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Fig. 0.1 

(a) Current 2D materials library. Those monolayer materials stable 
in ambient conditions are shaded in blue, while those probably 
stable in air are shaded in green. The red squares represent 
monolayer unstable in air but stable in inert atmosphere and in the 
end the gray squares represent materials exfoliated from bulk to 
monolayers but of which there are not further information. (b) 
Graphene planar structures and its semimetal band structure. (c) 
Hexagonal Boron Nitride planar structure and its insulator band 
structure with a band gap of around 5 eV. (d) Monolayer Transition 
metal dichalcogenides 3D view and their semiconductive band 
structure with a band gap in a range between 1.2-2 eV. 
 

XVII 

Fig. 1.1 
Three-dimensional view of a MoS2 single layer (a) and in a 
multilayer structure (b). 
 

2 

Fig. 1.2 

(a) Lennard-Jones potential to model the vdW interaction between 
two atoms a and b. The vdW distance (dvdW), corresponding to the 
minimum of the L-J potential, the covalent radius of the two atoms 
(ra and rb) and the vdW gap (ΔvdW) are indicated in the insert of 
Figure 1.2 (a). (b) 2L-MoS2 cross section representation showing 
the vdW gap between the two adjacent sulphur atoms and the 
spacing between two consecutive molybdenum atoms. 
 

3 

Fig. 1.3 

MoS2 polytypes: hexagonal (2H), rhombohedral (3R) and 
tetragonal (1T) symmetry. 

 

4 

Fig. 1.4 

(a) Back-gated field-effect transistor (FET) composed by a single 
layer of graphene as a channel. (b) Back-gated FET composed by a 
single layer of MoS2 as channel. (c) Semi-log transfer characteristic 
of FET with graphene and the corresponding mobilities and the 
Dirac cone for each side of the voltage corresponding to a different 
doping (p-type left-side, n-type right side). (d) Linear transfer 
characteristic of 1L-MoS2 and its mobility and the corresponding 
threshold voltage (Vth). 

6 

Fig. 1.5 

Ideal charge transfer effect on 1L-MoS2 with different work 
function metals (Sc, Ti, Ni and Pt). (b) Real situation of charge 
transfer effect on 1L-MoS2 limited by Fermi-level pinning near the 
CB of the MoS2 for all the different work function metals. 
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Fig. 1.6 

Scheme of the 1L-MoS2 FET integrated on the surface with 30 nm 
of HfO2: without (a) and with (b) top-gate metal contacts. (c) Id-Vbg 
transfer characteristics of the FET when is applied a Vd=10 mV. (d) 
Id-Vtg transfer characteristics of the FET for different Vd values 
(from 10 to 500 mV) when the Vbg is set to zero. 

10 

Fig. 1.7 

(a) Optical image of exfoliated flake of MoS2 at different thickness 
(1L,2L,4L and 6L). (b) Corresponding AFM image for the different 
MoS2 thickness. Their steps are reported in (c). (d) 
Photoluminescence of MoS2 flake with its main peaks centered at 
627 and 677 nm. (e) Photoluminescence of 1L, 2L, 4L and 6L-MoS2 
and (f) PL after the normalization of the MoS2 Raman peak. 

11 

Fig. 1.8 
Band structure of (a) Bulk, (b) hexalayer (6L), (c) bilayer (2L) and 
(d) monolayer (1L) MoS2. 12 

Fig. 1.9 

(a) DFT simulation of the 1L-MoS2 band structure including (black 
solid line) or not (dotted line) the spin-orbit coupling. This 
consideration permits to evaluate the splitting of the VB in K point. 

13 

Fig. 1.10 

Deconvolution of a freestanding 1L-MoS2 PL spectrum. Three 
different components are visible: two excitonic peaks, A0 and B, 
and the Trion (A-). 

14 

Fig. 1.11 

Angle-resolved photoluminescence spectroscopy (ARPES) 
measurement realized on 1L-MoS2 along the M-Γ directions. The 
red curves represent the theoretical calculations overlapped to the 
experimental band structure. 

15 

Fig. 1. 12 

(a) Vibrational modes and (b) Raman spectra of MoS2 from Bulk to 
1L with the characteristics vibrational peaks E2g and A1g. (c) Trend 
of the two peaks (black lines) as a function of the thickness and their 
difference Dw (red points and dashed line) as a function of the 
thickness. 

16 

Fig. 1. 13 
Experimental set-up for (a) uniaxial strain applied on 1L-MoS2. (b) 
Raman spectra of 1L-MoS2 at different uniaxial strain steps. 18 

Fig. 1. 14 

(a) Scheme of the SiO2 micro-holes array in which is exfoliated the 
1L-MoS2 for the biaxial strain treatments. (b) AFM profile of the 
MoS2 film after the application of an internal pressure (and 
therefore a difference of pressure with the external pressure Δp) at 
which corresponds a different extension (δ) of the membrane at and 
thus a different biaxial strain applied. (c) Raman peak position of 
the E2g and A1g for 1L, 2L and 3L-MoS2 as a function of the strain 
in a range between 0 and 2.5%. 

19 
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Fig. 1. 15 

Effect of the biaxial strain on the PL intensity and position of 
monolayer MoS2. Increasing the strain the PL peak decreases in 
intensity and undergoes a red-shift. 

21 

Fig. 1.16 

(a) Top-gated Transistor with 1L-MoS2 combined with a polymer 
electrolyte. (b) 1L-MoS2 Raman spectra at different top-gate 
voltage applied. (c) Shift rate of the two vibrational peaks positions 
as a function of the applied voltage. 

22 

Fig. 1.17 

(a) Photoluminescence spectra of 1L-MoS2 at different gate voltage 
from -70 V to 80 V. (b) Intensity and current of the three 
components (A-, A0 and B) as a function of the gate voltage. 

24 

Fig. 1.18 

(a) Raman spectra of 1L-MoS2 by varying the inter-defects distance 
LD. (b) Deconvolution of the two main vibrational peaks E’ and A’1 
after the ion beam bombardments. 

25 

Fig. 1.19 

(a) PL spectra of 1L-MoS2 after different time of hydrogen plasma 
treatments. Deconvolution of the PL spectra for the (b) as-grown 
1L-MoS2, (c) after 10 and (d) 20 minutes of plasma treatments. 
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Fig. 2.1 

(a) Scheme of the mechanical exfoliation from a MoS2 Crystal by 
scotch-tape. (b) Few micrometers-area of 1L-MoS2 obtained by the 
mechanical exfoliation.  
 

30 

Fig. 2.2 
(a) Scheme of the liquid-exfoliation method for a bulk MoS2. (b) 
Photograph of phials containing liquid exfoliate MoS2, WS2 and BN. 
(c) SEM image of liquid exfoliated MoS2 at high magnitude.  

31 

Fig. 2.3 

 
(a) Schematic of the mechanical exfoliation assisted by gold 
substrate. (b) Optical image of a large area (mm2) 1L-MoS2 
exfoliated on gold.  
 
 

32 

Fig. 2.4 
 
Au-assisted exfoliation yields as a function of the time of gold 
exposition at air.  

33 

Fig. 2.5 

 

AFM of the Au morphology realized by different technique: (a) e-
beam evaporator, (b) sputtering and (c) peeled. Effect of the strong 
interaction between the MoS2 and Au (for the peeled and e-beam 
cases) compared to the SiO2 counterpart. (e) Effect on PL quenching 
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in the MoS2 on Au compared to the exfoliated and CVD grown MoS2 
on SiO2. 

Fig. 2.6 

(a) Reproducible process of the mechanical exfoliation assisted by 
gold from the same bulk crystal. (b) Method applicable to various 
TMDs materials with high lateral extension. 

35 

Fig. 2.7 

(a) Scheme of the CVD system to realize deposition of MoS2 from 
Sulfur and MoO3 powder. (b) Optical image of triangular MoS2 
realized by CVD. (c) Diffraction of the single-crystal MoS2 realized 
by CVD.  

36 

Fig. 2.8 

The two CVD mechanism proposed: (I) MoO3-xSy as an intermediate 
product between the MoO3 and S powders. Next the MoO3-xSy is 
converted in MoS2 directly. (II) The two precursors react directly in 
gas phase forming MoS2 and next it is deposited on the substrate. 

37 

Fig. 2.9 

(a) Scheme of the process for sulfurization from a MoO3 film. (b) 
Chemisorption mechanism of the sulfurization process. (c) Optical 
image of MoS2 realized by sulfurization. (c) Diffraction pattern of 
polycrystalline MoS2 realized by sulfurization. 

38 

Fig. 2.10 

(a) SEM image of 1L-MoS2 triangles growth by CVD. (b) Low-
magnification TEM image and the corresponding diffraction patterns 
from two merging islands with their edges forming a 90 angle. (c) 
All the possible orientations of the MoS2 triangles on the c-sapphire 
(=0°,30°,60° and 90°) 

39 

Fig. 2.11 

(a) Scheme of the Pulsed Laser Deposition (PLD) system to deposit 
MoS2 film on a desired substrate. (b) Effect on the thickness from a 
conventional commercial target of MoS2 without sulfur excess 
(MoS2:S ratio of 1:0), confirmed by TEM image. The blue spectrum 
is the interlayer spacing. (c) Effect on the thickness from a denser 
target of MoS2 with sulfur excess (MoS2:S ratio of 1:1), confirmed 
by TEM image. The blue spectrum is the interlayer spacing. 

41 

Fig. 2.12 

(a) High resolution ADF STEM image and simulation (b) of Grain 
boundaries lines in MoS2 grown by PLD. (c) ADF STEM image and 
(d) false colored Fast Fourier Transform (FFT) in a mono-bilayers 
MoS2 region characterized by Moiré fringes. 

42 

Fig. 2.13 

(a) Molecular Beam Epitaxy set-up for TMDs growth. (b) Triangles 
of MoS2 on h-BN. (c) Hexagonal MoS2 grains and their extension (d) 
on h-BN. (e) Continuous thin film of MoS2 on h-BN. 
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Fig. 2.14 
Three types of band gap alignment: (I) Straddling, (II) Staggered and 
(III) Broken-gap. 45 

Fig. 2.15 
Calculated band alignment at the vdW interface between Si and few 
layers MoS2 (a) and 1L-MoS2 (b). 47 

Fig. 2.16 

X-ray and ultraviolet photoelectron spectroscopy spectra of (a) Mo 
3d and (b) Si 2p core levels from which is estimated the separation 
EMo3d5/2 - ESi2p3/2. Core level and valence band spectra for MoS2 / Si 
junction, from which the energy separation of the Mo3d5/2 and 
Si2p3/2 is estimated. 

48 

Fig. 2.17 

Cross section representation of an heterojunction diode composed by 
p-Si and n-type 1L-MoS2. (b) Band diagrams of the heterostructure 
before the junction formation (i), at equilibrium (ii) and under 
forward bias polarization (iii). (c) Id vs Vd characteristics of the diode 
showing rectifying behavior. (d) Electroluninescence spectrum 
showing two excitonic components (A, B) and trionic component (A-

). 

49 

Fig. 2.18 Band gap vs lattice constant. 51 

Fig. 2.19 

Rotationally aligned epitaxial growth of MoS2 triangles during CVD 
on the (0001) basal plane of GaN. All the triangle basis are parallel 
to the [1-100] direction. 

52 

Fig. 2.20 
Calculated band alignment at the vdW interface between GaN and 
few layers MoS2 (a) and 1L-MoS2 (b). 53 

Fig. 2.21 

(a) Mo 3d core level and valence band spectra of 1L-MoS2, (b) Ga 
2p and valence band spectra of GaN before junction formation. (c) 
Core level spectra measured on 1L-MoS2/GaN after the junction’s 
formation. (d) Band-diagram of the 1L-MoS2/GaN system evaluated 
from the experimental ΔEv value of 1.8 eV, indicating the formation 
of a type II heterostructure. 
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Fig. 2.22 

(a) Setup of multilayers n-type MoS2 exfoliated on n-GaN/sapphire. 
(b) Current-voltage characteristics of the heterojunction diode in 
linear (red curve) and semi-log scale (blue curve). (c) Photoelectrical 
behaviour of the diode under illumination at 405 and 650 nm. 

55 

Fig. 2.23 

(a) Setup of multilayers p+-type MoS2 grown by sulfurization and 
transferred on n+-GaN/sapphire. (b) Current-voltage characteristics 
of the heterojunction diode in semi-log scale for three different scans, 
showing the negative differential resistance under forward bias. 

56 

Fig. 2.24 

(a) Scheme of the few-layers MoS2 grown on 4H-SiC and 
corresponding band alignment. (b) 1L-MoS2 grown on 4H-SiC and 
the corresponding band alignment between the two semiconductors. 
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Fig. 2.25 

(a) Mo 3d core level and valence band spectra of multilayer MoS2. 
(b) Si 2p core level and valence band spectra of bulk SiC. (c) Mo 3d 
and Si 2p core level spectra obtained from the MoS2/SiC interface. 
(d) Bands alignment with the band gap and the derived value of 
conduction and valence band offset deducted from XPS analysis. 
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Fig. 2.26 
(a) Scheme of multilayers p-MoS2 on n-4H-SiC and (b) current 
density-voltage characteristics of the heterojunction. 60 

Fig. 2.27 

(a) Schematic of a typical cycle in ALD growth. (b) Schematic 
diagram showing the adsorption and desorption processes of a TMA 
precursor during the ALD deposition of Al2O3 on the 2D materials. 
(c) AFM image of the ALD-Al2O3 layer deposited on a pristine MoS2 
surface. 
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Fig. 3.1 

Sputtering deposition of a Ni adhesion layer (step 1) and of the gold 
thin film (step 2). Pressing of a bulk MoS2 stamp on the fresh surface 
of Au immediately after the deposition (step 3) and mechanical 
exfoliation of extendend 1L-MoS2 on Au (step 4). 
 

64 

Fig. 3.2 

(a) AFM morphology of the fresh Au surface after the magnetron 
sputtering deposition. (b) Height distribution of the AFM image (a) 
from which the extracted FWHM indicates the roughness of the gold 
surface. 
 

65 

Fig. 3.3 

(a) Photograph of the exfoliated 1L-MoS2 flake on Au. Optical 
images of the exfoliated 1L-MoS2 on Au at two different 
magnifications 10x (b) and 100x (c). 
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Fig. 3.4 

(a) AFM image of the ultra-thin MoS2 film with a fracture. The 0.7 
nm step height in the height profile along the red line demonstrates 
the 1L thickness of MoS2 on Au. (b) AFM morphology of a region 
where MoS2 partially covers the Au surface. (c) Corresponding 
histogram of height distribution, showing two components, 
associated to the bare Au region and to 1L MoS2/Au. Very small and 
comparable values of roughness (σ1=0.25 nm and σ2=0.28 nm) can 
be deduced for both areas. 
 

66 

Fig. 3.5 

(a) Morphological AFM image of a region of the exfoliated MoS2 
membrane on Au, containing areas with different MoS2 thicknesses 
(1L, 2L, FL and bulk) and bare Au areas. (b) Phase image 
corresponding to the white dashed rectangular region in (a), showing 
a different contrast between bare Au and MoS2 covered regions. 
Height line scans from (c) 1L, (d) 2L, (e) FL and (f) bulk MoS2 areas 
in panel (a). 

67 

Fig. 3.6 
Schematic illustration of the three steps process for Au-assisted 
exfoliation of 1L MoS2 and transfer to a Al2O3/Si substrate. 69 

Fig. 3.7 

(a) AFM morphology of the peeled gold on PMMA and (b) 
corresponding histogram of height distribution, showing a very small 
roughness of 0.21 nm, comparable with that of the Au/Ni film on 
SiO2 (see Figure 3.2).  

70 

Fig. 3.8 

(a) AFM image of the Al2O3/Si substrate before the 1L-MoS2 transfer 
and the corresponding RMS of 0.23 nm. (b) Optical image of the 1L-
MoS2 transferred on Al2O3/Si. (c) AFM image of a submicrometric 
region of 1L-MoS2 on Al2O3. (d) Corresponding step of 0.7 nm for 
the 1L-MoS2 on Al2O3/Si. 

71 

Fig. 3.9 

Typical Raman spectra of exfoliated MoS2 on the Au substrate (a) 
and transferred onto Al2O3/Si (b) measured on 1L, 2L, FL and bulk 
MoS2 regions. The black (red) dashed lines indicate the E2g and A1g 
peaks frequencies for 1L MoS2 on Au (Al2O3). (c) Behavior of the 
E2g and A1g peak frequencies as a function of the number of layers 
for MoS2 on Au (filled squares and triangles) and for MoS2 on Al2O3 
(open squares and triangles). (d) Plot of the peaks frequency 
difference Δω as a function of the number of layers for MoS2 on Au 
(filled red circles) and MoS2 on Al2O3 (empty red circles). 
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Fig. 3.10 

(a) Representative Raman spectra for 1L MoS2 on Au (black line) 
and on Al2O3/Si (red line). Colour map of the E’ peak frequency 
values (ωE’) for 1L MoS2 on Au (b) and on Al2O3 (c) and 
corresponding histograms (d). Colour map of the A1’ peak frequency 
values (ωA1’) for 1L MoS2 on Au (e) and on Al2O3 (f) and 
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corresponding histograms (g). Colour map of the peaks frequency 
difference (Δω =ωA1’-ωE’) for 1L MoS2 on Au (h) and on Al2O3 (i) 
and corresponding histograms (l). 

Fig. 3.11 

Correlative plot of the A1’ and E’ peak frequencies to evaluate the 
biaxial strain and charge doping distributions in 1L MoS2 on Au 
(black circles) and on Al2O3 (blue triangles). The red (black) lines 
represent the strain (doping) lines for ideally undoped (unstrained) 
1L MoS2, meanwhile the green square indicates the  ���� =385 
��  and ω0

A1’ = 405 
��  frequencies for freestanding 1L 
MoS2, taken as zero reference. The dashed red (black) lines parallel 
to the strain (doping) lines serve as guides to quantify the doping and 
strain values, respectively. 

77 

Fig. 3.12 

Colour maps of the strain for the 1L MoS2 on Au (a) and 1L MoS2 
on Al2O3 (b) samples and histograms of the strain values (c). Colour 
maps of the doping for 1L MoS2 on Au (d) and 1L MoS2 on Al2O3 
(e) and histograms of the doping values (f). 

79 

Fig. 3.13 
Photoluminescence spectra under 532 nm excitation for 1L, FL and 
bulk MoS2 on Au (a) and Al2O3 substrate (b). 81 

Fig. 3.14 

Deconvolution of PL spectra for (a) 1L MoS2 on Au and (b) 1L MoS2 
on Al2O3. Three different components were identified: the trion peak 
T, the exciton peak A0 and the exciton peak B. 

82 

Fig. 3.15 

Correlative plots of the PL peak energy with the strain (a) and doping 
values (b) deduced by PL and Raman mapping on the same sample 
area. 

83 

Fig. 3.16 

(a) Schematic illustration of the C-AFM setup used for current 
mapping through the 1L MoS2 film on Au. (b) Morphology of a 
sample region with the Au substrate partially covered by the 1L MoS2 
film and (c) simultaneously measured current map on the same area 
(at Vtip=50 mV). (d) Local I-Vtip curves measured with the Pt-tip in 
contact with 1L MoS2 on Au and with the bare Au surface (red line). 
A detail of the I-Vtip curve measured on Au is reported in the right 
inset. A schematic band-diagram for the tip/1L MoS2/Au 
metal/semiconductor/metal heterojunction is reported in the left 
inset. (e) Histogram of the tunnelling barrier values B evaluated 
from the I-Vtip curves in panel (d), according to the direct tunnelling 
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mechanism. The band-diagram for intrinsic and p-type doped 1L 
MoS2 are schematically illustrated in the insets of (e). 
 

Fig. 3.17 

(a) Schematic of the tip/MoS2/Au system, where the presence of 
defects (e.g. sulfur vacancies) in the 1L MoS2 has been indicated. (b) 
Typical I-Vtip curve, where two conduction regimes are indicated: a 
linear regime (at lower bias) ruled by direct tunnelling, and an 
exponential regime (at higher bias) ruled by trap-assisted-tunnelling. 
(c) Plot of ln(I) vs 1/E, demonstrating that current can be described 
by the trap-assisted-tunnelling equation (in the insert). (d) Histogram 
of the Et values obtained by fitting of all the I-Vtip curves in Figure 

3.16(d). 

87 

Fig. 3.18 

(a) Output and (b) transfer characteristics of a back-gated field effect 
transistor fabricated with Au-exfoliated 1L MoS2 transferred on 
Al2O3/Si. The device schematic is shown in the inset of panel (a). 

89 

Fig. 3.19 

(a) Fitting of the linear region of the output characteristics (ID/W vs 
VD) of the back-gated 1L MoS2 FET to evaluate the on-resistance 
RonW. (b) Plot of RonW vs 1/(VG-Vth) and linear fit with the equation 
RonW=2RCW+L/[μCox(VG-Vth)], with RCW the contact resistance, 
L=10 μm the channel length, μ the electron mobility, Cox the 
capacitance density of 100 nm Al2O3, Vth=-9 V the threshold voltage. 
A contact resistance RCW2 MΩμm and a mobility μ=2.30.1 cm2V-

1s-1 were evaluated from the fit. 

90 

Fig. 3.20 

AFM morphologies of Al2O3 simultaneously deposited at 250 °C by 
80 ALD cycles on the surface of the 1L MoS2/Al2O3/Si sample (a) 
and of the 1L MoS2/Au sample (b). The root mean square (RMS) 
roughness values of the two samples are indicated. The configuration 
of the deposited Al2O3 on 1L MoS2/Al2O3/Si and 1L MoS2/Au is 
schematically illustrated in (c) and (d). (e) Histogram of the height 
distribution obtained from the AFM map of Al2O3 on 1L 
MoS2/Al2O3/Si, from which 70% Al2O3 coverage and an average 
height 4 nm of Al2O3 islands were evaluated. (f) Histogram of the 
height distribution for Al2O3 on 1L MoS2/Au. 
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Fig. 3.21 

(a) Cross-section TEM image of the lamella realized by the 
Al2O3/MoS2/Au/Ni/SiO2/Si sample. (b) Higher magnification of the 
previous TEM image, in which it is possible to descriminate the 1L-
MoS2 film between the dielectric and the metallic substrate. (c) TEM 
image showing the distance between the Mo and Au atoms of the 
sample, whose value is reported in (d). 
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Fig. 3.22 

Representative Raman spectra collected on 1L MoS2 on Au (a) and 
1L MoS2 on Al2O3/Si (b) before (reference) and after 80 Al2O3 ALD 
cycles. (c) Correlative plot of the A1’ vs E’ peak frequencies of the 
Raman spectra acquired on the 1L MoS2 on Au before (black circle) 
and after (blue circle) ALD deposition and for 1L MoS2 on Al2O3/Si 
before (magenta square) and after (cyan square) ALD deposition, 
allowing to evaluate the type and average values of strain and doping 
of 1L MoS2 membrane. 
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Fig. 3.23 
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samples before (ref. spectra) and after 80 Al2O3 ALD cycles. 95 

Fig. 3.24 

(a) Schematic of the step between the Al2O3/1L MoS2 stack and the 
underlying Au substrate. (b) AFM image and (c) height line-profile 
of the step, from which a deposited Al2O3 thickness of 3.6 nm was 
estimated, after subtracting 1L MoS2 thickness (0.7 nm) (d) C-AFM 
current map simultaneously acquired with a bias V=3V and (e) 
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(a) Local current-voltage (I-V) characteristics collected at three 
different positions (different color points) on the Al2O3/MoS2/Au 
stack, showing current breakdown at biases between 3.7 and 4.5 V. 
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Fig. 4.2 

AFM morphologies of deposited Mo film on SiO2 at different time: 
(a) 5 seconds, (c) 7 seconds, (e) 10 seconds. Corresponding line 
profiles for each deposition (b) 5 s, (d) 7s, (f) 10s. Plot of the 
deposited Mo thickness vs the deposition time, from which a 
deposition rate of ~0.2 nm/s was deduced. 
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(a) Typical AFM morphology of as-deposited MoO3 thin films with 
sputtering time 7 s on SiO2. (b) Histogram of the height distribution 
with the indication of the root mean square (RMS) roughness with 
respect to the SiO2. 
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Fig. 4.4 
 
Schematic illustration of MoS2 growth by sulfurization of a pre-
deposited Mo film, T2 is fixed at 700°C. 
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Fig. 4.5 
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Fig. 4.6 

Distribution of the difference between the two vibrational MoS2 
Raman peaks, E2g and A1g, at different starting Mo thickness (1.1, 1.5 
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Fig. 4.7 
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Fig. 4.8 

Core level XPS spectrum of Si 2p for 4H-SiC with as-deposited Mo 
and after the sulfurization process for MoS2 formation. For both 
samples, the main peak energy corresponds to the Si-C bonding in 
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Fig. 4.9 

AFM morphologies of the bare surfaces for n+ 4H-SiC substrate (a) 
and n- 4H-SiC epitaxy (c), and after the MoS2 growth on the two 
samples ((b), (d)). 
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Fig. 4.10 

Typical Raman spectrum of (a) MoS2 on n- 4H-SiC and (b) on n+ 4H-
SiC with the identification of the MoS2 (green square) and 4H-SiC 
components (red squares). Detail of the MoS2 vibrational modes, E2g 
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Fig. 4.11 

Colour map (a-c) and histogram (b-d) of the Δω values extracted 
from an array of 50×50 Raman spectra collected on 10 μm×10 μm of 
MoS2 on n+-4H-SiC and on n- -4H-SiC, respectively. 
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Fig. 4.12 

(a) HAADF-STEM of the MoS2 heterojunction with n+ 4H-SiC. 
Comparison between atomic resolution HAADF (b) and EDS 
elemental map (c), demonstrating the presence of 1 nm SiO2 at 
MoS2/SiC interface. (d) Line profile of the atomic fraction vs 
position extracted from the EDS map. (e) X-ray spectra collected 
from the red-box area in the EDS map (c), from which SiO2 
composition can be deduced. 
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Fig. 4.13 

(a) Correlative plot of the A1g and E2g Raman peaks’ wavenumbers 
extracted from the array of 50×50 Raman spectra on 10 μm×10 μm 
sample area in Figure 4.11(a). Histogram and (c) map of the MoS2 
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Fig. 4.14 

Correlative plot of the A1g and E2g Raman peaks' wavenumbers 
extracted from the array of 50x50 Raman spectra on 10 x 10 mm 
sample area of MoS2 on n--4H-SiC. (b) Histogram and (c) map of the 
MoS2 doping density. (d) Histogram and (e) map of the MoS2 strain. 
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Schematic illustration of the C-AFM setup to probe the current 
transport through the MoS2 heterojunctions with the n+ -4H-SiC (a) 
and n- -4H-SiC (d). Comparison of three typical I-V characteristics 
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Comparison of three typical I-V characteristics on linear (e) and 
semilog-scale (f), at different tip positions on the MoS2/n- 4H-SiC 
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(a) Schematic illustration of the Pt tip/MoS2/SiO2/SiC junction, with 
its equivalent circuit, consisting of the series combination of the 
Pt/MoS2 contact resistance (RC) and the Esaki diode. (b) Forward 
bias I-V characteristic with the indication of the different transport 
regimes. A semilog scale plot of the I-V curve in the low bias regime, 
marked by a yellow box, dominated by RC, is reported in the insert. 
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Fig. 4.17 

(a) Alignment between the bands of p+doped 1L-MoS2, SiO2 and n+ 
4H-SiC separated by vacuum, evaluated using the literature values 
of electron affinity () and energy bandgap (Eg) for these materials. 
Band diagrams of the p+-MoS2/SiO2/n+-SiC junction under 
equilibrium conditions (b), at a bias Vp corresponding to the peak 
current (c), at a bias VV corresponding to the valley current (d), and 
for Vtip>Vv (e). 
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(a) Typical Raman spectrum of MoS2 on GaN/Sapphire with the 
corresponding peaks. Blue squares indicate the Raman peaks of GaN 
while the red-ones those of MoS2. (b) Corresponding MoS2 Raman 
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(a) Scheme of Mo (1.5 nm) sputtered on GaN bulk before the 
sulfurization at 700°C and (b) the corresponding AFM of MoS2 on 
GaN. 

124 

Fig. 4.22 

(a) Typical Raman spectrum of MoS2 on GaN bulk with the 
corresponding peaks indicated by red (for MoS2) and blue squares 
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INTRODUCTION 
 

Two-dimensional (2D) materials represent one of the most widely investigated 
research topics in condensed matter physics in the last two decades. The history of 
this research field dates back to the pioneering experiments by the Manchester 
research group in 2004, leading to the first isolation of a single layer Graphene (Gr) 
by exfoliation from graphite and the discovery of its unique electronic properties.  
The subsequent international success for the Nobel prize awarded to Novoselov and 
Geim in 2010, generated explosive interest in the research of Gr and other 2D 
materials[1-6]. 

To date, the 2D materials family counts more than 150 components characterized by 
different physical properties for application in the Moore and More than Moore 
domains of electronics [7]. Figure 0.1(a) shows a table with the classification of 2D 
layered materials existing in nature as bulk crystals [1]. All these materials are 
characterized by strong in plane bonds and weak van der Waals (vdW) interaction 

Figure 0.1.- (a) Current 2D materials library. Those monolayer materials stable in ambient conditions are shaded 
in blue, while those probably stable in air are shaded in green. The red squares represent monolayer unstable in 
air but stable in inert atmosphere and in the end the gray squares represent materials exfoliated from bulk to 
monolayers but of which there are not further information. (b) Graphene planar structures and its semimetal band 
structure. (c) Hexagonal Boron Nitride planar structure and its insulator band structure with a band gap of around 
5 eV. (d) Monolayer Transition metal dichalcogenides 3D view and their semiconductive band structure with a 
band gap in a range between 1.2-2 eV. Fig.(a) reproduced from Ref. [1]. 
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between the stacked layers of which they consist. Hence, single or few layers 
membranes can be exfoliated from the parent bulk crystals using the same approach 
initially used for Gr.  Besides layered materials existing in nature in the bulk form, 
other 2D materials (commonly unstable under ordinary conditions) have been 
demonstrated in the last decade by using particular synthesis/deposition approaches 
on specific substrates. These include, among the others, the so-called X-enes, such 
as silicene (2D silicon) [8], germanene (2D germanium) [9], borophene (2D boron) [10], 
and MXenes (2D carbides/nitrides) [11].  

From application perspectives, one of the most intriguing features of the 2D family 
is that it includes different materials covering the entire range of electrical properties, 
including semi-metals, semiconductors and insulators [1].  

Graphene is the first and most popular example of 2D material with a semi-metallic 
electrical behaviour. In particular, its electronic structure is characterized by a 
valence and conduction bands with linear E-k dispersion relation (Dirac cones) 
merging in a single point (Dirac point), as illustrated in Figure 0.1(b). This peculiar 
electronic structure is at the origin of many unique physical properties of Gr, such as 
the high optical transparency in a wide wavelength range (interesting for 
optoelectronic applications) and the ambipolar behaviour of the transfer 
characteristics of Gr field effect transistors (FETs) with very high carrier 

(electrons/holes) mobility values (up to 105 cm2V-1s-1) [12]. The excellent mobility 
makes Gr FETs appealing for high frequency applications, requiring very fast 
modulation of electrical signals. On the other hand,  the absence of a bandgap in the 
Gr bandstructure results in a small ratio between the on-state and off-state  currents 
(Ion/Ioff), making Gr FETs unsuitable for switching applications. Although strategies 
for opening a gap in the Gr energy bandstructure have been explored, including 
nanostructuring and functionalization treatments [13-15], the bandgap values 

obtainable by these approaches are in the range of 300 meV and a degradation of 
the mobility with respect to ideal Gr values is typically observed [16-23].  

The most widely investigated 2D material with insulating properties is the hexagonal 
Boron Nitride (h-BN), which exhibits an hexagonal planar structure analogous to the 
Gr one, with B and N atom replacing C atoms, as illustrated in Figure 0.1(c). Due to 
its atomically flat surface and excellent structural affinity to Gr, combined to the 

relatively high energy bandgap Eg5 eV, h-BN has been employed as the ideal 
insulating substrate or encapsulation layer for Gr, enabling the achievement of 
outstanding mobilities in Gr FETs, by suppressing roughness and charge-impurity 
scattering of electrons/holes [24-26].  
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Finally, the layered transition metal dichalcogenides (TMDs) are the most widely 
investigated semiconducting 2D materials. As illustrated in Figure 0.1(d), the 
individual TMD layer has the chemical formula MX2, where M is the transition metal 
(6-fold coordinated) from groups IV B, V B, VI B, VII B (Ti, Zr, Hf, V, Nb, Ta, Mo, 
W, Tc, Re), sandwiched between two chalcogen atoms X (3-fold coordinated) from 
group VI A (S, Se, Te) [27,28]. Molybdenum disulfide (MoS2) is the most widely 
investigated among layered TMDs. It can be found in nature with two semiconductor 
polytypes, i.e. the hexagonal 2H-MoS2 and the rhombohedral 3R-MoS2. Another 
polytype with metallic behaviour, i.e. 1T-MoS2, can be obtained from 2H-MoS2 
using chemical treatments [29,30]. In the following, we will indicate as MoS2 the 2H-
MoS2 phase, since it is the most widely investigated one. One of the peculiar 
properties of  this polytype is the thickness dependent bandgap. In particular, bulk or 
few layers MoS2 exhibit an indirect bandgap of 1.2 eV, whereas the monolayer 
counterpart shows a direct band gap of 1.8-1.9 eV [31,32]. These sizable bandgap 

values, combined to a decent carrier mobility (400 cm2V-1s-1 under proper 
conditions), make MoS2 a promising candidate to replace Si in ultra-scaled thin films 
transistors. Owing to the direct bandgap, 1L-MoS2 is also appealing for 
optoelectronic and photovoltaic applications. Furthermore, the large surface-to-
volume ratio of 1L-MoS2, its high flexibility and mechanical strength similar to 
Gr[33], make MoS2 very remarkable to be employed in diverse fields, like sensing and 
photocatalysis [34-36].  

