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Abstract 
 
Two-dimensional transition metal dichalcogenides (TMDCs) aroused significant 
interest in the last years as semiconductor materials for application in the field of 
electronics, due to their tunable bandgap, good carrier mobility, and strong light 
absorption. Among TMDCs, two-dimensional molybdenum disulfide (2D-MoS2) has 
been the most investigated for electronic and optoelectronic applications, like 
transistors and photodetectors. 2D-MoS2 can particularly benefit from the excellent 
light matter interaction properties in the UV-VIS spectrum combined with good charge 
carrier transport properties. The literature reports photodetectors based on 2D-MoS2 
fabricated with different techniques, including exfoliation, chemical vapor deposition 
(CVD) and wet chemical synthesis. However, it is still challenging to scale the 
proposed devices to the industrial level, due to the lack of a versatile fabrication 
process that ensures both reproducibility and scalability. 
A possible solution to this could rise from wet chemical synthesis. In the first part of 
this work, I discuss the development and optimization of a fabrication method for MoS2 
thin films based on a sol-gel process which allows for scalable productions. This route 
allowed the fabrication of large area (~cm2) MoS2 thin films of 200 nm thickness on 
technological relevant substrates (i.e., glass, gold, silicon). The films displayed good 
uniformity, although the crystallinity was affected by residual impurities. The films 
produced with this technique were employed for the fabrication of photodetectors, 
displaying responsivity of few mA/W in the NUV-VIS-NIR spectrum. However, the 
performance of the device was affected by a still limited quality of the MoS2 films 
obtained with the current method that require further optimization. Further studies will 
overcome the current limitations and solutions to be investigated in future works are 
proposed. 
The second part of this work focuses on expanding the detection capability of 2D-
MoS2 (currently limited to the UV-VIS-NIR spectrum), by exploring for the first time X-
rays sensing, taking advantage of the X-ray cross section of MoS2 associated with the 
high atomic number Z of Mo. A detector based on an exfoliated MoS2 monolayer (1L-
MoS2) was fabricated and characterized for the purpose. The detector showed direct 
detection of ~102 keV X-rays down to dose rates of 0.08 mGy/s, with X-ray sensitivity 
is in the range 108-109 µC ⋅Gy-1·cm-3, outperforming most of the reported organic and 
inorganic materials. A strategy to improve the device response was also studied by 
adding a scintillator film, which resulted in a three-fold increase of the signal. These 
results suggest to consider 2D-MoS2 for in-vivo dosimetry applications. 
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Introduction 
 
 
 
Two-dimensional (2D) materials have gained tremendous attention in the scientific 
community since graphene was first exfoliated by A. Geim, K. Novoselov in 2004 1, 
which contributed to their Nobel Prize winning in Physics in 2010. With respect to their 
bulk counterpart, 2D materials, generally intended as single or few layer materials, 
have ultra-high specific surface area, enabling their electronic properties to be very 
sensitive to external perturbations. This allows the fabrication of sensitive and tunable 
electronic devices. Also, their 2D structure permits to build ultra-thin devices, 
matching the recent interest of electronics to become flexible and wearable. 
Among 2D materials, transition metal dichalcogenides (TMDCs), have attracted 
interest for the field of electronics in the last decade. Differently from graphene, which 
suffers in several applications from the absence of a bandgap in its energy structure, 
TMDCs are indeed semiconductors, they possess a finite bandgap, which is direct in 
the monolayer limit. Among TMDCs, two-dimensional molybdenum disulfide (2D-
MoS2) has been the most studied material. 2D-MoS2 displays remarkable light matter 
interaction in the ultraviolet and visible (UV-VIS) spectral range and possess excellent 
charge transport properties, fundamental characteristics that can be exploited for 
electronic and optoelectronic applications.  
In 2011 Radisavljevic et al. 2 published a contribution reporting a transistor based on 
a molybdenum disulfide monolayer (1L-MoS2), demonstrating for the first time its 
enormous potential in the field of electronics and opening the way for the production 
of devices based on MoS2. Since then, efforts of research focused on the fabrication 
of 2D-MoS2 and works have been published on transistors, photodetectors, LEDs, 
solar cells, hydrogen evolution reactors and photoelectrochemical converters. The 
reader can refer to the reviews cited as reference 3,4 for a broaden overview of the 
electronic devices based on 2D-MoS2. Among the devices based on 2D-MoS2 that 
gathered attention, photodetectors have been considered and different device 
architectures have been reported, including photoconductors, photodiodes and 
phototransistors. 
Photodetectors based on 2D-MoS2 showed high performance in terms of response to 
light in the visible (VIS) spectrum and strategies to sensitize the response also in the 
near ultraviolet (NUV) and near infrared (NIR) spectrum have been demonstrated 5,6. 
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This has been accompanied by the development of different fabrication methods for 
2D-MoS2, including exfoliation techniques, chemical vapor deposition (CVD) as well 
as wet chemical synthesis.  
The breakthrough for this material to move into actual applications would be to 
develop a facile manufacturing method, which is reproducible, versatile and scalable 
for large productions. Although exfoliation remains the simplest method to obtain 
mono- to few-layer MoS2 and it is still used to demonstrate material properties and 
applications, other fabrication methods are needed to overcome the intrinsic 
limitations of exfoliation, that are mainly related to the scalability and reproducibility of 
the process. This resulted in the development of more scalable fabrication techniques, 
such as chemical vapor deposition (CVD), as well as wet chemical synthesis, leading 
to the fabrication of 2D-MoS2 structures, such as monolayers, multilayers, and thin 
films. Though these approaches have proven to be suitable for the production of 
MoS2-based photodetectors 6, providing good quality of the MoS2 crystals, they have 
limited versatility due to the use high temperature processes (700-1000°C), which 
excludes the use of technologically relevant substrates (e.g. glass, PET, Kapton). 
Also, the processes often involve toxic compounds at a certain stage, requiring 
disposal of the toxic byproducts. Moreover, it is still challenging obtain MoS2 large 
areas, limiting the scalability of the process. 
A significant question that needs to be addressed regarding the manufacturing of 
MoS2 is therefore: 
 
Q1. Is it possible to fabricate large area 2D-MoS2 via a facile, versatile, and scalable 

process, that can be used to produce photodetectors? 
 
A possible solution was suggested by Nardi et al.7 in 2018 with the introduction of a 
facile aqueous sol-gel process to produce MoS2 thin films. However, the fabrication 
method was not optimized to produce large area and uniform MoS2 films and never 
tested in photodetectors, leaving the doubt on the feasibility of the method to be 
exploited in applications. 
 
A second important observation about 2D-MoS2 based photodetectors is that the 
majority of works limits their use to the detection of light in the NUV-VIS-NIR spectrum. 
Potentially, 2D-MoS2 possesses attractive properties for the direct detection of 
ionizing radiations (e.g. X-rays, 𝛾-rays), such as high atomic number Z and good 
carrier mobility. Interestingly, its use as an absorption layer in a radiation detector has 
never been proven. An important use of radiation detectors is in radiation dosimetry 
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applications, i.e., determination of the dose released in media by ionizing radiation. 
This is of particular importance in the field of radioprotection to assess and prevent 
unwanted excess doses. One limitation of dosimetry is the need for radiation detectors 
that can monitor in real-time radiation quantities on the target during the irradiation of 
the target itself. This because the current detectors often present cumbersome 
structures, preventing their use in line with radiation beams without causing field 
perturbations. Such measurements will be of help when the irradiated target is a living 
patient, e.g., during radiotherapeutic irradiations or diagnostic exams. This branch of 
dosimetry is called in-vivo dosimetry. 2D materials can represent a solution to the 
problem, thanks to their low thickness leading to reduced beam attenuation. Organic, 
inorganic and hybrid materials have been studied for the purpose 8, albeit further 
research on materials is needed to move to actual devices. 
A second point about MoS2-based applications that is worth discussing is therefore: 

 
Q2. Can 2D-MoS2 be used as a direct radiation detection material, and can it be 

considered as an alternative for in-vivo dosimetry applications?  
 
The aim of this thesis is to address the two questions mentioned above through a 
series of experiments and analyses that were performed in the doctoral project. 
 
The doctoral project condensed in this doctoral thesis was carried out in the 
framework of the department of Excellence 2018-2022 (DII-UNITN)-Italian Ministry of 
University and Research (MIUR). The work was performed under the supervision of 
Prof. Lucio Pancheri, associate professor at the Industrial Engineering Department of 
the University of Trento, expert in modeling, fabrication and experimental 
characterization of detectors for electromagnetic radiation and particles. The doctoral 
project is also the result of the synergistic collaboration and shared knowledge 
between the Industrial Engineering Department of the University of Trento and the 
IRIS Adlershof center at the Humboldt university of Berlin, where Prof. Emil List-
Kratochvil leads research on hybrid material and related devices, including TMDC for 
fabrication of transistors, detectors and neuromorphic applications. 
 
Question Q1 will be addressed in Chapter 2, where an approach based on wet 
chemical synthesis will be presented. Based on the recipe first developed by Nardi et 
al. 7, a versatile and scalable method to produce large area MoS2 thin films will be 
described. The method was exploited to produce a photodetector, to demonstrate a 
possible application in the field of optoelectronics.  
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An answer to question Q2 will be instead provided in Chapter 3, in which a more 
established fabrication technique was adopted to demonstrate the application of MoS2 
in the field radiation detection. A detector based on exfoliated MoS2 monolayer (1L-
MoS2) was fabricated and characterized in a wide region of the electromagnetic 
spectrum.  
 
The doctoral thesis is therefore articulated as follows:  
 
1. The first chapter is structured in three sections and aims to give the reader the 

background and the framework of the doctoral project. The first section presents 
an overview of the state of the art of MoS2 based photodetectors, describing 
material properties, fabrication strategies and presenting several works that are 
reported in literature, comprising MoS2-based photodetectors for the 
electromagnetic spectrum in the NUV-VIS-NIR spectral range. The chapter 
continues with a second section regarding ionizing radiation detection and to the 
most common radiation detectors. The section continues reviewing the state of 
the art of detectors employing organic and hybrid materials for in-vivo dosimetry, 
which is the subject of the application described in chapter 3 in the case of a 
MoS2 based X-ray detector. A significant part of the literature research that 
stands behind the first chapter was the basis of a review that I recently published 
on Sensors, MDPI, as a review article entitled MoS2 Based Photodetectors: A 
Review.6 

 
2. With chapter 2 we begin to describe the experimental work performed during the 

doctoral project. The chapter presents the development of a wet chemical 
synthesis exploiting a facile sol-gel route to fabricate MoS2 thin films. The films 
are then characterized, and the results discussed. Afterwards, the use of the 
obtained films in a photodetector is demonstrated. Novelties and limits of the 
fabrication method are discussed, leaving room for future perspectives as a cue 
for future works, which are discussed in a dedicated section. This chapter is 
based and expand the results that I recently published on Optical materials, 
Elsevier, as an article entitled Large area MoS2 films fabricated via sol-gel used 
for photodetectors.9  

 
3. Chapter 3 describes the experimental work performed to demonstrate the use of 

1L-MoS2 as radiation detector material. This chapter initially describes the 
fabrication process of the detector which is based on an exfoliation approach. 
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The obtained detector is first characterized in the  NUV-VIS-NIR spectral range 
to confirm the 1L-MoS2 light conversion properties. The device is then 
characterized in the X-ray spectrum to demonstrate the use of the 1L-MoS2 as 
radiation detector, showing its potential for in-vivo dosimetry applications. The 
results presented in this chapter have been recently submitted for publication in 
APL materials, AIP publishing, entitled Demonstrating the high sensitivity of 
MoS2 monolayers in direct X-ray detectors, and the article is currently 
(01.07.2023) under review. 

 
4. Chapter 4 presents the conclusion of the work, recalling the purpose of the 

conducted research and summarizing the main results. The chapter highlights 
the innovative aspects as well as the limits of the proposed strategies and aims 
to suggest the future research that may take inspiration from this work. 
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Chapter 1: Fundamentals and 
background 

 
 
 
The aim of this chapter is to introduce the subjects of the study and to provide the 
reader with the framework of the project and the background needed to better 
understand the work. The section 1.1 introduces the properties of 2D-MoS2 and of the 
technologies behind its fabrication. Also, it presents the basics of photodetection for 
2D-MoS2 in the NUV-VIS-NIR spectrum, and it recalls the state of the art of MoS2-
based photodetectors reported in the literature. The section is based and reports a 
review article entitled MoS2 Based Photodetectors: A Review 6, that we published on 
the open access journal Sensors, MDPI in 2021. The full link to the article can be 
found at: Taffelli, A.; Dirè, S.; Quaranta, A.; Pancheri, L. MoS2 Based Photodetectors: 
A Review. Sensors 2021, 21, 2758. https://doi.org/10.3390/s21082758.6 
The second section focuses instead on detectors for ionizing radiation, introducing 
the basis of the X-ray detection and reporting the commercially available solutions. 
The section will then focus on the state of the art of X-ray detectors for in-vivo 
dosimetry which is the application investigated in Chapter 3 for 2D-MoS2, where for 
the first time a device based on 1L-MoS2 is demonstrated as direct X-ray detector. 
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1.1 MoS2 properties and MoS2 based photodetectors 
 
 
Recent improvements in optoelectronics have been partly focused on the use of 
two-dimensional materials to produce photodetectors. The possibility of fabricating 
very thin optoelectronic devices, having high performance, low production costs 
and mechanical flexibility has been emerging in the last decade. Graphene was 
the first 2D material considered for photodetection applications, thanks to its 
outstanding electrical properties, in particular its impressive planar mobility, 
reaching 200,000 cm2 /(V s), that allows to build photodetectors with bandwidth up 
to 40 GHz 10,11. However, one of its mayor limitations for its use as photodetector 
active layer is the absence of an energy band gap, leading to high noise 
contribution to the signal, arising from dark currents. 
Therefore, the investigation of 2D materials with finite bandgap has increased in 
recent years and transition metal dichalcogenides (TMDCs) have aroused more 
and more  interest in the scientific community. Despite the modest mobility reported 
for these materials, which can reach about      200 cm2 /(V s) 2, TMDCs possess 
interesting electro-optical properties. A transition from  indirect to direct bandgap 
has been observed in TMDCs by reducing the dimensions from the bulk material 
to the monolayer limit 12. Moreover, a strong light–matter interaction is observed 
for TMDCs, due to the direct band gap and to the strong excitonic nature of their 
low dimensional structures. For TMDCs, absorbance values that are one order of 

Figure 1:
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magnitude higher than Si and GaAs are reported 13, thus providing strong light 
absorption with a very thin layer of the photoactive material. These features, 
combined with a higher  mechanical flexibility of TMDCs compared to their bulk 
structures, allow us to fabricate very thin photodetectors also based on flexible 
substrates, opening the possibility to realize flexible and wearable devices. 
Applications for such devices can be related to medicine, biosensing, optical 
communications and security. 
 

1.1.1 MoS2 properties 
 
Due to the relative abundance of molybdenite in nature, among the TMDCs, 
molybdenum disulfide (MoS2) attracted much interest in the last decade. MoS2 
belongs to the family of the group VI transition metal dichalcogenides, where a 
layer of transition metal atoms (Mo, W) is sandwiched between two layers of 
chalcogen atoms (S, Se, Te).	
Each MoS2 layer is stacked onto each other via weak van der Waals forces, building 
a hexagonal (2H) structure  which possesses a semiconducting behavior (Figure 
1, left side). Another metastable phase of MoS2 is known, with a tetragonal (1T) 
structure (Figure 1, right side). The 1T phase of MoS2 is not  stable at room 
temperature 14, but it can be induced by several processes such as chemical 
treatment 15, plasmonic hot electron transfer 16, electron beam irradiation 17,18, through   
charge transfer in the MoS2 lattice. A subsequent annealing process is then 
required to restore the 2H-MoS2 phase 9. 
Bulk TMDC electronic properties are dominated by indirect transition from the maxi 
mum of the valence band, located at the Γ point of the Brillouin zone, and the 
minimum of the conduction band 19–21. For MoS2, the bulk electronic structure is 
characterized   by an indirect energy band gap of	about 1.2 eV. As for other group 
VI TMDCs,  at the monolayer limit MoS2 modifies its energy band structure 
towards a direct electronic  transition from the K and K’ points of the Brillouin zone, 
reaching an energy band gap of 1.8 eV 22,23. This behavior can be explained by 
an increase in the indirect band gap due to a considerable quantum confinement 
effect in the out-of-plane direction when the dimensions of the material are reduced 
to few layers. On the other hand, the direct transition remains unaffected, becoming 
the minimum energetic band-to-band transition. This is well depicted in Figure 2 (top), 
where the evolution of the energetic band structure for MoS2 is represented when 
moving from the bulk to the monolayer limit. Moreover, TMDCs are reported to have 



 
 
 

16 

strong spin-orbit coupling (SOC), associated with the d-orbitals of transition metals 
17,24,25. The spin-orbit coupling breaks the degeneracy in the valence band, leading 
to two energetic maxima located at the K and K’ points, separated by an energy 
splitting of 160 meV for a MoS2 monolayer 16. Figure 2 (bottom) shows the 
separation of the valence band maximum at the K point of the Brillouin zone, due 
to the degeneracy break. This property has been considered for applications in 
the experimental area of valleytronics 26,27. 

Figure 2: Energetic band structure of MoS2. Top: transition from indirect to direct band gap 
moving from the bulk MoS2 to the single layer of MoS2. Reprinted with permission from ref. 20. 
© 2010, American Chemical Society. Bottom: degeneracy at the K point in the valence band of 
a single MoS2 layer. Reprinted with permission from ref. 14. © 2017, AIP Publishing. 
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When MoS2 is irradiated with photon energies larger than its bandgap, photons 
are absorbed and electrons are promoted to the conduction band, leaving holes 
in the valence band. The optical absorption of visible light by MoS2 in the 
monolayer limit is dominated by the direct transition from the K and K’ points of the 
valence band. However, light absorption experiments show also peculiar resonant 
features in mono- and few- layer MoS2, associated with the excitonic energies 12,23. 
Excitons are quasi bound states between electrons and holes, that interact via 
Coulomb forces. In Figure 3, typical absorption spectra of MoS2, increasing the 
number of layers, are reported. The absorption peaks at specific energies (EA = 1.88 
eV, EB = 2.03 eV in the monolayer limit) represent the excitonic energies of MoS2. 
The relative positions of the A and B peaks are related both to an increase in the 
spin-orbit coupling and to an increase in the bandgap 2 8 , approaching the bulk 
structure of MoS2.   
The strong light–matter interaction that characterizes MoS2 is reflected in a high 
absorption coefficient that can reach   about 106/cm 29, which is at least one order of 

Figure 3: Absorption spectrum of MoS2 varying the number of layers from 1 layer (1L) to 
few layers (FL), where A and B represent the excitonic peaks of MoS2. Reprinted with 
permission from ref.25.  
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magnitude higher than standard semiconductors like Si and GaAs. Moreover, a single 
MoS2 layer is reported to absorb up to 10% of the sunlight 13. This superior light 
absorption makes MoS2 suitable to build photodetectors based on very thin layers of 
material, still having high light conversion efficiency. 

