry and ohmic behavior. In figure 5.10(b) it is clear that
encapsulation drastically improves the hysteresis and the symmetry of the device. Figure 5.10 (d)
is an exception because despite the fact that the current and the hysteresis are better after annealing,
the symmetry is not corrected. The reason may be an asymmetric metallization in the first step of
the device fabrication.
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5.6 Current stability of Metal – MoS2 – Metal systems
Experimental method
In order to investigate the stability of our devices, two pairs with good electrical behavior
were chosen, one after annealing and one after encapsulation. The same voltage sweep from -2V
to 2V starting at 0V with 0.05V step was performed repeatedly without any delay between
consecutive measurements. The results from these experiments will be presented in this section.

Results and discussion
In figure 5.11 at the left column, the I-V characteristics of all the measurements for the
annealed (a) and encapsulated (b) device are presented and at the right column, the performance
of the device over time is plotted.
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Figure 5.11(a), (c) I-V characteristics for repeated measurements (b),(d) Current at 1V for each
measurement versus time(the time for a single voltage sweep is included in the x-axis).
In figure 5.11 (a), (c) it is clear that the I-V characteristics for consecutive measurements
do not superimpose. Because the I-V curves are ohmic, the maximum current at 1V for each
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measurement was extracted and plotted versus time as shown in figure 5.11(b),(d). It is clear that
the current for both devices gradually decreases over time. For the annealed device, the
performance drop in 9 minutes (after 8 repeated measurements) is 73% and for the encapsulated
device (after 12 repeated measurements) it is only 18%.
The performance drop of the annealed device can be explained by the electrical stress that
each measurement applies to the channel. As has been previously reported when bias voltage is
applied the accumulation of electrons in the channel increases and the absorbed water and oxygen
concentration increases as well [59]. At the same time, the sample remains in ambient environment
during the measurements resulting in increased concentration of activated surface traps. On the
other hand encapsulation has improved but not completely suppressed these defects. We assume
that some pre-existing contamination on the surface of the MoS2 material may have not been
removed by the annealing process before the deposition of Si3N4. Thus giving rise to the observed
effect which although much smaller is not completely removed.

5.7 TLM measurements
In figure 5.12 (a), (b) the measurements of two complete lines are presented after
annealing process. Normally a linear relation between the contact and the resistance would be
expected. However as can be seen from figures 5.12 (c) and (d), this is not the case.
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Figure 5.12 (a),(b) I-V characteristics for line 2 and line 3 of group 3 respectively (c)(d) Total
resistances of each channel length
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A significant reason for the observed deviation is the fact that no MESA isolation was done on this
initial sample. This would affect the measured resistance especially for large contact distance were
edge effects become more important. Even taking that into account however does not explain the
fact that we observe a drop in resistance with increasing metal contact distance. The reasons for
this behavior are unclear at this point and do not allow us to extract an indicative contact resistance
or surface resistance for the material.

5.8 Gate measurements
Back gate measurements were performed on the encapsulated sample. The back gate
voltage sweep was from -15V to 15V with a 0.05V step starting at 0V with a Vds=1V bias. In
figure 5.13(a), (b) the I-V characteristic is shown.
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Figure 5.13 (a) Ids-Vg characteristic (b) Smoothed curve. The red dashed line indicates the
calculated slope.

The current flowing through the material changes as expected with varying back gate
voltage. However, a significant hysteresis is obvious since the Current at zero back gate before
and after the sweep are not the same. This behavior can be attributed to the same surface
phenomena discussed when analyzing the I-V instability (surface traps on the material).
The field effect mobility μFE=0.1 cm2V-1s-1 for this pair can be extracted from the slope of
the smoothed curve by using the following formula [58].
𝜇𝐹𝐸 =