The availability of a complete set of 2D materials with complementary electronic 
properties (semimetallic, insulator and semiconductors) has inspired research efforts 
aimed at the realization of electronic or optoelectronic devices based on artificial van 
der Waals (vdW) heterojunctions obtained by the sequential stacking of exfoliated 
flakes. Prototypes of functional devices entirely composed by 2D materials have 
been reported in the literature, including lateral field effect transistors, tunnel diodes, 
photodetectors and light emitting diodes [37-39]. Although this research field is highly 
appealing for basic studies and for the demonstration of new device concepts, this 
fabrication approach is not suitable for practical applications. 

The following main requirements can be identified for future industrial applications 
of 2D materials in the fields of electronics and optoelectronics: 

(i) the availability of optimized synthesis methods of 2D materials, enabling 
precise control of the thickness, crystalline quality, doping, strain on large 
area, i.e. from cm2 scale to entire wafers; 
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(ii) the heterogeneous integration of 2D materials with bulk (3D) 
semiconductors commonly used in electronics, including silicon and 
wide-bandgap (WBG) semiconductors (SiC, GaN and related materials). 

This thesis work will be focused on the investigation of 2H-MoS2, as the main 
representative of the semiconducting TMDs family. In particular, some relevant top-
down and bottom-up approaches have been developed for the production of uniform 
monolayer and few layer MoS2 films suitable for electronic applications. 
Furthermore, the integration of MoS2 with hexagonal WBG semiconductors (SiC 
and GaN) has been explored and the electronic transport across the interfaces of these 
heterostructures have been investigated [40-42]. Several complementary 
morphological, structural, electrical, chemical and optical characterizations both at 
micro and nanoscale have been employed in these experimental studies. The 
activities on MoS2 preparation and integration with insulating and semiconductor 
substrates, and nanoscale morphological/electrical analyses based on scanning probe 
microscopy have been carried out at CNR-IMM in Catania, whereas 
photoluminescence and Raman spectroscopy investigations were carried out at the 
Department of Physics and Chemistry “E. Segrè” of the University of Palermo. 
Furthermore, the PhD thesis also took benefit of the involvement of the PhD student 
in the activities of the European Project “ETMOS: Epitaxial Transition Metal 
dichalcogenides Onto wide bandgap hexagonal Semiconductors for advanced 
electronics”, which gave access to additional materials growth and characterization 
facilities. 

The thesis is composed by the following 4 chapters: 

Chapter 1 “Molybdenum Disulphide physical properties” will initially provide a 
basic overview of the structural properties, electronic transport behavior, optical 
emission, and vibrational properties of single and multilayer MoS2.  

Chapter 2 “Preparation methods and integration of MoS2 for electronics” will 
describe the state-of-the-art preparation methods (top-down and bottom-up) of MoS2 
thin films for application in electronics. The peculiarities of each method, including 
advantages and disadvantages, will be discussed. Furthermore, the main challenges 
for the integration of MoS2 with the state-of-the-art semiconductor materials used in 
electronics, Si and wide bandgap semiconductors (GaN and SiC), will be discussed. 
In particular, an overview of literature results on the physical properties of 
MoS2/GaN and MoS2/SiC heterostructures (e.g. band alignment) will be presented 
and examples of heterojunction diodes will be discussed. In the end, the beneficial 
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role of the high-κ integration on MoS2 will be discussed, focusing on the main issues 
related to the Atomic Layer Deposition (ALD) on 2D materials.  

Chapter 3 “Strain, doping and electric transport of large area MoS2 exfoliated 

on gold and transferred on an insulting substrate” will present the experimental 
results obtained in this thesis on the preparation and characterization of large area 
MoS2 membranes by the gold-assisted exfoliation method. It will be composed of 
four parts. 

In the first part, the experimental method employed to obtain a monolayer of MoS2 
by mechanical exfoliation assisted by gold and the subsequent transferring on an 
insulting substrate (Al2O3) will be described.  

In the second part, the vibrational and light emission properties of the MoS2 
membranes will be extensively investigated by μ-Raman and μ-Photoluminescence 
analyses, highlighting the effects of the substrates (Au and Al2O3) on the strain and 
doping of MoS2.  

In the third part, the vertical current transport in the MoS2-Au system will be 
characterized by conductive atomic force microscopy (C-AFM), whereas the lateral 
current transport of 1L-MoS2 on Al2O3/Si will be investigated by electrical analyses 
on a field-effect transistor.   

In the final part, we will present the results on ALD of ultra-thin films (3-4 nm) of 
high-κ dielectrics (Al2O3) on 1L-MoS2 exfoliated on gold and transferred onto an 
insulating substrate. In particular, the beneficial role of the Au-MoS2 interaction on 
the nucleation and growth of uniform Al2O3 films on the dangling-bond free MoS2 
surface will be demonstrated. The excellent insulating properties of the dielectric 
film will be confirmed by C-AFM characterization. 

 

Chapter 4 “Integration of large-area MoS2 on wide-band gap semiconductors 

by sulfurization of ultrathin Mo film”  

This final chapter reports the experimental results on the growth and characterization 
of ultra-thin (1L or 2L) films of MoS2 on the surface of WBG semiconductors (4H-
SiC and GaN) by a bottom-up method, consisting in the sulfurization of a pre-
deposited Mo film. This approach was found to ensure uniform coverage on large 
area (up to wafer scale) by controlling the initial film thickness.  This chapter is 
composed of three parts. 
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The first part is focused on the optimization of the Mo film deposition by sputtering 
and its morphological (AFM) and compositional analysis (XPS). This preliminary 
study allowed to define the optimal conditions of magnetron sputtering (time, current 
and pressure of deposition) for the reproducible deposition of ultrathin (1-2 nm) Mo 
films with a low roughness. Furthermore, XPS analyses revealed that the as-
deposited films are completely oxidized in the form of MoOx. 

The second part is focused on the sulfurization process for the conversion of the 
ultrathin MoOx films deposited on a SiO2 reference substrate to MoS2. In particular, 
AFM and Raman analyses demonstrated that the controlled and reproducible growth 
of a single or bilayer MoS2 by sulfurization of MoOx films with thickness from 1.1 
to 1.8 nm at a temperature of 700°C.  

In the third part, the integration of ultra-thin MoS2 on SiC and GaN was investigated 
by applying these optimized sulfurization conditions. The structural and 
compositional properties of the vdW interfaces of MoS2 on these WBG 
semiconductors have been investigated in detail by atomic resolution TEM analyses 
and by macroscopic XPS characterization, whereas the strain and doping distribution 
in the MoS2 membranes was evaluated by Raman mapping. Finally, the vertical 
current injection at MoS2 heterojunction diodes with n- and n+ doped 4H-SiC and 
with n- bulk GaN have been investigated by conductive atomic force microscopy. 
Some peculiar transport phenomena, like band-to-band tunneling (Esaki diode 
behavior) at the heterointerface between 1L-MoS2 and n+ SiC have been observed 
and modeled. 

 

 

 

 

 

 

 

 



 

 

1 CHAPTER 1 

 
MOLYBDENUM DISULPHIDE PHYSICAL 

PROPERTIES 
As discussed in the Introduction, molybdenum disulfide (MoS2) is the most 
investigated member of the 2D layered transition metal dichalcogenides (TMDs) 
family. Owing to the large abundance in nature of the molybdenite bulk crystal, its 
stability under ambient conditions, and its semiconductor behavior with a thickness 
dependent bandgap, MoS2 is very interesting for electronics and optoelectronics 
applications, such as field-effect transistors (FETs), diodes and photodetectors. 

This first chapter, composed by three different parts, is aimed to provide a basic 
overview on the physical properties of MoS2.  

In the first part, the structural properties of MoS2, such as the vdW interaction 
between the layers and its polytypes will be treated.  

In the second part, the electronic transport properties of semiconducting MoS2 will 
be discussed considering the back-gated FET characteristics, and compared to those 
of semimetal graphene. Furthermore, some key aspects for the performance of MoS2 
transistors will be presented, such as the beneficial impact of the high-κ dielectrics 
deposition on top of MoS2 on the carrier mobility, and the role of metal/MoS2 contact 
resistance. 

Finally, in the third part, the optical and vibrational properties of MoS2 will be 
discussed, focusing on how they are affected by strain, doping and density of defects 
induced by the growth conditions or by the interaction with the substrates. 
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1.1 MOS2 STRUCTURAL PROPERTIES 

 

A single layer of MoS2 is composed by a central Molybdenum (Mo) atom covalently 
bonded to two Sulphur (S) atoms, as shown in Figure 1.1(a). Multilayers of MoS2 or 
bulk molybdenite crystals are formed by the stacking along the z-axis of several 
monolayers (Figure 1.1 (b)) bonded by weak van der Waals (vdW) interactions, with 

typical energies of 0.1-10 kJ mol-1, i.e. 3 orders of magnitude lower than the intra-

layer S-Mo-S covalent bonds (102-103 kJ mol-1) [43,44]. Hence, the vdW bonds can 
be overcome using an appropriate force, allowing the separation of single or few 
layers MoS2 from bulk crystals, as in the scotch tape exfoliation method employed 
to separate Gr from graphite [45]. The vdW interaction between two atoms as a 
function of their distance can be described by the Lennard-Jones potential, as 
illustrated in Figure 1.2(a), where the energy minimum corresponds to the vdW 
distance (����) between the centres of the two interacting atoms at the equilibrium. 
Furthermore, the vdW gap (∆���) in layered crystals formed by two planes of atoms 
can be defined as: 

 ∆����  ���� � �� � ��  ( 1 ) 
 

 

Figure 1.1.-  Three-dimensional view of a MoS2 single layer (a) and in a multilayer structure (b). 
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where ra and rb represent the covalent radius of the two atoms, as schematically 
illustrated in the insert of Figure 1.2(a). 

 

Figure 1.2(b) shows a schematic illustration of a bilayer of MoS2, with the indication 
of the equilibrium distance between the two monolayers, corresponding to the 

spacing between the two rows of Mo atoms (0.62 nm) [43], and of the vdW gap 
between the two adjacent S atoms (~0.18 nm) [43]. Generally, both the parameters 
show a certain variability for different 2D materials. Calculations carried out by Liu 
et al. [43] on different 2D materials, reported in the Table 1, show that MoS2 exhibits 
similar values of the vdW gap to Gr and h-BN, whereas the spacing between Mo 
atoms in bilayer MoS2 is clearly larger than the vdW distances in Gr and h-BN 
bilayers.  

Table 1. – Summary of the spacing and vdW gap calculated for different 2D layered materials [43]. 

Figure 1.2.- (a) Lennard-Jones potential to model the vdW interaction between two atoms a and b. The vdW 
distance (dvdW), corresponding to the minimum of the L-J potential, the covalent radius of the two atoms (ra and rb) 
and the vdW gap (ΔvdW) are indicated in the insert of Figure 1.2 (a). (b) 2L-MoS2 cross section representation 
showing the vdW gap between the two adjacent sulphur atoms and the spacing between two consecutive 
molybdenum atoms. Fig.(a-b) reproduced from Ref. [43]. 
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Layered MoS2 can be found as three different polytypes (2H, 3R and 1T), which  
differ for the coordination of the sulphur atoms with respect to the central 
molybdenum atom within the layers or for the stacking order of the layers [46], as 
shown in Figure 1.3. For this reason, the polytypes are denoted by a number that 
identifies the number of layers per repeated unit and by a letter describing the 
crystallographic structure of the individual layers. In particular, the 2H-MoS2 
polytype presents hexagonal symmetry (H) with a trigonal prismatic Mo-S 
coordination within each layer and two layers per repeated unit . It is the most stable 

form of MoS2 with lattice parameters � = 3.15 Å and 
 = 12.30 Å [47]. Instead, the 
3R-polytype shows a rhombohedral symmetry with a trigonal prismatic Mo-S 

coordination and  three layers per repeated unit. Its lattice parameters are � = 3.17 Å 

and 
 = 18.38 Å [47]. From the electronic point of view, these two polytypes are 
semiconductors. Finally, the 1T polytype presents a tetragonal symmetry with 
octahedral coordination and one layer per repeated unit. Its lattice parameters are � = 5.60 Å  and 
 = 5.99 Å  [47]. Differently from the 2H- and 3R-MoS2 
semiconductor polytypes, the 1T-polytype exhibits a metallic behaviour. 
Furthermore, it is a metastable form commonly not found in nature, which can be 
obtained by chemical treatments [48-50]. As an example, it has been demonstrated that 
the typical semiconducting 2H- or 3R- crystallographic phases can be converted into 
the metallic 1T- one through a Lithium intercalated chemical exfoliation 

Figure 1.3- MoS2 polytypes: hexagonal (2H), rhombohedral (3R) and tetragonal (1T) symmetry. Figure 
reproduced from Ref. [174]. 
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approach[29,30]. This phase transition process is reversible by an annealing process at 
300° C, which restores the Mo coordination from the octahedral (1T-) to the trigonal 
prismatic (2H) one[29]. Table 2 resumes the features for each MoS2 polytypes.  

In the following, the discussion will be focused on the semiconductor 2H-MoS2 
phase. Concerning the mechanical properties, freestanding 1L-MoS2 shows 
exceptional high in-plane stiffness corresponding to an effective Young modulus of 
270±100 GPa, comparable to that of steel. Indeed, it  shows a breaking strength of 
15±3 Nm-1, namely it breaks after the application of a strain in a range between 6-
11%. The highest values are obtained when the material is highly crystalline in 
absence of defects. These peculiar features make it suitable also for flexible 
electronic applications and incorporation in composites[3,51].    

 

1.2 MOLYBDENUM DISULFIDE ELECTRONIC TRANSPORT 

PROPERTIES 

 

The electronic transport properties of single or few layer 2H-MoS2 membranes have 
been the object of high research interests in the last decade, owing to their 
semiconducting behaviour, which is highly promising for the replacement of silicon 
in the next generation of ultra-scaled field effect transistors (More Moore 
applications) [7], as well as for novel device concepts with advanced architectures and 
functionalities (More than Moore applications) [7].  

Since the first pioneering studies on Gr, the back-gated transistor configuration has 
been adopted as the easiest approach to evaluate the electronic transport in atomically 
thin 2D materials by investigating the field effect modulation of their conductivity 
[52]. In its most basic implementation, the back-gated FET was fabricated on a highly 
doped Si substrate coated by an insulating film (e.g. SiO2, or high-κ dielectrics, such 

Table 2.- Summarized MoS2 polytypes characteristics: stacking order, lattice parameters, Mo-S coordination, 
symmetry, point group and physical properties. Reproduced from Ref. [47]. 
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as Al2O3, HfO2,..), working as the back-gate contact and gate insulator, respectively. 
The 2D materials were exfoliated or deposited on the insulating film, with properly 
chosen thickness to maximize the visibility of the ultra-thin 2D membranes by 
optical interference contrast. Source and drain metal contacts were finally deposited 
on the 2D material channel, allowing to probe the conductivity variation as a function 
of the back-gate electric field.  

To illustrate the different transport properties between a semi-metallic and a 
semiconducting 2D material, two back-gated FETs with Gr and 1L-MoS2 channels  
are illustrated in Figure 1.4(a,b) respectively, while the comparison between two 
typical transfer characteristics (i.e. the drain current Id vs the backgate bias Vbg for a 
fixed value of the drain voltage Vd) of the two devices is reported in Figure 1.4 (c-
d). These experimental curves are taken from the pioneering papers of Lemme et al. 
[53] and Radisavljevic et al. [2] on Gr and 1L-MoS2 field effect transistors. 

 

Figure 1.4.- (a) Back-gated field-effect transistor (FET) composed by a single layer of graphene as a channel. 
(b) Back-gated FET composed by a single layer of MoS2 as channel. (c) Linear transfer characteristic of FET 
with graphene and the corresponding mobilities and the Dirac cone for each side of the voltage corresponding 
to a different doping (p-type left-side, n-type right side). (d) Linear transfer characteristic of 1L-MoS2 and its 
mobility and the corresponding threshold voltage (Vth). Fig.(c) and (d) are adapted from Ref. [53] and [2]. 
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The ID-VG curve for a backgated FET with a monolayer Gr channel (see Figure 1.4 
(c)) exhibits a typical ambipolar behaviour, showing both the holes and electron 
conduction branches associated to the field effect induced shift of the Fermi level in 
the valence and conduction band. These two branches are separated by a minimum 
of the conductivity, corresponding to the Fermi level at the Dirac point of the Gr 
bandstructure [53].  A very small current modulation (lower than a factor of 10) is 
typically observed for Gr FETs. The field effect mobility for electrons and holes can 
be evaluated from the slopes (dIds/dVbg) of the Id-Vbg characteristics in the linear 
region of the holes and electron branches, according to the equation: 

 " = �#�$�%�& × ()*+,%�$ ( 2 ) 

 

where L and W are the channel length and width, respectively, and Cox=0ox/tox is 

the backgate insulator capacitance, with 0 the vacuum permittivity, ox the insulator 
dielectric constant and tox its thickness. Similar values of the field effect mobility for 
holes (μh =4790 cm2/V) and for electrons (μe =4780 cm2/V) were obtained for this 
device structure. 

A very different behaviour is observed for the transfer characteristics of back-gated 
FETs with a MoS2 channel, as shown in the typical Id-Vbg curve reported in Figure 

1.4 (d). In this case, a negligible current flow is observed below a back-gate threshold 
voltage (Vth), followed by a nearly-linear increase of ID above this value. This 
monotonic trend of the current in the considered bias range indicates that conduction 
is due only to one type of majority carriers (i.e. electrons), and the conductivity 
increase above the threshold voltage Vth is explained by their accumulation in the 
semiconducting 1L-MoS2 channel induced by the back-gate bias. A similar 
behaviour has been also observed for back-gated multilayer MoS2 FETs [54]. 

The unipolar (n-type) current transport typically observed in monolayer or multilayer 
MoS2 FETs is explained by two physical reasons:  

(i) an unintentional n-type doping of MoS2 thin films produced by 
exfoliation or other methods. 

(ii) a Fermi level pinning close to MoS2 conduction band at the interface 
between MoS2 and most of the metals, used as source/drain contacts.   
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The unintentional n-type doping commonly observed in MoS2 samples is typically 
ascribed to the presence of native defects (such as sulphur vacancies) in the MoS2 
crystal structure[55,56]. In this regard, realizing a controlled n- or p-type doping of 
MoS2 and, in general, of the 2D materials represents a challenging task. In fact, 
common methods (such as ion-implantation) used for selective area doping of bulk 
semiconductors cannot be employed to dope these ultra-thin membranes without 
altering their crystal quality (i.e. introducing high density of defects)[57,58]. 
Differently, these membranes are strongly affected by their substrates and by the 
growth conditions that can induce doping. N-type doping can be obtained coupling 
the MoS2 with TiO2

[59] or removing sulphur atoms by plasma treatments[60]. 
Otherwise, p-type doping of MoS2 can be induced by oxygen plasma treatments, 
leading to MoO3 formation, or by introducing substitutional Niobium (Nb) atoms 
during sulfurization or CVD growth[61-63]. The first approach induced an extraction 
of electrons from MoS2 to MoO3, due to the very large electron affinity of this 
material. On the other hand, Nb substitution introduced holes because the Nb has 
one-less d-electrons compared to Mo[64]. It is highly desirable to control the doping 
on large area MoS2 for electronic applications. For this reason, different approaches 
to induce doping on MoS2 will be faced in the experimental sections in Chapter 3-4. 

Besides doping, the realization of ideal metal-semiconductor contacts on MoS2 is 
still a challenging issue. Figure 1.5(a) shows the ideal band alignment between the 
bandgap of multilayers of MoS2 and the Fermi levels of different metals with low 
work function (Scandium, Titanium) and high work function (Nickel, Platinum). 
According to this diagram, it should be possible to realize Ohmic contacts on n-type 
MoS2 by choosing low work function metals, whereas the high work function metals 
should be chosen for Ohmic contacts on p-type doped MoS2. The real experimental 

Figure 1.5.- Ideal charge transfer effect on 1L-MoS2 with different work function metals (Sc, Ti, Ni and Pt). (b) 
Real situation of charge transfer effect on 1L-MoS2 limited by Fermi-level pinning near the CB of the MoS2 for 
all the different work function metals. Fig.(a-b) reproduced from Ref. [66]. 
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situation is instead depicted in Figure 1.5 (b), showing that the Fermi level of metals 
is typically pinned close to the conduction band of MoS2. 

The origin of the Fermi level pinning  effect is still debated, since it can be partially 
ascribed to MoS2 native defects[65,66] and partially to the surface damage produced 
by the deposition (evaporation/sputtering) of metals on MoS2

[66-68] . The main 

consequence of the Fermi level pinning is the presence of a low Schottky barrier B,e 
for electrons (from tens to few hundreds meV) at MoS2/metal interfaces. This barrier 

is responsible of a contact resistance Rcexp[B,e] which partially limits the 
performances of the MoS2 transistor.  

The electron field effect mobility e for the back-gated MoS2 FET can be evaluated 
according to Eq.( 2 ), from the slope of the Id-Vbg curve in the linear region above 
Vth, as illustrated in Figure 1.4(d). It is worth mentioning that the  first back-gated 
1L-MoS2 devices reported in the literature[2,4] were affected by a relatively low 

electron mobility, in the range between 0.1 to 10 cm2V-1s-1, much lower than the 
theoretical expectation (200-500 cm2V-1s-1) at room temperature[2,69].  

A major advancement in this field was the demonstration of a significant 

improvement of e after encapsulating the 1L-MoS2 channel with  high-κ dielectrics 
films, as illustrated in Figure 1.6(a) . The Id-Vbg curve of 1L-MoS2 back-gated FET 

with the MoS2 channel coated by 30-nm-thick HfO2 (with nominal dielectric 

constant =25) grown by thermal atomic layer deposition (ALD)[70,71] is reported in 

Figure 1.6(c). The large improvement of the electron mobility (e~217 cm2V-1s-1) 

with respect to the backgated transistor without high-κ capping (see Figure 1.4(b)) 

was ascribed to two main physical mechanisms: 

(i) a strong reduction of the Coulomb scattering between electrons in MoS2 
channel and charged impurities (Q) thanks to the higher dielectric 

permittivity r of the environment, being the Coulomb interaction 

UCoulQ/r; 
(ii) a modification of the electron-phonon interaction in 1L- MoS2

[72].  

 

The 30 nm thick HfO2 capping layer was also used as a top-gate dielectric, after the 
deposition of a local gate contact on the MoS2 channel, as reported in Figure 1.6(b). 
Figure 1.6 (d) shows the transfer characteristics of the top gated 1L- MoS2 FET, 
where the drain current Id is measured as a function of the top-gate voltage (Vtg) and 
the Si backgate bias is set to Vbg=0 V. The three transfer characteristics in Figure 
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1.6 (d), collected at three fixed Vds bias values of 10 mV, 100 mV and 500 mV, are 
reported in a semilog scale, showing an exponential dependence of the subthreshold 
current on the gate bias, with an on/off current ratio of ~106 and a subthreshold swing 
S of 74 mV/decade.  This latter parameter defines the switching performance of the 

FET, and its ideal value at room temperature is 60 mV/decade. 

Beneficial effects of capping layer have been observed using other high k-dielectrics,  
such as Al2O3

 [73].  

In this context, relatively thick high-κ films were employed in the first pioneering 
studies on MoS2 transistors to achieve a uniform coverage of MoS2 surface, thus 
minimizing the gate leakage current. However, the real application of MoS2 FETs in 
next generation logic devices requires an aggressive scaling of the channel length 
and, consequently, of the high-κ dielectric thickness. 
In the Chapter 3 of this thesis, we will report the study on the integration of an ultra-
thin Al2O3 film (3.6 nm thick) deposited by ALD on 1L-MoS2, evidencing the 
potentialities of this procedure for applications in devices. 
 

Figure 1.6.- Scheme of the 1L-MoS2 FET integrated on the surface with 30 nm of HfO2: without (a) and with 
(b) top-gate metal contacts. (c) Id-Vbg transfer characteristics of the FET when is applied a Vd=10 mV. (d) Id-Vtg 
transfer characteristics of the FET for different Vd values (from 10 to 500 mV) when the Vbg is set to zero. Fig.(c) 
and (d) adapted from Ref. [2]. 
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1.3 MOLYBDENUM DISULFIDE OPTICAL AND VIBRATIONAL 

PROPERTIES 

 

Besides the field-effect phenomenon described in the previous section, also the 
optical and vibrational spectroscopy (such as Photoluminescence and Raman) are 
versatile techniques employed to characterize 2D materials. In this section, the MoS2 
electronic band structure and its vibrational properties will be explored in relation to 
the electrical properties previously reported. 

  

1.3.1 Electronic band structure and photoluminescence 

 

In 2011 Mak and Splendiani et al.[31,32] reported for the first time one of the most 
important features of MoS2 in terms of the optical properties and their correlation 

Figure 1.7.- (a) Optical image of exfoliated flake of MoS2 at different thickness (1L, 2L, 4L and 6L). (b) 
Corresponding AFM image for the different MoS2 thickness. Their steps are reported in (c). (d) 
Photoluminescence of MoS2 flake with its main peaks centered at 627 and 677 nm. (e) Photoluminescence of 
1L, 2L and 6L-MoS2 and (f) PL after the normalization of the MoS2 Raman peak. Fig. (a-f) are adapted from 
Ref. [32]. 
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with thickness. MoS2 films with variable number of layers were exfoliated on SiO2 
and the layer thickness was evaluated by optical contrast and AFM morphology, as 
shown in Figure 1.7(a-c).   Photoluminescence (PL) analyses were carried out using 
a laser source with a wavelength of 532 nm. A typical PL spectrum of 1L MoS2, 
reported in Figure 1.7 (d), shows two main peaks at 627 and 677 nm, associated to 
the B and A excitonic transitions respectively, as discussed in the following. The 
thickness dependence of the PL spectra was also investigated, as reported in Figure 

1.7(e). While the bulk crystal shows a flat PL intensity in the considered visible 
spectral region, the two prominent peaks appear with decreasing the number of 
layers. For  a better quantification of this effect, the PL spectra were normalized with 
respect to the MoS2 Raman peak intensity (Figure 1.7 (f)), showing an evident rise 
of the PL intensity from 6L to a 1L-MoS2. This normalization removes external 
effects on the PL intensity, such as laser excitation intensity, quantity of material, 
and local electric fields, and finally provides an intrinsic value of the quantum 
efficiency of the analysed area[32].  Hence, a single layer of MoS2 showed the highest 
luminescence quantum efficiency.  

To explain the origin of this layer dependent behaviour, extensive calculations have 
been performed by different groups to determine the electronic band structure of both 
bulk crystals and MoS2 monolayer [74-76].Figure 1.8 shows the band structures in the 
First Brillouin Zone (FBZ) for bulk, 6L, 2L and 1L MoS2, obtained by first-principle 

Figure 1.8.- Band structure of (a) Bulk, (b) hexalayer (6L), (c) bilayer (2L) and (d) monolayer (1L) MoS2. Figure 
adapted from Ref. [32]. 
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calculations based on the density functional theory (DFT), with the exchange and 
correlation terms described using general gradient approximation (GGA) in the 
scheme of Perdew-Burke-Ernzerhof (PBE) [76].  

 

For the bulk MoS2 an indirect bandgap of 1.2 eV was obtained between the top of 
the valence band (at the Γ point ) and the bottom of the conduction band. Decreasing 
the number of layers, the bandgap increases and achieves a maximum value of 1.8-
1.9 eV, with the top of the VB and the bottom of the CB at the K point, in the 
monolayer case.  

It is worth to point out that these DFT calculations did not include the spin-orbit 
coupling, that causes a splitting in the valence band at K point. Later on, Zhu et al.[77] 
performed fully relativistic first-principles calculations based on DFT including the 
spin-orbit interaction. The calculated band structures of the 1L-MoS2 including 
(black solid line) and excluding (red dotted line) the spin-orbit contribution are 
displayed in Figure 1.9. According to these results, a maximum spin-splitting of 148 
meV at the top of the valence (K point) was estimated for 1L-MoS2. Calculations 
also showed a larger splitting value for another TMD monolayer, i.e. 1L WSe2, since 
the magnitude of the spin-orbit splitting increases for heavier atoms [77].  

Figure 1.9.- (a) DFT simulation of the 1L-MoS2 band structure including (black solid line) or not (dotted line)
the spin-orbit coupling. This consideration permits to evaluate the splitting of the VB in K point. Figure adapted 
from Ref. [77]. 
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The two excitonic transitions, indicated with A0 and B in Figure 1.9, gives rise to 
the corresponding peaks in the PL spectra of 1L-MoS2, as illustrated in Figure 1.10.  

The PL spectra were characterized employing a 532 nm laser wavelength. It is 
important to note that a more detailed interpretation is obtained from an appropriate 
deconvolution of the PL spectra. In fact, as shown in  Figure 1.10, the deconvolution 

of the PL peak gives rise to three different components. In addition to the A and B 
exciton peaks, a further peak at lower energy can be associated to the charged 
excitons (or trions) [78]. These quasi-particles are composed by two identical charge 
carriers and an unpaired one with opposite sign, as two electrons and a hole (A-) or 
two holes and one electron (A+). The kind of the combination between the three 
excited particles depends on the doping, provided for example by the substrate[54,79].   

The switching from indirect to direct bandgap passing from 2L to 1L MoS2 allows 
to explain the strong increase in the photoluminescence intensity.  

In general, the luminescence quantum efficiency can be expressed as [32]: 

 -./0 � 12��12�� 3 1�45 3 124.�, ( 3 ) 

 

where the 12�� , 1�45  and 124.�,  are the radiative recombination rate, the defects 

trapping rate, and the electron intraband relaxation rate, respectively. The first term 
(12��6 represents the recombination of an electron in conduction band with a hole in 
valence band, resulting in the emission of a photon. The second term (1�45) describes 

the non-radiative trapping of  photoexcited electrons by typical defects in MoS2, such 
as as sulphur vacancies, molybdenum vacancies and substitutional oxygen atoms. 
Finally, the latter term (124.�,) describes the transition of electrons at lower energy 

Figure 1.10.- Deconvolution of a freestanding 1L-MoS2 PL spectrum. Three different components are visible: 
two excitonic peaks, A0 and B, and the Trion (A-). Figure adapted from Ref. [78]. 
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levels inside the same valence (or conduction) band. Moving from the bulk MoS2 

structure to a monolayer, the intraband relaxation 124.�, rate is significantly reduced 
and approaches to zero. Furthermore, in the case of an ideal defects-free material, 
also the 1�45  contribution tends to zero. Hence, in the ideal case the quantum 

efficiency reaches its maximum value for a single layer of MoS2
 [32]. In the real case 

of monolayer MoS2, these two contributions are not zero but are very small compared 
to the bulk counterpart. In fact, according to Eq.( 3 ), for 1L MoS2, the electron 
relaxation probability becomes 124.�, =0, whereas the luminescence quantum 
efficiency can be limited by the presence of defects (1�45≠0).  

The bandstructure of 1L-MoS2 has been evaluated not only theoretically, but also 
experimentally, using the micro angle-resolved photoluminescence spectroscopy 
(ARPES) technique with synchrotron ultraviolet radiation[80,81], as reported in Figure 

1.11. This technique is based on the photoelectric effect, in which an electron is 
ejected from a material after the interaction with a photon of a certain energy. An 
electron spectrometer is exploited to measure the kinetic energy, and the emission 
angle distribution of the photoelectrons emitted. In this way, it is possible to rebuild 
the Fermi level surface and the band structure of the analysed material. The colour 
bar represents the electrons counts per kinetic energy and emission angle.  A good 
agreement between the ARPES electronic valence band dispersion along the K 
directions of the FBZ and the DFT calculations on the maximum of VB [77], indicated 
as red lines, can be observed. In particular, the maximum of the valence band for 1L-
MoS2 was located at the K point, confirming theoretical predictions. However, due 

Figure 1.11.- Angle-resolved photoluminescence spectroscopy (ARPES) measurement realized on 1L-MoS2

along the M-Γ directions. The red curves represent the theoretical calculations overlapped to the experimental 
band structure. Figure reproduced from Ref. [80]. 
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to an insufficient energy resolution, ARPES measurements were not able to resolve 
the spin-orbit splitting near K point. Noteworthy, in the experimental dispersion, the 
Fermi level (EF) is located ~1.5 eV above the valence band maximun, indicating an 
electron doping of the exfoliated MoS2 that was also experimentally observed in 
many works[77,82-83].  