 

1.1.2 MoS2 fabrication methods 
 
To exploit the potentials of the MoS2 properties mentioned above, research focused 
on the development of electronic devices based on 2D-MoS2. Since Radisavljevic et 
al. 2 demonstrated the possibility to obtain transistors based on MoS2 monolayers (1L-
MoS2) via mechanical exfoliation, significant amount of work has been published, 
demonstrating various devices such as transistors, photodetectors, LEDs, solar cells, 
hydrogen evolution reactors and photoelectrochemical converters 3,4. Among these, 
development of photodetectors aroused great interest due to the exceptional light 
absorption of MoS2, combined with its good charge carrier transport properties. 
Also, the superior light absorption makes possible to build photodetectors based on 
thin layers of MoS2, still maintaining high light conversion efficiency and opening the 
way to develop ultrathin and flexible detectors. Accordingly, fabrication of thin MoS2 
structures became a central step of the device production and several strategies have 
been explored. 
Exfoliation have been adopted in many studies 30-43, thanks to its simplicity and to the 
high-quality of the obtained crystals. In fact, due to the weak van der Waals 
interactions between MoS2 layers, it is possible to obtain highly crystalline mono- or 
few-layered structures  by a simple exfoliation of bulk MoS2 with the help a scotch 
tape 44. The MoS2 layers need then to be transferred on a substrate to build a 
device. The method is generally versatile since it involves low temperatures. 
Although this method produces 2D crystals with superior quality, exfoliation 
suffers from low scalability of the process for large production and limited 
reproducibility of the crystal sizes 45. Moreover, the dimensions of the exfoliated 
crystals are generally small (lateral size < 10 µm) 46, complicating the device 
fabrication process. Recently Heyl et al. reported thermally activated gold or silver 
assisted exfoliation method to produce large MoS2 monolayers (82 mm2), also 
demonstrating an effective method to transfer the large area monolayers on 
several substrates to build devices 47–49.  
Bottom-up approaches are generally more scalable and reproducible processes 
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that can be used to produce MoS2. Chemical vapor deposition (CVD) is the method 
most compatible with the existing semiconductor technology and it is possible to 
deposit MoS2 directly on wafer scale substrates 50. To fabricate MoS2 layers, 
precursor reagents such as Mo, (NH4)2MoS4, or MoO3, are deposited on supports 
as thin layers prior to the sulfurization at high temperature to favor MoS2 formation 
and crystallization 4. The process leads to mono to few layer MoS2 flakes, though it 
is difficult to obtain a precise control of the number of layers, affecting the 
reproducibility of the process. Also, the interconnection of the flakes into a continuous 
film strongly depends on the temperature involved and on the atmosphere conditions 
51. Moreover, the flakes have micrometric lateral size affecting the electrical properties 
of the film, even though few reports indicate the possibility to obtain flakes larger than 
500 µm 52–54. Although the process is more scalable and controllable than 
exfoliation, CVD requires high temperatures (700–1000 °C), making the process less 
affordable and not suitable for direct deposition on flexible substrates. Finally, as a 
result of the sulfurization process, toxic byproducts such as H2S are produced, that 
require proper disposal. As an alternative to standard CVD, plasma-enhanced CVD 
(PECVD) has been explored in order to reduce the temperature needed for the 
reaction (150–300° C), allowing film deposition also on plastic substrates 55. 
Wet chemical syntheses have been considered lately as an alternative to the 
exfoliation and CVD methods, since they represent a facile, cheap and scalable 
method to fabricate MoS2 thin films. The films can be obtained through hydrothermal 
56 and solvothermal 57 synthesis. The syntheses are based on organic sulfur sources, 
generally thiourea or thioacetamide that react with ammonium salts and the solution 
is simply deposited on the substrate via spin- or dip-coating. This allows deposition 
on large area substrates (cm2 size) and makes the process versatile for different 
substrate scalable for large production. Nevertheless, the material requires a thermal 
annealing step at temperatures (500–800°C) often combined with additional 
sulphurization, to convert the material and to enhance crystallinity, which limits the 
choice of the substrates, and requires toxic byproducts disposal. Nardi et al. 7 
developed an aqueous sol-gel route al low temperature (60°C) to produce MoS2 on 
different substrates, with low annealing temperatures (400°C) that promised to be 
suitable also for flexible devices. Solution processes gain in scalability and cost-
effectiveness compared to other methods, though further studies need to produce 
superior crystal quality to compete with CVD or exfoliation methods.  
From an electronic point of view,these MoS2 production methods generally lead to n-
type behavior of MoS2. The n-type character of pristine MoS2 is commonly associated 
to the electron donor nature of the sulfur vacancies 58. The electronic character 
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becomes particularly important when heterostructures between MoS2 and other 
materials are built and a control of the MoS2 doping might become critical. Doping 
control  has been reported for MoS2 and it can be achieved via substitutional doping 
58–62 and surface doping methods 17,63. 
	

1.1.3 MoS2 based photodetectors 
 
As stated above, one of the technological applications of MoS2 layers that gain 
enormous interest in the last decade is photodetection. In fact, the possibility to 
fabricate very ultra-thin layers of MoS2, with exceptional light absorption, 
combined with good mobility values, led to the production of a multitude of detectors 
that are reported in the literature. Aim of this section summarizes the different 
photodetector structures based on MoS2 presented so far. 
 
Figures of merit of photodetectors  
 
In order to describe the photodetectors based on MoS2 and compare their 
performance levels, it is advantageous to introduce some figures of merit that will be 
recalled in the following. The main figures of merit that are reported in the scientific 
literature relating to photodetectors, are defined below: 
 
Responsivity (R): is the measure of how much photocurrent is generated in a 
detector per unit incident light power and it is measured in A/W. Responsivity generally 
depends on the wavelength of the incident light, due to different conversion 
efficiencies of the detectors to different lights, and it is also a function of the applied 
voltage bias.  
 
External quantum efficiency (EQE): describes the photon-to-charge conversion 
efficiency of the detector, giving the ratio of the electron-hole pairs collected by the 
detector divided by the number of photons at a given energy shining on the detector.  
 
On/Off ratio: represents the ratio between the current measured under illumination 
and the current measured in dark (dark or leakage current). 
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Detectivity (D): is the reciprocal of the noise-equivalent power (NEP), normalized per 
square root of the sensor’s area and frequency bandwidth. It is measured in Jones 
(cm Hz1/2 W-1) 
 
Response time (𝜏r		and	𝜏d): refers to the time the detector needs to adapt to changes 
in the illumination power and, assuming an instant increase of light, rise time (𝜏r) is 
defined as the time needed to move from 0% to 90% of the signal, while decay time 
(𝜏d) is the time to drop from 100% to 10% of the signal, when the illumination power 
decreases.  
 
In all photodetectors based on semiconductors, photons with energy larger than 
the material bandgap are absorbed and generate electron–hole pairs that can 
move under the action of an electric field. Devices may rely on different physical 
mechanisms for what concerns the charge drift and collection, giving rise to 
different photodetector categories. Most light detectors can be grouped into three 
classes: photoconductors, phototransistors and photodiodes.  
In photoconductors, the radiation creates electron–hole (e–h) pairs, which are then 
separated by an external applied bias voltage (Figure 4) 64. The charges drift towards 
the electrodes where they are collected, producing a photocurrent. The mechanism 
beneath the signal detection is the photoconduction, namely incident photons cause 

an increase in the charge density and thus in the conductivity of the material. 
Moreover, a mechanism called photoconductive gain can be	 exploited in 
photoconductors to enhance the signal level. The gain is defined as G = τ/t, where 
τ is the lifetime of one of the charge carriers (e.g., holes) and t is the transit time of 

Figure 4: Photoconductor scheme (left) and phototransistor scheme (right). Adapted with 
permission from ref. 64. Copyright 2020, Creative Commons Attribution 4.0 Unported Licence. 

a) b) 
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the opposite carriers (e.g., electrons). A gain arises when one of the charge carriers 
recirculate many times before it recombines with his opposite counter- part. 
Generally, energy states within the bandgap of the semiconductor, often	induced	
by  defects, are able to trap one of the two carriers, prolonging their lifetime and 
leading to multiple recirculation of the opposite carriers. The lifetime of the carriers 
strongly depends on the presence of trapping center within the material and can 
vary by several orders of magnitude, from few nanoseconds 30 to milliseconds 42. 
In practice, trapping can be  achieved by controlling the defects present in the 
material or by introducing sensitizing centers such as QDs or nanoparticles. 
Photoconductive gain affects the signal intensity but also its temporal response, 
which is governed by the carriers’ lifetime. Generally, devices relying on the 
photoconductive gain reach very high values of responsivity, but present slower 
response and consequently a lower bandwidth compared to G=1 photoconductors.   
On the other hand, phototransistors are able to maximize the detector performance 
by reducing the noise rather than enhancing the signal intensity. In addition to the 
electrical contacts found in the photoconductors, here called “source” and “drain”, 
a third terminal (“gate”) electrically isolated from the semiconductor through a 
thin dielectric layer is present. Gate bias is generally exploited to deplete the 
semiconductor channel from carriers, in order to suppress dark current signals in 
the detector and thus maximize its signal-to- noise ratio (SNR). Moreover, the gate 
also modulates the mobility of the carriers, leading to high ON/OFF ratio values 
and higher values of the responsivity. Photoconductors and phototransistors 
unavoidably require an external power supply to sustain a voltage difference 
between the electrodes, which may become significant in large area detectors.  
Photodiodes rely on the photovoltaic (PV) effect to collect charges. A built-in electric 
field is created at the junction between p- and n-sides of the semiconductor or by a 
Schottky barrier between a semiconductor and its metal contact. The built-in electric 
field can reach very high values in proximity of the junction, and thus the 
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photogenerated carriers are driven to opposite contacts through an intrinsic voltage 
potential rather than an external power supply. Photodiodes can be composed of p–
n junctions of the same material (homojunctions), of different materials 
(heterojunctions) or of metal–semiconductor junctions (Schottky diodes). Moreover, 
energy band alignment at the heterojunction can be exploited to suppress the drift 
of charges between the two sides of the junction, thus reducing the dark signals. 
Photodiodes can be arranged in a horizontal fashion, where two materials are put side 
by side (in-plane junctions), or vertically stacked, where they are put one on top of 
each other (out-of-plane junctions) (Figure 5).	 In the following we will discuss a 
selection of photodetectors based on MoS2 reported in the literature, chosen from 
among the most meaningful ones.	
 
 
Neat MoS2-based photoconductors are the simplest photodetectors that will be 
discussed in this review. They are generally composed of an insulating substrate 
material (e.g., SiO2, Al2O3, Si3N4) over which MoS2 is deposited. The metal 
contacts can be created directly on the substrate or can be deposited on the MoS2 
surface by physical vapor deposition methods. The metal contacts can be designed 
properly to maximize the response and the speed of the device, as in the case of 
interdigitated finger contacts. 

Figure 5: In-plane p–n junction (a) and out-of-plane p–n junction (b) of 2D materials, and their 
respective electronic band alignment. Reprinted with permission from ref.14. © 2017, AIP 
Publishing. 

a) b) 
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Gonzalez Marin et al. 34 fabricated a phototransistor, based on a mechanically 
exfoliated MoS2 monolayer deposited on a Si/SiO2 substrate, which reached a 
large photoresponsivity (R = 103 A/W) in the visible range. However, such a high 
response was	obtained via a large photogain mechanism, arising from a very long 
carrier lifetime, which resulted in a response time of 13 s. Their device was also 
implemented into a nanophotonic circuit to test its applicability in nanophotonics 
(Figure 6). In fact, a single MoS2 layer was successfully applied over a waveguide 
to detect the waveguide losses. A significantly faster device was produced by Tsai 
et al. 65, based on a few-layered MoS2 structure obtained through a wet-synthesis 
approach, and deposited on a Si/SiO2 substrate. The Au electrodes were 
fabricated by photolithography in an interdigitated fashion (Figure 7) to produce a 
metal–semiconductor–metal (MSM) Schottky photodiode. The detector showed 
very fast response to visible light (t_rise = 70 µs, t_fall = 110 µs) and a responsivity 
of R = 0.57 A/W. The reason for this performance is the good compromise 
between modest photogain and smart geometry of the device which speeds up the 
carrier collection. In fact, Au electrodes produced via photolitograpy in an 
interdigitated fashion with 8 µm finger spacing (Figure 7b), play an important role in 
diminishing the time needed to collect the carriers. Yore et al. 66 built an array of 
photodetectors based on MoS2 monolayers through  a CVD deposition process 
and achieved a response extending towards the ultraviolet spectral region (λ~400 
nm). The devices exhibited a photoresponsivity of about 1 mA/W, with a fast 
response of ~ 0.5 ms. Moreover, the detectors exhibited an extremely low dark  
current, Id ≤10 fA, attributable both to a bipolar Schottky barrier between the MoS2 

Figure 6: Scheme of a phototransistor and its implementation in a nanophotonic device. 
Reprinted with permission from ref. . © 2019, Springer Nature. 
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and the metal contacts, and to a negligible doping of the sample from charge 
impurities introduced by the substrate through an efficient deposition process. 
Lopez-Sanchez et al. 31 developed one of the first phototransistors based on MoS2, 
obtained through a mechanically exfoliated single layer deposited on a Si/SiO2 
substrate. The device showed a responsivity of 880 A/W in the visible range, 
attributable also to a strong photogain mechanism, which also affected the 
photoswitching time of the detector, which was about 9 s. They reported a very low 
value of the dark current, Id = 2 pA, although it was achieved with a strong negative 
bias of the gate, Vg = 70 V. A similar device was fabricated by A.R. Klots et al. 36 
with faster response, in the order of 1 ms. The light response, although it was lower, 
reached 50 A/W, due to a photogain  contribution of 103 times. Another low-noise 
device is described in 30, where a multilayer MoS2 structure obtained through 
mechanical exfoliation was deposited on Al2O3 (Figure 8). The detector  exhibited 

Figure 7: (a) Scheme of a photoconductor based on MoS2; (b) optical microscope top view of the 
device, where Au interdigitated contacts are clearly visible; (c) responsivity and photogain for 
the device over the NUV-IR spectral range; (d) photoswitching time response of the detector. 
Reprinted with permission from ref.  . © 2013, American Chemical Society. 

a) b) 

c) d) 
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a responsivity of 0.12 A/W  
 
  

Figure 9: a) Responsivity values over the spectral range for a single layer MoS2-based device 
when subject to various strains. 

33  

a) b) 

Figure 8: (a) Scheme of a phototransistor based on MoS2. (b) Responsivity and detectivity of 
the phototransistor over the visible-NIR spectral range. Reprinted with permission from ref. . 
© 2012, John Wiley and Sons. 

a) b) 
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in the visible region,	which dropped to very low values for near infrared radiation, 
attributable to the weak absorption in the IR spectral region. The detector 
responsivity was also affected by a short carrier lifetime 𝜏, which was determined to 
be 1.27 ns, limiting the photogain mechanism. Finally, the measured dark  currents 
were as low as 10-11 A. The good response, combined with the very low noise 
contribution of the system, led to a good detectivity of the device that reached 1011 
Jones in the visible region. Moreover, low dark currents were achieved with a low 
bias of the gate   terminal (Vg = −3 V). 
Gant et al. 33 demonstrated a strain tunable photodetector based on a single MoS2 
layer structure, obtained by mechanical exfoliation. Their device displayed two to 
three	orders of magnitude of variation in the responsivity when subjected to a strain 
in the visible range (Figure 9a). The applied strain also caused a variation of the time 
response from 80 ms to 1.5 s. The variation of both magnitude and time response 
can be attributed to the creation of trap states in the material during strain. Moreover, 
the measurements showed a good reproducibility when the device was tested under 
multiple bending cycles, demonstrating the stability of the material under strain 
(Figure 9b). 
Neat MoS2 photoconductors can reach large values of responsivity when a 
sufficient  voltage bias is applied, attributable to a large photogain contribution and 
can achieve relatively fast response times if the detector geometry is designed 
properly (e.g., with interdigitated electrodes). Most of the neat MoS2 
photodetectors are characterized in the  visible range (400–700 nm) and only very 
few devices explore the response to the near ultraviolet (NUV) or near infrared (NIR) 
spectrum (Figure 10). The IR spectrum generally leads to limited response of the 
material, since the absorption edge of MoS2 lays in the red (~ 660 nm) which act 
as a cutoff for the longer wavelength radiation. On the contrary,  the UV response is 
expected to increase when decreasing the wavelength, as suggested by absorption 
experiments. To overcome limitations of MoS2 photodetectors for what concerns 
with spectral range and response time, MoS2 have been combined with quantum 
dots (QDs) or nanoparticles (NPs), or heterostructures between MoS2 and other 
TMDCs have been fabricated. In the following some relevant examples of these 
types of detectors are reported.  
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A CdSe sensitized MoS2 phototransistor is reported in 41, based on an exfoliated 
MoS2 bilayer over a Si/SiO2 substrate (Figure 11). The device showed a 
responsivity of 2.5 × 105 A/W at 405 nm of incident light, which is the highest light 
response of a MoS2-based photodetector in the NUV spectral range to the best of 
our knowledge. Although the responsivity reached very high values, the time response 
remained as small as 60 ms. The reasons for such performance have to be 
attributed to the n–n heterojunction formed by  the MoS2 bilayer and the CdSe 
nanocrystals as depicted in Figure 11(b). In fact, when the UV radiation hits the 
interface region, the electrons formed in the CdSe nanocrystals are driven to the MoS2 
side, while the holes remained confined in the CdSe nanoparticles. When the light 
was switched off, the electrons accumulated in the valley easily recombined and the 
n–n barrier prevented the transfer of carriers between the two regions. Some efforts 
have been done to reduce the required gate bias, as in MoS2 photo transistor 
sensitized with HgTe nanoparticles reported by 42. The detector (Figure 12) showed 
an extremely high responsivity (105–106 A/W) over a very broad light spectrum, 

Figure 10: Responsivity values plotted against the wavelength for various MoS2-based 
photodetectors. 
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ranging from visible to mid infrared (2000 nm), with a fast response time in the 
order of milliseconds. Such high responsivity was achieved through a high 
photogain mechanism, originated from a large hole lifetime (τ = 4 ms) induced by 
the presence of QDs, which was six orders of magnitude larger than the transit time 
of the electrons (t = 9 ns). The detectivity measurements showed values of about 1012  

- 1013 Jones over the same spectral range, also due to the low measured value of the 
dark current (10 pA). In this device, a toxic element (Hg) is still present, but the 
detector was operated at a gate bias of 15 V in depletion regime, which is much 
lower than in previous devices. The gain in gate modulation can be   attributed to the 
presence of a TiO2 buffer layer that reduces the interaction between MoS2 and HgTe. 
A more recent work 67 has explored the deep UV spectral region reporting a photo- 
transistor based on a thin MoS2 film deposited on a flexible PET substrate, sensitized 
with ZnO nanoparticles (Figure 13(a)). The device showed a remarkable responsivity 
of 2.7 A/W to a 254 nm UV light source. Moreover, the performance was stable under 
multiple bending cycles. However, the response was slow, reaching tens of 
seconds, and the bias voltage required to obtain such a high response was set to 
40 V.  
These results make clear that more efforts have to be undertaken to produce more 
efficient photodetectors, especially in the deep UV light region, to broaden the 
possible applications of MoS2 at short  photon wavelengths. Devices belonging to 
this category generally show high responsivity values also in regions outside the 

Figure 11:

 

a) b) 
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visible spectrum, due to increased absorption those wavelengths.  
 