1 𝑊 𝑑𝐼𝑑𝑠 1
∙ ∙
∙
𝐶𝑜𝑥 𝐿 𝑑𝑉𝐺 𝑉𝑑

were, W: width of the metal pad, L: channel length, Cox: SiO2 capacitance, Vd: drain bias voltage,
dIds/dVg : slope
Figure 5.14 (a)-(d) shows other back gate measurements for different pairs with field effect
nobilities μFE=0.08 cm2V-1s-1, μFE=0.5 cm2V-1s-1, μFE=1 cm2V-1s-1, μFE=0.03 cm2V-1s-1
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Figure 5.14 (a)-(b) Ids-Vg characteristics of different pairs

All the calculated field effect motilities are underestimated because there is a voltage drop between
the metal pad and the semiconductor. This voltage drop should be extracted from the Vd in the
formula something that is not possible in our case because we couldn’t estimate the contact
resistance of our devices.

5.9 Photocurrent response
In this section, the sensitivity of our devices to incident light will be briefly discussed. The
I-V characteristics for our devices under dark and illumination conditions will be presented. The
light used has 1mWatt power (the microscope illumination is used) and does not represent a
systematic study of photoresponse. It is however an initial indication that there is a significant
response from the devices and it provides insight as to the behavior of the devices after each
treatment.
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As deposited MoS2
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Figure 5.15 (a),(b) I-V characteristics at dark state (black line) and illuminated state (red line)
conditions for the as deposited MoS2 material
To make an estimation of the response of each device two quantities are calculated: The
total current change (Ion – Ioff) and the relative current change (the first quantity divided by Ioff.
Both are important when designing a photosensitive device. Both quantities should be as large as
possible as that would signify a device with large response and low dark current.
𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓

𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓
𝐼𝑜𝑓𝑓

Group 3 Line 2 Pair 1
0.2
0.8 10−9 A
(figure 5.15 (a))
Group 1 Line 1 Pair 1
2.65
3.2 10−9 A
(figure 5.15 (b))
Table 5.1 Photocurrent and relative photocurrent calculation of short channel pair 1 at different
regions of the as deposited MoS2.
Although the two devices described above should provide similar response (since they have
the same geometric characteristics) they appear quite different. Furthermore, the photo-current is
in order of 10-9 A that is quite low. This could be attributed to the poor Schottky-like contacts that
hinder current flow and the abundance of traps on the material.
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After annealing
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Figure 5.16 I-V characteristics of (a) pair 1 (5μm metal distance) and (b)pair 2 (10μm metal
distance) at dark state (black line) and illuminated state (red line) conditions for the MoS2
material after annealing

𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓

𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓
𝐼𝑜𝑓𝑓

Group 3 Line 1 Pair 1
2.0 10−7 A
1.3
(figure 5.16 (a))
Group 3 Line 1 Pair 2
1.0 10−7 A
0.83
(figure 5.16 (b))
Table 5.2 Photocurrent and relative photocurrent calculation of two different length pairs in the
same TLM line on MoS2 after annealing in vacuum.

As can be seen for the case of annealed samples, the photo-current has improved by 2
orders of magnitude ranging around 10-7 A for the same conditions. Furthermore, both devices
(note they have different geometry) exhibit similar relative current change. This should be further
studied with more devices to obtain statistical deviation and response as a function of device size.
It is generally expected that the closer the contacts the better the performance of the device since
more photogenerated carriers will reach the contacts. This agrees with the two initial
measurements presented here.
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After encapsulation
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Figure 5.17 I-V characteristics of (a) pair 1 (5μm metal distance) and (b)pair 2 (10μm metal
distance) at dark state (black line) and illuminated state (red line) conditions for the MoS2
material after encapsulation.

𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓

𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓
𝐼𝑜𝑓𝑓

Group 6 Line 2 Pair 1
0.1
0.2 10−8 A
(figure 5.17 (a))
Group 6 Line 3 Pair 2
0.2
0.5 10−8 A
(figure 5.17 (b))
Table 5.3 Photocurrent and relative photocurrent calculation of two different length pairs at
different regions after encapsulation with Si3N4.