 

1.3.2 Vibrational properties and Raman spectra of MoS2 

 

The most widely used and powerful technique employed to characterize the 
vibrational modes for the 2D materials is the Raman Spectroscopy, based on the 
inelastic scattering of a laser light incident on a crystal structure. The general 
principles of this techniques are discussed in the Appendix A. 

In particular, two main vibrational modes (i.e., the  E2g and A1g modes) characterize 
the Raman spectra of the MoS2. Looking at the schematic in Figure 1.12(a), these 

Figure 1.12.- (a) Vibrational modes and (b) Raman spectra of MoS2 from Bulk to 1L with the characteristics 
vibrational peaks E2g and A1g. (c) Trend of the two peaks (black lines) as a function of the thickness and their 
difference  (red points and dashed line) as a function of the thickness. Fig.(b) and (c) reproduced from Ref. 
[84]. 
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represent the in-plane and out-of-plane vibrational modes of the S-Mo-S system, 
respectively. From the denomination point of view, the E2g and A1g names are 
typically used to identify the two modes in bulk or multilayer MoS2, whereas the 
names E’ and  A’1 are sometimes used to indicate  the same modes in monolayer 
MoS2. 

A  characteristic dependence of the frequencies for  these two peaks as a function of 
the number of layers was observed experimentally for the first time in 2010 by Lee 
et al. [84]. Figure 1.12 (b) shows the Raman spectra obtained in that work using a 
laser light source at a wavelength of 532 nm on bulk MoS2 and on MoS2 flakes with 
different thickness (ranging from 1 to 6 layers) exfoliated on a SiO2/Si substrate. A 
blue-shift of the 78&  peak at higher frequencies values and a red-shift of the 9& peak 

at lower frequencies were observed with decreasing the number of layers. The trends 
of the two Raman modes frequencies as a function of the number of layers are 
represented in Figure 1.12 (c), left scale. Furthermore, the dependence of the peak 
frequency difference (∆�) on the number of layers is reported in Figure 1.12 (c), 
right scale, by the red circular points. The observed monotonic increase of ∆� with 
the thickness represents a straightforward way to evaluate the number of MoS2 

layers, especially for very thin MoS2 films (1 to 5 L). Due to the saturating trend of ∆� for larger thickness, alternative characterization methods (e.g. AFM step height 
measurements and TEM) are required for thicker samples.  
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1.3.3 Strain, doping and defects effect on PL and Raman spectra 

 

In addition to the dependence on the thickness, PL and Raman spectra of MoS2 are 
influenced by other effects, such as: 

 Uniaxial/biaxial strain induced on the MoS2 

 Density of charge carriers (doping) of the MoS2  

 Density of defects presents on the MoS2. 

 

 

1.3.3.1 Strain effects on Raman and PL spectra 

 

The optical and vibrational properties of the MoS2 are particularly influenced by 
external perturbation induced on the material, as for example strain and charge 

transfer [85-87]. The strain (describes the percent change of the volume of a material 
in response to an external mechanical perturbation[88]. In the last years, several papers 

Figure 1.13.- Experimental set-up for (a) uniaxial strain applied on 1L-MoS2. (b) Raman spectra of 1L-MoS2 
at different uniaxial strain steps. Fig(a-b) adapted from Ref. [89]. 
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investigated the effects of uni- or biaxial strain on the Raman spectra of thin films of 
MoS2.  

The application of uniaxial strain to MoS2 has been realized using the experimental 
set-up reported in Figure 1.13(a). 

In this case, 1L-MoS2 membrane is exfoliated on a flexible polymeric substrate that 
can be bended in a controlled way, resulting  in the application of a tensile uniaxial- 
strain. The corresponding effects on the E’ and A1’ vibrational modes are reported 
in Figure 1.13 (b). In particular, a splitting of the E’ peak is observed for applied 
strain values above ~0.5%. In detail, while the in-plane E’ mode of 1L-MoS2 is 

degenerate at strain =0, the isotropic symmetry in the x-y plane is broken when a 
uniaxial strain is applied [89], resulting in the loss of the degeneracy and the 
experimentally observed splitting in the two peaks A’(1) and A’(2) [89].  

An experimental approach to apply a biaxial strain to a MoS2 membrane is 
represented in Figure 1.14 (a-b). Here, 1L-MoS2 is exfoliated on a substrate with an  
array of micro-holes [90]. By introducing an inert gas within these holes, a pressure 
difference is  created between the hole cavity and the external ambient, separated by 

Figure 1.14.- (a) Scheme of the SiO2 micro-holes array in which is exfoliated the 1L-MoS2 for the biaxial strain 
treatments. (b) AFM profile of the MoS2 film after the application of an internal pressure (and therefore a 
difference of pressure with the external pressure Δp) at which corresponds a different extension (δ) of the 
membrane at and thus a different biaxial strain applied. (c) Raman peak position of the E2g and A1g for 1L, 2L 
and 3L-MoS2 as a function of the strain in a range between 0 and 2.5%. Fig.(a-c) are adapted from Ref. [90]. 



Chapter 1  20 

 

 

the 1L-MoS2 membrane. The result is a deformation of the membrane, i.e. a biaxial 
strain, which can be evaluated by AFM morphological measurements, as shown 
Figure 1.14 (b) Raman spectra collected on the MoS2 membranes subjected to this 
biaxial strain exhibit a significant red-shift of the E1g peak and a smaller red-shift of 
the A1g peaks.  Differently from the uniaxial case, no splitting of the E1g peak is 
observed  for MoS2 membranes subjected to biaxial strain.  Figure 1.14(c) and (d) 
show the experimental behaviour of the E1g and A1g peak positions as a function of 
the strain for 1L, 2L and 3L MoS2 membranes.  

In most of the experimental conditions, MoS2 membranes are subjected to a biaxial 
strain, e.g. by interaction with the substrate. Hence the experimental results in the  
Figure 1.14(c-d) are extremely useful to evaluate this strain from the Raman shift of 
the peaks with respect to an ideally unstrained MoS2 membrane.  

According to the previous results, it is possible to extract the Grüneisen parameters, 
defined as the effect of changing of the volume of the crystal lattice on the variation 
of the vibrational peaks position [91]. In the case of variation of the volume induced 
by an applied strain on a 2D material, the following relationship describes the effects 
on the Raman peaks [91-96]: 

 :0 = 1�0�
;�0<;=<  ( 4 ) 

 

where the m-index identifies a particular vibrational mode (E’ or A’1 in the case of 

1L-MoS2), �0�  and �0<  are the position of the specific mode at zero strain and after 
the application of a strain, respectively. In the end, =< represents the total hydrostatic 
strain contributions due by the sum of the parallel =..  and perpendicular =>> 
components to the applied strain. When it is considered a uniaxial strain, these two 
components are not equal, and this justifies the splitting effect on the E2g peak 
observed experimentally [92]. 

Differently when a biaxial strain is applied on the material, the strain components 
are equal =< = =.. = =>> and in the case of the E2g peak, there is not a splitting. Thus, 
the previous relation can be reduced for both the 1L-MoS2 Raman peaks in the  
following general expression: 
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This correlation between the strain and the vibrational modes, can be thought because 
of the molecular bond length increase (or decrease) that causes a red-shift (or blue-
shift) mainly in the in-plane mode [88]. In this way it is possible to understand and 
quantify the effects of external perturbations on the crystal lattice of MoS2, after the 
knowledge of the Grüneisen parameters and the positions of the vibrational peaks for 
the specific 2D materials.  

The same authors of Ref. [90] carried out the optical characterization of biaxial 
strained 1L-MoS2 employing a 532 nm laser excitation wavelength, as illustrated in 
Figure 1.15. By increasing the biaxial strain in the range from 0 to 2%, a red shift of 
the main PL peak and a significant decrease of the PL intensity (see the insert) were 
observed. In particular, a shift rate of -99 ± 6 meV/% of the PL peak was evaluated 
both for mechanical exfoliated and CVD grown 1L-MoS2. These values are 
comparable with theoretical predictions of 105 meV/% [97].  

 
 
 
 

∆�0 = �2:0?@AB�0� = ( 5 ) 

Figure 1.15.- Effect of the biaxial strain on the PL intensity and position of monolayer MoS2. Increasing the 
strain the PL peak decreases in intensity and undergoes a red-shift. Figure adapted from Ref. [90]. 
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A similar trend was observed for PL spectra of 1L-MoS2 subjected to uniaxial strain, 
but with a lower shift-rate of the peak of ~45 meV/% [96].  

The observed red-shift of PL peaks with the strain can be  ascribed to a variation of 
the overlap between the Mo and S orbitals.  More specifically, tensile strain causes 
a reduction of the distance between the S atoms and an increase of the distance 
between the Mo and S atoms. According to simulations, these effects give rise to a 
modification of the energy band structure for 1L-MoS2, with the rise of valence band 
maximum and a decrease of the bottom of the conduction band, resulting in a 
reduction of the band gap [98].   

 

1.3.3.2 Doping effects on Raman  and PL spectra 

 

MoS2 vibrational peaks are also influenced by the doping in this 2D semiconducting 
material. The dependence of the E2g and A1g peaks frequencies on the carrier density 

Figure 1.16.- (a) Top-gated transistor with 1L-MoS2 combined with a polymer electrolyte. (b) 1L-MoS2 
Raman spectra at different top-gate voltage applied. (c) Shift rate of the two vibrational peaks positions as a 
function of the applied voltage. Fig. (a-c) adapted from Ref. [87].  
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in 1L-MoS2 has been experimentally evaluated  by Chakraborty et al. [87], by 
performing Raman measurements on 1L-MoS2 field effect transistor with a polymer 
electrolyte top-gate, as schematically illustrated in Figure 1.16(a). This polymer was 
chosen as the top gate for its high capacitance, allowing a field modulation of the 
MoS2 carrier density over a wide range, and its transparency, enabling to realize 
simultaneously Raman and electrical measurements [99]. Applying different top-gate 
voltages on the 1L- MoS2, an evolution of the peaks intensity and positions can be 
observed in Figure 1.16(b). Specifically, a redshift and a broadening of the A1’ peak 
is observed for increasing values of VTG, while the in-plane mode experiences lower 
effects in terms of spectral position and width. To associate a particular value of 
carrier concentration to an applied top-gate voltage, the authors used the following 
expression: 

 C = *DE(%>& � %><6/q ( 6 ) 

 

In this relationship, Vtg represents the value of the voltage applied to the top-gate of 
the transistor, Vth (~ 0.1 V) represents the threshold voltage , Ctg (~ 1.5 μF/cm2) is 
the top-gate capacitance [99]. Thus, it was possible to realize the graph of the variation 
of the peaks position as a function of the voltage applied to the top-gate (or the 
corresponding carrier density n as shown in Figure 1.16 (c). Here, the strong 
influence of the carrier concentration on the A1’ compared to the E’ peak is clearly 
visible from the two different trends. From their slopes the shift rates of the two 
modes with carrier concentration were extracted, resumed in the following general 
expression for the m-th mode: 

 ∆�0 = 10C ( 7 ) 

 

From a physical point of view, this charge transfer dependence on the A1’ position 
is associated, in literature, to a strong electron-phonon coupling [87,100-103]. We will 
see in the experimental section that the solutions of the equations Eq.( 5 ) -( 7 ) can 
give quantitatively information on the strain and doping induced by the substrate or 
by growth conditions on the 1L-MoS2.  
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Also, the optical properties of the 1L-MoS2 are influenced by doping. Applying 
different voltage to a transistor like that reported previously (in Figure 1.16 (a)), it 
is possible to note that the exciton peak A0 decrease radically passing from -70 V to 
80 V, as shown in Figure 1.17 (a). This effect causes the raising of the A- peak 
compared to the exciton counterpart [55]. Thus, a decreasing trend of the peak 
intensity  is observed for the A0 and B peaks passing from negative to positive 
voltage values, as shown in Figure 1.17 (b). Differently the A- peak remains constant 
for all the voltage values applied to the 1L-MoS2. However, applying different values 
of doping (and varying the charge carriers extracted or introduced in the MoS2) 

Table 3.- Summary of the Raman peak positions, the Grüneisen parameters and shift rate as a function of the 
doping for the monolayer, bilayers, and trilayer MoS2. Collected from Ref. [87,90]. 

Figure 1.17.- (a) Photoluminescence spectra of 1L-MoS2 at different gate voltage from -70 V to 80 V. (b) 
Intensity and current of the three components (A-, A0 and B) as a function of the gate voltage. Fig.(a-b) 
reproduced from Ref. [55]. 
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induces a control of the MoS2 optical properties.  A similar situation is also observed 
in the PL of chemically treated 1L-MoS2

 [56] or in vanadium doped CVD-grown 
MoS2

 [104]. The E2g, A1g peaks positions references, their corresponding Grüneisen 
parameters and shift-rates with doping employed in this thesis for 1L-, 2L- and 3L-
MoS2 are summarized in Table 3. 

 

1.3.3.3 Defects effects on PL and Raman spectra 

 

The effect of defects and, more generally, crystalline disorder on the Raman spectra 
of  MoS2 have been experimentally investigated in the past by performing ion 
bombardment on the surface of 1L-MoS2

 [105]. As an example, the implantation was 
performed using different ion doses between 1012-1014 ions/cm2, corresponding to 
inter-defect distances (LD) in the range between 10 and 1 nm. As shown in Figure 

1.18(a), evident changes of the Raman spectra are associated to the increasing of the 
density of ions implanted (or the decreasing of LD). Indeed, the longitudinal acoustic 
peak LA(M) is observed to increase in intensity as decreasing the LD, while the two 
main vibrational modes E’ and A’1 move away from their starting positions and 
become wider after the implantation process. At once the second-order longitudinal 
acoustic mode (2LA(M)) decreases at higher doses and vanishes when the LD is near 
1-1.3 nm. Other details are obtained in this work after the deconvolution analysis on 
the two main vibrational active modes. As reported in Figure 1.18(b), each of the 
two broader modes is constituted by two different components, and in the specific, 
the in-plane longitudinal optical mode (LO(M)) has been associated to the peak at 
around 357 cm-1, and the out-of-plane optical mode (ZO(M)) to the other one at 411 

Figure 1.18.- (a) Raman spectra of 1L-MoS2 by varying the inter-defects distance LD. (b) Deconvolution of the 
two main vibrational peaks E’ and A’1 after the ion beam bombardments. Fig. (a-b) adapted from Ref. [105]. 
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cm-1. The presence of these modes is associated to the activation of phonons at the 
edge of the First-Brillouin zone by the contribution of the defect’s momentum [106]. 
For this reason, these peaks are defined as defect-activated peaks. The last result 
found in this work is the experimental correlation between the intensity ratio of the 
LA(M) and E’ (or A1’) peaks and LD, that can be extracted using the following 
relationship: 

 

where X=E’ or A1’ and C(E’) =1.11 ± 0.08 nm2 and C(A1’) = 0.59 ± 0.03 nm2  are 
two values that depend strongly on the laser power used for the Raman 
characterization.  The authors deduced the C(X) values supposing that the inter-
defects distance is proportional to the inverse of the square of the density of ions 

impacting on the surface ((G ∝ √J). Thus, it is possible to employ this equation to 

find the density of defects in material grown by other methods or affected by other 
factors.  
Also, the PL spectrum is influenced by the presence of high density of defects in 1L-
MoS2. As reported in Ref. [60], the two typical PL peaks (A and B) undergo a rapid 
decrease until a total quenching after hydrogen plasma treatments. This kind of 
treatment results in the formation of sulfur vacancies in the 1L-MoS2. As reported in 
Figure 1.19(a), the as-grown 1L-MoS2 spectrum (black line) decreases after 10 
minute and reaches a total quenching after 30 minutes (blue line) of plasma exposure, 
as shown in the inset of Figure 1.19(a). Indeed, an evident change of the PL shape 
emerges after some minutes of treatments. Thus, the authors realized a deconvolution 
of the spectrum before (as-grown), after 10 and 20 minutes, reported respectively in 
Figure 1.19 (b-d). It can be appreciated that the three typical components (A-, A and 
B) are present before the plasma treatments. Meanwhile, the B-peak became the 
dominant feature, and a further peak (XD) appears after the desulfurization process. 
XD is defined as the defect-induced exciton and its presence is due to an increasing 
of the density of defects (sulfur vacancies) in the 1L-MoS2. The decreasing of the 
trion (A-) and exciton (A) components in favor of the B-peak enhancement results 
from raising of non-radiative recombination of the exciton due to the high density of 

 #((96#(K6 = *(K6(G8  ( 8 ) 
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defects [107,108]. This phenomenon reduces mainly the A lifetime in contrast to the B-
peak that is moderately affected [108]. 

 

  

Figure 1.19.- (a) PL spectra of 1L-MoS2 after different time of hydrogen plasma treatments. Deconvolution of 
the PL spectra for the (b) as-grown 1L-MoS2, (c) after 10 and (d) 20 minutes of plasma treatments. Fig.(a-b) 
reproduced by Ref. [60]. 
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2 CHAPTER 2 

 
PREPARATION METHODS AND INTEGRATION OF 

MOS2 FOR ELECTRONICS 

 
As discussed in the Chapter 1, MoS2 holds very interesting structural, electronic and 
optical properties, which can find several applications in the development of 
advanced electronic/optoelectronic devices and sensors. Most of the initial studies 
on this material have been carried out on flakes obtained by mechanical exfoliation 
from bulk crystal. On the other hand, scalable production approaches are needed for 
the development of real applications. Furthermore, the heterogeneous integration of 
MoS2 with the state-of-the-art bulk (3D) semiconductors, such as Si and wide-
bandgap semiconductors (SiC, GaN) represents a promising strategy to develop 
advanced devices, exploiting the functional properties of this 2D material with the 
well assessed semiconductor technology . 

This chapter is composed by two parts. The first part is a brief overview of the state-
of-the-art preparation methods to produce single and few layers of MoS2. These will 
be classified as top-down and bottom-up methods, and the main 
advantages/disadvantages of each approach will be discussed. In the second part, the 
status of MoS2 heterogeneous integration with semiconductors, in particular silicon, 
gallium nitride and silicon carbide will be discussed. Furthermore, another key issue 
for electronic applications of MoS2, i.e. the deposition of ultrathin high-κ dielectric 
on its surface, will be discussed. 

2.1 MOS2 PRODUCTION BY TOP-DOWN APPROACHES 

 

2.1.1 Mechanical exfoliation from bulk molybdenite 

 

The simplest top-down method to produce 2D materials is represented by mechanical 
exfoliation from the corresponding bulk crystal. This approach was employed for the 
first time to obtain graphene from bulk graphite. In a similar way, starting from a 
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crystal of molybdenite, single or few layers of MoS2 have been produced simply 
peeling an undefined number of layers with a scotch-tape [109], as schematically 
depicted in Figure 2.1 (a). Although the mechanical exfoliation approach still 
provides the MoS2 samples with the best crystalline and electronic quality, the  
difficulty in controlling the thickness of the flakes, the limited exfoliation yield and 
the small lateral size of the flakes (typically, few micrometers, as illustrated in  
Figure 2.1 (b) makes this method not suitable for large scale production of MoS2. 

 

2.1.2 Exfoliation in liquid 

 

The exfoliation yield of MoS2 and, more generally, of 2D materials from bulk 
samples has been greatly enhanced by the development of exfoliation methods in 
liquid [110,111].  In the case of MoS2, liquid exfoliation is favoured by the intercalation 
of the crystal layers with ionic species, as shown in Figure 2.2(a-b). A typical 
procedure is the immersion of the MoS2 crystal in a solution of lithium compounds, 
such as n-butyllithium, for more than one day to allow the lithium ions to intercalate 
between the layers. Next, this solution is mixed to water, which strongly reacts with 
the intercalated lithium by production of H2 gas, resulting in the separation of the 
MoS2 layers by mechanical action [29,112,113]. This chemical exfoliation allows to 
produce mixed nano-sheets of mono- and few-layers MoS2, as illustrated in Figure 

2.2(c), that are different from the bulk in terms of structural and electronic 
properties[29]. In fact, as previously explained in the section 1.1, this process changes 

Figure 2.1.- (a) Scheme of the mechanical exfoliation from a MoS2 crystal by scotch-tape. (b) Few micrometers-
area of 1L-MoS2 obtained by the mechanical exfoliation. Fig. (b) reproduced from Ref. [174]. 
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the properties of MoS2 from semiconducting to metallic and the Mo-S coordination, 
forming the 1T-MoS2. Hence, post exfoliation treatments are needed to reconvert the 
metallic 1T-MoS2 to the 2H- semiconducting phase [114].  

 

The main advantage of the liquid exfoliation methods is clearly its scalability. 
However, the MoS2 films obtained by spin coating or inkjet printing of the liquid 
solutions are composed by a network of overlapped nano-sheets. The electrical 
resistance associated to these nanosheets junctions, combined to defectivity 
originating from the exfoliation process, make these MoS2 films not suitable for 
electronic/optoelectronic applications. On the other hand, they proved to be very 
useful for catalysis and/or sensing applications[109,115,116].  

2.1.3 Gold-assisted mechanical exfoliation 

 

Recently, different research groups explored an alternative top-down approach to 
overcome the limitations of the mechanical exfoliation (i.e. small flakes size and 
poor control of the thickness), while maintaining its main advantages in terms of 
crystalline quality of produced MoS2 [117-126]. This method, named “gold-assisted 
mechanical exfoliation”, exploits the strong bonds naturally established between the 

Figure 2.2.- (a) Scheme of the liquid-exfoliation method for a bulk MoS2. (b) Photograph of phials containing 
liquid exfoliated MoS2, WS2 and BN. (c) SEM image of liquid exfoliated MoS2 at high magnification. Fig. (a), 
(b) and (c) reproduced from [111], [110] and [110], respectively. 
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gold and sulphur atoms at the nanoscale [127] to achieve the exfoliation of large area 
monolayer MoS2 membrane by simply pressing a MoS2 bulk crystal onto a flat gold 
substrate (as schematically illustrated in Figure 2.3 (a)). Under perfect conditions of 
an ultra-flat and contaminations-free Au surface, the S-Au interaction exceeds the 
interlayer vdW force of the MoS2 bulk crystal, resulting in the exfoliation of the 
MoS2 monolayer directly in contact with Au. Ideally, the lateral extension of the 
exfoliated MoS2 membrane is only limited by the area of the starting molybdenite 
crystal.  Figure 2.3 (b) shows an optical microscopy image of a MoS2 membrane 
exfoliated on a gold surface [124], where the light-yellow contrast is associated to Au, 
the dark yellow to 1L MoS2, and the blue and violet contrast to multilayers of MoS2. 

A very large extension (82 mm2) of the 1L MoS2 area can be deduced from this 
image.  

Velicky et al. [119], recently investigated the exfoliation of MoS2 on the surface of 
thin Au films deposited by evaporation. They demonstrated how the monolayer 
exfoliation yield critically depends on the degree of contamination of the Au surface, 
due to the exposure to the air after the deposition.  

As schematically illustrated in Figure 2.4, the presence of organic contaminants, e.g. 
adventitious carbon, at the interface between the two materials gradually reduces the 
exfoliation yield of a MoS2 monolayer. Besides the surface cleanness, another key 
parameter that can influence the yield of the exfoliation is the Au surface roughness. 
The authors compared the MoS2 exfoliation on the surface of three Au films with 
different roughness obtained by different techniques, i.e. e-beam evaporation, 
sputtering and peeling on a polymeric substrate, as described by AFM images in 
Figure 2.5 (a-c) respectively. In the thinner film characterized by a lower surface 

Figure 2.3.- (a) Schematic of the mechanical exfoliation assisted by gold substrate. (b) Optical image of a large 
area (mm2) 1L-MoS2 exfoliated on gold. Fig.(a-b) adapted from Ref. [120]. 
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roughness of 0.8 nm a larger exfoliation yield of 1L-MoS2 (~95%) is obtained 
compared to that obtained on thicker Au substrate with a higher roughness of 5.1 
nm[119,121]. The interaction between 1L-MoS2 and Au with different roughness has 
also consequences in the optical and vibrational properties of the material. In fact, as 
observed in  Figure 2.5 (d), the authors reported an anomalous splitting of the A’1  
and a large red-shift of the E’, observed on both on a thinner (7 nm) and a thicker 
(15 nm peeled) gold substrate [121,124]. The main differences between the two cases 
are the intensity ratio between the two A’1 components and a further small splitting 
for the E’ when a thicker Au substrate is employed. A further discrepancy, compared 
to the exfoliated 1L-MoS2 on SiO2, is the photoluminescence quenching of the 1L-
MoS2 when it is exfoliated on gold [119,121,124], as shown in Figure 2.5 (e). These 
effects have been associated to the strong interaction with Au, but it is still a debated 
topic. In fact other authors did not observe the anomalous splitting of the A’1 peak 
[117-119,122] and a total quenching of the PL when the MoS2 is supported on Au[128,129].  

Overall, the gold assisted approach permits to obtain single-crystalline monolayer 
MoS2 on relatively large area (from mm2 to cm2) typically limited by the size of the 
available bulk molybdenite samples. Furthermore, the exfoliation process can be 
repeated several times in a reproducible way, as shown in the photographs reported 
in Figure 2.6 (a). This method is not only limited to MoS2, but can be extended to 
other TMDs, as illustrated in Figure 2.6 (b), which reports a set of 32 optical 
microscopy images of different layered materials successfully exfoliated on Au thin 
films. 

A main issue for practical applications of the large area TMDs membranes obtained 
by this approach is their detachment from the gold substrate and transfer to an 
insulating one, without significant degradation of the membranes’ quality. Different 

Figure 2.4. - Au-assisted exfoliation yields as a function of the time of gold exposition at air.  
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approaches have been presented in the literature to address this point, although a 
well-established method to transfer 1L-TMDs from Au to other substrates is not 
currently available. It is worth to note that, notwithstanding the above issues, some 
applications of as-exfoliated MoS2 membranes on gold, without any transfer 
procedure, have been recently proposed [128]. 

In this context, the strong interaction between the gold substrate and a single thin 
membrane of MoS2 is still under study. Also, the vibrational and optical effects 
induced by the Au on the MoS2 are source of debate both for their observations and 
interpretations. 

Indeed, it is fundamental to characterize the strain, the doping, and the electrical 
properties of the exfoliated MoS2 in contact with Au. In fact, as previously observed 
in the introductive Chapter1, all these aspects influence severely the optical, 
vibrational, and electrical properties of the device realized with a single layer of 
MoS2. These points will be covered in Chapter 3 and 4 of the experimental sections. 

Figure 2.5.- AFM of the Au morphology realized by different technique: (a) e-beam evaporator, (b) sputtering 
and (c) peeled. (d) Effect of the strong interaction between the MoS2 and Au (for the peeled and e-beam cases) 
compared to the SiO2 counterpart on the Raman spectra. (e) Effect on PL quenching in the MoS2 on Au compared 
to the exfoliated and CVD grown MoS2 on SiO2. Fig.(a-d) adapted from Ref. [121]. Fig.(e) reproduced from 
Ref. [124]. 
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Figure 2.6.- (a) Reproducible process of the mechanical exfoliation assisted by gold from the same bulk crystal. 
(b) Method applicable to various TMDs materials with high lateral extension. Fig.(a-b) reproduced from Ref.
[122]. 
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2.2 MOS2 PRODUCTION BY BOTTOM-UP APPROACHES  

 

2.2.1 Chemical Vapor Deposition and Sulfurization of Molybdenum film 

 

As discussed in the previous section, the development of scalable methods is 
necessary for large area scale fabrication of devices based on MoS2 or other 2D 
materials. For this reason, wafer-scale synthesis approaches have been already 
developed in the past for Graphene, such as Chemical Vapor Deposition (CVD) on 
metal substrates or epitaxial growth on SiC [130,131]. Similar methods have been 
employed for the synthesis of MoS2, as the well-known CVD, in which the solid 
precursors of the Sulphur and Molybdenum react in the vapour phase near or on the 
heated substrate [132,133]. The scheme of a typical two heating zones CVD system is 
reproduced in Figure 2.7 (a), where an argon flux is introduced inside the furnace to 
transport the evaporated precursors towards the substrate [134]. The nucleation and 
diffusion of the MoS2 on the substrate are particularly influenced by different growth 

Figure 2.7.- (a) Scheme of the CVD system to realize deposition of MoS2 from Sulfur and MoO3 powder. (b) 
Optical image of triangular MoS2 realized by CVD. (c) Diffraction of the single-crystal MoS2 realized by CVD. 
Fig.(a) reproduced from Ref. [134]. Fig. (b) reproduced from Ref. [145]. Fig.(c) reproduced from Ref. [152]. 
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parameters as temperature of the process [135], carrier gas [136], precursors [137-139] and 
substrates [140-143]. In fact, it is possible to change the shape and the extension of 1L- 
MoS2 flakes from triangular, as shown in Figure 2.7 (b),  to hexagonal geometries 
by the control of the precursor’s ratio [144,145]. Indeed, higher concentration of 
precursors gives rise to the formation of triangular flakes containing a central 
nanoparticle constituted by multilayers of MoS2. Differently, at lower concentration 
of precursors, monolayer or bilayer are realized in a 2D planar structure without a 
central multilayer dot [146]. In general, diffraction characterization performed on a 
single CVD triangular flake shows a high degree of order, as represented in Figure 

2.7 (c). The knowledge of the effects induced on the growth by the different 
conditions is fundamental to understand and control the mechanism of the process to 
obtain large area, high crystal quality, single-layer MoS2 on different substrates. In 
particular, two main mechanisms have been proposed in literature to describe the 
phenomenon of MoS2 growth by CVD technique. In the first, MoO3 and S vapours 
react to give an intermediate volatile product MoO3-xSy that is converted to MoS2 on 
the substrate after a further sulfurization process [139,146,147]. A second mechanism 
proposed does not involve an intermediate reaction process with a reduction of the 
MoO3 oxidation state, but the two precursors react in the vapor phase and the MoS2 
products will deposit directly on the substrate [146,148], as illustrated in Figure 2.8. In 
both cases, the reaction products, attaches in preferential regions of the substrate as 
borders, roughness surface [153], or seed molecules [149,150] forming triangular MoS2 

Figure 2.8.- The two CVD mechanism proposed: (I) MoO3-xSy as an intermediate product between the MoO3

and S powders. Next the MoO3-xSy is converted in MoS2 directly. (II) The two precursors react directly in gas 
phase forming MoS2 and next it is deposited on the substrate. Reproduced from Ref. [150]. 
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flakes that maybe coalesce forming a continuous film, as shown in Figure 2.7 (c). 
An alternative technique is the two steps CVD, also known as sulfurization of a Mo 
(or MoOx) film [150,151]. In this case, an ultra-thin film of Mo (or MoOx) is pre-
deposited on a substrate by physical vapor deposition techniques, as sputtering or 
thermal evaporation. Next, in a two-zones CVD furnace S powder is evaporated at 
around 150°C and is transported to the second region (thanks to a flux of carrier gas), 
where it can react with the MoOx deposited film, as shown in Figure 2.9 (a). In this 
case, the chemisorption of Sulphur occurs directly on this film due to the presence 
of a large density of MoOx active sites, which rules the MoS2 growth until their 
saturation. The reaction process is illustrated in Figure 2.9 (b). Despite the better 
control in terms of thickness and uniformity allowed by the sulfurization process, the 
MoS2 film presents a high-level of polycrystallinity with nanograins of the order of 
10-30 nm, as observed by the diffraction image of Figure 2.9(d), compared to single-
crystal flakes obtained from the one-step CVD (Figure 2.7 (c)). Generally, the 
crystal quality of the MoS2 realized by CVD is not the same of that obtained by 
mechanical exfoliation. In fact, the synthetic approach is source of defects, as grain 
boundaries and point defects, in the crystal structure of MoS2

 [152-154].  Specifically, 
we can identify six intrinsic defects induced by the CVD growth, as monosulfur or 

Figure 2.9.- (a) Scheme of the process for sulfurization from a MoO3 film. (b) Chemisorption mechanism of the 
sulfurization process(c) Optical image of MoS2 realized by sulfurization. (c) Diffraction pattern of polycrystalline 
MoS2 realized by sulfurization. Fig.(a) reproduced from Ref. [134]. Fig.(b) reproduced from Ref. [150]. Fig.(c-
d) reproduced from Ref. [152]. 
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bisulfur vacancies (Vs and VS2) or molybdenum vacancies related to a single or 
double couple of three nearby sulfur atoms (VMoS3 and VMoS6).  