) 

  

Figure 12: (a) Photodetector based on MoS2 + HgTe; (b,c): responsivity and detectivity values 
over the vis-IR spectral range, respectively, for the same phototransistor. Reprinted with 
permission from ref. . © 2017, John Wiley and Sons. 

a) b) c) 

Figure 13: 
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Several studies have reported photodetectors based on heterostructures composed 
by different TMDCs. In these devices, the different electronic band structure forms 
a built-in electric field at the interface between the materials that speeds up the 
photogenerated carrier  separation. Moreover, the spectral range response of these 
photodetectors is widened since it involves different semiconductor materials. Chen 
et al. 43 proposed a photodiode based on a vertical van der Waals heterojunction 
between MoS2 and MoTe2, obtained through mechanical exfoliation (Figure 14). With 
respect to MoS2, MoTe2 presents a smaller bandgap, which varies from 0.9 to 1.1 
eV moving from bulk structure to monolayer. The structure exploits a type II band 
alignment, which favors the injection of electrons into MoS2 and the injection of 
holes into MoTe2 (Figure 14(b)). The device displayed a responsivity of 0.046 A/W 
to a 637 nm light, with no voltage bias applied. Moreover, the authors measured a 
response time of about 60 µs, due to the fast separation of carriers that occurs at 
the junction. In fact, the space charge region near the junction is characterized by a 
very strong built-in electric field, which becomes stronger as the length of the junction 
is scaled down, as it happens for vertical heterojunctions. The strong interlayer 
built-in potential provided also a barrier for the dark current, which was measured to 
be about 3 pA. Long et al. 40 reported a phototransistor based on stacked MoS2–
Graphene–WSe2 layers, obtained by mechanical exfoliation (Figure 15). This device 
was tested over a broad light spectrum (400–2400 nm). The detector exhibited a 
responsivity up to 104 A/W in the visible region, which decayed to 300 mA/W 
approaching the IR region (940 nm), with    no gate bias applied. The calculated 
specific detectivity was 1015 Jones in the visible region, while decayed to 1011 Jones 
in the IR region. Finally, the detector showed a time response to visible light of 54 µs, 
which indicates a fast response of the system, typical in a detector based on a 
vertical heterojunction. Many other MoS2-based devices have been reported in the 
literature; the performance of a few other devices 37-39, 68-84, together with the 
photodetectors we have described so far, are reported in the graph of Figure 10 . 
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Figure 14: (a) Scheme of a photodetector based on an heterojunction between MoS2 and 
MoTe2. (b) Type II band alignment between MoTe2 and MoS2; (c) Photoswitching 
behaviour of the photodetector at V = 0 V. Reprinted with permission from  

 

a) b) c) 

Figure 15:
(a) 

against the incident 
wavelength for the phototransistor over the vis-IR spectrum. Reprinted with permission 
from ref. 40. © 2016, American Chemical Society. 
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Both the responsivity and the response time have been plotted in Figure 16 for several 
MoS2-based photodetectors, in order to compare their performance. Since, 
through the photoconductive gain, the responsivity is directly proportional to the 
lifetime 𝜏r 10,70, a reference line representing the points for which R/τr = 1 A/(W us) has 
also been included in the graph. As can be observed, only three devices are 
represented by a point above this line. In Long et al. 40 the separation of the carriers 
is performed by the built in electric field at the   vertical junction between the TMDCs, 
while the transport is performed laterally by graphene, resulting in the best 
combination for fast carrier transport. Otherwise, devices where TMDCs are 
responsible both for the separation of carriers and for the carrier transport may suffer 
from a slower response. Building heterojunctions with TMDCs is a valuable solution 
to increase device performance, in terms of response time and spectral range with 
respect to neat MoS2 photodetectors. However, the spectral range of the detector is 
still limited by the bandgaps of the TMDCs involved. On the other hand, MoS2-based 
photodetectors sensitized with QDs or NPs described in Ra et al. 41 and Huo et al. 
42, despite their slower response compared to heterojunction based structures, 
reached high performance due to an efficient carrier transfer and a  remarkable 
photogain. Many photodetectors based on MoS2 have been developed in the last 
decade, and the most representative have been analyzed in this review. The main 
characteristics of the devices discussed so far are summarized in Table 1. 
Photoconductors based on MoS2 are the simplest structure of photodetectors and 
they are able to reach very high responsivity values. On the contrary they generally 
suffer from  slow response, due to absence of a built-in electric field, and from high 
dark currents that limit the sensitivity of the device. Phototransistors based on MoS2 
represent a more mature architecture for detecting light, due to the possibility to 
suppress dark current signals with an appropriate voltage bias applied at the gate 
terminal. Although so far very few works report the response of the MoS2 device to 
the UV and IR spectral regions, they clearly show that there is room for improvement 
if this material is coupled with other TMDCs, graphene or quantum dots. These 
properties, combined with the thin structures of MoS2 that can be fabricated, allow us 
to build wide-spectrum bendable detectors. 
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In this direction, devices based on MoS2 sensitized with NPs or QDs are able to 
boost the response of the detectors both in the NIR-MIR and in the NUV spectrum, 
and are often characterized by very high responsivity values. However, the defects 
induced on MoS2 in consequence of the introduction of sensitizing centers, cause large 
dark current and slow response. 
Heterostructures between MoS2 and other materials (e.g., TMDCs and graphene) 
are        able to extend the response to a wider spectral range as well, and have been 
demonstrated to be suitable for the fabrication of fast photodiodes, exploiting the 
built-in electric field  that forms at the heterointerface. Moreover, these devices are 
able to work also at zero-bias mode, without requiring an external power supply. 
The main drawback for photodiodes is instead represented by the lower 
responsivity that they can reach, due to the absence of the photogain mechanism.  

Figure 16: 
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Reused and adapted from the open access paper: Taffelli, A.; Dirè, S.; Quaranta, A.; 
Pancheri, L. MoS2 Based Photodetectors: A Review. Sensors 2021, 21, 2758. 
https://doi.org/10.3390/s21082758. 
  

Table 1: MoS2 -based photodetector performance. FL = few layers, ML = multilayer, TF = thin 
film, tr = rise time, td = decay time. 
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1.2 Photodetectors for ionizing radiations 
 
 
Ionizing radiation was discovered long ago, when in 1895 Röentgen observed a glow 
on a screen in the proximity of the Crookes tube he was working with, caused by rays 
not visible to the human eye, which he called X-rays. The medical implications of X-
rays were immediately understood, when Röentgen, studying the penetrating ability 
of X-rays, produced a “radiography” of his wife’s hand that presented to the scientific 
community. Although the advantages of the discovery were immediately recognized, 
it took several years to acknowledge the negative effects of radiation on living tissues 
and materials. Today is clear that when dealing with X-rays, the photon energy may 
be sufficiently high to damage living tissues via cell killing, or to induce material 
degradation through the creation of defects in the lattice structure. Therefore, 
detection and monitoring of ionizing radiations has become a fundamental tool in 
several application, such as medical diagnostics and therapy, nuclear energy 
production, space exploration, radiation shielding, etc. Diverse devices have indeed 
been developed for the detection of ionizing radiations, e.g. radiochromic films, 
ionization chambers and semiconductor-based detectors to cite the most used ones. 
Nevertheless, there is still demand for materials that can be employed in wearable 
detectors for real-time monitoring of radiation in the field of in-vivo applications. 
Interestingly, although TMDCs have been vastly investigated as photodetectors for 
UV-VIS-NIR radiations (as described in the section above), they have never been 
considered for applications regarding the detection of ionizing radiation. The 
advantage of using TMDCs for ionizing radiation detection are diverse, and the 
reasons will become clear in the following section.  
Below we will present an overview of the basics of the fundamental principles of X-
ray detection. We will then present the main solutions available and currently under 
study for X-ray detection, highlighting their advantages and limits. A particular focus 
will be given to a specific application, namely in vivo dosimetry, which is the 
application that will be discussed in chapter 3 in the case of a MoS2 based 
photodetector.  
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1.2.1 Interaction of radiation with matter 
 
Radiation is defined as ionizing when its energy exceeds the ionization energy of the 
hydrogen atom (E = 13.8 eV). Ionizing radiations comprise not only photons, but also 
other radiation types able to ionize matter, such as charged particles, neutrons, etc. 
In this section we will mainly describe ionizing photons, which are the most 
widespread radiations used in applications and the type of radiation used in this work. 
Ionizing photons can be classified into two types: X-rays and γ-rays, and their 
difference lies in the process involved in their production. X-rays are produced via the 
collision of accelerated electrons on a metal anode in a high-voltage vacuum tube, 
while γ-rays are the product of atomic nuclei decay (see subsection below). 
The physical processes X- or γ-ray photons undergo when they interact with matter 
result in the production of high energy electrons. The electrons are then thermalized  
via successive interactions in the material lattice, resulting in multiple charge carriers 
per incident photon. These types of interactions are mainly of three types: 
photoelectric absorption, Compton scattering and pair production. In the photoelectric 
absorption the incident photon is absorbed by an atomic electron (generally from a K- 
or innermost shell) which is emitted from the atom (Figure 17(a)). In the detection 
process, the generated photoelectrons lose energy via multiple electron-lattice 
collisions, and they are eventually collected. In Compton scattering the incident 
photon is scattered by an outer shell atomic electron. In this process part of the energy 
of the photon is transferred to the electron. The electron is easily absorbed in the 
material with the same process described above for the photoelectron, but the 
scattered photon might escape the detector, not contributing to the signal. Finally, In 
the pair production process the incident photons interact with the atomic nuclei and 
can be converted into an e-/e+ (electron/positron) couple. The phenomenon occurs 
only for photon energies larger than 1.022 MeV (sum of the energies of electron and 
positron at rest), and thus is not considered for low energy applications. The electron 
is easily absorbed in the detector, while the positron undergo annihilation with an 
electron via emission of two photons at 511 keV. Unless the photons are reabsorbed, 
a fraction of the initial photon energy does not contribute to the signal.  
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The total interaction cross section can thus be written as the sum of these different 
processes: 
 

σ!"! =	σ#$ + σ% + σ## 
 
Where PE = photoelectric effect, C = Compton and PP = pair production. Figure 17(b) 
shows the contribution of the cross section of these processes depending on the 
radiation energy and on the atomic number Z of the absorber. The photoelectric 
absorption occurs predominantly for photons at energies below few hundred of keV. 
Photoelectric cross section increases rapidly increasing the Z of the absorber (σPE ~ 
Z5). This favors high Z materials (e.g. metals) in detectors, since they have higher 
detection efficiency and lead to significant absorption in relatively small detector 
volumes. Compton scattering occurs instead in all the energy spectrum and becomes 
the dominant process for photons approaching energies of 1MeV. Ultimately, pair 
production becomes the predominant process at high energies (~10 MeV).  
Macroscopically, these atomic interactions in the absorber lead to attenuation of the 
radiation beam that can be described by an attenuation law:  

Figure 17: (a) ionizing photons interaction with matter with production of electrons. (b) 
comparison of the cross-section of the X-ray interaction processes varying Z of the absorber and 
energy of the photon.  

a) b) 
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I(x) = I&	e((* +)	∙	.⁄ 		 

 
Where I represents the photon flux in cm-2 ⋅ s-1, µ is the attenuation coefficient, 𝜌 is 
the density of the absorber, and x is the absorber mass thickness (defined as the 
thickness t of the absorber multiplied by its density x = 𝜌⋅t). The coefficient µ/𝜌 is 
called mass attenuation coefficient and it is generally calculated from experiments. 
The attenuation coefficient is related to the cross section of the photon interactions 
via the following equivalence:  
 

µ ρ⁄ 	= 	σ!"! uA⁄  
 
Where u is the atomic mass unit and A is relative atomic mass of the absorber 85. An 
example of how the mass attenuation coefficient varies varying the incident photon 
energy is reported in Figure 18 for an absorber made of molybdenum (Z=42). The 
sharp edges represent the characteristic edge absorption associated with the 
photoelectric emission of L- and K- shell electrons. When dealing with homogeneous 
compounds and mixtures, it is possible to calculate the absorption coefficient via the 
superposition of the single mass absorption coefficients:  
 
 

Figure 18: mass attenuation coefficient for a Mo absorber. The sharp edges are associated to 
the energies of the L and K electronic transitions 85  
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where wi is the fraction weight of the ith component. Since the attenuation strongly 
depends on the atomic number Z, for mixture and compounds an effective atomic 
number Zeff can defined 85 to qualitatively describe the different interaction of radiation 
with matter.  
In the attenuation process, a fraction of the radiation energy is absorbed by the 
medium. Radiation dosimetry aims to determine how much energy is deposited by 
radiations in a medium. The energy deposited per unit mass is called absorbed dose 
(often referred as dose) and it is measured in Gray (1 Gy = 1 J/1 Kg). The dose 
depends on the material that is irradiated, due to the different attenuation coefficients. 
Therefore, to determine doses in a specific medium with detectors, a calibration that 
considers the different Zeff of the detecting material with respect to the target medium 
is required 8.The interest of dosimetry is often the determination of the dose deposited 
in human tissues, and water is generally used as a reference measure due to the very 
similar effective atomic numbers (Zeff = 7.4)85. 
 
 
1.2.2 Production of X-rays and γ-rays 
 
In the fields of medical diagnostics and medical treatments as well as material 
characterization, the production of X-rays and γ -rays is of fundamental importance. 
X-rays are generally produced with an X-ray tube. An X-ray tube is a vacuum tube 

Figure 19: (a) scheme of an X-ray tube, showing the production of X-ray from the anode (target) 
86 ; (b) typical X-ray spectra of a tungsten anode at 60 kV and 100 kV. Dashed line represents 
the spectrum obtained not considering the filtering of low energy X-rays. 
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where electrons are emitted by a hot filament (cathode) by thermal emission and 
accelerated thanks to an applied high voltage bias (10 – 102 kV) towards a target 
(anode), as depicted in Figure 19(a) 86 . When the electrons hit the anode, their 
deceleration is so intense that they emit X-rays. This process is called bremsstrahlung 
(i.e. braking) and the resulting radiation is called bremsstrahlung radiation. Due to the 
stochastic nature of the process, bremsstrahlung radiation has a continuous spectrum 
with a maximum energy which equals the maximum energy of the accelerated 
electrons (conservation of energy). The choice of the target plays then a crucial role 
in the production of radiation since it determines the shape of the resulting radiation 
spectrum. A typical X-ray radiation spectrum is shown in Figure 19(b) for an X-ray 
tube with a tungsten target. The spectrum is a superposition of a continuous bell-
shaped line and characteristic X-ray peaks. The bell-shape of the spectrum is due to 
filtering of the lower energy X-rays, which is performed by the target itself or by 
additional filters applied at the tube exit (e.g. Cu, Al filters). The energy of the 
characteristic X-rays is determined by the choice of the target (e.g. for tungsten, Ek𝛼	

(W) = 59 keV, for copper Ek𝛼	(Cu) = 8 keV). Characteristic X-rays are produced when 
an electron from an inner atomic shell is ejected due to photoelectric effect or due to 
collision with an incoming electron as in the X-ray tube. The electrons in the outer 
shell reorganize to fill the inner and more stable atomic shells, while the extra energy 
is released as X-rays. The energy of characteristic X-rays depends on the atomic 
configuration of the elements, which varies from atom to atom. The X-ray production 
process is very inefficient though, with electron to X-ray energy conversion of roughly 
1%. Most of the energy used in the process is released as heat and requires a 
continuous cooling of the metal target.  
γ-rays are instead the result of decay processes of atomic nuclei. Decays happen at 
specific energies, resulting in monochromatic radiation, ranging from few keV to 
several MeV. Moreover, nuclei decay is a stochastic process and, although it can be 
stimulated, makes γ-rays intrinsically less tunable than X-rays, and thus hard to exploit 
in applications where a certain amount of radiation is needed. Nevertheless, the 
detection of γ-rays is an important tool for several applications like nuclear medicine, 

astrophysics, nuclear physics, nuclear energy production and security. 
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1.2.3 X-rays detectors 
 
To monitor unwanted radiation exposure or to guarantee reliable radiation delivery in 
medical treatments, the technology has provided many detector solutions that are 
commercially used as standards.  

Radiochromic films are the most widely spread commercial product used to monitor 
ionizing radiation exposure 87 . The films contain a dye which is radiation sensitive 
and change color when irradiated 88. These films show mechanical flexibility and 
exhibit tissue-equivalent response to radiation in a wide energy range. They are 
widely used as absolute dosimeters, since they can measure with good accuracy the 
total absorbed dose 89. Nevertheless, they are not real-time detectors, setting a 
limitation dose measurements that require an immediate response 8. 