For the case of encapsulated samples, the current change has dropped to 10-9 A and the
relative response is now in the order of 0.1 – 0.2. This is a preliminary indication that to some
extend the encapsulation process damages the material either by creating more traps or by reducing
the mobility of the photogenerated carriers. Both processes would induce a reduction to the
efficiency of collecting photogenerated carriers from the contacts.
In conclusion, the largest photocurrent is generated by the annealed devices and is 2 orders
of magnitude larger than the as deposited material and 1 order of magnitude larger than the
encapsulated devices. After the annealing process the contacts and the mobility of the MoS2
channel were improved and thus the photoexcited carriers can be separated and driven away by
the external field more efficient leading to an increased photocurrent. The encapsulation of the
device with silicon nitrite may cause defects to the surface of the material or doping. Both cases
lead to a decrease of photocurrent. In the case of encapsulation the large channel length (10μm)
device has greater photocurrent than the short channel device (5μm). The photoexcitation of a
bigger area results to more photoexcited carriers assuming that the recombination time is smaller
than the transition time for a carrier in our system.
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6 Conclusions
In this thesis, the fabrication and operation of test photosensitive device based on CVD
grown MoS2 was discussed. The effects of different growth parameters such as the substrate
cleaning method, different substrate type and position and the amount of Sulfur precursor were
investigated. The best crystal quality MoS2 were obtained by a caped substrate position with
0.6mm gap on a c-plane sapphire substrate for 120/14 mg of Sulfur and MoO3 respectively. A
CVD growth on a silicon substrate with identical parameters resulted to larger deposition of MoS2
and was used for FET fabrication.
Raman analysis on the samples revealed the two characteristic E12g and A1g modes for
MoS2. The difference Δω was 18cm-1 for MoS2 on silicon and 20cm1 on sapphire. In addition to
these two dominant peaks, other peaks from different vibrational modes were identified.
The analysis on photoluminescence spectrum of MoS2 on sapphire revealed one major
peak at 1.87eV from the A excitonic direct band gap transition and two additional small intensity
peaks that have been attributed to defects on the 2D crystal. The PL spectrum of the MoS2 on
silicon revealed that the 2D crystal has trap states in the band gap that originate from sulfur
vacancies
Concerning the metallization of the fabricated devices, a TLM pattern was used for
electrical characterization and extraction of the contact resistance. The as deposited material
exhibited very low currents only at short channel pairs with no symmetry of the IV characteristics
something that was attributed to the poorly activated contacts. After annealing the devices showed
up to 3 orders of magnitude larger current. The hysteresis is removed and the I-V characteristics
are symmetric and ohmic. Encapsulation of the devices with Si3N4 had similar results as far as the
I-V characteristics are concerned.
The major difference between annealing and encapsulation was on the current stability of
the devices. The annealed devices had 73% performance drop for repeated measurements because
the MoS2 channel surface was exposed to ambient environment. The encapsulated devices
performed better with 13% performance drop for repeated measurements. Thus we conclude that
the passivation of the MoS2 FETs is desirable for long term performance.
We were not able to extract the contact resistance because the linear fit of the points has
very low R2 and the calculated values do not represent the real contact resistance.
Gate measurements on the encapsulated devices showed motilities μFE=0.03-1 cm2V-1s-1.
However these values are overestimated because we couldn’t calculate the voltage drop between
the metal pads and the MoS2 channel because this calculation requires the contact resistance.
Photosensitivity was observed in our devices during the different stages of treatment. The
largest photocurrent was observed on the devices after annealing but without encapsulation.
The fabrication technique in this thesis despite the complexity of the various parameters
that affect the growth is very promising for large MoS2 high crystal quality deposition. Further
investigation is needed in order to achieve repeatability and thus large-scale homogeneous
monolayer MoS2 for massive production of optoelectronic devices.
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