 

Moreover, antisites defects can be occasionally found when a molybdenum atom 
replaces a S2 column or alternatively when a S2 column substitutes a molybdenum 
atom (MoS2 and S2Mo respectively) [152,155]. These points defects have consequences 
on the MoS2 electronic band structure, introducing unoccupied levels inside the 
bandgap 0.6 eV below the conduction band[152,155]. Meanwhile grain boundaries can 
be realized between two different flakes that coalescence during their diffusion over 
the substrate surface [152,153]. One of the most important consequence of the existence 
of a high density of points defects and grain boundaries in nanometric regions is the 
decreasing of the electrical performance (1-2 order of magnitude) of devices realized 
by sulfurization compared to that realized by mechanical exfoliation [153], estimating 
high grain boundaries resistance contributions six times higher than that measured in 

Figure 2.10.-(a) SEM image of 1L-MoS2 triangles growth by CVD. (b) Low-magnification TEM image and the 
corresponding diffraction patterns from two merging islands with their edges forming a 90 angle. (c) All the 
possible orientations of the MoS2 triangles on the c-sapphire (=0°,30°,60° and 90°). Fig.(a-c) reproduced from 
Ref. [158].  
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a single domain [156].  CVD growth of MoS2 on amorphous SiO2 substrates gives rise 
to polycrystalline films with grain boundaries due to the merging of MoS2 domains 
with random orientations. The growth on crystalline substrates with hexagonal 
structure enables the epitaxial growth of MoS2 domains with precise in-plane 
orientation, that can be beneficial to reduce the density of grain boundaries when a 
continuous film is formed. Different authors [157,158] investigated the growth of wafer-
scale MoS2 on c-sapphire by one-step CVD, as illustrated in Figure 2.10 (a). The 
RHEED pattern in the inset of Figure 2.10 (a) demonstrates the structural order of 
the CVD-growth MoS2. These monolayer MoS2 domains show preferential 
orientations with respect to the c-sapphire. In particular, 0° and 60° edge orientations 
are the most typical with a small component of domains with an angle of 30° and 
90°, as schematically illustrated in Figure 2.10 (c). It is important to note that 
triangular groups with the same orientation coalesce forming a continuous MoS2 film 
without grain boundaries (Figure 2.10 (b)), and maintaining the 60°-alignment with 
the substrates as shown in the inset of Figure 2.10 (b). Hence, there is a large number 
of challenges in controlling and understanding the mechanism of MoS2 CVD growth, 
to obtain large area single-layer flakes with a high-degree of purity and low-defects 
density. 
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2.2.2 Pulsed Laser Deposition 

 

Pulsed laser deposition (PLD) is a valid alternative bottom-up method for the growth 
MoS2 on different substrates [159,160]. The principle is a physical deposition that 
differs from CVD processes in which a chemical reaction occurs before the 
deposition of the film. The deposition process is carried out in a vacuum chamber 
where the interaction of a pulsed laser beam with a MoS2 target gives rise to the 
formation of a plasma plume. The laser-ablated materials condense on a substrate 
located on the opposite side of the target, as shown in Figure 2.11(a). The main 
advantage of this approach is the  thickness uniformity of the deposited MoS2 film, 
that can be realized on different substrates very rapidly, due to the high-deposition 
rate (10 times higher than the classic sputtering rate) [114].  Serna et al. [161] 

demonstrated that is possible to obtain large area (mm2) MoS2 indifferently on 
amorphous, polycrystalline or single-crystal substrates. Optimizing the key 
parameters such as cooling rate of the substrate, laser fluency, and deposition 
pressure allows the nucleation and arrangement of the MoS2 on the desired substrate. 
In particular, the authors focused their attention on the influence of the MoS2:S ratio 
of the target on the features of the deposited layered film. Employing a conventional 
target (MoS2:S ratio is 1:0) without sulfur excess, it is simple to obtain vertically 

Figure 2.11. – (a) Scheme of the Pulsed Laser Deposition (PLD) system to deposit MoS2 film on a desired 
substrate. (b) Effect on the thickness from a conventional commercial target of MoS2 without sulfur excess 
(MoS2:S ratio of 1:0), confirmed by TEM image. The blue spectrum is the interlayer spacing. (c) Effect on the 
thickness from a denser target of MoS2 with sulfur excess (MoS2:S ratio of 1:1), confirmed by TEM image. The 
blue spectrum is the interlayer spacing. Fig.(a) reproduced from Ref. [109]. Fig(b-c) reproduced from Ref. [161].
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stacked multilayers of MoS2, as represented in Figure 2.11(b). Meanwhile, thinner 
films of MoS2 characterized by an interlayer spacing close to the theoretical value of 
6.5 A are obtained with the largest MoS2 particle size and a MoS2/S ratio of 1:1, as 
shown in Figure 2.11(c). The thickness of the MoS2 film results inversely 
proportional to the density of the target, due to the lower ablation rates from denser 
targets [161]. Indeed, the excess of the sulfur from the target produces a sulfurization 
environment that allows to realize a more stoichiometric MoS2 deposited film.  

As described for CVD processes, also in this case the main issues are related to the 
crystal quality and the grains dimensions of the deposited MoS2 film. In a recent 
paper, Bertoldo et al. [162] carefully describe the intrinsic defects in MoS2 grown by 
PLD through atomic resolution characterizations which have been compared to first-
principle calculations. Sulfur vacancies and substitutional Mo defects are the main 
defects found in PLD grown MoS2, with an average density of 0.378 nm-2 and 0.126 
nm-2 for Vs and MoS, respectively [162]. Differently, the main defects found in MoS2 
prepared by CVD or mechanical exfoliation are intrinsic single sulfur vacancies (Vs) 
density up to 0.12 nm-2 [155,162]. In addition to the vacancies and substitutional defects, 
the authors observed a wide variety of defects associated with grain boundaries 
(GBs), as shown in Figure 2.12(a-d). These GBs are inherently formed after the 
coalescence of nanometer size grains and this result is a common feature of one-step 
synthesis of 2D TMDs by PLD [162]. The growth of the second layer follows the GBs 
or the edges of the nanometric grains, maintaining typically the orientation of the 
bottom MoS2 layer. But the authors found also Moiré patterns with twist angle of 
23°, 27°, 33° and 44°, as shown in Figure 2.12(c-d). In the false-colored Fast Fourier 
Transform (FFT) filtered image of Figure 2.12(c) is possible to observe three 

Figure 2.12.- (a) High resolution ADF STEM image and simulation (b) of Grain boundaries lines in MoS2 grown 
by PLD. (c) ADF STEM image and (d) false colored Fast Fourier Transform (FFT) in a mono-bilayers MoS2

region characterized by Moiré fringes. Fig.(a-d) reproduced from Ref. [162]. 
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different grains with Moiré fringes formed after the overlapping of the grain I and II.  
Thus, the authors confirmed the higher defects density and the small grains 
dimension in MoS2 realized by PLD. These remain the main issues of the technique 
that are still under study to improve the growth method. 

 

2.2.3 Molecular Beam Epitaxy 

 

As previously discussed, both CVD and PLD processes lead to the formation of 
polycrystalline MoS2 structures. In particular, MoS2 films grown by PLD exhibit a 
higher density of defects and grain boundaries compared to the CVD approach. 
Molecular Beam Epitaxy (MBE) is an alternative approach for the growth of high 
purity crystalline films that may be epitaxial over the substrate. The very high purity 
sources (99.9999%), the ultra-high vacuum (10-8-10-12 Torr) environment of the 
system and  the very low growth rate permits to control with atomic layer precision 
the thickness and the epitaxy of the vertical heterostructures with low defects 
density[163-165].  In the MBE system, the solid precursors are heated in two different 
cells (or evaporators) until their sublimation. The evaporated atoms do not interact 
with each other during their flow in the vacuum chamber, and the two precursors 
react after the condensation on the substrate [166,167]. The ultra-high vacuum 
environment allows to realize in situ characterizations of the samples by reflection 
high energy electron diffraction (RHEED) to control the crystal structure, 

Figure 2.13.- (a) Molecular Beam Epitaxy set-up for TMDs growth. (b) Triangles of MoS2 on h-BN. (c) 
Hexagonal MoS2 grains and their extension (d) on h-BN. (e) Continuous thin film of MoS2 on h-BN. Fig.(a) 
reproduced from Ref. [167]. Fig.(b-e) reproduced from Ref. [173]. 
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morphology, and thickness in real time, as shown in Figure 2.13(a). It is worth to 
note that the epitaxy of 2D TMDs characterized by inert surfaces cannot be described 
by classical three-dimensional materials growth mechanism such as Frank-van der 
Merwe, Volmer-Weber or Stranski-Krastanov[166,168].  

The very weak vdW interaction between the substrate and the epilayer (and also 
between successive layers) is different compared to the strong covalent in-plane 
bonding. For this reason, other kinetic considerations, as diffusion and nucleation,  
have to be added to the classical thermodynamics’ models [166]. For this reason, 
TMDs epitaxial growth is influenced by different growth conditions and kinetics 
factors, such as adsorption, desorption, diffusion, attachment, and edges 
diffusion[166]. The  full control of these parameters is complex, and this makes MBE 
a very difficult technique for the growth of TMDs, such as single crystal MoS2

[166,169]. 
Indeed, the substrate plays a crucial role for the epitaxial growth. It was demonstrated 
that thin films of TMDs grown on non-vdW substrates seems to have a lower crystal 
quality compared to other 2D TMDs substrate [166,170-172].  Fu et al. [173] demonstrated 
the realization of extended single-crystal of 1L-MoS2 by two-steps MBE growth 
process. In a first step, the temperature was fixed at 750°C and the Mo and S 
molecular beams are introduced to react on the substrate surface for 3-4 h, realizing 
the formation of isolated MoS2 triangles on h-BN, as shown in Figure 2.13(b). Next, 
a second step is characterized by an increasing of the temperature to 950°C and a 
decreasing of the Mo flux. And after a control of the flux ratio, the flakes change 
their shape from triangles to hexagons, as shown in Figure 2.13(c).The growth 
process continues for 6-7h until the entire covering of the h-BN substrate, as 
represented in Figure 2.13(d-e), is reached. Thus, the ability to control the domains 
orientation to suppress grain boundaries and the optimization of the growth 
parameters to optimize the process both on passivated substrates and crystalline 
surfaces are still challenges in the van der Waals epitaxial growth of MoS2.  
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2.3   MOS2 INTEGRATION WITH SEMICONDUCTORS FOR 

ELECTRONICS AND OPTOELECTRONICS 

 

In the last 50 years, the heterojunctions formed by the combination of 
semiconductors with different energy bandgap represented the key building blocks 
of many electronics and optoelectronic devices, including transistors, light emitting 
diodes and lasers. 

Three main band alignment configurations can be obtained at the junction between 
a narrow-bandgap and wide-bandgap semiconductors, depending on the electron 
affinities of the two materials, as schematically illustrated in Figure 2.14. Type-I 
(straddling) band alignment is obtained when the energy gap of the wide-band gap 
semiconductor overlaps completely the band gap of a narrow-bandgap 
semiconductor. Differently, a type-II (staggered) alignment is realized when the two 
bandgaps are partially overlapped. Finally, a type-III (or “broken-gap”) alignment 
is obtained when the energy band gap of the narrow-bandgap semiconductor is 
completely external to that of the wide-band gap material.  

When the two semiconducting materials exhibit the same doping type, an isotype 
(n/n or p/p) heterojunction is formed. On the other hand, for differently doped 
semiconductors, anisotype heterojunctions (p/n or n/p) are obtained. 

These  different band-alignment configurations can be conveniently exploited for the 
realization of electronic/optoelectronic devices with specific functionalities, such as 

Figure 2.14.-Three types of band gap alignment: (I) Straddling, (II) Staggered and (III) Broken-gap. 
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heterojunction diodes, band-to-band tunnelling diodes, light-emitted diodes (LEDs), 
photodetectors and solar cells. 

Traditionally, semiconductor heterostructures are obtained by epitaxial growth 
techniques, such as molecular beam epitaxy (MBE), chemical vapour deposition 
(CVD) or metal-organic-chemical vapour deposition (MOCVD). However, a close 
matching of in plane lattice parameters is required to achieve a good quality hetero-
epitaxial interface between a thin film and a substrate. Lattice constants mismatch 
typically results in the growth of strained films, with the presence of a certain density 
of defects, e.g. dislocations. Furthermore, structural relaxation of such films with 
formation of cracks is typically observed beyond a critical thickness. 

The advent of 2D materials, in particular semiconducting TMDs, opened new 
frontiers for the fabrication of semiconductor heterojunctions, overcoming the 
limitations of traditional epitaxial growth technique. In fact, due to their ultra-flat 
and dangling-bond free surface, 2D materials can form vdW heterostructures not 
only with other layered materials, but also with traditional bulk (3D) semiconductors. 
These heterostructures can be obtained either by the top-down (exfoliation and 
transfer) or by the bottom-up approaches discussed in the first part of this chapter. 
The new properties derived by these 2D/3D vdW combinations are currently 
intensively explored to develop new device concepts, exploiting the vertical current 
transport through the heterostructure [174-182]. 

In the following, the state of the art of MoS2 integration with silicon and with wide-
bandgap hexagonal semiconductors (SiC, GaN) is discussed, showing some relevant 
examples from the literature. 

2.3.1 MoS2 integration with Silicon 

 

Since silicon is still the leading semiconductor for CMOS applications, several 
efforts have been carried out in the last years to integrate TMDs, in particular MoS2 
with the Si platform.  

Figure 2.15 illustrates the band diagrams of Si and (a) few layers (FL) and (b) 1L of 
MoS2 separated by vacuum, calculated considering the relevant parameters (electron 

affinity  and energy bandgap Eg)of these material systems [183]. A type-II band 

alignment can be observed in both cases. A valence band discontinuity EV0.6 eV 

and a conduction band discontinuity EC0.4 eV was evaluated for FL-MoS2/Si 
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heterojunction, whereas EV1 eV and EC0.2 eV were obtained for 1L-MoS2/Si 
heterojunction.  

 

 The valence band discontinuity at the vdW interface between exfoliated FL-MoS2 
and p-type doped Si has been also evaluated experimentally by the combination of 
X-ray (XPS) and ultraviolet photoelectron spectroscopy (UPS) [184]. Figure 2.16 (a) 
and (b) show the core level and valence band spectra for MoS2 and Si samples before 
the junction formation, from which the energy separations of the Mo3d5/2 and Si2p3/2 
core levels from the respective valence band maxima (VBM) were obtained:  

 7L+M�N/PL+QP � 7RSLL+QP=228.54 eV and 7QT8UV/PQT � 7RSLQT =99.03 eV  ( 9 ) 

Figure 2.15.- Calculated band alignment at the vdW interface between Si and few layers MoS2 (a) and 1L-
MoS2 (b). 
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Figure 2.16 (c) shows the Mo 3d and Si 2p core levels for the MoS2/Si 

heterojunction, from which the energy separation 7L+M�N/P
L+QP/QT � 7QT8UV/P

L+QP/QT=130.17 eV 

was measured. Finally, the valence band discontinuity was evaluated as: 

 

 

The experimental value of EV=0.66±0.17 eV obtained by this approach was in close 
agreement with the calculated value in Figure 2.15(a), confirming the type II band 
alignment between FL-MoS2 and Si. 

To date MoS2 integration on Si has been mainly obtained by exfoliation from bulk 
molybdenite or by transfer of CVD grown MoS2. Figure 2.17 (a) illustrates a 
recently demonstrated 1L-MoS2/p-Si heterojunction device obtained by transfer of 

 7� = W7L+M�N/P
L+QP/QT � 7QT8UV/P

L+QP/QTX
� YW7L+M�N/PL+QP � 7RSLL+QPX � W7QT8UV/PQT � 7RSLQT XZ 

( 10 ) 

Figure 2.16.- X-ray and ultraviolet photoelectron spectroscopy spectra of (a) Mo 3d and (b) Si 2p core levels 
from which is estimated the separation EMo3d5/2 - ESi2p3/2. (c) Core level and valence band spectra for MoS2 / Si 
junction, from which the energy separation of the Mo3d5/2 and Si2p3/2 is estimated. Fig.(a-c) reproduced from 
Ref. [184]. 
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MoS2 on a silicon surface partially covered by a SiO2 insulating mask [185]. A gold 
electrode was deposited as a source contact on MoS2, while the drain contact was 

fabricated on the p-Si sample. A 30 nm thick HfO2 dielectric was used to 
encapsulate the MoS2 surface. Figure 2.17 (b) illustrates the band alignment of the 
unintentionally n-type doped MoS2 and p-type Si before the junction formation (i), 
at equilibrium (ii) and under forward bias polarization (iii). As a result of the built-
in potential generated at the anisotype (n-p) heterojunction, the current-voltage (Id-
Vd) characteristic of the device exhibits a rectifying behaviour, as illustrated in in 
Figure 2.17 (c). The electroluminescence characteristics of this diode under forward 
bias polarization were also investigated, and a typical electroluminescence spectrum 
measured at Vd=5.5 V is reported in Figure 2.17 (d). Light emission is due to the 
radiative recombination between electrons and holes injected from the two sides of 
the heterojunction, as schematically illustrated in the panel (iii) of Figure 2.17 (b).  

Figure 2.17.- (a) Cross section representation of an heterojunction diode composed by p-Si and n-type 1L-MoS2. 
(b) Band diagrams of the heterostructure before the junction formation (i), at equilibrium (ii) and under forward 
bias polarization (iii). (c) Id vs Vd characteristics of the diode showing rectifying behavior. (d) 
Electroluninescence spectrum showing two excitonic components (A, B) and trionic component (A-). Fig.(a-d) 
reproduced from Ref. [185].  
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Noteworthy, the electroluminescence spectrum in Figure 2.17 (d) resembles a 
characteristic PL spectrum of MoS2, with three different spectral contributions 
associated to the two excitonic peaks A and B and to the trion A- resonance, 
respectively.  This confirms that the radiative transition occurs in the direct bandgap 
1L-MoS2 rather than in the indirect bandgap Si. This kind of device was also used as 
a photovoltaic cell able to convert incoming light to electric power with an efficiency 
of 4.4% [185]. 
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2.3.2 MoS2 heterostructures with wide-bandgap semiconductors  

 

While silicon still remains the leading semiconductor material for logic applications 
and low-power electronics, the wide bandgap (WBG) semiconductors [186-190], such 
as 4H-SiC and GaN, are the materials of choice for high-power and high frequency 
electronics, and for many optoelectronics devices (light emitting diodes, UV 
photodetectors), due to their excellent physical properties [191], as high critical electric 
field, thermal conductivity, and large band gap.  

In the last years, the integration of TMDs, in particular MoS2, with GaN and 4H-SiC 
has been explored by different research groups to realize 2D/3D vdW semiconductor 
heterojunctions. To date both top-down and bottom-up approaches have been 
employed to integrate MoS2 on these WBG materials. These include the transfer of 
MoS2 flakes exfoliated from bulk crystals [192-194], or grown on foreign substrates [196-

197], and the direct deposition of MoS2 on GaN [198-200] or 4H-SiC[201,202]. 

A key aspect which favours the direct epitaxial growth of TMDs on 4H-SiC and GaN 
is the hexagonal structure with good lattice matching on the (0001) basal plane. 
Figure 2.18 reports the energy bandgap and the in-plane lattice constant of bulk 
hexagonal semiconductors (4H-SiC, GaN and InN) and some members of the layered 
TMDs family, i.e. MoS2 (bulk and monolayer), WS2, ReS2, TiS2, ZrS2 and HfS2. This 
plot shows a very good lattice matching of MoS2 with 4H-SiC and GaN basal planes. 

Figure 2.18.- Band gap vs lattice constant. Figure reproduced from Ref. [202]. 
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In particular, the lattice constants of MoS2 (aMoS2=3.162 Å) and 4H-SiC 
(a4H−SiC=3.073 Å) exhibit a 2.9% mismatch. A very low mismatch (<1%) can be 
also observed for MoS2 with the GaN basal plane. 

Despite lattice matching is not necessary to realize a 2D/3D vdW heterostructure by 
transfer of a 2D material on a bulk substrate, it has been found to be very beneficial 
for the direct CVD growth of MoS2 on hexagonal crystalline substrates. The 
nucleation and growth of triangular MoS2 domains with well-defined orientations on 
crystalline sapphire substrates [200] has been already discussed in the first part of this 
chapter. 

Similarly, the very good lattice matching between MoS2 and GaN allowed the 
formation of highly oriented and nearly unstrained triangular MoS2 domains during 
single step CVD at temperatures of 700 – 800 °C [200], as shown in Figure 2.19. 
Epitaxial MoS2 growth on GaN has been also obtained by the pulsed laser deposition 
(PLD) technique [203]. Few layers or monolayer MoS2 films on the SiC(0001) surface 
have been also reported by single step CVD [201] or by the sulfurization of pre-
deposited Mo thin films [204]. Highly crystalline few layers MoS2 on SiC(0001) have 
been also obtained by PLD at substrate temperature of 700 °C [203].  

 

 

Figure 2.19.- Rotationally aligned epitaxial growth of MoS2 triangles during CVD on the (0001) basal plane of 
GaN. All the triangle basis are parallel to the [1-100] direction. Reproduced from Ref. [200]. 



Chapter 2  53 
 

 

2.3.2.1 MoS2/GaN band alignment and heterojunction devices 

 

Figure 2.20 illustrates the band alignment at the vdW interfaces between GaN and 
few-layers MoS2 (a) or 1L MoS2 (b), separated by vacuum (i.e. before contact 

formation), calculated considering the literature values of the electron affinity () 
and energy band (Eg) for these materials. 

 

According to these diagrams, a type I band alignment is ideally expected after contact 
formation between GaN and FL-MoS2 or 1L-MoS2. Furthermore, a large valence 

band discontinuity (Ev1.8 eV for FL-MoS2/GaN and Ev1.4 eV for 1L-

MoS2/GaN) and a small conduction band discontinuity (Ec0.3 eV for FL-

Figure 2.20.- Calculated band alignment at the vdW interface between GaN and few layers MoS2 (a) and 1L-
MoS2 (b). 
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MoS2/GaN and Ev0.1 eV for 1L-MoS2/GaN) is predicted for these 
heterostructures.  

Recently, Zhang et al. [205] employed XPS and UPS analyses to experimentally 

evaluate the valence band offset Ec in 1L-MoS2/GaN heterojunctions fabricated by 
MoS2 transfer on a GaN surface pre-treated with a remote plasma nitridation. Figure 

2.21 (a) and (b) show the core level spectra (Mo 3d and Ga 2p) and the valence band 
spectra collected separately on 1L-MoS2 and GaN samples before the transfer 
process, whereas the core levels measured on 1L-MoS2/GaN interface after contact 

formation are reported in Figure 2.21 (c). The Ev value is calculated from the 

energy separation 7L+M�N/PL+QP � 7RSLL+QP 228.6 [ 0.1 \% of the Mo 3d5/2 peak from the 

VBM in the MoS2 sample (a), the separation  7E�8UV/PE�] � 7RSLE�]  1115.2 [ 0.1 \% 

of the Ga 2p3/2 peak from VBM in the GaN sample (b), and the energy difference 

Figure 2.21.- (a) Mo 3d core level and valence band spectra of 1L-MoS2, (b) Ga 2p and valence band spectra of 
GaN before junction formation. (c) Core level spectra measured on 1L-MoS2/GaN after the junction’s formation. 
(d) Band-diagram of the 1L-MoS2/GaN system evaluated from the experimental ΔEv value of 1.8 eV, indicating 
the formation of a type II heterostructure. Figure adapted from Ref. [205]. 
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7L+M�N/P
L+QP/E�] � 7E�8UV/P

L+QP/E�]
  888.4 [ 0.1 \% between the Ga 2p3/2 and Mo 3d5/2 peak 

in the 1L-MoS2/GaN heterostructure, according to the equation:  

Other experimental investigations reported typical values of the Ev around 1.8 – 1.9 
eV both for 1L-MoS2 and multilayer MoS2 junctions with GaN [194,206]. 

Noteworthy this experimental Ev value of 1.8 eV is significantly larger than the 

ideal one (1.4 eV) estimated from the electron affinity and bandgap values of 1L-
MoS2 and GaN (see Figure 2.20 (b)). This indicates the occurrence of significant 
charge transfer at the interface during the heterojunction formation. The resulting 

band diagram of the 1L-MoS2/GaN system evaluated from the experimental Ev is 

 7� = W7L+M�N/P
L+QP/E�] � 7E�8UV/P

L+QP/E�]X � YW7E�8UV/PE�] � 7RSLE�] X �
W7L+M�N/PL+QP � 7RSLL+QPXZ  1.8[0.1 eV 

 

( 11 ) 

Figure 2.22.- (a) Setup of multilayers n-type MoS2 exfoliated on n-GaN/sapphire. (b) Current-voltage 
characteristics of the heterojunction diode in linear (red curve) and semi-log scale (blue curve). (c) 
Photoelectrical behaviour of the diode under illumination at 405 and 650 nm. Fig.(b-c) reproduced from Ref. 
[195]. 
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reported in Figure 2.21(d), showing the formation of a type II heterojunction with a 

small conduction band offset Ec0.3 eV. 

An example of MoS2/GaN heterojunction  is described in Figure 2.22 (a), where the 
unintentionally n-type doped MoS2 is obtained by mechanical exfoliation on n-type 
GaN/sapphire. The doping estimated by Hall measurements is of 4.6×1017 cm-3 for 
GaN and ~1016 cm-3 for the n-MoS2. This isotype heterojunction shows a typical 
rectifying diode behaviour, represented in Figure 2.22 (b), both in linear (red curve) 
and semi-log scale (blue curve). Despite a rectifying trend, the diode shows a low 
rectification ratio (<102) that can be associated to the low conduction band offset 
between the n-MoS2 and the n-GaN. In fact, a lower conduction band offset causes 
an unavoidable current transport and consequently the diode permits the flow of 
current both in reverse and forward bias. In particular, the authors estimated a ΔEc 
~ 0.23 eV, comparable to experimental value extracted previously by XPS analysis 
and associated to type II band alignment. Noteworthy, the current conduction in this 
n-MoS2/n-GaN diode increases under illumination with laser wavelengths at 405 and 
650 nm, as reported in Figure 2.22 (c). Hence, this isotype heterojunction shows 
potential for photodetection applications.  

 

In comparison to the previous diode, a different result is obtained in the case of a 
high-doped anisotype heterojunction composed by p+-MoS2 on n+-GaN, as shown in 

Figure 2.23 (a). The n+-GaN epitaxy, with a doping of 5×1019 cm-3, was grown on 
a n-GaN/sapphire substrate by MBE. The p-type doped MoS2 was obtained by the 

Figure 2.23.- (a) Setup of multilayers p+-type MoS2 grown by sulfurization and transferred on n+-GaN/sapphire. 
(b) Current-voltage characteristics of the heterojunction diode in semi-log scale for three different scans, showing 
the negative differential resistance under forward bias. Fig.(b) reproduced by Ref. [196]. 
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sulfurization of stacked Mo/Nb/Mo thin films on sapphire at 1100°C. In fact, Nb is 
known to induce p-type doping of MoS2, as discussed in the Chapter 1. Next, the p-
MoS2 was transferred on n+-GaN by PMDS transfer process [196]. The electrical 
characteristic of the diode is represented in Figure 2.23 (b). Here, the system shows 
a very high current in reverse bias even at low voltage, while a negative differential 
resistance is observed under forward bias, which is typical of the interband tunnelling 
in the Esaki diodes. The authors explained the occurrence of this tunnelling 

phenomenon by a low conduction band offset of ΔEc0.2 eV and the narrow 
depletion regions of degenerately doped p+-MoS2 and n+-GaN [196]. Hence, 
substitutional p+-doping of multilayer MoS2 by Nb was shown to be appropriate for 
the realization of Esaki diodes based on the anisotype p+-MoS2/n+-GaN 
heterojunctions. 

 



Chapter 2  58 
 

 

2.3.2.2 MoS2/4H-SiC band alignment and heterojunction devices 

 

Figure 2.24 shows the schemes and the corresponding band alignment of the vdW 
interfaces before the contact between few-layers of MoS2 (a) and 1L-MoS2 (b) on 
4H-SiC. Also in this case, the calculation of the band alignment was realized 
employing theoretical values of electron affinity and of the band gap for both the 
semiconductors. Similarly to the integration on GaN, FL-MoS2 seems to give type I 

band alignment with 4H-SiC, characterized by a low valence band offset (ΔEv0.7 

eV) and a larger conduction band offset (ΔEc1.1 eV). A similar type I configuration 
is predicted also in the 1L-MoS2 on 4H-SiC. In this case, the valence band offset 

(ΔEv0.3 eV) is lower compared to the FL-MoS2/4H-SiC one, while a similar value 

of ΔEc1.0 eV is expected.  Differently than for MoS2/GaN heterojunctions, only 
few experimental works have been published on the band alignment at MoS2/4H-

Figure 2.24.- (a) Scheme of the few-layers MoS2 grown on 4H-SiC and corresponding band alignment. (b) 1L-
MoS2 grown on 4H-SiC and the corresponding band alignment between the two semiconductors. 
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SiC interface. Recently, Xiao et al. [201] carried out a XPS analysis to determine the 
valence band spectra of multilayer MoS2, (Figure 2.25 (a)), of 4H-SiC (Figure 2.25 
(b)) and their heterostructures (Figure 2.25 (c)). From this investigation, they 

deduced 7L+M�N/PL+QP � 7RSLL+QP 228.59 eV,  7QT^ 8UQT^ � 7RSLQT^  101.38 eV, and 

Thus, the authors evaluated a valence band offset of  0.24 eV with the formation of 
a type II heterojunction, as shown in Figure 2.25 (d), in contrast with the previous 
theoretical predictions of a type I heterostructure.  

Differently than in the case of MoS2/GaN heterostructures, fewer studied have been 
reported on the electrical characterization of MoS2 heterojunctions with 4H-SiC. The 

7L+M�N/P
L+QP/QT^ � 7QT^ 8UL+QP/QT^

  127.45 eV ( 12 ) 

Figure 2.25.- (a) Mo 3d core level and valence band spectra of multilayer MoS2. (b) Si 2p core level and valence 
band spectra of bulk SiC. (c) Mo 3d and Si 2p core level spectra obtained from the MoS2/SiC interface. (d) Bands 
alignment with the band gap and the derived value of conduction and valence band offset deducted from XPS 
analysis. Fig.(a-c) reproduced by Ref. [201]. 
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most investigated heterojunction is the anisotype p-MoS2 on n-SiC, as represented 
in Figure 2.26 (a). In this example, the p-MoS2 is realized by two-step CVD directly 
on n+-4H-SiC at 1100°C, from a stacked Mo/Nb/Mo thin film deposited by 
sputtering. 

Hall measurements indicate that the Nb-doped MoS2 has a carrier concentration of 
3.0×1020 cm-3 and 8.6×1018 cm-3 for the n+-4H-SiC. Both the materials are 
degenerately doped. The current density-voltage characteristics of the vertical 
heterojunction diode reported in Figure 2.26 (b) show six-orders of magnitude 
rectification ratio, with a slight  dependence on the temperature in the range between 
6.9 to 300 K.  Differently than the previously discussed p+-MoS2/n+-GaN 
heterojunction, the diode composed by degenerately doped p+-MoS2 on n+-4H-SiC 
does not show a negative differential resistance behaviour. Instead, the current 
injection across this junction was found to be dominated by multistep recombination 
tunnelling through midgap states in SiC, probably associated to interface defects [202]. 
These results indicate the need of further investigations to improve the quality of the 
vdW interface between MoS2 and 4H-SiC. These experimental issues will be 
addressed in the Chapter 4 of this thesis. 

 

 

 

 

Figure 2.26.- (a) Scheme of multilayers p-MoS2 on n-4H-SiC and (b) current density-voltage characteristics of 
the heterojunction. Fig.(b) reproduced from Ref. [202]. 
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2.3.3 High- κ integration on MoS2 

 

The beneficial role of the high-κ dielectrics on 1L-MoS2 was mentioned in Chapter 
1.3. In fact, this implementation improves the electrical properties of the MoS2 such 
as mobility and on/off ratio and decreases the subthreshold swing of FET. The 
deposition of high-κ dielectric can be obtained in different ways, but  the Atomic 
Layer Deposition (ALD) is the most suitable deposition technique for the growth of 
ultrathin and conformal dielectric layers on a substrate. The key strength of ALD is 
related to its peculiar deposition mechanism. It is based on sequential and self-
limited chemical reactions between the properly selected chemical precursors and 
the active sites of the substrate surface, which results in the so-called layer-by-layer 
growth mode, as shown in Figure 2.27(a). This principle permits to obtain uniform, 
conformal and angstrom-level control of the thickness on an extended area [207,208]. 
However, as illustrated in Figure 2.27 (b), the ALD growth mechanism is difficult 
to be realized on the pristine surface of MoS2 and other 2D materials, due to the lack 
of dangling bonds acting as active sites for the adsorption of ALD precursors. Thus, 
the main consequence of the dangling bonds absence is the formation of 
inhomogeneous films, as illustrated in Figure 2.27 (c). The only way to obtain 
homogenous film is to deposit thicker high-κ films (>30 nm) on the 2D materials, as 
reported in the previous mentioned work [2]. However, new ALD solutions are 
necessary in order to achieve scaled electronic devices, differently from chemical 
functionalization of the 2D surfaces that can induce an increase of the density of 
defects [209,210]. For this reason, the integration of ultrathin high-κ dielectric on 1L-
MoS2 will be treated with some strategies in the experimental section in Chapter 4-
5. 