Apart from radiochromic films, ionizing radiation detectors are based on an electronic 
readout system that acquires a signal associated to the radiation passage. Such 
detectors are divided in direct and indirect radiation detectors. In direct radiation 
detectors, radiation is directly converted in electrical charges that are collected by 
electrodes. Direct radiation detection is performed by semiconductor-based detectors 
and ionization chambers. Indirect radiation detection means that the ionizing radiation 
is first converted into non-ionizing radiation (UV or visible photons) before being 
converted to electrical charge and being collected. Indirect radiation detection is 

Table 2: Main properties of the scintillators used in radiation detection. Data taken from 90 
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performed by scintillators. An insight into the main properties of these detectors is 
given below:  

Scintillators are indirect detectors, since the radiation is not directly converted in 
electrical signal, but the ionizing photons are first converted to non-ionizing photons 
(often visible photons) due to the scintillation mechanism. Scintillation is a 
luminescence phenomenon, in which the electrons and holes produced by ionizing 
radiation recombine radiatively emitting visible photons 90. The scintillator is then 
coupled with a photodetector to detect the visible photons produced by the scintillator. 
Scintillator materials show different properties and have different use depending on 
the application. Some important features to consider in the choice of a scintillators are 
efficiency (or yield), emission spectrum and decay time. A list of the most common 
scintillators with their properties is reported in Table 2 90. The efficiency represents 
the ability of a scintillator to convert ionizing radiations into visible photons. Since a 
fraction of the energy of the incident radiation is lost non-radiatively before a radiative 
emission occurs, the efficiency of scintillator is often way less than 100%. The 
emission spectrum is of particular importance when the scintillator is coupled with a 
photodetector since the photodetector responds differently to different wavelengths. 
The decay time plays a crucial role when high frequency operation is needed. 
Scintillators can be fabricated in different shapes and structures (crystalline, 
amorphous, plastic) and can be also fabricated in flexible thin films, allowing to exploit 
them in wearable devices. Scintillator detectors are preferable to obtain wide energy 
range detection and large active area, because they are cheap and can be fabricated 
in large sizes. However, the indirect conversion yield of scintillators is much lower 
than the direct one of semiconductors or ionization chambers. Moreover, their energy 
resolution is reduced.  

Ionization chambers are gas-filled detectors that measure the charge produced by the 
ionizing radiation fluxes. They are composed of a chamber filled with gas with a 
cathode and an anode biased at high voltage to generate a strong electric field. When 
ionizing radiations pass through the chamber they ionize the gas, generating electron-
ion pairs. The electron-ion pairs drift towards the electrodes thanks to the electric field 
and are collected by an electrometer. Ionization chambers are real time detectors, 
since the response signal is proportional to the radiation flux and it is immediately 
recorded as it depends mainly on the drift time (µs for e- and ms for ions 91) of the 
generated charges to the electrodes. Nevertheless, they require voltages of few 
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hundred volts to operate and they are cumbersome and not suitable as flexible 
devices. 

Semiconductors offer advantageous properties for radiation detection such as high 
cross section, linear response with deposited energy, great energy resolution, fast 
response, good radiation hardness, and small detector sizes. Radiation detection has 
indeed focused for decades on inorganic semiconductors, especially on silicon (Si) 
and germanium (Ge). Similarly to ionization chambers, radiations generate charges 
(electrons e- and holes h+ in this case) in the semiconductor that drift towards the 
electrodes where they are collected (Figure 20). The electron-hole pairs produced can 
be calculated diving the energy of the incoming radiation by the hole-pair production 
energy of the semiconductor (e.g. 3.62 eV for Si, 2.96 eV for Ge), assuming all the 
energy of the radiation to be released in the active area of the detector. Si and Ge 
also present high carrier mobility 𝜇 and carrier lifetime 𝜏 ( 𝜇𝜏 > 1 cm2 V-1) 92, facilitating 
the charge collection and improving collection time. Nevertheless, these elemental 
semiconductors are bulky and hardly compatible with flexible structures, missing the 
requirements of the new generation of wearable detectors.  Further limitations are 
related to the low bandgap of the materials (1.12 eV for Si, 0.67 eV for Ge), which 
requires the detectors to be operated at low temperatures, and to their limited X-ray 
absorption associated to relatively low Z  (Si = 14, Ge = 32). Such limitations led to 
the study of several inorganic semiconductors as radiation detector materials 
alternatives. Group II-VI compound semiconductors such as cadmium telluride, 
sulfide and selenide (CdTe, CdS, CdSe) and zinc telluride, sulfide, selenide and oxide 

(ZnTe, ZnS, ZnSe, ZnO) has been extensively investigated 93. They benefit from 
higher atomic number with respect to Si and Ge, leading to higher X-ray attenuation. 

X-ray

e-h+

electrode
semiconductor

Figure 20: scheme of the semiconductor detection mechanism. 
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Also, they possess higher bandgap and thus can be operated at room temperature 
maintaining low dark currents. The main properties of the semiconductors used for 
radiation detection are reported in Table 3 94. Among Group II-VI compound 
semiconductors CdTe has been the most studied for radiation detection applications, 
due to high quantum yield, low dark current, small size, flexibility and low-cost 
production process. Unfortunately, compound semiconductors suffer from poor carrier 
mobility and lifetime (𝜇𝜏 = 10-5 – 10-3 cm2 V-1), with respect to elemental 
semiconductors.  
The detectors mentioned above are used in diverse dosimetric applications, providing 
reliable radiation measurements.  However, there is still a vast technological demand 
for detectors to be used for in-vivo applications. With in-vivo dosimetry we refer to 
real-time measurements of the dose on a target during the exposure. In-vivo 
dosimetry is of particular interest for medical applications (i.e. radiotherapy, 
diagnostic), where the amount of the delivered dose plays a critical role, and avoiding 
unwanted excess dose on the body is of major importance. In-vivo dosimetry requires 
to use real-time detectors that produce an immediate output. Also, a crucial 
requirement for the detector is not to perturbate significantly the radiation beam. This 
allows to put the detector between the source and the target during irradiation without 

affecting the radiation delivery. Human tissue equivalent composition of the detector 

Table 3: Main properties of the semiconductor used for radiation detection. Data taken from 94 
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materials would be beneficial since it would not require cumbersome energy 
calibration procedures typical of the inorganic semiconductors. Ultimately, to adapt to 
the target, the materials must be compatible with flexible devices that can eventually 
be worn. Considered the mentioned requirements, the current commercial detectors 
are not particularly suitable for in-vivo dosimetry. Although radiochromic films are 
flexible and might allow low radiation perturbation, they are intrinsically not real-time 
detectors, and their development might require several hours. Ionization chambers 
are cumbersome devices that are not suitable to adapt to the target. As for standard 
semiconductors, it is instead difficult to fabricate them onto flexible substrates and 
they cannot be fabricated in a way that avoids perturbating the radiation field, 
especially in the low energies regime used for diagnostic purposes (< 102 keV). 
Finally, the scintillators are generally fabricated as bulk crystals, but, even in the case 
of thin plastic scintillators, the electronics related to the visible photon detection 
remains a limiting factor.  
Posar et al. 8 recently published a review addressing the issue of in-vivo dosimetry 
and reporting different solutions that have been subject of the recent research. This 
introductory section takes inspiration from that work. 
To overcome these limitations, in the last years research has focused on the study of 
thin  semiconducting films. Thin films indeed display lower absorption compared to 
thicker semiconductors and are often compatible with flexible structures. Several 
solutions have gained attention lately, based on organic, and hybrid organic-inorganic 
materials, reporting good detection efficiencies (see below).  
A convenient way to compare detector efficiencies, often used to describe the 
performance of direct thin photodetectors, is to define the so-called X-ray sensitivity. 
X-ray sensitivity refers to the ability of the detector to generate charge when irradiated 
with X-rays. This depends intrinsically on the material conversion efficiency and 
extrinsically on the dose delivered and the volume of the active material. In fact, larger 
doses are expected to generate more charge in the active material and the larger 
material volumes are associated with larger radiation absorption. Therefore, 
sensitivity can be defined as the amount of photogenerated charge collected by a 
detector, (given by the time integral of the photogenerated current) for unit dose and 
volume. This can be expressed according to the equation 95: 
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S = ∫(#!$	#")'(	
)∙+

 (1) 

where IX, ID, D and V represent the current recorded under X-rays, the current 
recorded in dark conditions, the dose, and the active volume of the material, 
respectively. When interested in the response of the detector per unit area, we can 
calculate the area sensitivity, by dividing the collected charge by the area of the active  
material, instead of its volume. 
Organic based materials have been investigated as solutions for in vivo dosimetry 
applications. Beside the possibility to build thin films out of them, organic materials 
show limited attenuation due to their low atomic number Z, they have tissue equivalent 
composition, compatibility with flexible substrates and low-cost production methods. 
Several works have been reported on organic based thin films for radiation detection, 
displaying remarkable X-ray response to X-rays.  
Different works reported radiation detectors based on organic semiconducting single 
crystals (OSSCs). OSSCs are highly ordered lattices composed of aromatic 
molecules and kept together by van der Waals forces 96. The high order is responsible 
for a good charge carrier mobility (1-100 cm2 V-1 s-1) 97–99, leading to high radiation 
sensitivity. However, OSSCs fabrication is far from easy and requires a fine control of 
the solution-based growth processes. Nevertheless, by varying the process 
parameters it is possible to grow crystals with thickness from few mm to as thin as 
150 µm 100 adaptable on flexible substrates. 4-Hydrocyanobenzene (4HCB) has been 
used as direct X-ray detector active material showing sensitivities up to 292 µC Gy-1 
cm-3 at 500 V for 400 µm thick 4HBC under a 35 kVp X-ray beam 8,101. However, to 
be used in wearable structures, the thickness must be kept as low as 5 µm. Also, to 
achieve such sensitivity values, the operating voltage is kept at hundreds of volts, 
threatening the safety of the patient when used in its closed proximity. 
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Polycrystalline films have also been considered recently as radiation sensitive 
materials. The pentacene derivative 6,13-bis(triisopropylsilylethnyl) pentacene (TIPS-
pentacene) has been used as direct radiation detector. Basiricò et al. 102 fabricated 
an OFET based on a microcrystalline 100 nm thick TIPS-pentacene film obtained by 
drop casting. The detector reported high sensitivity of 77 µC Gy-1 cm-3 to 35 kVp X-
rays at operating voltages below 1 V. The detector was fabricated on flexible PET 
substrate and maintained good sensitivity after bending. Therefore, microcrystalline 
materials as TIPS-pentacene might be a better solution for direct X-ray detection to 
be operated at low voltages, compared to OSSCs. 
Perovskites have also been reported as materials for radiation detection. Perovskites 
are organometallic crystalline materials having ABX3 structure, with A being an 
organic or inorganic cation (e.g. MA+ = CH3 NH3+ or Cs+ , respectively), B a metal ion, 
and X a negative ion (typically halides) 8. Perovskites can be fabricated in thin films 
with solution evaporation methods and vapor assisted methods 103 making their 
fabrication easily scalable for large production. Perovskites have been largely studied 
for solar cell applications and they achieved startling optical-to-electrical power 
conversion efficiency (∼25%) 104, demonstrating to be a valid alternative to silicon 
solar cells. Their performance is due to remarkable electronic properties such as 
carrier mobility (60 cm2 V-1 s-1 ) 105 and long carrier lifetime that allow large charge 
collection in small volumes. This is desirable also for ionizing radiation detection and 
thus they have been recently considered for this application. The highest sensitivity 
for a single crystal perovskite was obtained with a 800 um thick wafer of MAPbI3 which 
reported 1.53 × 106 µC Gy-1 cm-3 at 10 V bias with a 40kV X-ray source 106. A flexible 
quantum dots (QDs) lead halide perovskite based detector was reported by 107 and 
showed exceptional sensitivity to synchrotron X-rays (8.85 × 106 µC Gy-1 cm-3) with a 
voltage bias as low as 0.1 V. The film was extremely thin (∼20 nm) and it was 
deposited by inkjet printing on a flexible PET substrate, showing a reduction in 
sensitivity of 12 % only after 200 bending cycles. However, perovskite detectors 
require calibration to obtain tissue equivalent doses, because of the high Z especially 
of Pb (Z= 82), which is also highly toxic. Detector based on lead-free perovskites have 
been reported 108,109, reducing the toxicity of the material, but replacing Pb with other 
high Z elements (Z of Br = 35, Ag = 47, and Bi = 83). Moreover, perovskite stability in 
air is still an issue, and degradation of the crystalline film is far from being solved. 
Furthermore, perovskites showed in some cases degradation also at very low 
radiation fluences, during material characterization experiments 110, 111 and more 
radiation tolerance experiments still have to be performed to define if they might be 
suitable for radiation detectors. 
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Organic semiconductors based on conjugated polymers have been studied alone or 
in combination with small molecules for direct radiation detection. They are electrically 
conductive thanks to the delocalized π-electrons arising from the 2pz orbitals overlap 
in sp2 hybridization of carbon atoms. Combination of polymers and small molecules 
can be used to build donor/acceptor systems, to favor charge transport. They are 
generally fabricated via solution-based techniques (mainly spin coating and drop 
casting), enabling versatility and scalability of the process 8. Poly (3-hexylthiophene- 
2,5-diyl) (P3HT) has been the most used semiconducting polymer for X-ray detection 
so far. It is common to blend P3HT with phenyl - C61 - butyric acid methyl ester 
(PCBM), which works as acceptor molecule. P3HT:PCBM has been used in 
combination with Bi2O3 nanoparticles 95 and Gd2O2S:Tb nanoparticles 112 achieving 
sensitivities in the order of 106 µC Gy-1 cm-3. Temiño et al. 113 reported a three-terminal 
device based on a thick TIPS-pentacene film of 90 nm, in which the addition of 
polystyrene (PS) improved the sensitivity to X-rays up to 3.2 × 109 µC Gy-1 cm-3, which 
is up to date the best performance ever recorded among organic and inorganic solid 
state detectors 95. 
Despite the great potential of organic- and hybrid-based radiation detectors, 
something that must be considered carefully is the radiation hardness of these 
materials. Radiation hardness is the term used to describe the tolerance or resistance 
of materials to radiation exposure. Exposure to ionizing radiation might indeed affect 
performance and lifespan of devices, mainly because the active material may degrade 
being exposed to radiation. The actual behavior depends on a complex interplay of 
different parameters, such as total dose, dose rate and type of radiation (photons, 
charged or neutral particles). Thus, radiation hardness experiments are fundamental 
since they indicate the applications the detectors can be used for.  
While radiation hardness of inorganic semiconductors has been vastly explored and 
both Si and Ge and group II-VI compound semiconductors generally exhibit high 
radiation tolerance 93, for organic materials the answer is not straightforward. 
Semiconducting polymers demonstrated low radiation resistance. Therefore, they 
have been initially considered mostly for low exposure applications (e.g. diagnostic 
purposes). Degradation of semiconducting polymers under radiations is associated to 
the breaking of C-H and C-C bonds by energetic secondary electrons produced during 
X-ray photoelectric absorption. This phenomenon is especially observed in 
conjugated polymers, because of the abundance of C-H bonds, leading to chain 
scissions and cross-linking, strongly reducing conductivity of the polymers 114. Another 
damage mechanism in semiconducting polymers was found to be associated to the 
doping resulting from the irradiation and affecting the optoelectronic properties of the 
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materials. P-type doping is considered responsible for narrowing the HOMO-LUMO 
energy gap, resulting in higher conductivity, as observed for P3HT and pentacene 
based FETs 115,116. Oppositely n-type doping is associated to an increase of the 
energy gap limiting hole injection, as reported for rubrene based FET irradiated with 
electrons 117.  
It has been observed that highly ordered organic crystals such as OSSCs show much 
higher tolerance to radiation compared to semiconducting polymers 118. This has been 
associated to the more densely packed crystalline structure of molecular crystals, 
inhibiting the diffusion of free radicals. 4HCB detectors demonstrated stability and 
hardness after 2.1 kGy 119. Although further studies need to be conducted on radiation 
hardness of OSSCs, they promisingly exhibit excellent radiation resistance compared 
to other organic semiconductors.  
Radiation damage in perovskite has been initially observed in characterization 
techniques using ionization radiation sources. MAPbI3 exhibited degradation to PbI2 
during electron microscopy experiments 110. Damages on perovskites has been 
observed with electrons down to energies of 1.5 keV 120, arising questions about their 
use even with low energy radiation and low exposure. The degradation mechanism in 
perovskites from electron irradiation has been associated to the formation of Frenkel-
type defects, i.e. the ionized atoms migrate to interstitial site of the lattice. Radiation 
damage on perovskites has been reported with 𝛾-rays. Perovskite based solar cells 
exhibit a 20% drop of the optical to electrical conversion efficiency after being exposed 
to 75 Gy 𝛾-rays, while no further degradation was observed up to 2.3 kGy 121. 
Nevertheless, the radiation damage on perovskites has been considered only 
relatively to the effect it has on the sensitivity in the visible spectrum and thus requires 
a deeper understanding on how it affects ionizing radiation detectors performance.  

In this framework, TMDCs might represent a valid alternative material for in-vivo 
dosimetry. Although they have been widely considered in the production of opto-
electronic devices, to the best of our knowledge, they have never been proposed as 
ionizing radiation detector materials yet. TMDCs will indeed benefit from high atomic 
number Z of the transition metal atoms (Mo (Z=42), W (Z=74)), which will result in 
high cross-section for X-ray interaction. Also, the ultra-thin structure of TMDCs will 
result into minimal perturbation of the radiation beam, allowing to put a detector 
between source and target and real time monitoring of radiation quantities during 
target irradiation. These features, combined with remarkable carrier transport 
properties already discussed above, will allow efficient collection of photogenerated 
charges. TMDCs have also demonstrated to be suitable to be employed in flexible 
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detectors, opening the way to fabricate wearable devices required for in vivo 
applications. Ultimately, TMDCs demonstrated high radiation resistance to protons 
(1016 /cm2) and alpha particles (1015 /cm2) 77,122 and showed good stability in ambient 
air 123. In chapter 3 the first example of an X-ray detector based on 1L-MoS2 will be 
presented, demonstrating its use for dosimetry. This indicates a promising pathway 
towards the use of TMDCs detectors for in-vivo applications. 
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Chapter 2: Large area MoS2 based 
detectors used for photodetectors 

 
 
 
As discussed in the introductory section, the development of an industrially scalable 
process to fabricate 2D-MoS2 would be of enormous help to move into a widespread 
use of electronic devices based on 2D-MoS2. Therefore, in this chapter we present 
the development of a method to fabricate large area MoS2 films to be used in 
photodetectors. The method is based on a facile sol-gel process that is intended to 
be versatile, cheap, and it is intrinsically scalable for large production. Also, the 
synthesis process has a low environmental impact, being performed in a 
hydroalcoholic medium, and not requiring additional sulfurization or hydrogenation 
steps. This method represents an important step towards the production of MoS2 at 
the industrial level.  
The section “materials and methods” begins with a quick introduction on sol-gel 
processes, which are the basis of the fabrication method proposed here. The section 
continues describing the experimental setup and the methodological strategies 
adopted in the study. Afterwards, the results are presented and analyzed in the “result 
and discussion” section. The fabricated MoS2 films display large area and good 
morphology, as well as modest crystallinity. The obtained photodetectors showed light 
detection in a wide spectral range, from the near ultraviolet to near infrared. The 
results also show critical points in terms of detector performance, associated with 
defectivity of the material in the presented method. In the last experimental section 
“towards high quality MoS2 films for flexible photodetectors” a strategy to achieve 
higher quality MoS2 films and overcome the current limitations of the method to the 
production of films on flexible substrates is proposed. Finally, conclusions on the work 
are provided, summarizing novelties and limits of the presented method, and 
suggesting ideas for further works.  
 