 

Figure 2.27.- (a) Schematic of a typical cycle in ALD growth. (b) Schematic diagram showing the adsorption 
and desorption processes of a TMA precursor during the ALD deposition of Al2O3 on the 2D materials. (c) AFM 
image of the ALD-Al2O3 layer deposited on a pristine MoS2 surface. Fig.(a-c) reproduced from Ref. [208]. 
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3 CHAPTER 3 
 

STRAIN, DOPING AND ELECTRONIC TRANSPORT OF 

LARGE AREA MOS2  EXFOLIATED ON GOLD AND 

TRANSFERRED TO AN INSULATING SUBSTRATE  

 

As discussed in the Chapter 2, the gold-assisted mechanical exfoliation recently 
emerged as a promising top-down approach to produce large area membranes of 
MoS2 and other TMDs, mostly composed by monolayers, by exploiting the strong 
interaction between Au and sulphur atoms. In the present chapter the experimental 
results obtained during this thesis work in this research field are presented. These 
include:  

- the preparation of very flat Au surfaces, enabling monolayer exfoliation on large 
area, and an optimized transfer approach of the MoS2 membrane to an insulating 
(Al2O3 on Si) substrate; 

- a detailed characterization of the evolution of the doping, strain and light emission 
properties of as-exfoliated MoS2 on Au and after transfer to the insulating substrate, 
performed by Raman and photoluminescence spectroscopies. 

- the advanced electrical characterization of MoS2 on gold by conductive atomic 
force microscopy, and of transferred MoS2 by back-gated field effect transistor. 

The obtained results are discussed in the context of the recent literature in the field 
and provide new insight on the understanding of Au-MoS2 interaction. Finally, 
recently obtained experimental evidence on the beneficial effect of the underlying 
gold substrate on the atomic layer deposition (ALD) of ultra-thin and highly uniform 
Al2O3 films on top of monolayer MoS2 are presented. 
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3.1 OPTIMIZED SAMPLES PREPARATION 

3.1.1 MoS2 exfoliation on gold films with optimized low roughness  

 

As discussed in the Chapter 2, recent literature works showed that a low roughness 
of the gold surface represents a key aspect to achieve optimal monolayer MoS2 
exfoliation. However, achieving the deposition of thin Au films with low roughness 
by physical deposition techniques (evaporation or sputtering) can be challenging, 
due to the natural tendency of gold to form clusters. 

The approach we adopted to obtain a film with optimized low roughness was to 
perform a two-steps deposition with a DC magnetron sputtering on a SiO2/Si 
substrate, as schematically illustrated in Figure 3.1, with the first step consisting in 
the deposition of a Ni thin film and the second step in the sequential deposition of 
Au.  

 

 

To this aim, a 15 nm thick Au film was deposited onto a SiO2/Si substrate by DC 
magnetron sputtering. Prior to Au deposition, a 10 nm thick Ni film was sputtered to 
improve the adhesion onto the SiO2. Beside ensuring an optimal adhesion to the SiO2 
surface, the Ni interlayer was beneficial to achieve a very smooth surface of the Au 

Figure 3.1.-  Sputtering deposition of a Ni adhesion layer (step 1) and of the gold thin film (step 2). Pressing of 
a bulk MoS2 stamp on the fresh surface of Au immediately after the deposition (step 3) and mechanical 
exfoliation of extendend 1L-MoS2 on Au (step 4). Reproduced from Ref. [249]. 
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overlayer, with a low root-mean-square (RMS) roughness of 0.16 nm, as deduced 
from the tapping mode AFM image reported in Figure 3.2(a-b).  

Mechanical exfoliation of MoS2 was carried out by pressing a bulk MoS2 stamp on 
the fresh Au surface, i.e. immediately after the deposition (see schematic in Figure 

3.1(step 3)), in order to avoid its contamination with adventitious carbon, which is 
known to reduce the interaction strength between S and Au atoms [119]. By this 
procedure, very large area MoS2 films, mostly composed of monolayer, were 
separated from the bulk crystal, as schematically illustrated in Figure 3.1 (step 4) .  

Figure 3.2.- (a) AFM morphology of the fresh Au surface after the magnetron sputtering deposition. (b) Height 
distribution of the AFM image (a) from which the extracted FWHM indicates the roughness of the gold surface.
Reproduced from Ref. [215]. 

Figure 3.3.- (a) Photograph of the exfoliated 1L-MoS2 flake on Au. Optical images of the exfoliated 1L-MoS2 on 
Au at two different magnifications 10x (b) and 100x (c). Reproduced from Ref. [215]. 
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Figure 3.3 shows an overview photograph of a sample with cm2 area (a) and two 
optical images (b,c) at different magnifications (10× and 100×, respectively) of the 
exfoliated MoS2 on the Au surface. The presence of an ultra-thin MoS2 film 
extending for several hundreds of micrometres can be deduced from the colour 
contrast in the lower magnification optical image (b), which also shows the presence 
of thicker MoS2 areas with smaller size, and of fractures of the MoS2 membrane (i.e. 
bare Au regions) due to the exfoliation process. The optical contrast difference 
between the uniform ultra-thin MoS2 membrane and one of these fractures can be 
better visualized in the higher magnification image in Figure 3.3(c).  

A typical tapping mode AFM image of a fracture of the MoS2 film is reported in 

Figure 3.4(a). The 0.7 nm step height measured by the line profile in the insert is a 
direct confirmation of the 1L thickness of the MoS2 membrane. Furthermore, a 
higher resolution AFM image of 1L MoS2 partially covering the Au surface is 
reported in Figure 3.4(b). The histogram of height distribution extracted from this 

image shows very similar RMS values for the MoS2/Au (0.28 nm) and bare Au 

Figure 3.4.- (a) AFM image of the ultra-thin MoS2 film with a fracture. The 0.7 nm step height in the height 
profile along the red line demonstrates the 1L thickness of MoS2 on Au. (b) AFM morphology of a region where 
MoS2 partially covers the Au surface. (c) Corresponding histogram of height distribution, showing two 
components, associated to the bare Au region and to 1L MoS2/Au. Very small and comparable values of 
roughness (σ1=0.25 nm and σ2=0.28 nm) can be deduced for both areas. Reproduced from Ref. [215]. 
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areas (0.25 nm), indicating a very conformal coverage by the MoS2 membrane 
(Figure 3.4(c)).   

In addition to the characterization of sample areas with uniform 1L-MoS2 thickness, 
tapping mode AFM was also employed for the characterization of exfoliated regions 
with variable thickness. Figure 3.5(a) shows an AFM image collected in a region 
comprising both a bare Au area and MoS2 covered regions with 1L, 2L, FL and multi-
layer (bulk) thickness, indicated by different color dashed lines. A phase map 
collected in the rectangular region indicated by the white dashed line is also reported 
in Figure 3.5(b). This image is complementary to the morphology, as it provides a 
clear identification of the bare Au areas with respect to the MoS2 covered ones, 

Figure 3.5.- (a) Morphological AFM image of a region of the exfoliated MoS2 membrane on Au, containing 
areas with different MoS2 thicknesses (1L, 2L, FL and bulk) and bare Au areas. (b) Phase image corresponding 
to the white dashed rectangular region in (a), showing a different contrast between bare Au and MoS2 covered 
regions. Height line scans from (c) 1L, (d) 2L, (e) FL and (f) bulk MoS2 areas in panel (a). Reproduced from Ref. 
[249]. 
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thanks to the very different phase contrast. Figure 3.5(c-f) show the 1L, 2L, Few 
Layers (FL) and bulk thicknesses of the different areas in the morphological image 
confirmed by the line-scans, respectively.  
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3.1.2 Optimized transfer method of Au-exfoliated MoS2 to an insulating 

substrate 

 

The transfer of the extended MoS2 membranes exfoliated on gold to insulating 
substrates represents a mandatory requirement for most of electronic applications of 
this material. In the following, an optimized transfer procedure developed within this 
thesis work is illustrated. A Si substrate covered by 100 nm Al2O3 film was employed 
as the final target substrate, although the transfer procedure can be easily extended 

to other semiconductors or dielectric materials.  

The developed transfer procedure consisted of three different steps, schematically 
illustrated in Figure 3.6. The first step was the fabrication of an ultra-flat “gold tape”, 

consisting of a gold film on a polymer substrate. To this aim, a 100 nm thick Au 
layer was deposited by DC magnetron sputtering on an accurately pre-cleaned silicon 
sample. Afterwards, the Au surface was spin-coated by a protective PMMA layer 
and attached to a thermal release tape (TRT). By exploiting the poor adhesion 
between Au and Si, the TRT/PMMA/Au stack was easily peeled from the silicon 

Figure 3.6.- Schematic illustration of the three steps process for Au-assisted exfoliation of 1L MoS2 and 
transfer to a Al2O3/Si substrate. Reproduced from Ref. [215]. 
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surface, thus obtaining the desired “gold tape”. The surface of Au films prepared by 
this method is typically very flat [211,212] and it has been already demonstrated to be 

suitable for the exfoliation of large area monolayers of MoS2 and other TMDs [119]. 
In particular a RMS roughness of 0.21 nm was evaluated by AFM on the peeled Au 
films on PMMA in our experiments (Figure 3.7(a-b)), which is comparable with that 
of the Au/Ni film on SiO2 observed previously in Figure 3.2.   

The TRT/PMMA/Au stamp with a fresh Au surface, i.e. immediately after peeling 
from Si, was used to exfoliate 1L MoS2 from a MoS2 bulk sample. The final step of 
the process was the transfer of 1L MoS2 on the target Al2O3/Si surface, as represented 
in the second part of Figure 3.6. This was achieved by pressing the 
TRT/PMMA/Au/1L MoS2 stack onto the Al2O3/Si substrate while heating at 120 °C 
to promote the TRT release, followed by PMMA removal and final chemical etching 
of the Au film (with KI/I2 solution). Figure 3.8(b) reports a typical optical 
microscopy image of the transferred MoS2 membrane on the Al2O3 surface, this latter 
presents a low roughness as shown in AFM image reported in Figure 3.8(a). As 
compared to the case of 1L MoS2 exfoliated on gold (Figure 3.3), a much sharper 
colour contrast can be observed between the regions coated by the extended 1L MoS2 
membrane (blue) and bare Al2O3 regions (violet), due to the favourable optical 
interference with the 100 nm Al2O3/Si substrate. Furthermore, the small size regions 
coated by few-layer or multilayer MoS2 can be easily identified by the azure or bright 
colour, respectively. Hence, the optical image provides useful information on the 
thickness uniformity of the transferred MoS2 film on large area. Figure 3.8(c) 

Figure 3.7.- (a) AFM morphology of the peeled gold on PMMA and (b) corresponding histogram of height 
distribution, showing a very small roughness of 0.21 nm, comparable with that of the Au/Ni film on SiO2 (see 
Figure 3.2). Reproduced from Ref. [215]. 
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represents the morphological image of 1L MoS2 on Al2O3 at high magnification, 
while the corresponding AFM image in Figure 3.8(d) shows a region partially 
covered by the thin membrane and the corresponding step. These characterizations 
provide a further confirmation of the low roughness of the 1L-MoS2 (0.18 nm) and 
its thickness (0.7 nm) after the transferring. 

 

Figure 3.8.- (a) AFM image of the Al2O3/Si substrate before the 1L-MoS2 transfer and the corresponding RMS 
of 0.23 nm. (b) Optical image of the 1L-MoS2 transferred on Al2O3/Si. (c) AFM image of a submicrometric 
region of 1L-MoS2 on Al2O3. (d) Corresponding step of 0.7 nm for the 1L-MoS2 on Al2O3/Si. Reproduced from 
Ref. [215]. 
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3.2 SUBSTRATE EFFECTS ON THE VIBRATIONAL AND OPTICAL 

EMISSION PROPERTIES OF LARGE AREA MoS2 EXFOLIATED ON AU 

AND TRANSFERRED TO Al2O3 

 
In the following, the impact of the two different substrates (Au and Al2O3) on the 
vibrational and optical emission properties of MoS2 areas with different thickness 
has been investigated by μ-Raman and μ-PL spectroscopy. 
 

3.2.1 Raman spectroscopy of Au-exfoliated and transferred MoS2 membranes 

with different thickness 

 
Figure 3.9(a) and (b) report a comparison of typical Raman spectra collected on 1L, 
2L, few layers (FL) and bulk regions of the MoS2 membranes exfoliated on Au (a) 
and transferred onto Al2O3 (b). Here, the FL region corresponds to 4 layers of MoS2, 
while the bulk region was formed by 10 layers of MoS2. The characteristic in-plane 
(E2g) and of the out-of-plane (A1g) vibrational modes are observed in the spectral 
range from 370 to 420 cm-1. All the spectra were normalized with respect to the A1g 
peak intensity. Furthermore, vertical dashed lines, corresponding to the E2g and A1g 
peak positions for 1L MoS2 on Au and Al2O3, have been reported as a guide for the 
eye in Figure 3.9(a) and (b). It can be observed how both the individual peak 
positions and their separation exhibit a very peculiar dependence on the kind of 

substrate. While a value of Δω18.5 cm-1 is measured for 1L MoS2 transferred onto 
Al2O3, in the case of 1L MoS2 exfoliated on Au the E2g and A1g peaks exhibit a 

significant red and blue shift, respectively, resulting in a larger Δω 21.2 cm-1 value . 
Furthermore, a different behaviour of the in-plane and out of plane vibrational modes 
is observed on the two different substrates with increasing the number of layers, as 
shown in Figure 3.9(c).  
For both substrates, the A1g peak frequencies (filled and empty triangles) exhibit a 
similar increasing trend with increasing the MoS2 thickness. In particular, for thin 
MoS2 membranes (1L-4L) the A1g peak on MoS2/Au (filled triangles) is slightly blue 
shifted with respect to MoS2/Al2O3 (empty triangles), whereas the two frequencies 
converge to the same value for bulk samples. On the other hand, the E2g peak 
frequencies (filled and empty squares) show very different trends on the two 
substrates. While the decreasing E2g peak frequency with increasing the MoS2 
thickness on Al2O3 (empty squares) is fully coherent with the reported literature 
results for MoS2 on insulating substrates [121], this peak exhibits an anomalous 
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behavior in the Au case (filled squares). In fact, for 1L MoS2 on Au the E2g is 

significantly red-shifted (by 2 cm-1) with respect to 1L MoS2 on Al2O3. Its 
frequency increases from 1L to 2L MoS2 on Au and remains almost constant for 
thicker membranes. 

Noteworthy, for bulk samples, the E2g peak frequencies exhibit the same values on 
the two substrates. Figure 3.9(d) shows an increasing behavior of the peaks 
frequency difference Δω as a function of the number of MoS2 layers for the two 
different substrates. Furthermore, starting from a significantly larger value of Δω 

21.2 cm-1 for 1L MoS2 on Au as compared to Δω 18.5 cm-1 for 1L MoS2 on Al2O3, 

Figure 3.9.- Typical Raman spectra of exfoliated MoS2 on the Au substrate (a) and transferred onto Al2O3/Si 
(b) measured on 1L, 2L, FL and bulk MoS2 regions. The black (red) dashed lines indicate the E2g and A1g peaks 
frequencies for 1L MoS2 on Au (Al2O3). (c) Behavior of the E2g and A1g peak frequencies as a function of the 
number of layers for MoS2 on Au (filled squares and triangles) and for MoS2 on Al2O3 (open squares and 
triangles). (d) Plot of the peaks frequency difference Δω as a function of the number of layers for MoS2 on Au 
(filled red circles) and MoS2 on Al2O3 (empty red circles). Reproduced from Ref. [249]. 
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the difference between the measured Δω values is gradually reduced with increasing 
the number of layers, reaching approximately the same value of ~25 cm-1 for bulk 
samples. It is worth mentioning that the measured Δω value in the Raman spectra of 
MoS2 is generally taken as a straightforward way to estimate the number of layers. 
In particular, for 1L MoS2 exfoliated/grown on common insulating substrates (such 
as SiO2) the reported values of the separation Δω between E2g and A1g vibrational 

peaks can range from 18 cm-1 to 20 cm-1 [121]. Hence, the value of 18.5 cm-1 for 
our 1L MoS2 exfoliated on Au and transferred to the Al2O3/Si substrate is in the 
range of the commonly reported literature values [121,213]. In particular, it is very close 
to the value measured on 1L MoS2 flakes directly exfoliated on Al2O3

 [214]. On the 
other hand, for as-exfoliated 1L MoS2 on Au an anomalously large value of Δω=21.2 
cm-1 is measured. Since the Au-assisted exfoliation is a very clean process (simply 
achieved by pressing the fresh surface of the bulk MoS2 stamp onto the as-deposited 
Au film), the large Δω value cannot be explained by the presence of impurities at 
MoS2/Au interface or on MoS2 surface. On the other hand, its origin is the strong 
interaction between MoS2 and the Au substrate [215]. 
 

3.2.2 Strain and doping distribution in 1L-MoS2 membranes by Raman mapping 

 
Focusing our attention on the single layer, Figure 3.10(a) shows the comparison 
between two representative Raman spectra for 1L MoS2 on Au (black line) and on 
Al2O3/Si (red line), with indicated the characteristic E’ and A1’ peaks, associated to 
the in-plane and out-of-plane 1L-MoS2 vibrational modes, respectively.  
It is well known that E’ and A1’ spectral features are highly sensitive to strain and 
doping of 1L MoS2

 [140,216]. In particular, a red shift of E’ peak is typically observed 
with increasing the tensile strain [90,217]. On the other hand, the A1’ peak is known to 
be sensitive to doping, and a blue (red) shift of its position is typically reported for 

p-type (n-type) doping of 1L MoS2
 [87]. Hence, the increase of for 1L MoS2 on 

Au/Ni/SiO2/Si can be ascribed to a change both in the strain and doping of the 2D 
membrane. In order to extract relevant statistical information on the doping and strain 
uniformity of the 1L MoS2 membranes exfoliated on Au and transferred to the 
Al2O3/Si substrate, Raman mapping was carried out on both samples by collecting 
arrays of 6×6 spectra on a 5×5 μm2 area. Figure 3.10(b) and (c) show the colour 

maps of the E’ peak frequency (E’) in the scanned areas for 1L MoS2 on Au and 

Al2O3, respectively, while the comparison between the histograms of theE’ values 
in the two maps is shown in Figure 3.10(d). Similarly, the colour maps of the A1’ 

peak frequency (A1’) and corresponding histograms are reported in Figure 3.10(e), 
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(f) and (g). Beside the individual peak positions, also their difference Δω=A1’-E’ 
was calculated for all the collected Raman spectra. The colour maps of the Δω values 
for 1L MoS2 on Au and Al2O3 are shown in Figure 3.10(h)-(i), and the histograms 

of the values are reported in Figure 3.10(j). 

Figure 3.10.- (a) Representative Raman spectra for 1L MoS2 on Au (black line) and on Al2O3/Si (red line). 
Colour map of the E’ peak frequency values (ωE’) for 1L MoS2 on Au (b) and on Al2O3 (c) and corresponding 
histograms (d). Colour map of the A1’ peak frequency values (ωA1’) for 1L MoS2 on Au (e) and on Al2O3 (f) and 
corresponding histograms (g). Colour map of the peaks frequency difference (Δω =ωA1’-ωE’) for 1L MoS2 on Au 
(h) and on Al2O3 (i) and corresponding histograms (j). Reproduced from Ref. [215]. 
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The comparison between the colour maps allows to visualize the spatial distribution 

of the E’, A1’ and Δω spectral features in the two different samples. As an example, 
it can be clearly deduced that the maxima of Δω for the Au-supported 1L MoS2 

sample (Figure 3.10(h)) are correlated to the minima of the E’ map (Figure 

3.10(b)), where the E’ peak is more red-shifted. On the other hand, for the 1L MoS2 
on Al2O3, the Δω map exhibits an almost uniform contrast, and the spatial variations 
are clearly correlated with those of the A1’ peak. The histograms in Figure 3.10(d) 
and (g) confirm on a large set of data the red-shift of the E’ peak and the blue-shift 
of the A1’ peak for 1L MoS2 on Au with respect to 1L MoS2 on Al2O3. It is also 
interesting to observe a significantly narrower spread of E’ values for the 1L MoS2 
transferred to Al2O3, which can be ascribed to a more uniform strain distribution. By 
Gaussian fitting of the histograms, the average values and standard deviations of the 
peak frequencies and their difference have been obtained and reported in Table 4. 
 
 

 

In the following, the strain  (%) and doping n (cm-2) for 1L MoS2 on Au and on 
Al2O3 will be quantitatively evaluated from the correlative plot of the A1’ vs E’ peak 
frequencies of Figure 3.11 extracted for all the Raman spectra in the maps of Figure 

3.10. A similar approach, based on the correlative plot of the characteristic 2D and 
G peaks, has been widely employed for strain and doping quantification of 
monolayer graphene on different substrates [94,218-221]. More recently such method has 
been adopted by some authors also for 1L MoS2 

[140,216,222]. 
In Figure 3.11(a), the black open circles represent the A1’ vs E’ pairs for all the 
Raman spectra collected on 1L MoS2 on Au, while the blue open triangles represent 
the data pairs for 1L MoS2 on Al2O3. The red and black lines represent the theoretical 
relations between the frequencies of the two vibrational modes at a laser wavelength 
of 532 nm in the ideal cases of a purely strained (strain line) and of a purely doped 
(doping line) 1L MoS2

 [87,90]. The strain and doping lines cross in a point, 

Table 4.-Average values and standard deviation of the E’, A1’ peaks frequencies (ωE’ and ωA1’) and their 
difference (Δω), and of the evaluated strain (ε) and doping (n) for 1L MoS2 on Au and on Al2O3. 
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corresponding to the ����  and �_��  frequencies for ideally unstrained and undoped 
1L MoS2. In the following, the literature values of the peak frequencies for a 

suspended MoS2 membrane (���� = 385 
�� and �_�� = 405 
��) [90] have been 
kept as the best approximation to these ideal values, as substrate effects are excluded 
in this case. Starting from this reference point, the directions of increasing tensile 
strain and n-type doping are also indicated by the arrows along the two lines.  

The  and n values for each experimental point in Figure 3.11 can be evaluated from 
the combination of the linear relationships between the biaxial strain/charge doping 
and Raman shifts of the vibrational modes, reported in Table 4.     

Here, E’=0.68 and A1’=0.21 are the Grüneisen parameters for the two vibrational 
modes of 1L MoS2

 [90,92,223]. The kE’ = -0.33×10-13 cm and kA1’ =-2.2×10-13 cm 
coefficients are the shift rates of Raman peaks as a function of the electron density n 

Figure 3.11.-  Correlative plot of the A1’ and E’ peak frequencies to evaluate the biaxial strain and charge doping 
distributions in 1L MoS2 on Au (black circles) and on Al2O3 (blue triangles). The red (black) lines represent the 
strain (doping) lines for ideally undoped (unstrained) 1L MoS2, meanwhile the green square indicates the  ���� =385 
�� and ω0

A1’ = 405 
�� frequencies for freestanding 1L MoS2, taken as zero reference. The dashed red 
(black) lines parallel to the strain (doping) lines serve as guides to quantify the doping and strain values, 
respectively. Reproduced from Ref. [215]. 
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(in cm-2) in 1L MoS2, obtained by Raman characterization of electrochemically top-
gated MoS2 transistors [87]. 

In particular, the relation for the strain line can be obtained by solving the system of 
Eq.( 5 )-( 7 ) in the case of n=0: 

 

 

 

whereas the doping line equation is obtained by the same procedure for =0: 
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since the A1’ mode results mainly influenced by charge doping [90], the spacing 
between the dashed red lines parallel to the strain line is calculated from the A1’ 
doping rate kA1’=-2.2×10-13 cm.  

The plot in Figure 3.11 shows that all the experimental data points for 1L MoS2 on 
Au are located above the strain line and in the left side with respect to the doping 
line. Hence, as compared to the reference case of a free-standing (suspended) 1L 
MoS2, our gold-supported 1L MoS2 films exhibit a tensile strain in the range from 

0.1% to 0.3% and a p-type doping in the range from ~0.1×1013 to ~0.4×1013 cm-2. 
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indicated by the black square in Figure 3.11. A tensile biaxial strain, originating 
from the lattice mismatch between MoS2 and Au,[224,225] has been recently observed 
in the case of 1L MoS2 exfoliated on Au also by other authors, [121] that reported very 

large  values up to 1.2%. The smaller tensile strain obtained in our samples are 
probably due to the very smooth surface of the gold films. The observed p-type 
doping of MoS2 in contact with Au is consistent with several recent reports of a p-
type behavior induced by MoS2 functionalization with gold nanoparticles, adsorbates 
or Au-based chemicals [226-228]. 

On the other hand, the cloud of data for 1L MoS2 on Al2O3 is located in a region of 

the -n plane corresponding to a compressively strained and n-type doped film, with 

the strain values comprised in a narrow range around -0.25% and the electron 
density ranging from ~0.4×1013 to ~0.7×1013 cm-2. The compressive strain can be 
plausibly related to the transfer procedure and the adhesion properties of 1L-MoS2 
with the Al2O3 surface. The observed n-type doping is consistent with the 
unintentional doping typically observed for MoS2 layer on insulating substrates, and 
can be ascribed, in part, to charge transfer by adsorbed or interface trapped charges 
under ambient conditions, as well as to native defects of MoS2. 

Such n-type behaviour is consistent with the unintentional doping type commonly 
reported for exfoliated or CVD-grown MoS2, which has been associated to the 

Figure 3.12.- Colour maps of the strain for the 1L MoS2 on Au (a) and 1L MoS2 on Al2O3 (b) samples and 
histograms of the strain values (c). Colour maps of the doping for 1L MoS2 on Au (d) and 1L MoS2 on Al2O3 
(e) and histograms of the doping values (f). Reproduced from Ref. [215]. 
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presence of defects (e.g. sulphur vacancies) or other impurities in the MoS2 lattice[229]. 
In the case of 1L MoS2 on Au, a strong electron transfer to the substrate is guessed, 
which overcompensates the native n-type doping, resulting in a net p-type behaviour. 
Furthermore, the tensile strain for 1L MoS2 on Au can be ascribed to the lattice 
mismatch between MoS2 and the Au surface, mostly exposing (111) orientation 
[224,230].  

By solving Eq.( 13)-( 14) for all the data points of the E’ and A1’ maps, the 
corresponding colour maps of the strain (Figure 3.12 (a)-(b)) and doping (Figure 

3.12 (d)-(e)) for the two samples were obtained. The corresponding histograms of 
the strain and doping values are reported in Figure 3.12(c) and (f), respectively.  
From the comparison of the strain and doping maps on the 1L MoS2/Au, a correlation 
between the regions with higher tensile strain and those with higher p-type doping 
can be noticed. This suggests that both strain and p-type doping originate from a 
locally stronger interaction with Au. On the other hand, the compressive strain 
distribution appears very uniform in the 1L MoS2 membrane transferred onto Al2O3, 
without any clear correlation with the doping distribution. The average values and 
standard deviation of the strain and doping for the two different samples have been 
extracted by Gaussian fitting of the histograms in Figure 3.12(c) and (f), and the 
obtained values have been reported in the Table 4. Obviously, the spatial resolution 

in these maps is limited by the spot size of the Raman laser (1 m). Furthermore, 
the concentration sensitivity (in the order of 1012 cm-2) is limited by the shift rate of 
the A1

’ peak with doping concentration. Higher spatial resolution and sensitivity 
information on the doping distribution in the Au supported 1L MoS2 will be deduced 
by nanoscale electrical characterization with conductive atomic force microscopy 
(C-AFM) analyses, reported later on in this chapter. 
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3.2.3 Photoluminescence spectroscopy of Au-exfoliated and transferred MoS2 

membranes with different thickness 

 

To further investigate the impact of the substrate/MoS2 interaction on the electronic 
properties of 1L MoS2, micro-photoluminescence analyses were also performed 
using the 532 nm laser probe of the Raman equipment as excitation source. Figure 

3.13 shows the comparison between the representative PL spectra collected on the 
two different samples under the same illumination conditions.  

 

Noteworthy, the large 1L MoS2 membrane produced by gold-assisted exfoliation and 
finally transferred onto Al2O3 exhibits a prominent peak at 1.83 eV (Figure 3.13(b)), 
very similar to that observed in monolayer MoS2 obtained by the traditional 
mechanical exfoliation or deposited by CVD. On the other hand, a strongly reduced 
PL intensity was observed when the exfoliated 1L MoS2 membrane is still in contact 
with Au, together with a red-shift of the main PL peak to 1.79 eV (Figure 3.13(a)). 
The strong reduction of the PL intensity is consistent with the emission quenching 
reported by other authors for 1L MoS2 exfoliated on Au [119] and for MoS2 
functionalized with Au nanoparticles [231]. This PL quenching can be explained in 
terms of a preferential transfer of photo-excited charges from MoS2 to Au. In 
addition, the tensile strain of the MoS2 layer in contact with Au can also play a role 
in the reduction of the PL yield [90].  A further comparison is realized at different 
thickness for the metallic and for the insulating substrate. In particular, the black, red 

Figure 3.13.- Photoluminescence spectra under 532 nm excitation for 1L, FL and bulk MoS2 on Au (a) and Al2O3 
substrate (b). Reproduced from Ref. [215].  
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and green lines Figure 3.13 represent the PL spectra for 1L, FL and bulk MoS2, 
respectively. In order to perform a reliable comparison of the PL signal on the two 
different substrates, for each spectrum the intensities were normalized to the intensity 
of the MoS2 Raman peaks. A reduction of the relative PL intensities when increasing 
the MoS2 thickness from 1L to FL was consistently observed on both kinds of 
substrates, with the intensity approaching to zero in bulk samples according to the 
indirect bandgap. Looking more in details at PL emission for 1L MoS2, for both 
substrates the PL spectra exhibit a main intense peak at lower energy and another 
weaker peak at higher energy, associated to the MoS2 band splitting due to spin-orbit 
coupling [31,232]. To get a deeper insight in the PL emission mechanisms of 1L MoS2 
on the two different substrates, a deconvolution of the two representative spectra has 
been carried out, as reported in Figure 3.14(a) and (b). In both cases, the best fit was 
obtained considering three Gaussian peaks, which were associated to a trionic 
contribution A- (green dashed line), and two excitonic contributions, i.e. the exciton 
A0 (blue) and the exciton B (grey) [55,233,234]. Differently from neutral excitons, 
consisting of a bound electron/hole pair, trions are charged quasiparticles formed by 
two electrons and a hole [55]. Noteworthy, while the exciton peak A0 at 1.84 eV 
represents the main PL contribution for 1L MoS2 on Al2O3, the trion peak A- at 1.78 
eV appears to be the dominant one in the case of 1L MoS2 on Au. Finally, the B 
exciton peak at 1.94 eV for 1L MoS2 on Al2O3 exhibits a significantly higher full 
width at half maximum (FWHM) with respect to the corresponding peak (at 1.96 eV) 
for 1L MoS2 on Au. As indicated in the labels of Figure 3.14 (a) and (b), the A-, A0 
and B peaks obtained by the deconvolution are slightly blue-shifted in the case of 1L 
MoS2 on Au with respect to 1L MoS2 on Al2O3. However, the overall red shift of the 
PL spectra for 1L MoS2 on Au is due to the higher intensity of the trion contribution. 
As reported in recent theoretical studies  [235,236], this effect can be ascribed to the 

Figure 3.14.- Deconvolution of PL spectra for (a) 1L MoS2 on Au and (b) 1L MoS2 on Al2O3. Three different 
components were identified: the trion peak A-, the exciton peak A0 and the exciton peak B. Reproduced from 
Ref. [249]. 



Chapter 3  83 
 

 

high polarizability of the metal substrate and to the low MoS2/Au equilibrium 
distance enhancing the trion population and at the same time quenching the overall 

emission amplitude [119]. Noteworthy, in the case of FL MoS2 on Au (Figure 3.13(a)) 
the main PL peak appears to be broader and blue-shifted with respect to the 
monolayer one, and its energy is closer to that of FL MoS2 on Al2O3. This observation 
suggests that the increase of the MoS2 thickness results in a reduced effect of the 
substrate not only on vibrational properties but also on PL emission.  

In order to obtain statistically relevant information, arrays of PL spectra have been 
collected on the two samples in the same areas previously probed by Raman 
mapping. Furthermore, Figure 3.15 (a) and (b) show the correlative plots of the PL 
peak energy with the strain and doping values deduced from Raman maps. These 
plots show a narrow distribution of the PL peak energies for both 1L MoS2/Au and 
for 1L MoS2/Al2O3 samples. In particular, in Figure 3.15 (a) the observed peak 
energy variations observed within each sample and the difference between the 
average values of the data points collected on the two different substrates are 

compatible with the PL peak shift rate as a function of the strain (100 meV/%) 
reported in the literature  [90]. 

 

Figure 3.15.- Correlative plots of the PL peak energy with the strain (a) and doping values (b) deduced by PL 
and Raman mapping on the same sample area. Reproduced from Ref. [215]. 
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3.3 ELECTRONIC TRANSPORT OF LARGE AREA 1L-MoS2 

EXFOLIATED ON AU AND TRANSFERRED TO Al2O3 

 

3.3.1 Vertical transport in 1L-MoS2 on Au 

 

The Raman mapping experiments reported so far provided information on the doping 
uniformity of 1L MoS2/Au basing on the correlation between characteristic 
vibrational peaks and the carriers type and density. In the following, electrical 
measurements will be also employed to get further insight on the electronic transport 
in the 1L MoS2/Au system and after transfer to the insulating substrate. Recently, 
other groups used electrical scanning probe methods on TMDs transferred onto noble 
metal contacts to characterize the buried semiconductor/metal vdW interface [237,238]. 

Figure 3.16.- (a) Schematic illustration of the C-AFM setup used for current mapping through the 1L MoS2 film 
on Au. (b) Morphology of a sample region with the Au substrate partially covered by the 1L MoS2 film and (c) 
simultaneously measured current map on the same area (at Vtip=50 mV). (d) Local I-Vtip curves measured with 
the Pt-tip in contact with 1L MoS2 on Au and with the bare Au surface (red line). A detail of the I-Vtip curve 
measured on Au is reported in the right inset. A schematic band-diagram for the tip/1L MoS2/Au 
metal/semiconductor/metal heterojunction is reported in the left inset. (e) Histogram of the tunnelling barrier 
values B evaluated from the I-Vtip curves in panel (d), according to the direct tunnelling mechanism. The band-
diagram for intrinsic and p-type doped 1L MoS2 are schematically illustrated in the insets of (e). Reproduced 
from Ref. [215]. 
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Here, we carried out a nanoscale resolution electrical characterization of the Au-
supported 1L MoS2 membrane by C-AFM measurements [239] to get further 
information on the doping uniformity in this ultra-thin layer. To this aim, the current 
injection at the interface between the Au substrate and 1L MoS2 was probed at 
nanoscale by a Pt-coated Si tip, according to the configuration schematically 
illustrated in Figure 3.16(a). The surface morphology in a sample region partially 
covered by 1L MoS2 is reported in Figure 3.16(b), showing how the 1L MoS2 
membrane conformally follows the smooth Au morphology. Furthermore, Figure 

3.16(c) shows the simultaneously measured current map, collected applying a DC 
bias Vtip=50 mV between the Pt tip and the Au electrode (substrate). For this low 
bias value, the current level measured on the bare Au region reaches the current 
amplifier saturation limit, whereas appreciable lateral variations of the injected 
current through the 1L MoS2 membrane can be observed. 

Such local variations of the injected current through the atomically thin membrane 
can be ascribed to the lateral inhomogeneities of MoS2 electronic properties. In this 
respect, it is worth noting that, since C-AFM analyses were performed in ambient 
conditions, an ultra-thin water layer is adsorbed on the MoS2 surface, the effective 
contact area is determined by the size of the water meniscus around the tip [239].  As 
a matter of fact, the meniscus size is determined by the tip radius, the applied force 
and the surface roughness. Hence, the smooth Au and MoS2 surface of our samples 
and the application of a constant force during measurements results in a nearly 
constant effective contact area. To further investigate the current transport 
mechanisms, a set of local current-voltage (I-Vtip) characteristics were acquired both 
on the bare Au surface and at different positions on the MoS2 film, as reported in 
Figure 3.16(d). The I-Vtip curves measured by the Pt tip in contact with Au (see red 
curve in Figure 3.16(d)) are very reproducible and exhibit an Ohmic behaviour with 
a very steep slope and current saturation at few mV positive and negative bias (as 
shown in the right inset of Figure 3.16(d)). On the other hand, I-Vtip curves measured 
on MoS2 show significant variations at different positions. A possible reason of such 
variability can be the presence of nanoscale areas where 1L MoS2 is locally in contact 
with Au and areas where it is locally suspended between the Au grains, as recently 
reported by Velický et al. [121]. However, this scenario would imply a splitting of the 
A1’ peak in the Raman spectra, due to the very different substrate-related doping for 
the Au-supported and suspended 1L MoS2 

[121]. Since such splitting is not observed 
in our Raman spectra, we excluded this effect in our 1L MoS2/Au samples.  
In the following, the Pt tip in contact with 1L MoS2/Au is described as a 
metal/semiconductor/metal heterojunction, and the local I-Vtip curves in Figure 



Chapter 3  86 
 

 

3.16(d) have been fitted with relevant current transport mechanisms across the ultra-
thin MoS2 barrier. 
In Figure 3.16(d) all the curves measured on MoS2 show a linear behaviour at low 
Vtip values, followed by a deviation from linearity at larger bias values. Furthermore, 
the slight asymmetry between positive and negative polarizations at larger bias can 
be ascribed to the different workfunctions of Pt and Au metals.  
The linear behaviour of the I-Vtip characteristics indicates direct tunnelling (DT) as 
the most appropriate mechanism ruling current transport at low bias values [240]. In 
particular, the tunnelling current can be expressed as: 

  Iab = BVe@f × P(Φi, d6 =  BVe@fexp o� 4πdq2msttΦih v (15) 

 

where B is a pre-factor (proportional to the tip contact area) and P(B,d) is the direct 
tunnelling probability, which is a function of the tunnelling barrier thickness d (i.e. 

the MoS2 thickness) and its height B, corresponding to the energy difference 
between the MoS2 conduction band and the Au Fermi level (see scheme in the left 
insert of Figure 3.16(d)). Here meff=0.35 m0 is the electron effective mass in the 
transversal direction for 1L MoS2, [241] and h is the Planck’s constant. As a matter of 
fact, the thickness dependent tunnelling probability becomes unity when the MoS2 
layer is absent (d=0), i.e. when the tip is directly in contact with the Au substrate. 
Since current mapping and local I-V measurements have been performed using the 
same tip in a sample area including MoS2-covered and uncovered Au regions, the 
same value for the pre-factor B were considered in the two cases. Hence, the 
experimental values of the local tunnelling probability at different positions on MoS2 
were estimated as the ratio between the slope of the I-V curves measured on MoS2 
and the slope of the I-V characteristics measured on Au. Since the MoS2 layer is very 
conformal to the smooth Au morphology, we have assumed a laterally uniform 1L 
MoS2 barrier thickness d=0.65 nm (corresponding to the ideal value for 1L MoS2) 
over the C-AFM probed area. As a result, the local barrier height values have been 
extracted from the tunnelling probabilities for each of the I-V curves in Figure 

3.16(d). The obtained histogram of the B values, reported in Figure 3.16(e), shows 

a broad distribution, ranging from 0.700.08 to 1.700.08 eV, with two main 

components at 0.9 eV and 1.3 eV. In particular, the component at B0.9 eV 
corresponds to a Fermi level located approximately at Eg/2 with respect to the MoS2 
conduction band, as schematically illustrated in the left insert of Figure 3.16(e). 
Noteworthy, this value is very close to ideal barrier height between Au and charge 

neutral MoS2, given by B=W-, being W5.1 eV the gold work function and 4.2 
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eV the electron affinity of 1L MoS2
 [237]. This charge neutral regions can be ascribed 

to nanoscale areas where the p-type doping induced by the Au substrate is 
compensated by the presence of n-type doping impurities/adsorbates on the surface 
of MoS2

 [242]. Due to the limited sensitivity of Raman peak’s shift to doping 
concentration  values <1012 cm-2, such low doping areas could not be detected in 

Raman maps. On the other hand, the component at larger B values in the 
distribution of Figure 3.16(e) can be ascribed to higher p-type doping of 1L MoS2, 
that was detected also by Raman. Such local p-type doping due to the Au substrate 
induces an upward band bending of the conduction and valence band of MoS2 
(schematically illustrated in the right inset of Figure 3.16(e)), which extends over a 
distance (in the order of few nm) defined by the Debye length in the 2D 
semiconductor [243]. 

Figure 3.17.- (a) Schematic of the tip/MoS2/Au system, where the presence of defects (e.g. sulfur vacancies) in 
the 1L MoS2 has been indicated. (b) Typical I-Vtip curve, where two conduction regimes are indicated: a linear 
regime (at lower bias) ruled by direct tunnelling, and an exponential regime (at higher bias) ruled by trap-assisted-
tunnelling. (c) Plot of ln(I) vs 1/E, demonstrating that current can be described by the trap-assisted-tunnelling 
equation (in the insert). (d) Histogram of the Et values obtained by fitting of all the I-Vtip curves in Figure 3.16(d). 
Reproduced from Ref. [215]. 
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In addition to DT, trap-assisted-tunneling (TAT) is also expected to significantly 
contribute to the measured current by the C-AFM tip in exfoliated 1L MoS2 on Au, 
as schematized in Figure 3.17(a), due to the presence of a large density of native 
defects, such as sulfur vacancies [244]. In particular, we have found that this transport 
mechanism is able to describe well the behavior of local I-Vtip curves in Figure 3.17 
(b) at higher bias values. Figure 3.17 (c) show the curves fitting with the TAT 
equation: 
 

  Ibwb  � exp o� 8πq2qmstt3hE EeM/8v (16) 

 
where E is the electric field across 1L MoS2 and Et is the trap energy below the 
conduction band edge. Here, the electric field E was evaluated as E=(Vtip+Vbb)/d, 
where Vtip is the tip bias, d=0.65 nm is the thickness of 1L MoS2 and Vbb=0.3V is 
the average value of the upward band bending of MoS2 due to p-type doping induced 

by Au. The resulting distribution of Et values exhibits a peak at 0.8 eV (as shown 
in Figure 3.17 (d)), consistently with the results of other recent reports [248]. 
 

3.3.2 Lateral current transport in 1L-MoS2 on Al2O3 by back-gated field effect 

transistor characterization 

 

The electronic transport in 1L MoS2 membrane transferred onto the Al2O3 dielectric 
surface has been investigated by electrical characterization of a field effect transistor 
(FET) with the Al2O3 (100 nm)/Si back-gate and Au source and drain contacts 

(channel length L=10 m), as illustrated in the insert of Figure 3.18(a). The output 
characteristics (drain current vs drain bias, ID-VD) of the device for different gate 
bias values ranging from VG=-20 to 10 V are shown in Figure 3.18(a). At low drain 
bias (VD<3V) current injection in the MoS2 channel is limited by the high Schottky 
barrier at Au/MoS2 contacts, whereas a linear behaviour of the ID-VD characteristics 
is observed at intermediate VD values (from 3 to 10 V), followed by current 
saturation at higher voltages. The transfer characteristic (ID-VG) at a drain bias 
VD=5V (i.e. in the linear region of ID-VD curves) is reported in Figure 3.18(b), black 
line. The monotonic increase of ID with VG is the typically observed behaviour for a 

transistor with an n-type MoS2 channel. A negative threshold voltage Vth-8 V was 
evaluated by linear fitting of the  ID-VG curve and taking the intercept with the voltage 
axis, as indicated by the arrow in Figure 3.18(b).  
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Since Vth represents the bias necessary to deplete the n-type MoS2 channel, the 

electron density can be estimated as n=Cox|Vth|/q, where Cox=0ox/t is the Al2O3 

capacitance per unit area, with 0 the vacuum permittivity and ox=8 is the relative 

dielectric constant of the Al2O3 dielectric. The obtained carrier density n3.1×1012 
cm-2 is in reasonably good agreement with the carrier density values obtained by 
Raman mapping. Furthermore, the channel electron mobility has been properly 
evaluated excluding the effect of the contact resistance. First, the inverse of the on-
resistance was extracted from the slop of the linear region of the back-gated 1L-MoS2 
on Al2O3 output characteristics, as reported in Figure 3.19(a). Next, the extracted 
Ron (at different VG) was plotted as a function of 1/(VG-Vth), as represented in Figure 

3.19(b). A channel electron mobility of =2.30.1 cm2V-1s-1 and a RCW2 MΩμm 
were extrapolated from the linear fit of the equation: 
 

          R{|W = 2R~W 3 L/�μC{B(V� � Ve�6� (17) 

 
where RCW is the contact resistance, L=10 μm the channel length, Cox the 
capacitance density of 100 nm Al2O3 and Vth=-8 V the threshold voltage. 

Figure 3.18.- (a) Output and (b) transfer characteristics of a back-gated field effect transistor fabricated with Au-
exfoliated 1L MoS2 transferred on Al2O3/Si. The device schematic is shown in the inset of panel (a). Reproduced 
from Ref. [215]. 
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Such electron mobility value is not different from the ones reported for back-gated 
monolayer MoS2 transistors without high-κ encapsulation [2], where the electron 
mobility is limited by Coulomb scattering due to charged impurities. In the present 
case, part of these impurities may originate from the KI/I2 etching of gold involved 
in the transfer procedure. In this respect, appropriate strategies should be further 
elaborated to detach the exfoliated 1L MoS2 from the Au substrate without using 
etching procedure. These may include the electrolytic delamination by hydrogen 
bubbling, used in the past to separate CVD graphene from copper [245] and more 
recently CVD TMDS from Au foils [246]. Furthermore, a number of potential 
applications (including memristor devices), directly exploiting the high quality of 
large area 1L MoS2 on gold, are currently emerging. 

 
 
 
 
 
 
 

Figure 3.19.- (a) Fitting of the linear region of the output characteristics (ID/W vs VD) of the back-gated 1L MoS2

FET to evaluate the on-resistance RonW. (b) Plot of RonW vs 1/(VG-Vth) and linear fit with the equation 
RonW=2RCW+L/[μCox(VG-Vth)], with RCW the contact resistance, L=10 μm the channel length, μ the electron 
mobility, Cox the capacitance density of 100 nm Al2O3, Vth=-8 V the threshold voltage. A contact resistance 
RCW2 MΩμm and a mobility μ=2.30.1 cm2V-1s-1 were evaluated from the fit. Reproduced from Ref. [215]. 
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3.4 SUBSTRATE PROMOTED ATOMIC LAYER DEPOSITION OF ULTRA-

THIN HIGH-Κ DIELECTRICS ON GOLD-SUPPORTED 1L-MOS2 

 

The beneficial role of the high-κ integration on MoS2 has been treated in Chapter 1 
and it was appreciated how this aspect results fundamental for electronic 
performances improvements such as in field-effect transistors. But at the same time, 
the growth of ultrathin and uniform dielectric film on 2D materials is very difficult 
to realize, due to the absence of dangling bonds on their surface. The effects of the 
interaction between 1L-MoS2 and the underlying substrate on the ALD growth of 
ultrathin Al2O3 film is here discussed considering two different substrates (Au and 
on Al2O3) [247]. 

Figure 3.20 shows the comparison between the AFM surface morphologies of Al2O3 
simultaneously deposited at 250 °C by 80 ALD cycles on the surface of the 1L 
MoS2/Al2O3/Si sample (a) and of the 1L MoS2/Au sample (b), respectively. A high 
RMS roughness of 2.5 nm was observed for Al2O3 deposited on 1L MoS2 supported 
by the Al2O3/Si substrate. This RMS value is much larger than the ones of the 

original Al2O3 substrate (0.23 nm) and of 1L MoS2 on Al2O3 (0.18 nm), indicating 

Figure 3.20.- AFM morphologies of Al2O3 simultaneously deposited at 250 °C by 80 ALD cycles on the surface 
of the 1L MoS2/Al2O3/Si sample (a) and of the 1L MoS2/Au sample (b). The root mean square (RMS) roughness 
values of the two samples are indicated. The configuration of the deposited Al2O3 on 1L MoS2/Al2O3/Si and 1L 
MoS2/Au is schematically illustrated in (c) and (d). (e) Histogram of the height distribution obtained from the 
AFM map of Al2O3 on 1L MoS2/Al2O3/Si, from which 70% Al2O3 coverage and an average height 4 nm of 
Al2O3 islands were evaluated. (f) Histogram of the height distribution for Al2O3 on 1L MoS2/Au. Reproduced 
from Ref. [247]. 
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a very inhomogeneous coverage of 1L MoS2 by the ALD grown Al2O3. This 
scenario, schematically depicted in Figure 3.20(c), is consistent with the commonly 
reported island growth during direct thermal ALD on MoS2 surface.  In order to 
evaluate the Al2O3 coverage, the histogram of height distribution has been reported 
in Figure 3.20(e). This histogram shows two components, related to bare and Al2O3 

covered MoS2 areas, from which 70% coverage and an average Al2O3 islands height 

of 4 nm was deduced. Differently, for 1L MoS2 supported by the Au substrate 
(Figure 3.20 (b)), a pinhole-free Al2O3 layer with a very flat morphology is observed 
after 80 ALD cycles. The deposited film exhibits a very narrow height distribution 
(Figure 3.20(f)) and low surface roughness (RMS=0.25 nm), only slightly higher 

Figure 3.21.- (a) Cross-section TEM image of the lamella realized by the Al2O3/MoS2/Au/Ni/SiO2/Si sample. 
(b) Higher magnification of the previous TEM image, in which it is possible to descriminate the 1L-MoS2 film 
between the dielectric and the metallic substrate. (c) TEM image showing the distance between the Mo and Au 
atoms of the sample, whose value is reported in (d). 
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than the one measured on bare 1L MoS2 on Au (RMS=0.17 nm) [122]. Such 
morphological results suggest that, under identical process conditions, an enhanced 
Al2O3 nucleation occurs on the surface of 1L MoS2 in contact with gold, resulting in 
the formation of a continuous Al2O3 film, as schematically depicted in Figure 

3.20(d).  

Figure 3.21(a) shows the HAADF-STEM analysis on the Al2O3 on 1L-MoS2/Au 
lamella of the sample described previously. The different contrast permits to evaluate 
the different elements of the sample, from SiO2 in the bottom side, to the thin grey 
sheet of Ni, that results different from bigger white contrast Au film and the light 
grey Al2O3 film above it. Indeed, a sheet of e-beam carbon is employed over the 
Al2O3 film as a protective layer for the lamella. A greater magnification reported in 
Figure 3.21(b) permits to distinguish the thin 1L-MoS2 film between the Au and the 
Al2O3 dielectric layer. This film results conformal to the Au substrate and a van der 
Waals gap (black region) can be appreciated between the Al2O3 and the MoS2. 
Furthermore, Figure 3.21(c) is a cross-sectional STEM image in which it is possible 
to discriminate the crystalline ordered structure of Au (white region) and the single 
layer of MoS2. From the red lines in the rectangle reported in Figure 3.21(c), the 
distance of 4.0 ± 0.2 Å between the Mo and the surface Au atoms is extracted and 
reported in Figure 3.21(d). This distance results smaller than that of 5.1 Å reported 

Figure 3.22.- Representative Raman spectra collected on 1L MoS2 on Au (a) and 1L MoS2 on Al2O3/Si (b) before 
(reference) and after 80 Al2O3 ALD cycles. (c) Correlative plot of the A1’ vs E’ peak frequencies of the Raman 
spectra acquired on the 1L MoS2 on Au before (black circle) and after (blue circle) ALD deposition and for 1L 
MoS2 on Al2O3/Si before (magenta square) and after (cyan square) ALD deposition, allowing to evaluate the 
type and average values of strain and doping of 1L MoS2 membrane. Reproduced from Ref. [247]. 
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in other recent literature works [119], confirming the very strong nature of the 
interaction between the MoS2 and Au also in our situation. 

Furthermore, the significant tensile strain experienced by the 1L MoS2 membrane 
exfoliated on Au can also play an important role, as discussed in the following. 
Micro-Raman spectroscopy analyses have been performed to investigate the strain 
and doping status of 1L MoS2 residing on Au and Al2O3 substrates before and after 
the ALD growth. Figure 3.22(a) reports two representative Raman spectra for as 
exfoliated 1L MoS2 on Au (reference) and after 80 TMA/H2O ALD cycles. The 
corresponding Raman spectra for 1L MoS2 transferred onto the Al2O3/Si substrate 
(reference) and after the 80 ALD cycles are shown in Figure 3.22(b).  Interestingly, 
the E’ peak redshift is further increased and the A1’ peak blue-shift is slightly reduced 
after ALD of the uniform Al2O3 film on the gold supported membrane. On the other 
hand, only a slight red shift of the A1’ peak was observed after 80 ALD cycles on the 
Al2O3 supported 1L MoS2, probably due to the inhomogeneous Al2O3 coverage (as 
shown in Figure 3.20(a)). In order to achieve a quantification of the strain ε (%) and 
doping n (cm-2) for the 1L MoS2 membranes on the two different substrates before 
and after the ALD process, a correlative analysis of the A1’ vs E’ peak frequencies 
has been carried out and reported in Figure 3.22(c), according to the procedure 
recently discussed in Ref. [215]. The red and black lines in Figure 3.22(c) represent 
the theoretical behaviour of the peaks’ frequencies for 1L MoS2 subjected only to a 
biaxial strain (tensile or compressive) or to doping (n-type or p-type), respectively. 
The crossing point (gray square) of these lines corresponds to literature values of the 
E’ and A1’ positions for a free-standing 1L MoS2, taken as the best approximation 
for ideally unstrained and undoped MoS2. The spacing of the dashed lines parallel to 
the ideal strain and doping lines is associated with carrier density changes of 0.1×1013 
cm-2 and strain changes of 0.1%, respectively. The black point is the average value 
of the A1’ vs E’ frequencies from several (>20) Raman spectra measured on the 
reference 1L MoS2/Au sample, whereas the error bars are the standard deviations 
from this statistical analysis. The magenta point is the average value obtained from 
Raman analyses on several points of the reference 1L MoS2/Al2O3 sample. For this 
sample, the A1’ frequency exhibits a significant dispersion (indicated by the error 
bar), whereas the small E’ frequency dispersion is within the data point. The 
observed tensile strain of 1L MoS2 exfoliated on Au substrates, combined with the 
presence of a very high density of native S vacancies in the material [248], can also 
contribute to the enhanced Al2O3 nucleation during the early stages of thermal ALD. 
Furthermore, recent investigations of the vibrational properties for MoS2/Au samples 
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with variable MoS2 thickness showed a significantly reduced effect of the MoS2/Au 
interaction on 2L MoS2 as compared to 1L samples [249].  

Noteworthy, the blue point in Figure 3.22(c) obtained from Raman analyses after 80 
ALD cycles on 1L MoS2/Au indicates a further increase of the tensile strain 

(ε0.65%), as compared to the original value of 0.21%, which can be associated to 
the formation of a compact Al2O3 film on top of MoS2. On the other hand, no 
significant changes with respect to the original p-type doping value was observed 
after the ALD growth, confirming that the doping status of the film is strongly 
dominated by the strong Au-1L MoS2 interaction. Finally, the data-point for the 1L 
MoS2/Al2O3 sample after the 80 ALD cycles indicates no significant changes in the 
compressive strain, consistently with the highly inhomogeneous Al2O3 coverage, and 

an increase of the n-type doping to n0.6×1013 cm-2. This latter can be ascribed to 
positively charged defects [250] at the interface between the poor quality Al2O3 film 
and 1L MoS2. 
In Figure 3.23, micro-PL spectra acquired on the two reference 1L MoS2 samples 
and after 80 cycles ALD growth are also reported, to further elucidate the impact of 
the substrate and of the deposition process on the optical emission properties of the 
direct bandgap 1L MoS2 membrane. A prominent emission peak located at 1.84 eV 

Figure 3.23.- Micro-PL spectra acquired on 1L MoS2/Al2O3 and on 1L MoS2/Au samples before (ref. spectra) 
and after 80 Al2O3 ALD cycles. Reproduced from Ref. [247]. 
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can be observed for 1L MoS2 supported by Al2O3/Si, whereas a significant reduction 
of the PL intensity accompanied by a red shift of the main peak position at 1.79 eV 
is found for the reference sample on Au. A similar quenching of the PL intensity has 
been reported for 1L MoS2 exfoliated on Au [119,215] and for MoS2 functionalized with 
Au nanoparticles [231]. This behavior can be explained in terms of a preferential 
transfer of photoexcited charges from MoS2 to Au. In addition, the tensile strain of 
1L MoS2 in contact with Au can also play a role in the reduction of the PL yield  [90]. 

Figure 3.24.- (a) Schematic of the step between the Al2O3/1L MoS2 stack and the underlying Au substrate. (b) 
AFM image and (c) height line-profile of the step, from which a deposited Al2O3 thickness of 3.6 nm was 
estimated, after subtracting 1L MoS2 thickness (0.7 nm) (d) C-AFM current map simultaneously acquired with
a bias V=3V and (e) current profile, demonstrating a good insulating quality of the deposited Al2O3 film onto 1L 
MoS2 on Au. Reproduced from Ref. [247]. 
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After 80 ALD cycles, only a small reduction of the PL intensity was observed for the 
1L MoS2/Al2O3 sample, which can be explained by the highly inhomogeneous Al2O3 
coverage and to the small interaction of MoS2 with the dielectric substrate. On the 
other hand, further quenching of the PL intensity was found in the case of 1L 

MoS2/Au sample covered by the 3.6 nm uniform Al2O3 film. This observation can 
be consistent with the increase of the tensile strain observed by Raman analyses and 
the consequent increase of the interaction with the Au substrate due to the material 
added on top of MoS2. 

In order to evaluate the thickness and the electrical insulating quality of the uniform 
Al2O3 film deposited on 1L MoS2/Au, C-AFM morphology and current maps were 
simultaneously acquired by scanning the metal tip across a step between the 
Al2O3/1L MoS2 stack and the underlying Au substrate, as schematically depicted in 
Figure 3.24(a). Figure 3.24(b) shows a morphological image collected in the 
proximity of a crack in the 1L MoS2 membrane. The growth of a uniform and 
compact Al2O3 film on 1L MoS2 and a poor ALD growth on the bare Au surface can 
be deduced from this image. Furthermore, the height line-profile in Figure 3.24 (c) 

displays a total thickness of the Al2O3/MoS2 stack of 4.3 nm, from which a 

deposited Al2O3 thickness of 3.6 nm can be estimated, by subtracting the thickness 

of 1L MoS2 on Au (0.7 nm) [215]. The slightly increased height observed at the step 
edge can be ascribed to the folding of the broken 1L MoS2 membrane. The electrical 

Figure 3.25.- (a) Local current-voltage (I-V) characteristics collected at three different positions (different color 
points) on the Al2O3/MoS2/Au stack, showing current breakdown at biases between 3.7 and 4.5 V. (b) C-AFM 
current map collected on the Al2O3/MoS2/Au stack at bias values of 3V (upper region), 4V (middle region) and 
3V (lower region). A significant increase of the current leakage, with the appearance of localized breakdown 
spots is observed at 4 V. Reproduced from Ref. [247]. 
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insulating properties of the 3.6 nm Al2O3 film deposited onto 1L MoS2 on Au are 
demonstrated by the current map in Figure 3.24(d), acquired by applying a bias of 3 
V between the tip and the gold substrate. In particular, the line-profile in Figure 

3.24(e) shows very low current values in the Al2O3/1L MoS2 region, whereas the 
saturation value of the current sensor was reached on Au region. The current 
conduction in the region close to the step edge suggests lower insulating properties 
of Al2O3 deposited on the locally folded MoS2 membrane.  

To get further insight on the electrical insulating quality of the 3.6 nm Al2O3 film, 
local current-voltage (I-V) characteristics were acquired by the C-AFM tip on the 
Al2O3/1L MoS2/Au stack. Figure 3.25(a) shows three representative I-V curves 
measured at three different positions on the Al2O3 surface by ramping the bias from 

0 to 5 V. While very low leakage current values are observed up to 3 V, an abrupt 
rise of current up to the compliance level (indicating a localized dielectric 
breakdown) occurs at bias values in the range from 3.7 to 4.5 V, depending on the 
local I-V curve. For the Al2O3 film thickness tox=3.6 nm, these breakdown voltage 

(VBD) values correspond to a breakdown electric field (EBD=VBD/tox) of 10 – 12 
MV/cm. These values are comparable to those reported for the state-of-the-art high-
κ dielectrics with similar equivalent oxide thickness (EOT) deposited by ALD on 
MoS2

 [251].  The localized nature of the breakdown events is further confirmed by the 
current map in Figure 3.25(b), acquired on the surface of the Al2O3/1L MoS2/Au 
stack while changing the bias from 3V (in the upper part of the image) to 4V (in the 
middle part) and then back to 3V (bottom part). An increase of the leakage current 
level is observed when increasing the bias from 3 to 4V, with the appearance of 
conduction instability and some localized breakdown spots. After reducing the bias 
down to 3V (bottom part of the image), the current level becomes identical to the 
one in the upper part, confirming the localized character of the breakdown behavior. 

 

Brief Conclusion 

In conclusion, the optimization of the gold-assisted exfoliation allowed the 
preparation of large-area (cm2) 1L-MoS2 on Au and the subsequent transferring to 
an insulating substrate of Al2O3/Si. Raman spectra for 1L-MoS2 on Au revealed an 
anomalous large value of Δω ≈ 21.2 ± 0.3 cm-1 compared to the typical one of 18.1 
± 0.2 cm-1 when transferred on Al2O3/Si. Such differences gradually decreased while 
increasing the number of MoS2 layers. This anomalous behavior is associated to the 
strong interaction between the 1L-MoS2 and Au. In particular, Raman mapping 
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showed an inhomogeneous distribution of p-type doping (p ≈ 0.1-0.4 x 1013 cm-2) 
and tensile strain (in a range between ε ≈ 0.1-0.3%). The electrical properties of 1L-
MoS2 on Au characterized by C-AFM, described a direct tunneling transport 
mechanism through the ultrathin membrane, and deduced a broad ΦB distribution 
(between 0.7-1.7 eV), in agreement with the inhomogenous p-type doping. After the 
transfer to Al2O3/Si, the p-type doping and the tensile strain were converted in n-type 
doping (n≈0.5×1013 cm-2) and compressive strain (ε≈-0.25%). These results are 
confirmed by electrical measurements on the back-gated 1L-MoS2 transistor, 

showing a of n-type channel and a mobility=2.30.1 cm2V-1s-1, comparable to 
MoS2 transistor without high-κ dielectrics encapsulation. Furthermore, the PL of the 
1L-MoS2 on Au exhibited a strong quenching and a red-shift to 1.79 eV compared 
to the 1.84 eV peak position of the 1L-MoS2 on Al2O3/Si. This red-shift is associated 
to a different trion/exciton intensity ratio, indicating how the relative population of 
the quasiparticles generation is influenced by the strong interaction between the 1L-
MoS2 and gold. The beneficial role of the metallic substrate was demonstrated to 
improve the high-κ dielectrics growth by ALD on the 1L-MoS2. In fact, an 
homogenous and ultrathin (3.6 nm) of Al2O3 has been grown on 1L-MoS2 on Au 
compared to the insulating substrate. 

These results provide a deeper understanding of the properties of 1L-MoS2 realized 
by mechanical exfoliation assisted by Au. Indeed, they will contribute to the 
widespread application of this outstanding quality material in the demonstration of 
novel device concepts and synthetic van der Waals heterostructures. However, the 
demonstrated high-quality ALD growth of high-κ dielectrics on large-area 1L MoS2 
produced by the Au-assisted exfoliation can find important device applications, 
including the fabrication of FETs or the passivation of non-volatile switching 
memory devices based on Au/1L MoS2/Au junctions [128]. 
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4 CHAPTER 4 
 

INTEGRATION OF LARGE-AREA MOS2 ON WIDE-

BANDGAP SEMICONDUCTORS BY SULFURIZATION 

OF ULTRATHIN MO FILMS 

 

The gold-assisted mechanical exfoliation described in the previous chapter currently 
represents the most advanced top-down approach for the production of high 
crystalline quality and extended 1L-MoS2 membranes. However, due to the limited 
size of commercially available bulk MoS2 stamps and the complexity of the transfer 
process, this method can be useful just for the investigation of basic physical 
phenomena and the demonstration of devices prototypes.  

Differently, bottom-up approaches (such as chemical vapour deposition), remains 
the most suitable method to deposit large area ultra-thin MoS2 films on insulating or 
semiconducting substrates. In particular, the two-steps CVD approach, based on the 
physical vapor deposition of a thin Mo (or Mo-oxide) film and its subsequent 
annealing under sulfur flow, is highly compatible with the state-of-the-art fabrication 
approaches in microelectronics. Furthermore, it potentially allows excellent control 
on the number of MoS2 layers by controlling the initial film thickness. 

In this chapter, the sulfurization approach has been investigated in detail and applied 
for the integration of ultra-thin (1L or 2L) MoS2 on wide bandgap hexagonal 
semiconductors, i.e. 4H-SiC, GaN-on-sapphire and bulk GaN. After thickness 
calibration and compositional analysis of the Mo films deposited by DC magnetron 
sputtering, the sulfurization conditions leading to the formation of 1L-2L MoS2 on 
these substrates have been discussed. The grown MoS2 layers have been extensively 
characterized by the combination of morphological (AFM), structural/chemical 
(TEM with EDS and XPS) and vibrational (Raman) methods. 

After assessing the quality of the layers, the vertical current injection at the interfaces 
of MoS2 with 4H-SiC (n- and n+ doped), and bulk GaN crystals has been investigated 
by conductive atomic force microscopy (CAFM), providing a detailed description of 
the electronic transport mechanisms. 
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4.1 ULTRA-THIN MO FILMS DEPOSITION AND SULFURIZATION 

PROCESS 

 

The ultra-thin Mo films (1-2 nm thickness) used for the sulfurization process were 
deposited by DC magnetron sputtering from a Mo-target using a Quorum Q300-TD 
system. A compositional analysis by XPS and the accurate calibration of the 
deposited film thickness as a function of the main deposition parameters, i.e. current 
and time, represented the preliminary steps of this experimental study. 

Figure 4.1 reports a typical XPS compositional analyses performed on the as-
deposited ultra-thin Mo films, which shows their complete oxidation, being 
predominantly composed by MoO3, with a smaller MoO2 contribution. Recently, 
other authors [150] also reported the complete oxidation (ascribed to air exposure after 
the deposition) of evaporated Mo films with similar thickness, used for subsequent 
MoS2 growth by sulfurization. Based on these results, from now on, the deposited 

Table 5.- Summary of the magnetron sputtering condition to obtain ultrathin (1-1.8 nm) of Mo films. 