A significant part of the work presented in this chapter has been recently published as 
a research paper entitled: Large area MoS2 films fabricated via sol-gel used for 
photodetectors, on the journal Optical Materials, Elsevier. The paper can be found at:  
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A. Taffelli, G.Ligorio, L. Pancheri, A. Quaranta, R.Ceccato, A. Chiappini, M. V.Nardi, 
E.J.W. List-Kratochvil, S. Dirè, Large area MoS2 films fabricated via sol-gel used for 
photodetectors, Optical Materials, Volume 135, 2023, 113257, ISSN 0925-3467, 
https://doi.org/10.1016/j.optmat.2022.113257. 9 
 
 
 

2.1 Materials and methods 
 
 
2.1.1 Sol-gel process 

The physics and chemistry of sol-gel processes is extensively described in the book 
Brinker and Schrerer 1990 124. Here we report a brief introduction summarizing the 
main features of the process, which has been widely applied since 1980s to the 
production of glass and ceramics.  
A sol is defined as a colloidal suspension of solid particles in a liquid. The term colloid 
refers to a suspension in which the dispersed phase dimensions are in the range ∼	
1-1000 nm and are so small that the interactions are dominated by short-range forces 
(e.g. van der Waals and surface charges), while gravitational forces are negligible. 
Sols can be used to produce particles from which ceramic materials are made. This 
can be achieved by a sol-gel process. In a sol-gel process, a sol is obtained starting 
from inorganic or organic compounds (precursors), containing a metal or metalloid 
element, which react with water through hydrolysis and condensation reactions. 
When dealing with inorganic compounds containing transition metals, as in the case 
of study, the precursors are generally introduced as salts in an aqueous medium, and 
are solvated by water molecules. Depending on the water pH, hydrolysis proceeds 
forming aquo-, hydroxo-, or oxo-ligands with the transition metals. Depending on the 
amount of water, precursor concentration and catalyst, hydrolysis may go to 
completion, hydrolyzing all the precursor molecules. Two partially hydrolyzed 
molecules can link together through condensation reactions. This happens via two 
mechanisms, namely nucleophilic substitution, and nucleophilic addition, depending 
on the coordination number of the metal. In nucleophilic substitution, one ligand group 
(nucleophile) coordinates the two transition metal atoms, substituting the second 
ligand group which is released. In nucleophilic addition the second ligand group is 
instead added to the nucleophile group which coordinates both the transition metals. 
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The progress of the condensation (polymerization) leads to the sol-gel transition: 
when the molecules connections extend through the whole solution volume, we speak 
of a gel. A dried gel is generally obtained through solvent evaporation at ambient 
pressure, (named xerogel from xero, meaning dry), with associated network shrinkage. 
To fabricate a dense ceramic, a heating step is often required to convert the 
amorphous xerogel in a crystalline dense material (Figure 21, branch 1). 
One of the most technologically relevant aspects of the sol-gel process is that the sol 
can be used to obtain thin films via dip-coating or spin-coating deposition onto suitable 
substrates. During the deposition, solvent evaporation along with condensation 
reactions lead to the formation of a xerogel thin film 125. The xerogel film, similarly to 
the bulk case, requires a heating step to obtain a dense ceramic thin film (Figure 21, 
branch 2).  
  

Figure 21: Scheme of the sol-gel process to obtain ceramic materials. Adapted from 124. 
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2.1.2 Aqueous sol synthesis 
 
MoS2 was obtained by adapting a previously reported sol-gel synthesis 7. Ammonium 
molybdate tetrahydrate [(NH4)6Mo7O24⋅4H2O] was used as molybdenum precursors 
and thioacetamide (CH3CSNH2) as sulfur precursor. Diethylene-triaminepentaacetic 
acid (DTPA) (C14H23N3O10) was used as chelating agent. The reagents were 
purchased from Sigma Aldrich (Sigma-Aldrich, USA). As illustrated in Figure 22, in 
the reaction the sulfur atoms of thioacetamide substitute the terminal oxygen atoms 
of the [Mo7O24]6- group. Polymerization of the new formed [Mo7O12S12]6- groups is 
accomplished with the addition of DTPA. The chelating agent can indeed coordinate 
up to three [Mo7O12S12]6- groups, promoting the formation of a network. The synthesis 
procedure followed the following steps: i) Ammonium molybdate (400 mg) powder 
was added to deionized water (16 ml) and stirred at RT until complete dissolution. ii) 
Thioacetamide (1.2 g) powder was dissolved in the solution and left stirring at room 
temperature until the solution color turned into light blue (~20 min). iii) DPTA (0.1 g) 

Figure 22: Scheme of the reactions taking place in the sol-gel process. Adapted from 7. 
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was added to light blue solution and stirred first at room temperature for 1h and then 
for 3h at 60 °C. In this last stage the system was connected to a condenser to avoid 
solvent evaporation. This resulted into a dark brown viscous solution. Stages of the 
synthesis are illustrated in Figure 23.  

 

2.1.3 Sol dilution 
 
The aqueous solution was diluted with three common alcohols, namely 2-butanol, 2-
propanol and ethanol, in a volume ratio of 80% water : 20% alcohol to improve the 
substrate wettability. The main properties of the alcohol listed above are reported in 
Table 4. Three diluted solutions were obtained, one for each of the alcohol listed 
above. The addition of the alcohols is the key for the fabrication of films with higher 
uniformity as it improves substrate wettability (see below). Therefore, the employment 
of an alcoholic medium in the synthesis process was considered. However, the 
precursors (DTPA especially) were found to be insoluble in standard alcohols. For this 
reason, the synthesis was subsequently performed in a hydroalcoholic medium, 
namely a mixture of 13 ml of deionized H2O and 3 ml of 2-butanol, following the 
procedure described in  2.1.2. The solutions obtained with and without the addition of 
the alcohols were used for the fabrication of the xerogel films. 

After 1 hour from 
DTPA addition 

After 4 hours from 
DTPA addition 

After dissolution 
of the ammonium molybdate 

and thioacetamide  

Figure 23: Stages of the MoS2 sol-gel synthesis at different reaction times. Reprinted with 
permission from 9. © 2022, Elsevier B.V. All rights reserved. 
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Table 4: main properties of the solvent used to dilute the aqueous solution. Data taken from 126. 

 
 

2.1.4 Coatings deposition  
 
The xerogel films were obtained via spin-coating of the obtained solutions. Different 
substrates were employed in the process, namely silica, silicon, gold, soda-lime glass, 
indium-tin oxide (ITO). The substrates were cleaned prior to the deposition via 
ultrasonic bath first in acetone and then in 2-propanol for 15 min each and dried under 
N2 flux. Finally, the substrates were kept under O2 plasma for 5 min to clean them 
from organic residuals and to activate their surface for the deposition.  
Films obtained from the aqueous solution suffered from low spreading on the surface 
and poor homogeneity (see section Results and discussion). To improve the film 
quality different parameters were varied in the deposition process (spin-coating 
velocity, volume deposited, number of layers deposited) with no significant 
improvement. Eventually, for the films obtained through the hydroalcoholic synthesis 
a single deposition was enough to obtain a continuous film spread all over the 
substrate. These films were obtained through the deposition of 50µL using the 
following six steps spin-coating procedure: (i) acceleration from 0 to 1300 rpm in 2 s, 
(ii) 2 s at 1300 rpm, (iii) acceleration from 1300 to 2000 rpm in 2 s (iv) 2 s at 2000 rpm, 
(v) acceleration from 2000 to 3000 rpm in 1 s, and finally (vi) 3000 rpm for 49 s. The 
obtained films were then dried on a hot plate at 100 °C for 5 min.  
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2.1.5 Coatings thermal annealing 
 
As discussed above, to convert the xerogel films into MoS2 films a thermal annealing 
treatment is required. This treatment was performed in a tubular silica furnace. To 
avoid oxidation processes during the conversion, the furnace was constantly flushed 
with argon (flux 200 sccm) for the whole treatment. The latter consisted in 2 hours at 
room temperature to clean the furnace from residual oxygen, followed by a heating 
ramp of 4 °C/min to reach the temperature desired for the treatment. The temperature 
was kept for 5 hours. Different temperatures were investigated (400 °C, 500 °C, 600 
°C). Eventually the furnace was brought to room temperature by free cooling. The 
treatment does not require additional sulfurization/hydrogenation step, avoiding the 
disposal of toxic byproducts such as hydrogen sulfide (H2S).  

2.1.6 Device fabrication 
 
To produce the photodetectors based on MoS2 films we used substrate made of soda-
lime glass. To engineer the substrates, electrodes were fabricated via the thermal 
evaporation of 100 nm of gold using shadow masks. The schematical representation 
of the device is reported in Figure 24. The electrode layout consists of five equal and 
independent couples of finger-shaped anodes and cathodes. Each anode/cathode 
couple is separated by a channel of the size of 1 mm × 30 µm (channel area of 0.03 
mm2). The lateral pads serve as electrical contact points for the test board used for 

Figure 24:Schematical representation of the engineered substrates used to fabricate the 
photodetectors.  
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the measurement (see below in Appendix A for further details). We obtained a yield 
of 4 out 5 working devices per sample, for a total of 16 out 20 working devices. Among 
these, a device was characterized in the spectrum UV-VIS-NIR spectrum as 
representative of the batch. 
 

2.1.7 Characterization techniques 
 
For the basis on the main characterization techniques used here, we refer to Appendix 
A. Optical images of the surface of the film were acquired with a Nikon SMZ25 optical 
microscope. Non-resonant microRaman spectra were acquired on the films with a 
LabRAM Aramis (Horiba Jobin-Yvon, Japan), equipped with an optical microscope 
mounting a 100 × objective employing a 532 nm pumped diode laser to excite the 
non-resonant Raman signal. XPS was performed with a Joel JPS- 9030 (Joel Ltd., 
Japan) using a monochromatic Al K𝛼 source (E = 1486.7 eV). The films analyzed with 
XPS were fabricated on ITO coated glass substrates. The samples were exposed to 
ambient air for the time needed to transfer them on the XPS holder (few minutes), 
before bringing them to UHV for the analysis. Scanning electron microscopy (SEM) 
images of the surface and cross-section of the films were acquired with a Carl Zeiss 
Gemini Supra 40 (Zeiss, Germany). Thermogravimetric analysis and differential 
thermal analysis were performed on the xerogel powders obtained via drying the gel 
for 48 hours at 60 °C. The analysis was performed with a Netzsch STA 409 
thermobalance (Netzsch-Gerätebau GmbH, Germany), in the range between 20 °C 
and 900 °C, at heating rate of 10 °C/ min in flowing argon gas. XRD spectroscopy 
was performed with a Rigaku D/III max diffractometer (Rigaku, Japan), using Cu K𝛼 
radiation (λ = 1.54056 Å) and a curved graphite monochromator for the diffracted 
beam to be analyzed. Glancing incident configuration was used, with incidence angle 
of 1°. Scans were performed in the range 2θ = 10°-70°, with sampling interval of 
0.05°, and counting time of 5 s. Crystallite size was estimated with the Scherrer 
equation 127 for the films treated at 500 °C and 600 °C, assuming the shape factor 
equal to 0.9. AFM measurements were performed  in ambient conditions with a Bruker 
Dimension Icon using PeakForce Tapping with a ScanAsyst-Air tip (Bruker, USA). 
Optical absorbance spectra were calculated from transmittance spectra acquired in 
the spectral range 190 nm < λ < 1200 nm with a JASCO V-570 spectrometer (Jasco, 
Japan). Electrical and electro-optical characterization of the photodetector were 
performed with a three-terminal test board (Ossilla, UK) connected to a Keithley 2450 
source measurement unit (Tektronic, USA). A device was chosen to be representative 
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of the batch and its photoresponse was measured, as a proof of concept of the 
material use in a photodetector application. The photoresponse of the device was 
measured under illumination with different LEDs (Thorlabs, USA). A list of the LEDs 
with their main properties is reported in Table 5. Responsivity was calculated by 
measuring the photogenerated current and normalizing it with the light power 
impinging on the channel of the detector. The light power on the detector channel was 
estimated starting from the nominal irradiance of the LEDs reported in Table 5, 
normalized for the distance between the source and the detector (20 mm), and 
multiplied by the area of the channel (0.03 mm2). In the calculation, the irradiation of 
the channel area was assumed to be uniform.  
 

  

Table 5: Thorlabs LEDs models, nominal wavelength, and irradiance on the detector. 
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2.2 Results and discussion 
 
 
2.2.1 Aqueous sol synthesis 
 
The films fabricated through the aqueous sol-gel synthesis described in 2.1.2 and 
thermally treated at 500 °C covered the substrate in a non-continuous way. This is 
shown in Figure 25, reporting an image acquired with the optical microscope. The Si 
substrate is clearly visible (in light grey), while the film appears to cover only small 
substrate portions (dark spots). Raman spectra acquired in different regions of the 
sample confirmed the presence of MoS2 only on the optically dark regions (Figure 
25(b)). The peaks centered at 380 cm-1 and 402 cm-1 are attributed to the typical in-
plane (E21g) and out-of-plane (A1g) vibration of MoS2, respectively (topmost spectral 
line of Figure 25(b)). The peak distance is 22.3 cm-1, compatible with the value 
expected for thin MoS2 films, as previously reported in the literature 128. In the rest of 
the substrate the Raman spectrum resulted in a flat line, excluding the presence of 
MoS2 (bottommost spectral line of Figure 25(b)). Increasing the solution volume 
deposited or depositing a second layer on top of the first one, did not improve 
significantly the substrate covering (Figure 26). Although the presence of MoS2 was 
proven and the reproducibility of the previous synthesis confirmed, the non-continuity 
of the films prevents the fabrication of devices based on this process. The low 
uniformity of the film was attributed to a very poor wettability of the substrate during 
the deposition.  

2.2.2 Sol dilutions 
 
A simple way to improve the coverage of the substrate is to dilute the solution with 
standard alcohols. The lower surface tension of alcohols compared to water results in 
higher wettability of the substrate surface, due to weaker cohesive forces. All dilutions 
with the alcohols (2-butanol, 2-propanol and ethanol) showed an improved wettability, 
resulting in films with larger area (∼	cm2) and higher uniformity, with respect to the 
films obtained with the aqueous solution. This is shown in Figure 27, where optical 
images of the films obtained through alcohol dilutions are compared. 
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Figure 25: a) Optical microscope image of a sol-gel derived MoS2 film on a silicon substrate 
treated at 500 °C, obtained through the recipe described in 7. b) Raman spectra acquired on 
different regions of the sample shown in Figure 25(a). c) Optical microscope image of a MoS2 

film treated at the 500 °C deposited on a silicon substrate, obtained through the hydroalcoholic 
sol-gel synthesis. d) Comparison of Raman spectra acquired on the film shown in Figure 25(c), 
and on films fabricated on silica and gold substrates obtained with the same recipe. Reprinted 
from 9. © 2022, Elsevier B.V. All rights reserved. 
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1 drop, 2 layers 2 drops, 2 layers 3 drops, 2 layers 

Figure 26: Optical microscope images of the sol-gel films fabricated on silicon substrates derived from the 
aqueous synthesis, increasing the volume of the sol deposited and depositing a second layer on top of the 
first one. The drops were deposited through a Pasteur pipette. Reprinted with permission from 9. 2022, 
Elsevier B.V. All rights reserved. 

 

Figure 27: Optical microscope images of the sol-gel films fabricated on silicon substrates, derived from the 
aqueous synthesis and diluted in 2-butanol, 2-propanol and ethanol (dilution ratio 80%:20%). The deposition 
procedure was repeated to obtain a second layer on top of the first one. Reprinted with permission from 9. 2022, 
Elsevier B.V. All rights reserved. 

2-butanol  2-propanol ethanol 
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2.2.3 Hydroalcoholic sol synthesis 
 
Considered the positive effect of the alcohol addition to the aqueous solution, the sol-
gel synthesis was performed in a hydroalcoholic medium. The synthesis was not 
performed in an alcoholic medium, because the precursors are not all soluble in the 
mentioned alcohols. Among the alcohols mentioned above, 2-butanol was chosen for 
the purpose, because of its vapor pressure similar to the one of water, determining 
similar evaporation rates during the sol-gel synthesis and in the film formation 
process. The hydroalcoholic medium was obtained adding 3 ml of 2-butanol to 13 ml 
of deionized H2O.  
In Figure 25(c) a film (thermally treated at 500 °C) obtained on a silicon substrate 
through the hydroalcoholic synthesis is shown. Comparison with Figure 25(a) makes 
clear that the introduction of 2-butanol in the synthesis medium has a positive effect 
in improving the solution spreading on the substrate surface. Similar outcomes were 
achieved depositing the hydroalcoholic solution on silica and gold substrates, as 
demonstrated by the optical image reported in Figure 28. The different optical 
contrasts appearing in the images is attributed to the different grain orientation of the 
film. The presence of MoS2 was confirmed on the films deposited on the different 
substrates thanks to Raman spectroscopy as reported in Figure 25(d). The E21g and 
A1g peaks of MoS2 are comparable for the different substrates, displaying a distance 
of 22.3 cm-1. The position of the peaks displays a shift when the substrate varies, as 
observed in previous studies 129. Moreover, the Raman spectra acquired in different 
regions of the samples displayed similar behavior, as shown in Figure 29 in the case 
of the silica substrate, demonstrating the uniformity of the film. Also, no regions 
showing the Raman signal of the substrate only were recorded, suggesting continuity 
of the film. 
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Figure 28: Optical microscope images of the MoS2 films obtained through the hydroalcoholic 
synthesis, fabricated on different substrates, namely silicon, silica and gold. The films were 
thermally treated at 500 °C. Reprinted with permission from 9. 2022, Elsevier B.V. All rights 
reserved. 

 

Figure 29: Raman spectra acquired in different regions of a MoS2 film obtained through the 
hydroalcoholic synthesis fabricated on silica and treated at 500 °C. Reprinted with permission 
from 9. 2022, Elsevier B.V. All rights reserved. 
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MoS2 films obtained via the hydroalcoholic synthesis (and treated at 500 °C) were 
investigated via XPS analysis, to access the chemical composition of the material 
surface. Figure 30(a) reports the signal from the sulfur S 2p core levels. S 2p1/2 and  
S 2p3/2 peaks are centered at binding energy of 163.3 eV and 162.1 eV, respectively. 
Figure 30(b) shows instead the sulfur S 2s and the molybdenum Mo 3d core level 
spectra. S 2s is a single peak is centered at 226.4 eV. Mo 3d is instead represented 
by a doublet with Mo 3d3/2 and Mo 3d5/2 peaks centered at 229.3 eV and 232.5 eV, 
respectively. The XPS signal is in accordance with the spectrum expected for MoS2 
and reported in the XPS handbook 130.  
The survey spectrum is also reported in Figure 30(c), showing binding energies of 
core levels electrons up to 600 eV. The survey reports carbon species, evidenced by 
the C 1s peak centered at 284.9 eV. Carbon signal is associated to impurities related 
to the organic precursors employed in the wet synthesis, due to a non-complete 
decomposition of the organics during the thermal annealing treatment. Carbon 
contamination is also possible in the transfer of the sample to the XPS chamber, but 
we believe that the exposition time was too short with respect to the signal magnitude 
found in the survey. Silicon is also present in small amounts that is attributed to 
contamination in the thermal annealing step performed in the quartz furnace. Indium 
and tin signal are also present, due to the ITO-coated glass substrate adopted for the 
samples used for the XPS analysis. This is due to cracks in the film area investigated. 
The relatively high magnitude of the indium signal with respect to molybdenum is also 
related to the higher photoelectric cross section of indium. Oxide species are also 
present in the survey spectrum. The O 1s signal peaked at 532.7 eV is associated to 
the partial oxidation of MoS2 during the thermal treatment, as well as to oxygen 
diffusion from the substrate, as observed in previous studies 7. Using oxide-free 
substrates will reduce the oxidation of the film, but it will dramatically limit the choice 
of the possible substrates to be used for the device fabrication. Oxygen contained in 
the ITO-coated glass substrate partially contribute to the O 1s peak. Finally, a minor 
contribution may arise also from adsorption of species during air exposition.  
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Sputtering of the MoS2 film surface has been carried out to evaluate the composition 
of layers below the outer surface but resulted in alteration of the film surface 
stoichiometry. As reported in Figure 31, the S 2s signal intensity has a drastic 
reduction while the Mo 3d has a shift of 0.5 eV after sputtering, meaning a loss of 
bonded with S atoms. This is attributed to a preferential removal by the Ar ions of S 
atoms compared to Mo. For this reason, sputtering has not been considered as a 

Figure 30 S 2p (a) and Mo 3d and S 2s (b) core level XPS spectra and survey XPS spectrum (c) 
acquired on MoS2 films fabricated on ITO-coated-glass treated at 500°C. Reprinted and adapted 
with permission from 9. 2022, Elsevier B.V. All rights reserved. 
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reliable technique to access the MoS2 structure beneath the film surface. 
Nevertheless, sputtering was useful to confirm the presence of carbon also beneath 
the surface. Therefore, carbon can be associated to a residual of the synthesis 
process. Silicon is instead attributable to a contamination in the annealing process, 
since it was not found beneath the surface. 
  

Figure 31: Mo 3d and S 2s core level XPS spectra acquired on the surface of a MoS2 film 
treated at 500 °C (topmost solid line) and after removal of the first 5 and 30 nm of the film 
via argon sputtering. 
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Morphological investigation of the samples has been performed via scanning electron 
microscopy (SEM). SEM was used to study the morphology of both the surface and 
the cross-section of MoS2 film. To look at the cross section of the film the sample was 
cut in half and mounted in the SEM chamber exposing the cross-section in the field 
of view of the microscope. SEM images of the surface and of the cross-section of a 
MoS2 sample (after thermal treatment at 500 °C) is reported in Figure 32. In figure a) 
the surface of the film is shown, displaying a uniform area at low magnification, 
demonstrating smooth surfaces in areas of several mm2. The cross-section is 
reported in Figure 32(b) for a film fabricated on a silica substrate. This evidenced a 
compact film with thickness around 200 nm.  

 
The thermal evolution of the material was studied by means of thermogravimetric 
analysis (TG) and differential thermal analysis (DTA). The analyses were performed 
in argon atmosphere on powders obtained drying the hydroalcoholic solution at 60 °C 
for 48 h. TG and differential TG (DTG) curves are shown in Figure 33(a). The TG 
curve (dashed line) shows a significant weight loss up to 500 °C. The weight loss from 
500°C to 900°C is less than 5% of the initial weight. The loss below 200 °C is mostly 
associated with the evaporation of the absorbed solvent molecules. The reactions 
occurring in the heating process are better understood looking at DTG and DTA 
curves, compared in Figure 33(b). Between 150 °C and 240 °C the weight loss is 
associated with the endothermic reduction of Mo6+ to Mo5+  and to loss of entrapped 
H2S, as reported in a previous study 131. At higher temperatures the weight loss is 

Figure 32: SEM images of the surface (a) and of the cross-section of a MoS2 fabricated on a 
silica substrate and annealed at 500 °C. Reprinted with permission from 9. 2022, Elsevier 
B.V. All rights reserved. 
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attributed to endothermic reduction of Mo5+ to Mo4+ species of MoS2, and exothermic 
crystallization of MoS2, resulting in an overall exothermic behavior of the DTA. Finally, 
a weight loss of 5% is evidenced by a peak at 425 °C in the DTG curve and it is 
associated with the exothermic decomposition of the chelating agent (DTPA) showed 
in the DTA curve 7. No other reactions are observed in the analysis. Nevertheless, it 
has been demonstrated 131 that in presence of oxygen species, at temperature above 
430°C, it is likely to have oxidation reactions of MoS2. It is thus recommended to work 
in oxygen free atmosphere. The thermal analysis also suggests that a treatment at 
temperatures higher than 425°C are needed to obtain MoS2 and to decompose the 
chelating agent. This excludes the use of flexible substrates (PET, Kapton) for the film 
fabrication, limiting the versatility of the method.  
The crystalline structure of the films obtained using the hydroalcoholic solution was 
investigated via XRD experiment for samples thermally treated at 400°C, 500°C and 
600°C. Figure 34(a) reports the XRD spectra for films fabricated on silica substrates 
at different temperatures. For the sake of clarity, only the 2θ range between 10° and 
30° is shown. Thermal treatment at 400°C results in very low crystallinity of the MoS2 
film (blue line). The crystallinity is significantly improved with a 500°C treatment, and 
it is evidenced by the broad peak centered at 2θ = 13.6° (orange line). The position 
of the peak is shifted with respect to the (002) crystallographic plane expected for 2H-
MoS2 (2θ = 14.378°, according to PDF card n° 37-1492) and it has been already 
observed for sol-gel derived samples. The value is associated with a distance 
between the  planes of 6.5 Å, instead of 6.1554 Å, highlighting an expansion of the c-
axis of the unit cell of 2H-MoS2, probably induced by the presence of organic residues 
not fully decomposed with the thermal treatment. A treatment at 600 °C is shown to 
increase both crystallinity and crystallite dimensions, as indicated by a sharp peak 
centered at 2θ = 14.3° (yellow line). The crystallite size was estimated with the 
Scherrer equation on the (002) peak of the XRD spectra, showing an increase of the 
crystallite size from 1.7 nm to 13.6 nm, when the temperature increases from 500 °C 
to 600 °C. However, the calculation might be subject to significant fluctuations since 
the broadening from the instrumentation was not considered and an average on 
multiple peaks was not performed. Nevertheless, it qualitatively indicates the 
improvement of the film crystallinity. No signals have been detected outside the 2θ	
10°- 30° range, apart from a shoulder observed at 2θ ≈ 20°, associated to the silica 
substrate. The absence of further MoS2 peaks in the XRD spectrum is due to a 
preferential crystal growth in the [002] direction, probably induced by the substrate.  
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Figure 33: TG (dashed line) and DTG (solid line) curves (top) and DTG (solid line) vs DTA (dotted line) 
curves (bottom) acquired on the xerogel powders obtained via drying the hydroalcoholic solution for 48h 
at 60 °C. Reprinted and adapted with permission from 9. 2022, Elsevier B.V. All rights reserved. 
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AFM measurements were performed on the surface of MoS2 films annealed at 500°C 
and 600°C. The structures observed for the MoS2 film treated at 600°C have a mean 
size of 35.6 nm, ascribable to crystalline features grown in the thermal treatment. The 
root-mean-square surface roughness is 4.8 nm for the films treated at 600°C and 0.8 
nm for the films treated at 500°C. 
The films displaying crystalline 2H-MoS2 phase (treated at 500 °C and 600 °C) were 
optically characterized via UV-VIS-NIR absorption experiments. In the absorbance 
spectrum of the MoS2 film treated at 600 °C (yellow line, Figure 34(b)), the A and B 
peaks represent the typical A and B excitons associated to the MoS2 phase, centered 
at 1.83 eV  and 1.98 eV respectively, in accordance with previously reported values 
28. The distance between A and B excitons represents the valence band energy 
splitting and it is about 150 meV, compatible with the value expected for 2D-MoS2 film 
25. The C peak represents the band edge energy at the K-point of the Brillouin zone 
and it was observed to vary depending on the thickness of the MoS2 film. The C peak 
is centered at 2.74 eV, value in agreement with 2D-MoS2 28.  
MoS2 films treated at 500 °C display an absorbance trend similar to the one obtained 
for the films treated at 600 °C, but A and B excitons are represented by shoulder 
rather than two separated peaks (orange line, Figure 34(b)). The difference may arise 
from the lower crystallinity of the sample treated at 500 °C, as reported above in the 
XRD analysis. This indicates that crystallinity might be an indicator for the optical 
properties of the material and high-crystallinity may be required to achieve the energy 
band distribution expected for 2D-MoS2.  
Independently from the thermal treatment temperature, the absorbance spectrum 
shows a non-negligible absorption tail in the IR. The tail is more pronounced for the 
film treated at 500°C, while for the sample treated at 600°C the transition between IR 
and VIS absorption is steeper. The tail of absorption in the IR is attributed to energy 
states populating the bandgap, ascribable to defects of the materials in form of 
residual organic impurities and oxide species, as observed in the XPS survey 
spectrum (see above). A higher temperature treatment will improve the optical 
properties of the material (as already observed for films treated at 600 °C), due to a 
more efficient decomposition of the organic species. Nevertheless, temperatures 
higher than 450-500°C demonstrated to induce further oxidation of the MoS2 films 
either from the substrate or from the environment and will drastically limit the choice 
of the substrates to be used for the device fabrication. 
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Figure 34: a) XRD patterns and b) UV-VIS-NIR absorbance spectra of MoS2 films fabricated on silica 
substrates and treated at different temperatures. Reprinted with permission from 9. 2022, Elsevier B.V. 
All rights reserved. c) AFM measurement performed on MoS2 films treated at 500°C (left) and at 600°C 
(right). 
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2.2.4 Device characterization 
 
Photodetectors based on the fabricated MoS2 films were fabricated to demonstrate 
the employment of the described method for optoelectronic applications. The device 
was fabricated on a soda-lime glass substrate, engineered with gold electrodes as 
described in 2.1.6. Although it has been observed that a 600°C thermal treatment 
would improve the material quality (see above), the devices were treated at 500°C 
not to exceed the maximum temperature for the glass substrate. The selected 
temperature allows to achieve MoS2 films with low impurity residuals and discrete 
optical properties.  
Figure 35 (left) shows a device based on a MoS2 film fabricated on a glass engineered 
substrate as described above. The film is spread all over the substrate covering a	∼	
cm2 area. J-V characterization under dark of the different channels shown in the 
optical image are reported in Figure 35 (right). The currents show an ohmic behavior 
and report values of tens of mA/cm2 at low voltages, indicating high dark currents, 
attributable to the impurities affecting the expected semiconducting behavior. The 
values are comparable for the different channels, demonstrating uniformity of the 
electric film properties across the extent of the engineered substrate.  
One of the channels of the device was chosen to be representative for the batch and 
its photoresponse was characterized in the NUV-VIS-NIR spectrum. A comparison 
between the J-V curves recorded under dark and under illumination with a 455nm 
LED (Optical irradiance 3120 µW/mm2) is reported in Figure 36(a). The curve 
acquired under illumination shows an increase of conductivity of a factor ∼1.5, 
demonstrating the photodetection of the MoS2 film.  

Figure 35: Optical microscope image of a photodetector based on MoS2 film(right). J-V curves 
for four channels out of five channels of the device (left). Reprinted with permission from 9. 

2022, Elsevier B.V. All rights reserved. 
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The temporal response of the photodetector is reported in Figure 36(b) for the same 
irradiation (455 nm, 3120 µW/mm2) and applied voltage bias of 1V. The curve is 
characterized by a slow rise and decrease time, with the device taking around 1h to 
reach a stable signal. After switching off the light the signal eventually returns to the 
dark state in few hours and the behavior can be reproduced. This behavior can be 
explained by a considerable carrier trapping effect, as already observed in previous 
works 132. This is associated with defects of the materials, as discussed above. This 
feature puts a limitation of the use to low frequency applications. A potential 
improvement of the device speed may be obtained with a smarter choice of the device 
architecture, preferring interdigitated geometries of the electrodes to maximize the 
active area, as well as vertical structures, to reduce the channel length. No significant 
aging effect was noticed in six months of use, keeping the samples in dark and 
exposed to ambient air. 
Eventually the device response was characterized in terms of responsivity in the NUV-
VIS-NIR spectrum. Figure 36(c) shows the responsivity values of few mA/W at Vb of 
1V in all the spectrum considered. The spectral response displays an increased 
response in the NUV spectrum and shows a tail of response to the NIR region, in 
accordance with the absorbance spectra shown in Figure 34(b). This extends the 

Figure 36: a) J–V curves in dark conditions and under 455 nm light irradiation (power = 94 µW) 
of a photodetector based on a MoS2 film obtained with the sol-gel process proposed. In the 
inset, the channel of the fabricated device is shown. b) Time response of the detector under a 
switching light at 455 nm with applied bias voltage of 1 V. c) Responsivity of the detector to 
different wavelength radiations with an applied voltage bias of 1 V. Reprinted with permission 
from 9. 2022, Elsevier B.V. All rights reserved. 
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range of response that is expected for MoS2-based detectors, generally limited to the 
UV-VIS spectrum. Detection of IR radiation is associated with the defects present in 
the material allowing population of forbidden energy states, and photogeneration from 
longer wavelength radiations. The responsivity value around 660 nm is attributed to 
an increased absorption due to the proximity to the excitonic energies of MoS2, as 
shown in the absorbance spectrum. Preliminary tests were performed with X-rays in 
a similar way as described below for the device fabricated via MoS2 exfoliation (see 
Chapter 3), but no response was detected. This is attributed to the large dark currents 
exhibited by the device (see Figure 36(a)) which result in a low light to dark ratio when 
the device is irradiated. 
These results demonstrate a method to obtain large area MoS2 films and a 
photodetector is here shown as a proof of concept of the use of these films for 
optoelectronic applications. Alongside with these novelties, the presented device still 
suffers from low performance, attributed to a certain degree of impurity and oxidation 
of the film, driving the detector response. Ameliorations of the material must be 
achieved in order to build a prototype of a commercial device. Material improvement 
may be achieved by modifying the synthesis substituting the current chelating agent 
(DTPA) in favor of one which is more easily removable at low temperatures. Without 
modifying the synthesis precursors, higher quality films can be obtained with thermal 
annealing at higher temperatures. Higher temperatures will indeed reduce the organic 
impurity content, promote crystallinity, and improve the optoelectronic properties of 
the film (see above). Nevertheless, the devices must be fabricated only on substrates 
stable at high temperatures. The choice of the substrate will be further limited 
considering that oxide containing substrates are prone to oxygen diffusion and may 
induce oxidation of the MoS2 film, as discussed above. For these reasons, fabrication 
of pure and highly crystalline MoS2 films directly on the final substrate severely limits 
the versatility of the proposed method.  
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2.3 Towards high quality MoS2 films for flexible 
photodetectors 
 
 
As discussed above, a possible solution to this problem might rely in fabricating the 
MoS2 films on oxide free substrate performing higher temperature thermal treatments. 
To overcome the drawback of the process deriving from the limited choice of the 
substrates, a subsequent transfer of the film can be performed. Figure 37 depicts the 
steps of the strategy we propose. The strategy takes inspiration from the transfer 
method described below in section 3.1.2 that showed successful results in the case 
of the transfer of a MoS2 monolayer.  
The MoS2 film is fabricated on a sacrificial oxide-free substrate (e.g., native Si) via a 
thermal treatment at high temperatures (900-1000°C). A polymethyl methacrylate 
(PMMA) solution (5% wt. in toluene) is spin-coated on top of the sample (3000 rpm 
for 1 min) to embed the MoS2 film and add mechanical stability for the following 
transfer. Afterwards, the substrate onto which the MoS2 has been fabricated is etched 

Figure 37: Strategy to obtain flexible detectors based on high quality MoS2 films, via high 
temperature treatment on oxide free substrates and subsequent transfer of the film on a final 
substrate. 
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leaving a MoS2 film embedded in PMMA. Etching can be performed in a solution of 
hydrofluoric acid (HF), and PMMA is chosen because of its resistance to the HF acid. 
Once the substrate is etched, the MoS2 film can be transferred a few times in beakers 
containing deionized water to clean it from acid residuals. Eventually the film is 
transferred on the desired engineered substrate, being it based on glass, Kapton, 
PET, etc., and low temperature treatments (1h at 80°C and 30 min at 150°C) are 
applied to evaporate the residual water and make the PMMA to adhere to the 
substrate, keeping the MoS2 film in contact with the electrodes. If removal of the 
PMMA layer is needed, cleaning with toluene is used. This approach might lead to 
higher quality MoS2 films on the desired substrate, keeping the fabrication versatile 
on a vast choice of substrates, including flexible ones.  
The method was applied to a MoS2 film previously fabricated on silica and we 
succeeded in etching the former substrate and transfer the MoS2 film on a flexible 
substrate. This is depicted in Figure 38, where a MoS2 film treated at 500°C, 
previously fabricated on silica, is shown embedded in PMMA after the transfer on a 
PET substrate. The MoS2 film tolerated the etching and transfer procedure and sticked 
to the PET substrate. This thanks to the PMMA layer protecting it from to too long acid 
exposure and adding mechanical stability to the film. 
This result, although preliminary, is promising since it paves the way to a more 
versatile fabrication method that might overcome the drawbacks related to the limited 
quality of the obtained MoS2 films. Further studies must indeed be performed to 
demonstrate the maintenance of the MoS2 structural and chemical properties during 
the process and the operability of the so fabricated devices. Eventually, optimization 

Figure 38: MoS2 film embedded in PMMA after the transfer on a PET flexible substrate 
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of the device might be obtained by choosing a smarter geometry for the electrode 
layout in the engineered substrate. Solutions might rely in the use of interdigitated 
electrodes with large active area and small distance between the electrodes.  
 