Figure 4.1.- Core level XPS spectra of as-deposited Mo on SiO2, indicating the complete oxidation of the film.
Reproduced from Ref. [40]. 
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Mo-oxide films will be indicated as MoOx. After initial studies, the best conditions 
to obtain ultrathin and reproducible Mo films are reported in Table 5.   

The thickness of the as-deposited Mo films was evaluated by AFM step height 
measurements performed on intentionally scratched regions of the films. Figure 4.2 
(a,c,e) show the morphologies and corresponding line profiles (b,d,f) for films 

deposited with different sputtering times (5 s, 7 s and 10 s), resulting in 1.1 nm, 

1.48 nm and 1.75 nm thickness respectively. Finally, Figure 4.2 (g) illustrates the 
increase of the deposited film thickness as a function of the sputtering time (5, 7 and 

Figure 4.2.- AFM morphologies of deposited MoOx film on SiO2 at different time: (a) 5 seconds, (c) 7 seconds,
(e) 10 seconds. Corresponding line profiles for each deposition (b) 5 s, (d) 7s, (f) 10s. Plot of the deposited Mo 
thickness vs the deposition time, from which a deposition rate of ~0.2 nm/s was deduced. 

Figure 4.3.- (a) Typical AFM morphology of as-deposited MoOx thin films with sputtering time 7 s on SiO2. (b) 
Histogram of the height distribution with the indication of the root mean square (RMS) roughness with respect 
to the SiO2. Reproduced from Ref. [252]. 
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10s), from which a deposition rate of around 0.19-0.20 nm/s was deduced by the 
linear fit of the experimental data. 

Figure 4.3(a) shows a typical AFM morphology of the as-deposited film on the 
SiO2/Si substrate using a sputtering time of 7 s. This analysis indicates a very low 
root mean square (RMS) surface roughness of 0.35 nm, as observed in Figure 4.3(b). 
Similar roughness values have been measured for films deposited at higher and lower 
sputtering times. 

The sulfurization process was carried out in a two heating-zones furnace, represented 
in Figure 4.4. The first zone hosts a crucible with 300 mg of sulfur (purity 99.9%) 
heated at 150°C, while the MoOx/SiO2 samples are located in the second zone (at 
temperature of 700°C) with a flux of argon carrier gas (100 standard cubic 
centimeters per minute (sccm)) with the purpose to transport the sulfur vapors from 
the first to the second zone. The process is realized in 60 minutes.  

In a recent work the authors [150] explained the conversion of MoO3 to MoS2 upon 
exposure to sulfur according to the following chemical reaction: 

 2MoOM (s6 3 7 S (g6 → 2 MoS8 (s6 3 3 SO8 (g6 (18) 

 

which is the result of two intermediate steps: 

 MoOM  3 (x/26 S → MoOM�B  3 (x/26  SO8  (19) 

 

 MoOM�B  3 �(7 � x6/26 � S → MoS8  3 �(3 � x6/26 � SO8  (20) 

 

Figure 4.4.- Schematic illustration of MoS2 growth by sulfurization of a pre-deposited MoOx film, T2 is fixed at 
700°C. Reproduced from Ref. [40]. 
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i.e. the S-induced reduction of the MoO3 to a sub-stoichiometric oxide MoO3-x 
Eq.(19), followed by its conversion to MoS2 Eq.(20), with the formation of gaseous 
SO2 as a by-product. During this process, the evaporation of MoO3 from the surface 
can play a significant role, depending on the temperature [150].  

 

In our experiments, the temperature of 700°C for the second zone was chosen as an 
optimal trade-off for the conversion of the as-deposited MoOx into MoS2, while 
minimizing MoOx evaporation phenomena that inevitably would compromise the 
uniformity of the MoS2 film.  

The formation of MoS2 after this process was evaluated by the Raman spectra. As 
reported in Figure 4.5, the two main vibrational peaks at different thickness of the 
starting MoOx are found. Besides the two main vibrational peaks E2g and A1g, the 
deconvolution analysis permits to observe two additional peaks defined LO(M) and 
ZO(M), outlined by orange and red lines respectively. As described in the previous 

Figure 4.5.- Raman spectra for MoS2 on SiO2 growth by sulfurization from different starting MoOx thickness 
(1.1, 1.5, 1.8 nm). 
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chapter, these two peaks are associated with the defective nature of the MoS2 
produced by sulfurization, but also to the polycrystalline and nanometric dimension 
of film grains. In particular, LO(M) contribution seems to increase in width and 
intensity as a function of the thickness of the MoOx film, while the ZO(M) peak 
remains practically constant at different MoOx thickness. A further information 
extracted by Raman spectra is the thickness of the MoS2 film, that was realized by a 
statistical study on the difference between the two main vibrational peaks positions, 
E2g and A1g, as reported in Figure 4.6. The MoS2 realized by a starting Mo thickness 
of 1.1 and 1.5 nm shows a Δω of around 20.3 ± 0.7 cm-1, while a little change of the 
distribution is observed when the sulfurization is realized on 1.8 nm of MoOx (with 
Δω~ 21.1 ± 0.7 cm-1). However, these statistical distributions are always centered in 
the region of 1L-2L of MoS2, as underlined by the red dashed lines in Figure 4.6. 

Figure 4.6.- Distribution of the difference between the two vibrational MoS2 Raman peaks, E2g and A1g, at 
different starting MoOx thickness (1.1, 1.5 and 1.8 nm). 
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These preliminary evaluations on the MoS2 produced on SiO2, provided us the 
correct conditions of growth to obtain a single or two-layers of MoS2. The same 
sulfurization conditions were employed for the MoS2 growth on wide bandgap 
semiconductors, as will be described in next paragraph. 
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4.2 MOS2 INTEGRATION WITH 4H-SIC  

 

4.2.1 MoS2 heterostructures with n- and n+ doped 4H-SiC(0001) 

  

MoS2 was grown on the surface of highly n+-doped (1019 cm-3) 4H-SiC(0001) 4°-

off substrates and of n--doped (1016 cm-3) 4H-SiC epi-layers by sulfurization of pre-

deposited ultra-thin MoOx films. The as-deposited MoOx films, with 1.2 nm 
thickness evaluated by AFM step height measurements, were investigated by XPS 
analysis. As previously illustrated in Figure 4.4, the sulfurization process was 
carried out in quartz tube with two-heating zones. The samples placed in the second 
zone (at a temperature T2=700 °C) were exposed to sulfur vapors transported by the 
carrier gas (Ar) from the crucible in the first zone (at T1=150 °C). 

 

Figure 4.7 shows the results of XPS analyses performed after the sulfurization 
process ((a) and (b)). The expected Mo3d, S2s and S2p contributions associated to 
MoS2 can be observed in Figure 4.7(a) and (b), accompanied by minor contributions 
associated to unreacted MoO3. This MoO3 component is found to play a crucial role 
in the electrical behavior of the MoS2/4H-SiC heterostructure, as discussed later on 
in this chapter. 

Figure 4.7.- Mo 3d and S 2s (a) and S sp (b) core level XPS spectra of MoS2 thin films obtained by sulfurization 

of MoOx on 4H-SiC. Reproduced from Ref. [40]. 
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According to other recent reports [150,252], the sulfurization of 1 nm MoOx is 
expected to result in the formation of 1L MoS2. No reaction between Mo or S and 
4H-SiC occurs during the sulfurization process, while a slight oxidation of 4H-SiC 

Figure 4.9.- AFM morphologies of the bare surfaces for n+ 4H-SiC substrate (a) and n- 4H-SiC epitaxy (c), and 
after the MoS2 growth on the two samples ((b), (d)). Reproduced from Ref. [40]. 

Figure 4.8.- Core level XPS spectrum of Si 2p for 4H-SiC with as-deposited MoOx and after the sulfurization 
process for MoS2 formation. For both samples, the main peak energy corresponds to the Si-C bonding in 4H-
SiC. A contribution associated to a slight oxidation of Si can be observed after the sulfurization process.
Reproduced from Ref. [40]. 
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is observed, as indicated by Si 2p core level spectra of the as deposited and annealed 
samples, as reported in Figure 4.8. 
Figure 4.9(a) and (b) show the surface morphology of the pristine 4H-SiC n+ 
substrate and after MoS2 formation. The conformal coverage of the SiC surface by a 

nanocrystalline film, with average grain size of 50 nm, can be deduced from Figure 

4.9(b). The morphology of the bare n- 4H-SiC epitaxial layer exhibits the typical step 
bunching associated to the 4°-off miscut angle (Figure 4.9(c)), and the coverage by 
the nanocrystalline MoS2 film can be argued after the MoOx thin film sulfurization 
(Figure 4.9(d)). 
 

 
The MoS2 thickness uniformity on the n+ and n- 4H-SiC was quantitatively evaluated 
by Raman mapping. Typical Raman spectra collected with a laser source of 532 nm 
on the MoS2/n--SiC and MoS2/n+-SiC sample are reported in Figure 4.10(a-b), where 
the main vibrational features of the 4H-SiC substrate (i.e., E2(TA), A2(LA), E2(TO), 

Figure 4.10.- Typical Raman spectrum of (a) MoS2 on n- 4H-SiC and (b) on n+ 4H-SiC with the identification 
of the MoS2 (green square) and 4H-SiC components (red squares). Detail of the MoS2 vibrational modes, E2g and 
A1g, and their difference () on  n- 4H-SiC (c) and on  n+ 4H-SiC (d). Reproduced from Ref. [40]. 
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E1(TO), A1(LO)) and of 2H-MoS2 (E2g and A1g) have been highlighted. Figure 

4.10(c-d) show a closer view of the in-plane (E2g) and out-of-plane (A1g) vibrational 

modes of MoS2, with the indication of the peaks wavenumber difference 20.1 
cm-1 and 20.3 cm-1, which is consistent with monolayer (1L) MoS2 thickness [2,84]. 

Figure 4.11(a) and (b) display color map and the histogram of the  values 

extracted from an array of 50×50 Raman spectra collected on 10 m×10 m of 
MoS2/n+-4H-SiC sample area. From this statistical analysis, an average value of 

20.1 cm-1 with a standard deviation of 0.8 cm-1 has been deduced, indicating that 
the film produced by sulfurization is predominantly formed by 1L-MoS2, with a 
small fraction of 2L or 3L areas. The same kind of analysis (reported in Figure 

4.11(c)-(d)) was carried out on the MoS2/n--SiC sample, showing a very similar 

distribution of MoS2 number of layers (average 20.3 cm-1 with a standard 

deviation of 0.5 cm-1), in spite of the differences in the surface morphology between 
the n+-SiC substrate and the epitaxy observed in Figure 4.9. 

 

Figure 4.11.- Colour map (a-c) and histogram (b-d) of the Δω values extracted from an array of 50×50 Raman 
spectra collected on 10 μm×10 μm of MoS2 on n+-4H-SiC and on n- -4H-SiC, respectively. Reproduced from 
Ref. [40]. 
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Figure 4.12(a) shows a low magnification cross-sectional scanning transmission 
electron microscopy (STEM) image in the high angle annular dark field (HAADF) 
mode of the ultra-thin MoS2 film grown on the n+ 4H-SiC substrate. In this imaging 
mode, based on Z contrast, MoS2 appears as a single or double layer with bright 
contrast. It is covered by a carbon film (with low Z contrast) with a top-most Pt layer, 
used as protective layers during Focused Ion Beam (FIB) preparation. Furthermore, 

a dark stripe is typically present at the interface between MoS2 and 4H-SiC. Figure 

4.12(b) shows an atomic resolution HAADF-STEM, from which 1 nm thickness of 
this dark stripe is evaluated.  
 
To get information on the composition of this interfacial region, an EDS spectrum 
image (Figure 4.12(c)) was simultaneously collected, showing the elemental 
distribution of carbon, oxygen, silicon, molybdenum, and sulfur. Furthermore, a 

Figure 4.12.- (a) HAADF-STEM of the MoS2 heterojunction with n+ 4H-SiC. Comparison between atomic 
resolution HAADF (b) and EDS elemental map (c), demonstrating the presence of 1 nm SiO2 at MoS2/SiC 
interface. (d) Line profile of the atomic fraction vs position extracted from the EDS map. (e) X-ray spectra 
collected from the red-box area in the EDS map (c), from which SiO2 composition can be deduced. Reproduced 
from Ref. [40]. 
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depth profile of atomic fractions extracted from the spectrum image is reported in 

Figure 4.13.- (a) Correlative plot of the A1g and E2g Raman peaks’ wavenumbers extracted from the array of 
50×50 Raman spectra on 10 μm×10 μm sample area in Figure 4.11(a). Histogram and (c) map of the MoS2

doping density. (d) Histogram and (e) map of the MoS2 strain. Reproduced from Ref. [40]. 
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Figure 4.12(d). On the left we can see a composition, which belongs to the 4H-SiC 
substrate. Then, in the middle, where oxygen concentration (blue line) increased, we 
observe a SiO2 composition.  Then one can observe the MoS2 stripe, covered by the 
protective carbon film. Furthermore, Figure 4.12 shows a X-Ray spectrum collected 
in the rectangular box region in (c), corresponding to the dark stripe in the Z contrast 

image (b). This compositional analysis clarifies that the 1 nm dark stripe between 
MoS2 and 4H-SiC observed in the HAADF image (Figure 4.12(b)) is SiO2, formed 
during the high temperature sulfurization of the original metal (oxide), as indicated 
also by XPS analyses (Figure 4.8). 
 
Focusing our attention to the MoS2 sample grown on n+-4H-SiC, a correlative plot 
of the A1g and E2g Raman peaks’ wavenumbers (ωA1g vs. ωE2g), obtained from a large 
array of 2500 spectra measured on MoS2 on n+-SiC is reported in Figure 4.13(a). 
This plot provides quantitative information on the doping and strain status of the 
MoS2 film, by comparing the distribution of experimental data (open circles) with 
the theoretical ωA1g-ωE2g relations for a purely unstrained 1L MoS2 (strain line) and 
for a purely undoped 1L MoS2 (doping line) [215].  The strain (doping) lines are 
represented by the red (black) solid lines in Figure 4.13(a). In particular, the strain 

line separates the p-type and n-type doping regions in the A1g-E2g plot, whereas the 
doping line separates the tensile and compressive strain regions.  

Hence, the experimental data distribution in Figure 4.13(a) clearly shows that the 
MoS2 film produced by Mo sulfurization exhibits a p-type doping in most of the 
probed area and is affected by a small tensile strain (<0.5%). Furthermore, the dashed 
lines parallel to the strain (doping) lines allow to estimate on the doping (strain) 
values associated at each data point. The histogram and the corresponding map of 
the doping density values have been reported in Figure 4.13(b) and (c), respectively. 

Their combination indicates the occurrence of p-type doping on 86.4% of the 
probed MoS2 area, with an average holes density of 2.5×1012 cm-2 and a standard 
deviation of 2×1012 cm-2. Analogously, the occurrence of a small tensile strain on 

79.8% of the probed area, with an average =0.12% and a standard deviation of 
0.14%, have been deduced from the histogram and the color map in Figure 4.13(d) 
and (e). Furthermore, the comparison of the two maps in Figure 4.13(c) and (e) 
indicates the lack of correlation between the doping and strain spatial distributions 
in the MoS2 film. 
The same kind of analysis has been carried out on the array of Raman spectra 
collected on MoS2 grown on the n- 4H-SiC epitaxy, and similar mean values of MoS2 
doping and strain were obtained as reported in Figure 4.14. 
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Figure 4.14.- Correlative plot of the A1g and E2g Raman peaks' wavenumbers extracted from the array of 50x50 
Raman spectra on 10m x 10 m sample area of MoS2 on n--4H-SiC. (b) Histogram and (c) map of the MoS2

doping density. (d) Histogram and (e) map of the MoS2 strain. Reproduced from Ref. [40]. 
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4.2.2 Vertical current transport at MoS2 heterojunctions with n- and n+ doped 

4H-SiC(0001) 

  

After assessing the morphological properties and the thickness uniformity of the as-
grown MoS2 films, the current transport across their heterojunctions with the n+ -4H-
SiC and n- -4H-SiC has been investigated using conductive atomic force microscopy 
(C-AFM) with Pt coated tips, according to the configurations schematically 
illustrated in Figure 4.15(a) and (d). As compared to conventional current voltage 
(I-V) measurements on vertical devices with deposited macroscopic electrodes, C-
AFM analyses [239] provides spatially resolved information on the injected current 
with nanoscale resolution, corresponding to the effective contact area of the metal 
tip. Furthermore, this analysis is non-destructive and allows to probe the intrinsic 
electrical properties of the MoS2/4H-SiC heterojunctions, avoiding any effect of 
contaminations (lithography-induced resist residuals) and modification of the 
monolayer MoS2 films by metal deposition during devices fabrication. These metal 
deposition effects can be particularly relevant, as discussed in recent reference 
papers[253,254]. 

Figure 4.15.- Schematic illustration of the C-AFM setup to probe the current transport through the MoS2

heterojunctions with the n+ -4H-SiC (a) and n- -4H-SiC (d). Comparison of three typical I-V characteristics on 
linear (b) and semilog-scale (c), collected by the Pt tip at different positions on the surface of the MoS2/n+ 4H-
SiC heterojunction. Comparison of three typical I-V characteristics on linear (e) and semilog-scale (f), at different 
tip positions on the MoS2/n- 4H-SiC heterojunction. Reproduced from Ref. [40]. 



Chapter 4  117 
 

 

 
Figure 4.15(b) shows three I-V characteristics collected by the Pt tip at different 
positions on the surface of the MoS2/n+ SiC heterojunction. The same curves have 
been reported in a semilog-scale in Figure 4.15(c). Similarly, three I-V 
characteristics at different surface positions of the MoS2/n- SiC heterojunction are 
reported in Figure 4.15(e) and (f) on linear scale and semilog-scale, respectively. A 
noise level in the measured current <50 fA can be observed in the semilog-scale 
characteristics in Figure 4.15(c) and (f).  The MoS2 junction with the lightly n-type 
doped (1016 cm-3) 4H-SiC epitaxy exhibits a strongly rectifying behavior, with 
negligible current injection at negative (reverse) bias and exponential current after a 
turn on voltage of 4 -5 V under positive (forward bias). On the other hand, the I-V 
characteristics of the MoS2 heterojunction with the n+-SiC substrate show much 
higher current both under reverse and forward bias polarization, as expected by 
tunneling phenomena across the very narrow depletion region in the degenerately 
doped 4H-SiC. However, the most noticeable feature in all the curves of Figure 

4.15(b),(c) is the presence of a pronounced negative differential resistance (NDR) 
under forward polarization, with some variability in the peak voltage (VP) and peak 
current (IP) at the different tip positions. The NDR behavior is typically ascribed to 
band-to-band-tunneling (BTBT) between degenerately n+ and p+ doped 
semiconductors. Hence, the observation of this phenomenon in the I-V 
characteristics of the MoS2/n+ SiC system at room temperature indicates not only the 
formation of a very sharp 2D/3D heterojunction, but also a degenerate p-type doping 
of 1L-MoS2 obtained by the sulfurization process. The comparison of the three 
characteristics in Figure 4.15(b), (c) shows an interesting correlation between the VP 
and IP values under forward bias and the reverse current level, with lower VP and 
higher IP corresponding to a higher reverse current. As discussed in the following, 
such variability in the local NDR behavior can be ascribed to local changes in the 
MoS2 p-type doping. 
In the following, the forward bias I-V characteristic of the p+-MoS2/SiO2/n+-SiC 
heterojunction are discussed in detail, considering the different mechanisms ruling 
current injection at the interfaces. The equivalent circuit of this system, 
schematically depicted in Figure 4.16(a), can be described by the series combination 
of the contact resistance Rc associated to the tip/MoS2 Schottky barrier [229] and of 
the p+-MoS2/SiO2/n+-SiC tunnel (Esaki) diode. Hence, the applied tip bias Vtip>0 
partially drops across the contact resistance and partially across the diode. Figure 

4.16(b) shows a typical forward bias I-V characteristic measured on the 
heterojunction. At low forward bias values (Vtip<3 V), the current injection is limited 
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by the Pt tip/MoS2 contact resistance. The semilog-scale plot of the I-V curve in this 
low current regime, reported in insert of Figure 4.16(b), shows that current transport 
is limited by direct tunneling (DT) across the Pt/MoS2 Schottky barrier from 0 to 2 

V, being IDTVtipT with T the tunnel probability. Field emission (FE) across the 
barrier becomes the dominant mechanism between 2 and 3V. In particular, the FE 

current increases with the forward bias as IFEexp[qVtip/E00], being the q the electron 
charge and E00 a characteristic energy related to the holes concentration Nh in the p+-
MoS2 layer: 
 

  E�� = ℎ� � �<�<=�=2 (21) 

 

with ε0 the vacuum dielectric constant, εr6 the relative permittivity [255] and mh the 

holes effective mass for 1L MoS2. A value of E00377 meV was obtained from the 
I-V curve fit in the insert of Figure 4.16(b), from which a hole concentration 

Nh6.9×1019 cm-3 (i.e. a holes density p4.5×1012 cm-2) is determined, in agreement 
with the range of values deduced by Raman mapping. 
At forward bias Vtip>3V, the band-to-band tunneling at the heterojunction becomes 
the dominant transport mechanism, resulting first in the current increase up to the 
peak value (IP) at the voltage VP, followed by the decrease at the valley current (IV) 
at the bias Vv, as indicated in Figure 4.16(b).  

Figure 4.16.- (a) Schematic illustration of the Pt tip/MoS2/SiO2/SiC junction, with its equivalent circuit, 
consisting of the series combination of the Pt/MoS2 contact resistance (RC) and the Esaki diode. (b) Forward bias 
I-V characteristic with the indication of the different transport regimes. A semilog scale plot of the I-V curve in 
the low bias regime, marked by a yellow box, dominated by RC, is reported in the insert. Reproduced from Ref.
[40]. 
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To better illustrate the band-to-band-tunneling phenomenon,  Figure 4.17(a) shows 
the alignment between the bands of p+ doped 1L MoS2, SiO2 and n+ 4H-SiC 
separated by vacuum, evaluated using the literature values of electron affinity and 
energy bandgap for these materials, whereas the energy band-diagrams of the p+-
MoS2/SiO2/n+-SiC system under different biasing conditions are reported in Figure 

4.17(b)-(e).  

 

Under equilibrium conditions, i.e. at Vtip=0 V (Figure 4.17 (b)), the Fermi levels of 
the two degenerate semiconductors are aligned. The thickness of the tunnel barrier 

between the two semiconductors is the sum of the SiO2 interfacial layer (1 nm) and 
the depletion region of the n+-SiC at Vtip=0 V, corresponding to the Debye length 

LD=(0SiCkT/qND)1/21.1 nm for ND1019 cm-3, where SiC is the 4H-SiC dielectric 
permittivity and ND is the donor concentration. Under equilibrium, the filled states 

Figure 4.17.- (a) Alignment between the bands of p+doped 1L-MoS2, SiO2 and n+ 4H-SiC separated by 
vacuum, evaluated using the literature values of electron affinity () and energy bandgap (Eg) for these 
materials. Band diagrams of the p+-MoS2/SiO2/n+-SiC junction under equilibrium conditions (b), at a bias Vp 
corresponding to the peak current (c), at a bias VV corresponding to the valley current (d), and for Vtip>Vv (e). 
Reproduced from Ref. [40]. 
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of the n+-SiC conduction band are aligned with the filled states of p+-MoS2 valence 
band and BTBT is forbidden. When high enough positive bias is applied, filled states 
on the SiC side and unoccupied states on the MoS2 side are partially overlapped, thus 
the electrons can tunnel through the barrier from n-SiC to p-MoS2.The BTBT current 
reaches its maximum (peak current Ip) at the bias Vtip=VP, when the overlap between 
the filled and empty states at the two sides of the barrier reaches its maximum, as 
illustrated in Figure 4.17 (c). By further increasing the Vtip the overlap starts to 
decrease, giving rise to a decrease of the BTBT current, i.e. to the NDR part of the 
curve. Ideally, the BTBT current is expected to decrease to zero at the bias Vtip=VV, 

when the conduction band edge of SiC and the valence band edge of MoS2 are 
aligned (as illustrated in Figure 4.17 (d)). However, the actual measured value of IV 

and, hence, the peak-to-valley current ratio of 1.5, can be explained by the 
occurrence of other competitive transport mechanisms, such as current tunneling 
mediated by defects states at the interface [256]. For larger bias values (Vtip>VV), 
current transport is ruled by a combined thermionic-tunneling mechanism through 
the tunnel barrier, as schematically depicted in Figure 4.17 (e). 
The reported results demonstrate an efficient method to obtain large area and uniform 
p+ MoS2 films on 4H-SiC, which is compatible with semiconductor industry process 
flows. Furthermore, the observation of room temperature NDR behavior in 
MoS2/SiC heterojunctions paves the way to the implementation of Esaki diodes on 
the silicon carbide platform, extending its range of potential applications to fast 
switching devices and circuits.  



 

 

4.3 MOS2 INTEGRATION WITH GAN 
 

4.3.1 MoS2 heterostructures with GaN-on-sapphire  

 

Most of the recent investigations about MoS2 integration with GaN have been carried 
out on low-cost commercially available GaN-on-sapphire substrates. Hence, for 
benchmarking purposes, we performed a preliminary study applying the optimized 
growth of MoS2 by the sulfurization approach on this kind of substrates. 

Figure 4.18 (a) shows a schematic of a n-type doped (1016 cm-3) GaN-on-sapphire 
epitaxial layer, with an ultra-thin MoOx (1.8 nm) deposited film. The surface 
morphology of the sample after the sulfurization process at 700°C, reported in 
Figure 4.18 (b), resembles the typical morphology of GaN-on-sapphire, indicating 
a conformal coverage of the MoS2 film.  The MoS2 formation was confirmed by 
Raman spectroscopy. Figure 4.19 (a) shows a typical Raman spectrum for MoS2 on 
GaN-on-sapphire, which exhibits the two main MoS2 vibrational modes and the GaN 
counterpart (E2 high energy and A1(LO)) underlined by red and light-blue squares 
respectively. A detail of the MoS2 vibrational spectrum is reported in Figure 4.19 
(b), where a Δω~ 21.1 cm-1 is estimated from the difference of the A1g and E2g peaks 
located at 407.0 ± 1.0 cm-1 and 385.5 ± 0.8 cm-1, respectively. Similarly to Figure 

4.5, the two peaks show a small asymmetric shape due to the nanocrystalline nature 
of the sulfurized MoOx film. A statistical study on the difference between the two 
peaks is represented by the colour map in Figure 4.19 (c) and the corresponding 
histogram (d).  The Δω distribution is peaked at 21.5 ± 1.2 cm-1 with a small tail at 

Figure 4.18.- (a) Scheme of the two steps process used to obtain MoS2 by sulfurization of MoOx film sputtered 
on GaN/Sapphire. (b) AFM image of as grown MoS2 on GaN. 
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higher Δω values, indicating that the MoS2 film is mostly composed by 1 or 2L, with 
a small fraction of 3L. A further confirmation of the number of layers of this sample 
is obtained by TEM images reported in Figure 4.20. The intensity contrast in the 
HAADF-STEM image (Figure 4.20 (a)) allows to identify the continuous MoS2 
film, composed by 1L or 2L of MoS2, separated by a vdW gap from the crystalline 
GaN substrate. Furthermore, atomic resolution HAADF- and the annular bright field 
(ABF) - STEM images of heterostructure are reported in Figure 4.20 (b-c).  Due to 
the different contrast formation mechanism in the two STEM imaging modes, only 
atoms (Mo, Ga) with high atomic number Z can be visualized in the HAADF image, 
whereas both atoms with high (Mo, Ga) and lower Z (N and S) are identifies in the 
ABF image, confirming the presence of few-layers of MoS2. 

Figure 4.19.- (a) Typical Raman spectrum of MoS2 on GaN/Sapphire with the corresponding peaks. Blue squares 
indicate the Raman peaks of GaN while the red-ones those of MoS2. (b) Corresponding MoS2 Raman spectrum 
on GaN/sapphire with a difference of 21.1 cm-1 between the main peaks. (c) Map of the main Raman peaks 
difference of MoS2 () in a 10x10 m2 area and the corresponding distribution (d) that identifies a number of 
layer between 1-2. 
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Figure 4.20.- (a) HAADF STEM image of MoS2 on GaN/Sapphire and (b) atomic resolution HAADF and (c) 
ABF. 
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4.3.2 MoS2 heterostructures with bulk GaN 

 

After the preliminary study of the MoS2 growth on GaN/sapphire, the process was 
extended to the bulk GaN substrates. The interest toward this samples is due to the 
excellent crystalline quality and extremely low defectivity of GaN epilayers on bulk 
GaN substrates, making them suitable for high performance switching devices with 
very low leakage current. 
Starting from a thin film of MoOx (~1.5 nm) deposited by sputtering, as shown in 
Figure 4.21 (a), a thin film of MoS2 was obtained on GaN after one hour of 
sulfurization process at 700°C. The corresponding AFM of the MoS2 on GaN bulk 
with the well-defined GaN steps is reported in Figure 4.21 (b). A typical Raman 
spectrum of the heterostructure is shown in Figure 4.22 (a), where the main 
contributions of MoS2 (E2g and A1g)  and GaN (E2 high energy and A1(LO)) are 
identified by red and light blue squares, respectively.  

A detail of the MoS2 spectrum is reported in Figure 4.22 (b), where the in-plane and 
the out-of-plane mode are respectively located at 384.6 ± 0.6 cm-1 and 406.0 ± 0.6 

cm-1, with a wavenumber difference  21.4 ± 0.8 cm-1. This value can be 
associated to a single or a bilayer of MoS2. To better evaluate the MoS2 uniformity 
on GaN, we performed a statistical study, collecting Raman maps on sample areas 

of 10 μm ×10 μm. Figure 4.22 (c) shows the colour map of the  values indicating 
the dominance of 1L and 2L of MoS2 (green colour), with a smaller fraction of 
multilayers (red color). This can be better observed in the Δω histogram, reported in 
Figure 4.22 (d), which is centred at 21.4 ± 0.8 cm-1, with an asymmetric shape and 
a tail extending to Δω values >23 cm-1. Similarly to the case of MoS2 on 4H-SiC, a 

Figure 4.21.- (a) Scheme of the two steps process used to obtain MoS2 by sulfurization of MoOx film sputtered 
on bulk GaN. (b) AFM image of as grown MoS2 on bulk GaN. 
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correlative E2g-A1g plot was also performed for MoS2 on bulk GaN in order to extract 
information on the doping and strain of MoS2. As illustrated in Figure 4.23 (a), the 
cloud of experimental points is mostly located in the region of the plot above the 
strain line (blue region), corresponding to the p-type doped MoS2. The charge density 
in MoS2 on bulk GaN can be better evaluated from the histogram (Figure 4.23 (b)) 

and the corresponding color map (Figure 4.23 (c)). From these figures, a p-type 

doping of 5×1012 cm-2 can be deduced, which is two times higher than that obtained 
for MoS2 grown on 4H-SiC (Figure 4.13 (a)) under the same conditions. Similarly 
to the case of MoS2 grown on 4H-SiC, the p-type doping can be ascribed to the MoOx 
residuals from the starting deposited film. Figure 4.23 (d-e) shows the distribution 
of the biaxial strain in the MoS2 film, which indicates the presence of a very low 
tensile strain (<0.1%). This small value of strain is consistent with the very small 

Figure 4.22.- (a) Typical Raman spectrum of MoS2 on GaN bulk with the corresponding peaks indicated by red 
(for MoS2) and blue squares (for GaN). (b) Corresponding Raman spectrum of MoS2 on GaN with a difference 
between the two peaks of 20.75 cm-1. (c) Color map of the difference between the two Raman peaks of MoS2

and the corresponding histogram (d), that indicate a number of layers between 1-2. 
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mismatch of the lattice constant between the two materials, as discussed in the 
Figure 2.18 of Chapter 2. This is a further proof of the good suitability of wide-
bandgap semiconductors such as SiC and GaN for the growth of extended ultrathin 
MoS2. 