 

2.4 Conclusions 
 
 
This chapter described the work performed regarding the production of large area 
MoS2 films via a facile, scalable and environmentally sustainable sol-gel process and 
their use in photodetector for the UV-VIS-NIR spectral range.  
Starting from a previously reported sol-gel recipe for the production of MoS2 7, the 
study optimized the recipe to obtain large and uniform MoS2 films to be exploited in 
actual devices. With the original recipe it was not possible to cover uniformly the 
substrates, due to a poor spreading of the solution. With the addition of 2-butanol in 
the synthesis medium, the uniformity and the area of the film were drastically 
improved, thanks to a better wetting of the substrate. The hydroalcoholic solution 
allows to fabricate ∼cm2 size MoS2 films on several substrates (silicon, silica, gold, 
glass), and this was confirmed by optical images and Raman spectroscopy 
measurements. The films morphology was investigated with SEM microscopy 
techniques, showing uniform film areas of mm2 and  thickness about 200 nm. The film 
stoichiometry was analyzed by means of XPS spectroscopy, confirming the MoS2 
structure. Besides, the survey spectrum revealed carbon residues, attributed to a non-
complete decomposition of the organic residues, and traces of oxide species, 
associated to partial oxidation of the MoS2 film. XRD spectroscopy revealed a poor 
level of crystallinity of the MoS2 films treated at 400°C, ascribable to presence of a 
significant amount of DTPA, as suggested by thermogravimetric analysis. The 
crystalline structure is improved at temperatures of 500°C or higher. Optical 
absorption spectroscopy in the NUV-VIS-NIR spectrum elucidated the optoelectronic 
properties of the film, demonstrating a behavior compatible with the one expected for 
two-dimensional MoS2. However, the film showed absorption that extends also in the 
NIR spectral range, that are associated to the impurities previously observed, 
narrowing the bandgap of the material.  
The films treated at 500°C were employed in photodetectors as a proof of concept of 
their use in actual devices. The detector showed a responsivity in the mA/W range in 
a wide spectrum, from NUV to NIR, demonstrating the applicability of the method in 
optoelectronics. The response of the detector in the NIR spectrum agreed with the 
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optical absorption experiment. The detector showed a slower response to light, 
compared to previously reported MoS2-based photodetectors, attributable to charge 
carrier trapping centers, originating from the residual material impurities. The device 
performance will benefit from the optimization of the device electrode architecture, in 
favor of designs with closer electrodes and larger active areas, but the quality of the 
material must be improved to produce sufficiently high-quality devices.  
A potential solution to increase the material quality without distorting the synthesis 
process relies in the use of thermal treatment of the films at higher temperatures to 
remove the impurities and improve the film crystallinity, prior to transfer the obtained 
MoS2 film on the desired final substrate. This might open the way towards the 
production of flexible devices with this method.  
Although in the work presented here the material shows some critical points that 
require further optimization, interesting steps have been performed towards the 
production of MoS2 films with a simple and scalable sol-gel method. The produced 
films are indeed characterized by large areas, good morphology, and uniformity, 
thanks to the addition of 2-butanol in the synthesis medium. Moreover, this method 
demonstrated then its applicability in the field of optoelectronics with the production 
of working, though improvable, photodetectors. Eventually, it was observed that the 
temperature required to obtain higher quality MoS2 films severely limits the choice of 
the substrates. Preliminary results suggest that an intermediate transfer of the film on 
the final substrate may help in making the process more versatile, opening the way 
for future work related to this topic.  
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Chapter 3: MoS2  photodetectors 
fabricated via exfoliation for X-ray 

detection 
 
 
 
A second observation raised in the introduction, is that the photodetectors based on 
2D-MoS2 reported so far have focused on the detection of the UV-VIS-NIR 
electromagnetic spectral range. Interesting, although MoS2 possess a high cross 
section for X-rays, due to the high atomic number Z of Mo, and the exploration of the 
higher energy electromagnetic spectrum is still missing. Aim of this chapter is to 
present the experimental activity performed during the project to explore the X-ray 
detecting capabilities of 2D-MoS2. For the purpose a photodetector based on a MoS2 
monolayer (1L-MoS2) was fabricated via mechanical exfoliation and characterized in 
a wide range of the electromagnetic spectrum, from the NIR to X-rays up to 102 keV. 
This demonstrated for the first time the use of MoS2 as material for direct ionizing 
radiation detection and opens the way to the study of 2D-MoS2 and TMDCs for 
applications related to X-ray detection, such as in-vivo dosimetry. 
In the “materials and methods” section we outline the procedure of exfoliation of 1L-
MoS2 from the bulk MoS2 crystal and we describe the detector fabrication. Afterwards, 
the experimental results are discussed in the “results and discussion” section. The 
experimental results confirmed the good response of 1L-MoS2 in the UV-VIS 
spectrum. The characterization of the device under X-rays in the 10-102 keV is then 
reported, demonstrating for the first time a response of 1L-MoS2 associated to a direct 
conversion of X-rays into charge carriers and showing the great potential of MoS2 for 
X-ray detection applications. Eventually the photodetector was combined with a thin 
scintillator film, which resulted in an increase of the response of the device to X-rays 
up to three times, showing a possible strategy to improve the device response to X-
rays. The chapter concludes with a section presenting a preliminary characterization 
of the detector irradiated with a 100 MeV proton beam, showing encouraging results. 
Conclusions on this work are finally presented leaving room for potential future works 
that may take inspiration from this study.  
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3.1 Materials and methods 
 
 
3.1.1 Exfoliation from bulk MoS2 
 
The exfoliation from MoS2 bulk crystal was accomplished via a thermally activated 
metal mediated process. A full description of the exfoliation process can be extracted 
from our previous reports 47–49. 
The process is illustrated in Figure 39. i) An ultraflat clean gold surface is obtained 
over which the parent MoS2 crystal will be joined. This is obtained via thermal 
evaporation of ≈100 nm of gold on top of a previously cleaned polished Si wafer ( 
<100>, Siegert Wafer, Germany). Subsequently, a thicker layer of Cu (≈	1 µm) is 
deposited on top of gold via the same process. Glass slides were finally glued onto 
the copper layer (Encapsulation Epoxy S132, Ossilla, UK) and UV cured for 1.5 h. 
From this stage the process is performed in a flow hood to reduce surface 
contamination. After that, the glued glass slides are flipped with the help of a razor 
blade revealing a fresh and ultraflat gold surface. ii) The parent MoS2 crystal is sticked 
to the gold surface and make it to adhere by simple mechanical pressure of the 
operator on the Kapton tape. iii) A heating step at 200 °C for 60 s on a hotplate is 
performed to promote the adhesion of MoS2 to gold. iv) The parent MoS2 crystal is 
easily removed by pulling the Kapton tape, leaving a monolayer attached to gold 
thanks to weak van der Waals interactions between MoS2 layers.  
 

 

i) ii) iii) iv) 

Figure 39: thermally activated metal-assisted exfoliation procedure steps. Adapted from 47.
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3.1.2 Transfer of the exfoliated 1L-MoS2 and device fabrication 
 
After 1L-MoS2 is obtained on top of gold, it needs to be transferred a target substrate. 
The transfer was achieved via a wet polystyrene assisted procedure that is 
extensively described in a previous report 48. The procedure is illustrated in Figure 40. 
i) 1L-MoS2 on top of gold is covered with polystyrene via spin-coating (average Mw ≈ 
280.000, Sigma–Aldrich, USA, 90 mg mL−1 in toluol, 3000 rpm 60 s) and the sample 
was cured at 80 °C for 10 min. ii) The sample was left floating on a metal-etching 
solution (KI/I2, Sigma Aldrich, USA) for 12 to 24 h, until the polystyrene foil floats on 
top of the solution. iii) The foil was scooped with a piece of silicon wafer and 
transferred in deionized water. The procedure was repeated 4 times to remove the 
etchant residuals. iv) The foil was finally scooped from water with the target substrate 
and let dry overnight, before baking it first at 80 °C for 1h and at 150 °C for 30 min, 
obtaining 1L-MoS2 on top of the substrate embedded in polystyrene. The polystyrene 
layer was left on top of MoS2 as protective layer.  
We obtained an average yield of 2.5 out 5 working devices per substrate, for a total 
of 10 out 20 working devices. The yield is associated with the dimensions of the 
exfoliated crystals that could not cover the entire glass sample and to the uneasy 
handling of the exfoliated layers in the transfer process which might lead to material 
damage. 
  

Figure 40: wet polystyrene assisted 1L-MoS2 transfer steps. Adapted from 48. 
 

i) ii) iii) iv) 

polystyrene 
target 

substrate 
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The fabrication of the device followed the exfoliation/transfer technique that is 
reported above. The target substrate used for the transfer was the engineered glass 
substrate with gold electrodes reported in section 2.1.6. The transfer was finalized 
with the help of an optical microscope to align the monolayer area of the exfoliated 
MoS2 layer with the channel of the engineered substrate. 
 
 
3.1.3 Gd2O2S:Tb based scintillator synthesis 
 

To increase the response of the device to X-rays, a plastic scintillator based on 
gadolinium oxysulfide doped with terbium (Gd2O2S:Tb) was fabricated and applied on 
top of the MoS2 based photodetector described in section 3.1.2. 
The scintillator was fabricated following the procedure illustrated in Figure 41. 
Gd2O2S:Tb powder (UKL65/F-R1, Phosphor Technology Ltd., UK) was added (0.5% 
wt) to the base PDMS component (BluesilTM RTV 141-a, Elkem Silicones, Norway), 
mixed and degassed in a vacuum oven at 60 °C. The reactive PDMS component  

Figure 41: scheme of the steps of the fabrication of scintillator films based on PDMS loaded 
with Gd2O2S:Tb. 

scintillator 
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(BluesilTM RTV 141-b, Elkem Silicones, Norway) was added in a 10:1 mass ratio with 
respect to the base component, followed by degassing in a vacuum oven at 60 °C. 
Finally, the mixture was casted via blade casting and cured at 60°C for 4 hours. A film 
(0.2 mm thick), flexible and almost transparent was obtained, from which the portion 
needed was cut and applied on top of the 1L-MoS2 based photodetector.  
 
 
 
 
3.1.4 Characterization techniques 
 
For the properties of the exfoliated 1L-MoS2 we refer to the previously reported reports 
47,48. The functioning of the fabricated devices was initially checked by acquiring their 
temporal photoresponse to illumination with a 455 nm LED light (Thorlabs, USA). This 
was measured with a device selector board (Ossilla, UK) connected to a Keithley 2450 
source measurement unit (Tektronic, USA). After checking for the correct functioning 
of the detectors, a device was chosen to be characterized in electromagnetic 
spectrum. The 1L-MoS2 based photodetector chosen for the purpose was 
characterized in the NUV-VIS-NIR spectrum in a similar way to what it has been 
described in Chapter 2 for the device fabricated via sol-gel synthesis (section 2.1.7). 
Current density-voltage curves (J-V), temporal response to illumination, and 
photoresponse were measured with the device selector board. Illumination in the 
NUV-VIS-NIR spectrum was provided with different LEDs (Thorlabs, USA) placed at 
200 mm from the detector. The list of the LEDs employed for this experiment with their 
main properties is reported in Table 6. The light power on the detector channel was 
estimated multiplying the nominal irradiance of the LEDs at 200 mm (reported in the 
datasheet) by the area of the channel (0.03 mm2). The irradiation of the channel area 
was assumed to be uniform in the experiment. The J-V curves were acquired 
between -5 V to 5 V in dark and under constant illumination of a 455 nm LED with 
optical power of 0.94 µW on the channel. The temporal response of the device was 
evaluated by measuring the current density as a function of time while the channel 
was exposed to a square wave 455 nm light (10 s at 0.094 µW, 10 s in dark). To 
calculate the response as a function of the optical power, neutral-density filters 
(Thorlabs, USA) were used. Responsivity was calculated by normalizing the 
photoresponse by the optical power illuminating the channel, applying a voltage bias 
of 1 V. The device was also characterized under illumination of X-rays to prove the 
use of 1L-MoS2 as material for direct radiation detection. Uniform irradiation of the 



 
 
 

88 

detector was obtained in a RS225 Xstrahl irradiation cabinet (Xstrahl, UK). X-rays 
were generated with a tungsten anode (WKα = 59 keV) operated at voltages of 40 kV, 
100 kV, 150 kV, 195 kV, using emission currents from 2 mA to 18 mA. The X-ray 
spectrum was filtered with a slab of 3 mm of copper. The X-ray source was operated 
at different voltages as a strategy to achieve dose rates varying on three orders of 
magnitude. Doses and dose rates to water were measured thanks to a 30010/12 
Farmer© ionization chamber connected to a PTW UNIDOS E electrometer (PTW, 
Germany), and adopted as dose references for the subsequent irradiating the 
detector, which was placed in the same position of the ionization chamber. X-ray 
response was measured for both the photodetector based on MoS2 only and adding 
the scintillator on top of the detector channel. In the measurement, the background 
arising from the irradiation of the electronic equipment was subtracted. The 
polystyrene layer thickness was measured with a DektatXT profilometer (Bruker, 
USA) to be ≈ 1 µm and it was estimated to absorb less than 0.01% of the x-rays used. 
The scintillator based on PDMS and mixed with Gd2O2S:Tb (0.2 mm thick) can absorb 
up to 4% of the radiation (based on NIST database85). Radiation sensitivity of 1L-
MoS2 was calculated via equation (1). 
The detector was tested under 100 MeV proton irradiation to demonstrate its use with 
other types of ionizing radiation. Proton irradiation was performed in the experimental 
room of the Trento (Italy) proton therapy facility. Protons were produced with a 
cyclotron (Proteus 235, IBA, Belgium) installed at the facility. Protons at 100 MeV 
were selected at the exit of the cyclotron thanks to an energy selection system (ESS). 
The extraction currents were 1nA, 10nA and 100 nA, which resulted in proton rates in 
the range 107-109 protons/s. The proton flux was measured with a MINI-Q 
(DE.TEC.TOR), composed of a stack of ionization chambers. The proton beam has a 
beam spot with a gaussian distribution (𝜎x	= 5.6 mm, 𝜎y = 5.7 mm) at 1.25 m from the 
beam exit (isocenter). The detector was placed perpendicular to the beam at the 
isocenter position 133. The gaussian profile of the beam was used to estimate the 
effective proton rate irradiating the active area of the detector.  
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Table 6: Thorlabs LEDs models, nominal wavelength, and irradiance on the detector. 
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3.2 Results and discussion 
 
 
3.2.1 Device fabrication 
 
In Figure 42(a) a top-view of a device acquired with an optical microscope is reported. 
The picture shows a MoS2 flake lying on a glass substrate. The two black branches 
separated in the middle of the picture are the thermally evaporated gold anode and 
cathodes. The MoS2 monolayer area corresponds to the yellowish region that has 
been delimited by a dashed line to facilitate the recognition. The darker features in the 
flake represent instead multi-layer MoS2, as already observed in previous reports 47,48. 
We can observe that the monolayer area of the flake entirely covers the channel area. 
Therefore, the active area of the detector was assumed to equal the area of the 

Glass
substrate

Gd2O2S:TbMoS2
Au

electrodes
PS

X-rays

PDMS + Gd2O2S:Tb
𝜆em = 544 nm

c)

1 mm

a)

c)

b)

+

Glass

Glass 1L-MoS2

Figure 42: a) Optical image acquired with a microscope of the top-view of the X-ray detector 
device based on 1L-MoS2. The dashed line delimiting the yellow area is a guide for the eye to 
identify the MoS2 monolayer. The two black features in the middle are the electrodes defining 
the active area in the channel between them. b) Image of the scintillator film based on PDMS 
and loaded with Gd2O2S:Tb that is applied on top of the device. c) Schematic cross-section of 
the final device. 
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channel (0.03 mm2). The thickness of the active region was assumed to be 0.9 nm, 
as previously observed for 1L-MoS2 fabricated with this method 47. It is worth noticing 
that this thickness is larger than the thickness reported for 1L-MoS2 (0.65 nm) 134. This 
is attributed to the van der Waals interaction between the 1L-MoS2 and the substrate.  
 
 
3.2.2 UV-VIS-NIR characterization 
 
The photodetector based on 1L-MoS2 was initially characterized in the NUV-VIS-NIR 
spectrum. Figure 43 (a) reports the J-V curves acquired in dark and under illumination 
of a 455 nm LED light (Optical power 940 nW). The device displays dark current 
densities as low as ~10-1 µA/cm2 at voltage bias Vbias < 1V. The currents show an 
increase of a factor 102 when the LED light is illuminating the channel, confirming the 
strong response of the 1L-MoS2 to visible light, leading to a remarkable ON-OFF ratio 
of the device. The asymmetric behavior near zero voltage bias of the J-V curve 
acquired in dark is attributed to a measurement offset that become noticeable at very 
low currents. The curve acquired under illumination is instead rather symmetrical, as 
expected for a symmetric device. 
The photoresponse of the device as a function of the optical power of the of the 
455 nm LED is reported in Figure 43(b). The response follows a power law behavior 
with the optical power illuminating the active area of the detector, with R ∼ P n, 
n = 0.6. This is attributed to a photoconductive gain mechanism that lowers the 
response when the illumination power increases 135. This behavior can be explained 
by a higher probability of carrier recombination when the number of the electron-hole 
pairs increases. Moreover, the response was measured down to optical powers of 10-

4 µW, showing the high sensitivity of the device to visible light. 
The temporal response of the detector illuminated by 455 nm light (optical power 
94  nW, Vbias = 1 V) is reported in Figure 43(c). The device response is slower than 
previously reported devices, with rise and decay times in the order of the seconds 
(𝜏r  ~10s). This can be attributed to defects of the 1L-MoS2, probably due to strains 
induced on the flake during the exfoliation and transfer procedure. Also, strains can 
be induced by the free-standing monolayer on the electrodes. The dynamic is 
expected to improve using smoother substrates and using extra care during the 
fabrication process. 
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Figure 43: Response of the detector based on 1L-MoS2 in the near visible spectrum: a) the J-V 
curves was measured in the dark and upon illumination with a 455 nm LED are shown. b) 
Photoresponse of the detector operated ad 1 V as a function of the LED optical power. c) Time  
evolution of the photocurrent while operating the device at 1 V by switching the LED on (0 s – 10 s) 
and off (10 s to 20 s). d) Spectral responsivity in the NUV-VIS-NIR spectrum with the device operated 
at 1 V.  
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The responsivity of the photodetector in the NUV-VIS-NIR spectral range is shown in 
Figure 43(d), when applying a voltage bias of 1 V. The responsivity in the NUV 
spectrum reaches values as high as fractions of A/W, while it decreases to 10-2-10-1 
A/W in the visible and drops to negligible values in the NIR spectrum. The higher 
responsivity value observed about 600 nm is associated with the increased absorption 
of 1L-MoS2 around its exitonic energy. The spectral response shown here 
demonstrates the strong response of the photodetector in the NUV-VIS spectral range 
and agrees with the absorption spectrum expected for 1L-MoS2. 28  
The device showed no degradation after testing with UV-VIS light, and the dark 
current eventually returned to the pre-irradiation values. No significant aging effects 
were observed after tests performed over a year of use. This can be associated also 
to the polystyrene layer acting as a protective layer.  
Comparing these results with similar experiments described in Chapter 2 in the case 
of a photodetector based on MoS2 thin films obtained with a wet chemical synthesis, 
points out the superior performance of the device based on exfoliated 1L-MoS2. The 
device described in this chapter shows performance in terms of ON-OFF ratio, 
response time and spectral responsivity which are orders of magnitude higher. This 
is associated with the superior quality of the crystal obtained by exfoliation, suggesting 
that further optimization needs to be carried out in the wet chemical synthesis 
approach. 
As mentioned earlier, the exfoliation/transfer procedure described in this chapter is 
suitable to be applied also for the fabrication of detectors on flexible substrates. An 
example of a device fabricated on an engineered substrate based on Kapton with the 
described method is reported in Figure 44. The temporal response shown, although 
it is a preliminary result, demonstrates that the response to light is similar to the one 
obtained on glass substrate and suggest the use of this method to develop flexible 
detectors. Further characterization of the device, from both an optoelectronic and 
mechanical point of view might demonstrate the feasibility of the method for flexible 
and wearable applications. 
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Figure 44:Flexible engineered substrate based on Kapton with gold electrodes (left).Temporal 
response curve of the device when illuminated with a 455 nm light (Optical power 94 µW) and voltage 
bias of 1 V (right).  
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3.2.3 X-ray characterization 
 