Figure 4.23.- (a) Correlative plot of the two main peaks positions of MoS2 to estimate the strain and doping on 
MoS2 supported on GaN bulk. (b) Distribution of calculated doping on MoS2 on GaN bulk and the corresponding 
colour map (c). (d) Distribution of strain induced on MoS2 on GaN bulk and the corresponding colour map (e). 
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4.3.3 Vertical current transport at MoS2 heterojunctions with bulk GaN 

 

After assessing the structural properties, doping and strain of ultra-thin MoS2 
membranes on bulk GaN, the vertical current transport across the vdW 
heterojunction of these materials was investigated in detail by nanoscale resolution 
current-voltage analyses based on C-AFM. Figure 4.24 (a) illustrates the 
experimental setup used for front-to-back current measurements on a MoS2 
heterojunction with a n- doped epitaxial layer on n+ doped bulk GaN. A dc bias ramp 
is applied between the nanoscale Pt-coated tip contact on MoS2 and a macroscopic 
contact on bulk GaN, while the flowing current is measured by a current amplifier 
connected to the tip. Figure 4.24 (b) reports a set of local I-V curves measured on 

Figure 4.24.- (a) Setup of the vertical current measurements on MoS2/GaN bulk with C-AFM. (b) Semilog scale 
Current-voltage characteristics collected on an array of 5×5 positions on 5 m × 5 m area of the Pt tip on MoS2. 
(c) Distribution of the onset voltage values Von extracted from the array of I-V curves at a threshold current value 
of Ith=10-13 A.  
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an array of 5×5 tip positions on a 5 m × 5 m area. The curves, reported in a semilog 
scale, clearly show a rectifying behavior, negligible current under negative (reverse) 
bias and exponential rise of the current under positive (forward) polarization above 
an onset voltage (Von). To quantitatively evaluate the Von for this heterojunction, a 
threshold current of 10-13 A (above the noise level) was fixed, and the corresponding 
voltage was extracted from each I-V curve in Figure 4.24 (b). The resulting 
distribution of Von values is reported in the histogram of Figure 4.24 (c), with an 
average value of 1.7±0.4 V. The very low reverse current and this high onset 
voltage indicate a high energy barrier between the p+-type doped MoS2 grown by Mo 
sulfurization and GaN. The energy band diagram configuration of this anisotype 
2D/3D heterojunction between highly p-type doped MoS2 and n-GaN is 
schematically illustrated in Figure 4.25 before (a) and after contact formation (b) 
under equilibrium conditions.  In Figure 4.25 (a), a type II heterojunction with 
Ec0.3 eV is considered, following the XPS/UPS literature results reported in 
Figure 2.21 of Chapter 2. The Fermi levels have been evaluated from the p+ and n- 
doping of MoS2 and GaN, respectively. Finally, the energy barrier B, formed under 

equilibrium conditions after alignment of the Fermi levels, is indicated. Its value, 
B1.7 eV, is consistent with the average Von value extracted from electrical 
characterization. 

Figure 4.25.- Scheme of the band alignement before (a) and after (b) contact between the MoS2 and GaN bulk. 
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Brief Conclusion 

The two-steps CVD approach, demonstrated to be a suitable method to deposit large 
and ultra-thin MoS2 on insulating or semiconductive substrates. Indeed, it resulted 
highly compatible with the state-of-the-art fabrication approaches in 
microelectronics. A preliminary optimization of the sputtering deposition was 
necessary to realize low-roughness (RMS = 0.35 nm) and ultrathin Mo films (1.2-
1.8 nm) on SiO2, which resulted oxidated after the exposition at air (after XPS 
analyses). The sulfurization process was carried-out in a two-zone CVD furnace at 
two different temperatures (150°C for the sulfur and 700°C for the sample zone 
respectively). The realized MoS2 films have been characterized by AFM and Raman, 
from which was deducted a nanocrystalline dimensions of grains and Δω ranging 
between 20.3-21.0 cm-1, indicating 1-2 layers of MoS2 on SiO2. At the same 
conditions, the MoS2 was grown on n+-4H-SiC and n--4H-SiC, which are 
characterized by a charge density of ~1019 cm-3 and ~1016 cm-3, respectively. Raman 
mapping and TEM characterizations confirmed the realization of 1-2 layers of MoS2 
on 4H-SiC, with the formation of a thin film of SiO2 between them, probably induced 
by the growth conditions. Following, a p-type doping of around 2.5×1012 cm-2 with 
a standard deviation of 2.0 ×1012 cm-2 , and a very small tensile strain (ε≈0.12% with 
a standard deviation of 0.14%) are deducted from the correlative A1g vs E2g plot  of 
the MoS2/ n+-4H-SiC and the corresponding distributions. The residuals of MoO3 
after the sulfurization, confirmed by XPS analysis, are the origin of the p-type doping 
induced on the MoS2. While the small tensile strain is associated to the very small 
lattice mismatch between the two semiconductors. Similar values are found on the 
MoS2 on n-4H-SiC, confirming the reproducibility of the sulfurization process. 
Vertical electrical measurements were carried-out by C-AFM on MoS2 junction with 
the lightly n-type doped (1016 cm-3) 4H-SiC epitaxy, which exhibited a strongly 
rectifying behavior, with negligible current injection at negative (reverse) bias and 
exponential current after a turn on voltage of 4 -5 V under positive (forward bias). 
Differently, a pronounced negative differential resistance (NDR) was observed on 
the MoS2 junction with the highly doped 4H-SiC, ascribed to the band-to-band 
tunneling (BTBT) between two degenerately doped semiconductors (p+-MoS2 and 
n+-4H-SiC). At low forward bias, the dominant transport mechanism is the direct 
tunneling across the Pt tip/ MoS2 Schottky barrier from 0 to 2 V. While field-
emission resulted the dominant mechanism between 2-3 V. For Vtip>3 V the transport 
mechanism at the heterojunctions resulted dominated by the BTBT, caused by the 
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overlapping between the filled states on the SiC side and unoccupied states on the 
MoS2 side. At higher value of bias, the overlap between the states decreases causing 
the decreasing of the BTBT. 

At the same conditions, the MoS2 films were also grown by sulfurization on GaN-
sapphire and GaN Bulk. The first substrate was employed for a preliminary study, 
confirming the formation of large-area 1-2 layers of MoS2 on GaN-sapphire by 
Raman and TEM characterization. Passing to the MoS2 on GaN-Bulk heterojunction, 

a p-type doping of  5×1012 cm-2 was deducted, two times higher than that obtained 
on 4H-SiC. Also in this case, a small tensile strain (ε<0.1%) is derived, due to the 
small mismatch between the MoS2 and GaN. The electrical characterization between 
the vdW heterojunction was carried-out by C-AFM.  The I-Vtip characteristics 
showed a rectifying behavior, negligible current under negative (reverse) bias and 
exponential rise of the current under positive (forward) polarization above an onset 

voltage (Von).   The average value of Von 1.7±0.4 V was extracted from the current-
voltage curves. The very low reverse current and this high onset voltage indicated a 
high energy barrier between the p+-type doped MoS2 grown by Mo sulfurization and 
GaN. From the band-diagram of the vdW heterojunction, an energy barrier of    

B1.7 eV was deducted, resulting consistent with the average Von value extracted 
from electrical characterization. The reported results demonstrate an efficient 
method to obtain large area and uniform p+ MoS2 films on 4H-SiC and on GaN Bulk, 
which is compatible with semiconductor industry process flows. Indeed, the 
integration of MoS2 with WBG permitted to extend the MoS2 range of potential 
applications to fast switching devices and circuits.



 

 



 

 

SUMMARY 
 
The peculiar physical properties, such as the semiconductive behavior and the band 
gap tunability as a function of the thickness, make the MoS2 an excellent candidate 
to applications in the “Moore” and “More than Moore” electronics domains and in 
the optoelectronics field. In particular, MoS2 can be employed as an ultrathin channel 
material in MOSFET devices for logic and switching applications, due to the high 
on/off state current ratio (Ion/Ioff ~108) and the good carrier mobility.  

The main contributions of this thesis work in this research field consist in the 
development of advanced top-down and bottom-up methods for the preparation of 
large area MoS2 films on different substrates, and in the detailed structural and 
electrical characterization of the obtained heterostructures. Indeed, the MoS2 
integration with high-κ dielectrics, such as Al2O3, and wide-bandgap (WBG) 
semiconductors, such as SiC and GaN, has been addressed. The former permits to 
enhance the MoS2 mobility in MOSFET devices, while the latter extends the MoS2 
applicability to innovative devices for the high-frequency and high-power 
electronics.  

In order to bring MoS2 closer to future industrial developments in the fields of 
electronics and optoelectronics, the following issues have been addressed in this 
thesis: 

(i) The improvement of the gold-assisted mechanical exfoliation to produce 
extended membranes of MoS2 with high crystalline quality on Au and next 
transferred to an insulating substrate for the realization of a back-gated FET. 

(ii) The growth optimization by two-steps CVD (sulfurization) of ultrathin and 
large area (cm2) membranes of MoS2 on WGB semiconductors. 

(iii) The optimized growth of ultra-thin films of high-κ dielectrics (Al2O3) on 
large-area MoS2 by atomic layer deposition (ALD), exploiting the beneficial 
role of the gold substrate. 

(iv)  The detailed investigation, using Raman and Photoluminescence analysis, 
of the strain, doping and defects’ density, induced in the MoS2 films by the 
preparation/growth conditions or by the interaction with the substrate.  

(v)  The electrical characterization of vertical current injection in MoS2 
heterojunctions with WBG substrates, using nanoscale-resolved conductive 
atomic force microscopy (C-AFM). These electrical features have been 
correlated to the structural properties of the 2D/3D systems. 

Chapter 1 and Chapter 2 provided an introduction on the MoS2 physical properties 
and the state-of-the-art approaches to produce 1L-MoS2. In particular, the integration 
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of MoS2 with Si, WBG semiconductors and high-κ dielectrics have been included, 
discussing relevant properties and issues. 

Chapter 3 and 4 reported the experimental results obtained during the PhD thesis. 
Specifically, Chapter 3 described the preparation and characterization of the 1L-
MoS2 obtained by gold-assisted mechanical exfoliation and transferred on an 
insulating substrate. The deposition of Au/Ni films with optimized small roughness 
played a key role to increase the efficiency of exfoliation of 1L-MoS2 from a 
molybdenite bulk crystal. Furthermore, an efficient method to transfer the large area 
(cm2) MoS2 membranes from gold to an insulting substrate has been developed. This 
procedure allowed to obtain large-area 1L-MoS2 on Al2O3 preserving the high-
quality of the exfoliated crystals. The impact of the metallic (Au) and the insulating 
(Al2O3) substrates on the vibrational and optical properties of MoS2 were 
characterized by Raman and PL spectroscopy. The in-plane (E2g) and out-of-plane 
(A1g) vibrational peaks of 1L-MoS2 transferred onto Al2O3 showed a frequency 

difference of 18.1 ± 0.2 cm-1, consistently with literature results for 1L-MoS2 on 
insulating substrates. On the other hand, an anomalous increase of Δω mean value to 
21.2 ± 0.3 cm-1 was observed for as-exfoliated 1L-MoS2 on gold and ascribed to 
strain and doping of the 2D membrane induced by the interaction with the substrate. 
Specifically, Au-supported 1L-MoS2 was affected by a biaxial tensile strain 
(εbiax≈0.21±0.06 %), which was converted in a compressive strain (εbiax ≈ -0.25 ± 
0.01 %) after the transferring on the insulating Al2O3 substrate. Furthermore, as-
exfoliated 1L-MoS2 on Au showed a p-type doping p≈(-0.25 ± 0.06) ×1013 cm-2, 
which was converted into a n-type doping n≈(0.5±0.09)×1013 cm-2 after transfer onto 
Al2O3. The interaction with the substrate also influenced the optical emission 
properties of 1L-MoS2. In fact, 1L-MoS2 transferred onto Al2O3 showed a prominent 
peak centered at an energy of 1.84 eV, consistently with the typical PL spectra of 
MoS2 obtained by mechanical exfoliation or CVD growth. Differently, a red-shift of 
the PL peak to 1.79 eV and a significant quenching of the PL intensity is observed 
for as-exfoliated 1L-MoS2 on gold. A detailed investigation by deconvolution 
analysis of PL spectra allowed to identify three main components, associated to the 
trion (A-) and exciton contributions (A0 and B). Interestingly, the exciton A0 at 1.83 
eV represented the main contribution in the PL spectra for 1L-MoS2 on Al2O3, 
whereas the trion contribution at 1.78 eV was the dominant one for 1L-MoS2 on Au. 
The enhancement of the trions’ population and the quenching of the emission 
amplitude for Au-supported MoS2 was ascribed to the high polarizability of the 
metallic substrate and the very low MoS2/Au equilibrium distance.  

Finally, the electrical transport properties of as-exfoliated 1L-MoS2 on Au were 
investigated by conductive atomic force microscopy (C-AFM) measurements, 
whereas a back-gated MoS2 field effect transistor was fabricated and characterized 
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after MoS2 transfer onto an Al2O3/Si substrate. Nanoscale resolution electrical 
measurements on 1L-MoS2/Au by C-AFM indicated the direct tunneling as the main 
vertical current transport mechanism at the MoS2/Au interface, and the evaluated 
barrier height was consistent with the substrate-induced p-type doping of MoS2. 
After the transferring of the 1L-MoS2 on Al2O3, the lateral electronic transport was 
evaluated by electrical characterization of the FET with Al2O3/Si back-gate. The 
output characteristics showed the typical transistor behavior, in which at low drain 
bias (VD < 3V), the electrons injections were limited by the high Schottky barrier at 
Au/MoS2 contacts, while a linear behavior in a range of drain bias between 3-10 V 
and a consequent current saturation at higher voltage were observed. The transfer 
characteristics showed the behavior of a transistor with a n-type MoS2 channel with 
a carrier density of n≈3.1×1012 cm-2 in good agreement with the previous Raman 
analysis.  

In the final section of Chapter 3, the integration of the high-κ dielectrics (Al2O3 in 
this case) on 1L-MoS2 was addressed. For the first time, we reported the growth of 
an ultrathin Al2O3 film (3.6 nm) by atomic layer deposition (ALD) on large-area 1L-
MoS2 obtained by gold-assisted mechanical exfoliation. Very different Al2O3 
coverage was observed by performing the ALD Al2O3 growth under identical 
conditions (temperature of 250 °C and pulses number) on 1L-MoS2 supported by Au 
and by an insulting substrate. In fact, while a highly inhomogeneous Al2O3 coverage 
was obtained on 1L-MoS2 onto Al2O3/Si, the growth of an homogenous, flat and 
ultrathin Al2O3film (3.6 nm) was obtained for 1L-MoS2 on Au. These results clearly 
indicated a beneficial effect of the MoS2/Au interaction, resulting in the enhanced 
Al2O3 nucleation during the first stages of the ALD process, followed by a layer-by-
layer growth. A further insight on the insulating properties of the deposited high-κ 
film was provided by C-AFM current mapping of the Al2O3/1L-MoS2/Au stack, 
showing a very low leakage current and a breakdown electric field of 10-12 MV/cm. 
These results on the high-quality growth of high-κ dielectrics on MoS2/Au can find 
important device applications, including the fabrication of FETs and passivation of 
non-volatile switching memory devices based on Au/1L-MoS2/Au junctions.  

Chapter 4 reported the results on the integration of large area MoS2 on WBG 
semiconductors by sulfurization of ultrathin (1-2 nm) molybdenum oxide (MoOx) 
films, obtained by optimized DC magnetron sputtering from a Mo target, followed 
by natural oxidation under ambient conditions. The composition of these films was 
preliminary evaluated by XPS analyses, which revealed their completed oxidation 
with the presence of MoO3 and MoO2 contributions. Furthermore, a very flat 
morphology low roughness (RMS=0.35 nm) characterized by nanocrystalline 
domains was observed by AFM.  The sulfurization process was carried out in a two-
heating zones furnace, where a crucible with sulfur powders was placed in the low 



Summary  135 
 

 

temperature zone (T1=150°C) and the sample in the high temperature zone 
(T2=700°C), and a flux of Ar was used as carrier gas to transport the S vapors from 
the first to the second zone. The sulfurization process was first assessed on MoOx 
films on SiO2/Si reference substrates, and therefore extended to 4H-SiC and GaN 
wide bandgap semiconductors. The formation of uniform 1L-2L MoS2 by 
sulfurization of the starting MoOx films (1-2 nm thick) was confirmed by Raman 
spectroscopy and mapping. AFM analyses confirmed a highly uniform and 
conformal coverage by MoS2 layers, with a nanocrystalline morphology (10-30 nm 
grain size), reminiscent of the original MoOx film’s structure. The presence of the 
LO(M) and ZO(M) contributions in the Raman spectra of MoS2 obtained by the 
sulfurization approach was correlated to the presence of defects and to the 
nanocrystalline nature of the film. 

Subsequently, MoS2 was grown on two different doped 4H-SiC: n+-4H-SiC and n-- 
4H-SiC with a doping of ~1019 cm-3 and ~1016 cm-3, respectively. After the 
sulfurization process, the samples were analyzed by XPS, that revealed the 
incomplete conversion of MoOx to MoS2, due to the presence of MoO3 residues. No 
reaction between Mo or S and 4H-SiC occurred during the sulfurization, but the 
formation of an ultra-thin film (~1 nm) of SiO2 was observed between the MoS2 and 
4H-SiC, confirmed by XPS and TEM characterizations. From the correlative A1g vs 
E2g plot, a p-type MoS2 (p ≈ 2.5 ± 2×1012 cm-2) subjected to a small tensile strain 
(εbiax ≈0.12 ± 0.14%) was deduced. The p-type doping was correlated to the MoO3 
residues after the sulfurization process, while the small tensile strain to the small 
lattice mismatch between MoS2 and SiC (~2.9%). The electrical properties of the 
MoS2/n-4H-SiC heterojunctions were analyzed by C-AFM local current-voltage (I-
V) measurements, exhibiting a strongly rectifying behavior, a negligible current 
injection in reverse bias and an exponential current after a turn on voltage of 4-5V 
(forward bias). Differently, the MoS2 on n+-4H-SiC characteristics reported a higher 
current both under forward and reverse bias. The most notable feature for the MoS2 
on n+-4H-SiC heterojunction was the observation of a negative differential resistance 
peak (NDR) under forward bias, associated to the band-to-band tunneling (BTBT) 
between two degenerately n+ and p+ doping semiconductors, occurring when the 
filled states of the n+-4H-SiC conduction band are overlapped with the unoccupied 
states of the p+-MoS2 valence band. Some variability in the NDR peak was ascribed 
to local changes in the MoS2 p-type doping. This first observation of the NDR 
behavior in MoS2/4H-SiC heterojunctions confirmed the high electronic quality of 
the interface. Furthermore, it opens the possibility to develop Esaki diodes on the 
silicon carbide platform, for fast switching devices and circuits. 

The last section of Chapter 4 reported the results of MoS2 growth on GaN-on-
sapphire and bulk GaN substrates by the sulfurization of pre-deposited ultra-thin 



Summary  136 
 

 

MoOx films. Highly uniform coverage of GaN with 1-2L MoS2 films was 
demonstrated by the combination of Raman mapping, AFM and TEM/STEM 
analyses. In particular, atomic resolution STEM images showed a high quality vdW 
interface between MoS2 and GaN. The strain and charge density distributions in 
MoS2 films grown on bulk GaN, evaluated by the correlative analyses of A1g and E2g 
Raman peaks, showed a p-type doping (p5×1012 cm-2) and a very small tensile strain 
(<0.1%), coherent with the very small lattice mismatch between MoS2 and GaN. 
Finally, the vertical current transport in the MoS2 heterojunction with n-doped bulk 
GaN was investigated by C-AFM. The I-Vtip characteristics showed a rectifying 
behavior with a negligible current under reverse bias and an exponential rise of the 
current under forward bias above an onset voltage Von  (1.7±0.4) V. The very low 
reverse current and the high onset voltage was associated to a high energy barrier 
(B1.7 eV) according to the energy band-diagram of the p+-MoS2/n-GaN 
heterojunction.  
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PERSPECTIVES 
The results of the research activities carried out in this PhD thesis opens new 
perspectives in the emerging field of vdW semiconductor heterostructures. 

The gold assisted mechanical exfoliation and optimized transfer approach presented 
in the Chapter 3 can be extended to other 2D materials beyond MoS2 and employed 
to realize large area (mm2 to cm2) 2D/2D heterostructures (such as MoS2/WS2, 
MoS2/MoSe2, MoS2/WSe2, MoSe2/WSe2, MoSe2/WS2, WS2/WSe2..) for basic 
studies and the demonstration of prototype electronic/optoelectronic devices. 

The gold substrate was demonstrated to play a beneficial role in the atomic layer 
deposition (ALD) of uniform and ultrathin Al2O3 films on top of the 1L-MoS2/Au 
stack. In the future, the ALD growth of dielectrics with higher permittivity (such as 
HfO2) on Au-supported 1L-MoS2 is planned, in order to elucidate similarities and 
differences in the nucleation/growth mechanisms. Furthermore, a key requirement 
for practical applications of this system will be the development of optimized 
methods to transfer the high-κ dielectric/1L-MoS2 stack from Au to insulating or 
semiconductor substrates, without degrading the structural/electrical properties of 
MoS2 and the dielectric. This will be the object of next experiments. 

In the Chapter 4, the sulfurization of pre-deposited ultrathin MoOx films has been 
demonstrated as an efficient approach to produce 1L-2L MoS2 films with uniform 
coverage on different substrates, from SiO2/Si to WBG semiconductors (SiC and 
GaN). These films present high quality vdW heterostructures with SiC and GaN, 
resulting in interesting vertical current transport behavior at the interface. However, 
their nanocrystalline structure, with a very large density of grain boundaries, limits 
the in-plane current transport in the 2D material. In this respect, alternative large area 
growth methods such as single-step chemical vapour deposition (CVD), Pulsed 
Laser Deposition (PLD) and Molecular Beam Epitaxy (MBE) are currently explored, 
in the framework of the EU project ETMOS, for the epitaxial growth of MoS2 on 
sapphire, SiC, GaN and AlN. The result of these experiments will be compared with 
those reported in this PhD thesis, in order to define optimal deposition methods for 
specific applications. 

Following the basic investigations of the current transport in MoS2/4H-SiC and 
MoS2/GaN based on nanoscale C-AFM analyses, prototypes of vertical diodes will 
be realized by fabrication of macroscopic metal contacts on the MoS2 surface. The 
electrical behavior of these devices will be compared as a function of the employed 
metallic contacts, or the method used to fabricate them (direct deposition or transfer 
on the MoS2 surface). Furthermore, the electrical characteristics of these 
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macroscopic devices will be correlated with those obtained at the nanoscale by C-
AFM. Electro-optical characterization of the MoS2 heterojunctions with SiC and 
GaN is planned, for future optoelectronic applications (such as UV-vis 
photodetectors). Furthermore, the integration of MoS2 onto Nitride semiconductor 
heterostructures, such as AlGaN/GaN, will be explored for advanced applications in 
high electron mobility transistors. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX 

CHARACTERIZATION METHODS 

 

Atomic Force Microscopy 

During this PhD thesis, two different instruments for the Atomic Force Microscopy 
(AFM) have been employed: DI3100 System by Bruker with Nanoscope V 

electronics and PSIA XE-300. Both the instruments were used in tapping mode (with 
a Si tip of ~5 nm curvature radius) for the morphological measurements, while the 
AFM by Bruker was also employed in conductive mode for the electrical 
characterizations (a Pt-coated Si tips and of ~5 nm curvature radius was employed) 
with the TUNA module equipped to the system. 

 

The Atomic Force Microscopy (AFM) is a special kind of microscope that employs 
a mechanical sampling method to realize a real image of the surface of a sample at 
the nanoscale [257]. The scan of the sample is realized through an atomically sharp tip 
on the surface by controlling the force between the sample and the tip. This nanosized 
tip is mounted on a microfabricated cantilever characterized by a spring constant k. 

Figure A1.- (a) Scheme of the AFM setup with the typical components. The three main operational modes: (b) 
contact-mode, (c) non-contact mode and (d) tapping mode. 



Appendix  141 
 

 

The length of the cantilever is around few or hundred micrometers and with a 
thickness of around 1 μm, while the tip radius is generally lower than 10 nm. 
Piezoelectric actuators positioned at the end of the cantilever allow to control the 
positioning and the scanning of the tip on the surface. In fact, these piezoelectric 
materials realize picometer variation in response to electrical stimuli [257]. The 
deflection of the cantilever during the sample scan is detected employing a laser 
beam that is reflected on the backside of the tip towards a four-quadrant photodiode, 
as represented in fig. In this way, it is possible to monitor the tip-surface motion by 
recording the laser beam reflection changing the output of the photodiode. Thus, 
AFM is equipped by a feedback loop using the deflection of the laser to control the 
force and the tip position, when the system is in contact mode, or using the cantilever 
oscillation amplitude when the system is in Tapping Mode. This instrument permits 
to maintain constant the feedback parameter (cantilever deflection or cantilever 
oscillation amplitude) to a setpoint value by adjusting the z-piezoelectric actuators. 
Indeed, all the measurements need an isolated platform to eliminate the acoustic and 
vibration contributions during the scan. Finally, it is possible to realize the 
topographic image of the sample surface on a desired scan area. AFM can work in 
three classes of operation that differ from the nature of probe to surface interaction: 

I. Contact Mode, when the tip is directly in contact with the surface and the 
deflection of the cantilever is the feedback parameter to measure the physical 
variation of the contact with the sample, as shown in Fig.A1(b). 

II. Non-contact Mode, when dynamic oscillations of the cantilever are used to 
probe the surface and the tip is not physically in contact with the sample, as 
shown in Fig.A1(c) 

III. Tapping mode, when the tip switches between contact and non-contact 
during its oscillation on the sample surface. In this case, the feedback 
parameter is the oscillation amplitude of the cantilever, as shown in 
Fig.A1(d). 

Thus, in general an AFM system is constituted by the following elements: 

1. A vibration and acoustic platform isolation 
2. A tip-cantilever connected to piezoelectric transducers  
3. A laser to detect tip-sample interaction 
4. A feedback electronic control system 
5. A computer and a software to monitor and control the scan 
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Additional AFM modes were concerned in the last years to characterize different 
physical quantities depending on the force detected during the tip-sample interaction. 
This includes the possibility to sense resistance, capacitance, electrical and magnetic 
fields at the nanometric scale. Focusing on the Conductive Atomic Force Microscopy 
(C-AFM), this technique is employed to characterize the electrical properties of the 
sample surface. The C-AFM system requires an AFM conventional setup equipped 
with a conductive tip and a current detection system. The working principle is like 
that previously described but a voltage between the tip and the sample is applied 
during the scan. Thus, the tip acts as a mobile metal contact connected to a current-
to-voltage amplifier that allows to detect currents in the pico- or femto-ampere range.  

 

μ-Raman and μ-Photoluminescence Spectroscopy 

 

The Horiba LabRam HR-Evolution Spectrometer was employed both for μ-Raman 
and μ-Photoluminescence Spectroscopy during this PhD course. 

Raman spectroscopy is a technique used to determine the vibrational modes of the 
molecules and it is based on Raman scattering. This latter is an inelastic scattering 
of the light after the interaction with molecular vibrations or phonons. The light 
excites the molecules to virtual excited states for a short time and next they 
recombine in a different vibrational state from the starting one. This causes the 
emission of a photon with a lower or higher energy than that of the incident one. If 
the final vibrational state is higher in energy than the initial state, the scattered photon 
will have a lower energy (and lower frequency) and this shift is defined Stokes-shift. 
Differently, when the molecular final state is lower in energy, the scattered photon 
will have a higher energy (and higher frequency) and this is defined Anti-Stokes 
shift. 

A typical Raman setup is composed by a laser source at a fixed wavelength that can 
be modulated in power by a series of neutral filters, as shown in Fig.A2. The light 
passes through a series of mirrors before being focused on the sample by a 
microscope lens and an appropriate objective. The same objective recoils the 
scattered component of light and guides it towards the spectrometer through 
opportune mirrors and lenses. The elastic component of light (Rayleigh scattering) 
is stopped by a laser filter, thus the Raman scattering component pass through a 
confocal pinhole, where only the part of light from the confocal plane is selected. 
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This aspect permits to enhance the lateral and the vertical space resolutions. In the 
end, the scattered light is diffracted by an appropriate diffraction grating and 
recorded by a Charge-Couple Device (CCD). In our apparatus, both Raman and PL 
measurements were performed using a laser excitation wavelength of 532 nm (2.33 
eV) in a confocal mode microscope system with a 100x objective. The power of the 
laser has been filtered to 1% or 3.2% of the nominal power of 100 mW. Specifically, 
the μ-Raman spectroscopy was realized with a diffraction grating of 1800 lines/mm 
in a range from 150 to 650 cm-1, while a grating of 600 lines/mm was employed for 
μ-PL measurements (in a range from 10 to 5500 cm-1). PL characterizations have 
been made possible increasing the binning of the CCD pixels from the default value 
to 30. In this way, the CCD has the possibility to record a greater number of photons 
at the expense of a minor spectral resolution (not necessary for PL compared to 
Raman Spectroscopy).  

 

Figure A2.- Raman spectroscopy setup. 
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Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy is a powerful technique employed in material 
science to obtain real image of a sample trough a transmitted beam of electrons. 
Generally, the beam of electrons is at high energy and interacts with a very thin 
sample. From this interaction is possible to observe the sample’s crystal structure, its 
grain boundaries, dislocations, or further crystal features. Indeed, in this specific 
case, TEM offers the possibility to analyze the number of layers of 2D materials, as 
well as their quality, the vdW gap and the defects at the interfaces when the sample 
is analyzed in cross-section. This kind of beam overcomes the limit imposed by the 
wavelengths of the light that are used in traditional microscopies, and consequently 
to realize image at higher resolutions. This is due to the smaller De Broglie 
wavelength of electrons compared to that of photons.  

 

The electrons beam is emitted from an electrons source, as a tungsten filament, after 
the application of a sufficient current Fig.A3. The electrons will be emitted by 

Figure A3.- Set up of a conventional Transmission Electron Microscopy. 
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thermionic emission or field electron emission mechanism. Using a condenser lens, 
the beam is restricted excluding the high-angle electrons. Next the beam strikes the 
specimen located in a stage and part of the beam will be transmitted through the 
sample. A higher number of electrons will be transmitted for transparent and thinnest 
samples. Thus, the transmitted component will be focused by a series of lenses 
(objective, intermediate and projector) on a phosphorus screen or CCD camera to 
realize the final image. This image will be featured by darker and lighter areas that 
correspond to areas of the sample where fewer, and more electrons were transmitted 
through respectively. In addition to this classical configuration, TEM can also be 
employed in scanning mode, defined STEM. In this modality, the beam of electrons 
is focused to a very thin spot (0.05-0.2 nm) on the sample that will be scanned at 
each small point illuminated. Typically, the conventional TEM are equipped by 
scanning coils that allow to switch from TEM to STEM configuration. The diffracted 
component of the electron beam can be used to realize the Selected Area Diffraction 
(SAD or SAED) technique that permits to obtain information on the crystallographic 
structure of the sample analyzed. In particular, for crystalline samples, the image 
consists of a structure of ordered dots, while for amorphous or polycrystalline 
samples a series of rings will be produced. Differently, the Energy-dispersive X-ray 

Spectroscopy (EDS or EDX) permits to realize the elemental or chemical analysis of 
the sample, when X-ray are emitted from the sample after the interaction with the 
high-energy electrons beam. TEM analyses are carried out in a high vacuum mainly 
to increase the mean free path of electrons but also to prevent several electrical 
problems during the characterization. In this thesis, high resolution transmission 
electron microscopy (HR-TEM), high angle annular dark field scanning transmission 
electron microscopy (HAADF-STEM) and energy dispersion spectroscopy (EDS) 
analyses of the MoS2 thin films were carried out with an aberration-corrected Titan 
Themis 200 microscope. To this aim, cross-sectioned samples were prepared by 
Focused Ion Beam (FIB). 

 

 

X-Ray photoelectron Spectroscopy 

The X-Ray photoelectron Spectroscopy (XPS) belongs to the photoemission 
spectroscopy that exploits the photoelectric effect to identify the chemical 
composition and the chemical states of the elements present on a sample surface. It 
is effectively a quantitative spectroscopy technique. In particular, employing an X-
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ray wavelength whose energy is well-known (Ephoton), and measuring the emitted 
electrons kinetic energies (EKinetic), it is possible to extract the binding energy of each 
emitted electrons (EBE) from the photoelectric equation: 

 7S� = 7U<+>+� � (7�T�4>T� 3  ∅6 (EA1) 

 

where ∅ is the corrected work function of the surface, considering the corrections 
due to the instrument’s configuration. The scheme of the instrument is represented 
in Fig.A4, where a photon source of x-ray irradiates a sample surface from which 
are emitted photoelectrons from 1 to 10 nm of analyzed material. The photoelectrons 
are recoiled through a system of electron optical lens that define the acceptance angle 
for collecting electrons from the sample. Next, a hemispherical analyzer (that has a 

better performance compared to the cylindrical mirrors’ analyzer) permits to filter 
the electrons with a specific energy imposed by the voltage applied between the two 
hemispheres. Changing the voltage, it is possible to recoil electrons with different 
energies. A better resolution is obtained with a larger radius analyzer. In the end, 
electrons are recoiled from the analyzer exit slit by multipliers detectors that allow 

Figure A4.- X-ray photoelectron spectroscopy setup. 
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to increase the collection efficiency. All the XPS instruments are housed within ultra-
high vacuum environments (10-9 – 10-10 mbar) to prevent the scattering of the 
photoelectrons with the air molecules and to avoid the surface contaminations. In 
this thesis, the compositional properties of the MoS2 were evaluated by X-ray 
photoelectron spectroscopy (XPS) using Escalab Xi+ equipment by Thermo Fisher 

(Waltham, MA, USA), with a monochromatic Al K X-ray source (energy = 1486.6 
eV). The spectra were collected at a take-off angle of 90° relative to the sample 
surface and pass energy of 20 eV. The instrument resolution was 0.45 eV (FWHM 
of the Ag 3d5/2 peak). The spectra were aligned using C1s (285 eV) as reference. 
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