The detector based on 1L-MoS2 fabricated on the engineered glass substrate shown 
in Figure 42(a) was characterized under X-rays to demonstrate the use of 1L-MoS2 
as material for direct X-ray detection. Figure 45 compares the response of the device 
based on 1L-MoS2 (black markers) and of the same device after the addition of the 
thin scintillator based on PDMS blended with Gd2O2S:Tb (green markers), for different 
X-rays energies used. The contribution to the signal arising from the irradiation of the 
bare substrate with the electrodes (see Figure 46(d)) was subtracted in the following 
to obtain the response of the active materials only. For all the energies used, the 
detector based on 1L-MoS2 shows a response that increases almost linearly with the 
delivered X-ray dose rate. This demonstrated for the first time the direct X-ray 
conversion acted by MoS2, showing current densities in the order of the µA/cm2. With 
the experimental setup it was possible to measure dose rates as low as 0.08 mGy/s. 
The two-dimensional nature of the 1L-MoS2 also leads to negligible perturbation of 
the X-ray radiation field, fundamental requirement to move to in-vivo applications.  
The addition of the scintillator film on top of MoS2 is found to boost the signal for all 
the energies used, with a photocurrent increase of up to three times. The increase of 
the response is associated with the production of visible photons (centered at 
𝜆=533 nm) via indirect X-ray conversion mechanism acted by the scintillator that 
illuminate the underlying 1L-MoS2. The recorded signal is therefore the result of the 
collection of charges generated in the MoS2 by direct conversion of X-rays and by 
visible photons generated by the scintillator. The scintillator is estimated to absorb 
from 1 to 4% of the X-ray radiation, depending on the X-ray energy used, based on 
the attenuation coefficients reported in the NIST database 85. The increase of the 
detector response is significant even if the absorption of radiation in the scintillator is 
almost negligible. This is due to the strong response of the 1L-MoS2 in the visible 
spectrum, as seen above (Figure 43(d)).This result shows a possible strategy to 
increase the detector response, while keeping the absorption of X-rays very low and 
thus with minimal perturbation of the radiation field. Further engineering of the 
scintillator to maximize the detector conversion efficiency will lead to even larger 
response. The non-linearity of the detector response with the dose rate is attributed 
to the non-linear output of the scintillator, ascribable to the quenching of the 
scintillation mechanism increasing the dose rate. The highest photocurrents are 
observed with radiation generated at 100 kV.  
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This is more clearly depicted in Figure 46(a), where the J-V curves obtained with 

100 kV

Figure 45: Photocurrent density as a function of the X-ray dose rate operating the source at 
different voltages, namely 40 kV, 100 kV, 150 kV, 195 kV. The black markers correspond to the 
1L-MoS2 based device while the green markers correspond to the device incorporating the 
scintillator film based on Gd2O2S:Tb. The contribution to the signal from the bare substrate with 
the electrodes was subtracted in the calculation. The error bars are displayed on the graph 
relative to the 40kV irradiation only, where the fluctuations of the measure are not negligible 
compared to the recorded signal.  For the higher energy irradiations, the uncertainty is included 
in the marker chosen for the representation and the error bars are not displayed for graphical 
purposed. The detector was operated at 5 V during these acquisitions. 
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different X-ray energies for the device based on 1L-MoS2 incorporating the scintillator 
are plotted in the same graph. 
Although the dose rates achievable with X-rays produced at 40 kV are too low for a 
direct comparison with higher energies, it is possible to compare the response 
obtained at similar dose rates changing the X-ray generating voltage from 100 kV to 
195 kV. The graph shows that the highest photoresponse is obtained with 100 kV and 
decreases when the X-ray energy increases. This is due to a combination of direct 
response acted by 1L-MoS2 and indirect conversion acted by the scintillator. The 
contributions of the 1L-MoS2 and of the scintillator are plotted in Figure 46(b) and (c), 
respectively. The contribution of the scintillator was obtained by subtraction of the 
response from 1L-MoS2 based device from the response of the device incorporating 
the 1L-MoS2 plus the scintillator, considered the minimal absorption of X-rays in the 
scintillator. The response is found to increase for lower X-ray energies, due to higher 
absorption from both MoS2 and Gd2O2S:Tb (based on data reported in the NIST 
database 85). Figure 46(c) shows the saturation of the response when increasing the 
dose rate for the device incorporating the scintillator. The saturation is associated to 
quenching of luminescence centers increasing the dose rate and therefore a 
saturation of the light emission from the scintillator. Oppositely, the contribution of 1L-
MoS2 to the response is linear with the dose rate. The contribution to the signal arising 
from the irradiation of the bare substrate with the electrodes is reported in Figure 46(d) 
and it is associated to charge generation in the insulating channel acted by X-rays. 
Figure 47 shows the temporal response of the detector incorporating the scintillator 
when it is subject to subsequent short (20s) irradiations (topmost figure) and when it 
is subject to a longer irradiation (15 min) (bottommost figure). The test demonstrated 
good consistency of the signal during subsequent irradiations. However, the response 
speed of the detector when it is irradiated needs to improve (𝜏r  ~20s). The time 
needed to return to the initial current values is even higher since it might be affected 
by prolonged phosphorescence mechanisms. Also, the stability of the signal is good 
when the detector is subject to constant irradiation over time. No degradation of the 
device was observed after irradiating the device with total doses in the in the 10-102 
Gy range. Further experiments are required to check for the stability of the device 
when irradiated with and higher total doses (102-103 Gy) and understand the radiation 
tolerance of the device. No significant aging effects were observed until now for the 
device after the last year of use. This can be also attributed to the presence of the 
polystyrene film, acting as a protective layer for the 1L-MoS2. 
These results prove direct X-ray detection from 1L-MoS2 in an actual device, 
demonstrating for the first time the use of TMDCs for direct X-ray detection. 



 
 
 

98 

Furthermore, the work suggests a strategy to improve the detector response through 
the application of a thin scintillating film based on PDMS loaded with Gd2O2S:Tb. The 
addition of the scintillator can boost the response of the device up to three times with 
minimal absorption of X-rays, necessary requirement to move to in-vivo applications. 
Finally, the versatility of the fabrication method on flexible substrate can lead to the 
production of such detectors on Kapton substrates, achieving ultra-thin and flexible 
X-ray detectors that might be used for in-vivo applications. Further work in this 
direction must be performed to realize an in-vivo dosimeter prototype.  
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Figure 46: a) Photocurrent densities plotted against the dose rate for the detector based on 1L-
MoS2 with the addition of the scintillator film based on Gd2O2S:Tb, for different X-ray energies. b) 
and c) Contributions to the photocurrents from the 1L-MoS2 and from the scintillator, respectively. 
The detector was operated at 5 V during these measurements. In these graphs, the contribution to 
the measure from the irradiation of the substrate was subtracted. d) Contribution to the signal from 
the irradiation of the substrate.  
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Figure 47: top: Output of the detector incorporating the scintillator when subject to subsequent 
irradiations of 20 s (top) and to a 900 s single irradiation (bottom) of X-rays at 100 kV (dose rate 
7 mGy/s). The total dose delivered during the long irradiation figure is 6.4 Gy. 
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3.2.4 X-ray Sensitivity  
 
As described in section 1.2.3, an important feature used to compare materials 
performance under X-rays is the X-ray sensitivity. X-ray sensitivity is indeed used to 
characterize the material’s efficiency in converting directly X-rays to electrical signal 
and represents the total photogenerated charge normalized for the material’s active 
volume and for the dose delivered. We calculated the sensitivity using equation (1) 
reported in section 1.2.3. 
The X-ray sensitivity plotted against the dose rate for the different X-ray energies used 
is shown in Figure 48. The calculated values are in the range 108-109 µC ⋅Gy-1·cm-3 
(area sensitivities vary from 10 to 102 µC ⋅Gy-1·cm-2) with a maximum of 
(2.3 ± 1.7) ×109 µC	·Gy-1·cm-3. The reported values might have been underestimated 
by up to 30%, due to the considered 1L-MoS2 thickness, which is larger than the 
values reported in the literature, because it includes the van der Waals interaction 
distance between the monolayer and the substrate. Nevertheless, these values are 
comparable with the recently reported record for an organic based direct X-ray 
detector 113. Also the X-ray sensitivities found here are 2-3 orders of magnitude larger 
than the values reported so far for most of the direct organic and inorganic detectors 
8,95. X-ray sensitivity is found to depend on the dose rate, with values that decrease 
when increasing the dose rate. This can be attributed to a photoconductive gain 
mechanism at low dose rates. As mentioned above, the larger is the number of 
photogenerated carrier, the higher is probability to have recombination. Besides, at 
similar dose rates the highest sensitivity has been recorded to X-rays produced at 
100kV, due to the higher X-ray absorption of MoS2, compared to X-rays with higher 
energy components in the spectral distribution.  
The sensitivity here reported highlights an extraordinary efficiency of 1L-MoS2 in 
converting X-rays to photogenerated charges. This feature combined with the 
infinitesimal thickness of the MoS2 monolayer suggests that the use of 1L-MoS2 for 
in-vivo dosimetry applications is a convincing alternative to the current organic and 
inorganic materials employed for similar applications. This is a first successful 
example of the use of TMDCs in direct X-ray detection and paves the way towards 
the study of such materials in actual in-vivo applications.  
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1L MoS2 

Figure 48: X-ray sensitivity of 1L-MoS2 varying the dose rate to X-rays produced at different 
voltages. The detector was operated at 5 V during these measurements. The error bars are 
displayed for the 40kV irradiation only, where the uncertainty is comparable with the calculated 
sensitivity value, due to significant fluctuations in the photocurrent measurement (see Figure 
45). For the higher energy irradiations, the uncertainty is included in the marker chosen for the 
representation and the error bars are not displayed for graphical purposed. In the calculation, 
the contribution to the signal from the irradiation of the substrate was subtracted. 
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3.2.5 Characterization with charged particles (preliminary 
results) 
 
The presented work has mostly focused on X-rays for the characterization of the 
device in the ionizing radiation spectrum. However, other types of radiation are 
gaining increasing attention in several applications domains. Today, protons are 
widely employed in experimental facilities as well as in clinic and also the number of 
facilities dealing with heavy ions (e.g., carbon ions) is growing. Therefore, the device 
was also characterized under a proton flux as a preliminary test to demonstrate the 
feasibility of the detector for in-vivo dosimetry applications using other ionizing 
radiation types. In Figure 49 the response of the device based on 1L-MoS2 and of the 
same device incorporating the scintillator based on Gd2O2S:Tb to a beam of 100 MeV 

Figure 49: Photocurrent density as a function of the proton rate on the active area of the 
detector when it is irradiated with 100 MeV protons. The black markers correspond to the 1L-
MoS2 based device while the green markers correspond to the device incorporating the 
scintillator film based on Gd2O2S:Tb. The grey markers represent the contribution to the signal 
of the bare substrate with the electrodes. The detector was operated at 5 V during these 
acquisitions. 
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protons are compared. The response is observed to increase with the proton flux and 
it is associated to a direct conversion of the proton energy into charge carriers 
happening in 1L-MoS2. The photocurrent density recorded reaches values of few 
µA/cm2 at the highest proton flux. The scintillator is observed to enhance the signal 
with respect to the 1L-MoS2 only of about 35%, due to conversion into visible photons 
of the energy released by protons in Gd2O2S:Tb. This indicates the beneficial role that 
even a very thin scintillator can have in improving the device response. Further tests 
must be performed, also varying the proton energy, to confirm the preliminary results 
shown here.  
 
 

3.3 Conclusions 
 
 
This chapter described the fabrication and the characterization of a device based on 
exfoliated 1L-MoS2 for the detection of radiations in a wide spectrum, from the visible 
to X-rays in the 102 keV energy range.  
The exfoliation procedure was used to fabricate a device consisting of a MoS2 
monolayer lying on top of an engineered glass substrate with gold electrodes and 
covered with a thin film of polystyrene. The so obtained device was tested as 
photodetector in the UV-VIS-NIR spectral range. The photodetector showed a strong 
response to ultraviolet and visible light, in accordance with the spectral response 
expected for 1L-MoS2 based devices. The detector showed a light/dark ratio of up to 
102, and dark currents below µA/cm2 at low voltages (< 5 V) demonstrating good 
performance. The dynamics of the detector is still limited and shows response time in 
the order of the seconds (𝜏r  ~10s), which might be improved via further engineering 
of the process. Furthermore, the method was also applied to fabricate a detector on 
a flexible Kapton substrate, showing promising results for future study in the field of 
flexible electronics.  
The detector fabricated on the engineered glass substrate was characterized under 
X-rays in the 10-102 keV range to prove the use of 1L-MoS2 as direct X-ray detector 
material. The detector showed a response to dose rates as low as 0.08 mGy/s that 
increased linearly with the dose rate, demonstrating direct X-ray detection from 
1L-MoS2. The addition of a thin scintillator based on PDMS mixed with Gd2O2S:Tb 
was found to increase the response up to three times thanks to the conversion of the 
X-ray energy to visible photons. This indicated an easy strategy to improve the device 
performance, while keeping the attenuation of X-rays minimal.  
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The X-ray sensitivity of 1L-MoS2 was calculated to be in the range 108-109 µC ⋅Gy-

1·cm-3, outperforming most of the organic and inorganic materials. This represents 
convincing evidence of the efficiency of 1L-MoS2 in X-ray detection and suggests 
further study on TMDCs for this application.  
Further experiments must be performed to study the response of 1L-MoS2 to other 
radiation types, although a preliminary test with protons gave encouraging results. 
Finally, the demonstration of the versatility of the method on Kapton substrates is a 
promising signal for future development of such device on flexible and thin substrates, 
which is necessary to realize an actual prototype of an in-vivo dosimeter.  
  



 
 
 

106 

 
  



 
 
 

107 

Chapter 4: General conclusions 
 
 
 
This thesis condensed the work performed during the doctoral project on the 
fabrication of 2D-MoS2 and on the potential of this material in the field of 
optoelectronics. The work focused both on the current issues related to the industrial 
production of 2D-MoS2 and aimed to explore applications in which MoS2 can give a 
significant contribution. This work led to the publication on scientific journals of two 
articles 6,9 and to the submission of a third one, which is at the current date (01.07.23) 
under review. 
Chapter 1 aimed to give the reader the framework and the background of the 
research. It presented an overview on 2D-MoS2 and on the state of the art of MoS2-
based photodetectors. The chapter continued giving the reader the basis on detection 
of X-rays and an overview of the X-ray detectors used for in-vivo dosimetry.  
Aim of the experiments presented in Chapter 2 was to develop a fabrication strategy 
for 2D-MoS2 that could overcome the current limitations in terms of versatility and 
scalability affecting the current material production processes and wanted to 
demonstrate the applicability of the method to produce photodetectors.  
To recall the questions raised in the introductory chapter, the approach described in 
Chapter 2 wanted to address the following issue regarding the production of MoS2 
films: 
 
Q1. It is possible to fabricate large area 2D-MoS2 via a facile, reproducible, and 

scalable process, that can be used to produce photodetectors? 
 
The following answer can be given: 
 
A1. The production of such films is possible through a wet chemical synthesis. The 

method we propose exploits a facile hydroalcoholic sol-gel synthesis and films 
can be obtained by simple spin-coating of the solution on the substrates. 
Moreover, the process requires a thermal annealing step at low temperatures 
(500°C), compared to previously reported methods and do not involve 
sulfurization or hydrogenation steps. This makes the fabrication more affordable, 
versatile on different substrates and scalable for large production. The 
fabrication method can be exploited to produce optoelectronic devices, as 
demonstrated in the case of a photodetector. However, the device shows only 
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moderate performance, ascribable to the still limited quality of the films obtained, 
suggesting that the method requires further optimization to build competitive 
photodetectors. 

 
This has been evidenced by the experimental results of Chapter 2 that are here 
summarized:  
 
As shown in section 2.2.3, the proposed hydroalcoholic synthesis resulted indeed in 
the fabrication of ~cm2 size MoS2 films on different technologically relevant 
substrates, such as Si, SiO2, Au and ITO-coated glass. The MoS2 films showed 
continuous and uniform areas of several mm2, and thickness of about 200 nm, as 
evidenced by SEM microscopy. However, the MoS2 films revealed traces of carbon 
species, ascribable to organic residues, and oxide species, attributed to a partial 
oxidation of the films. This seems to affect both the crystallinity and the optoelectronic 
properties of the films. To achieve a higher material quality and to improve crystallinity 
temperatures of 500°C or higher are required.  
To demonstrate the applicability of the presented method to produce optoelectronic 
devices, photoconductors were fabricated via the deposition the MoS2 films onto 
engineered glass substrates and by thermal annealing at 500 °C. As discussed in 
section 2.2.4, the detector showed a responsivity in the mA/W range in a wide 
spectrum, from NUV to NIR, demonstrating a viable option to build MoS2-based 
detectors with a facile, versatile, and scalable method. However, the performance of 
the detector was affected by material’s impurities and poor crystallinity which require 
further material optimization. A potential solution was indeed proposed in section 2.3 
and relies in the fabrication of MoS2 films on oxide-free substrates, and in the thermal 
annealing of the film at higher temperatures prior to transfer the obtained films on the 
desired final substrate. Based on this approach, promising preliminary results were 
obtained for the fabrication of films on flexible substrates, leaving room for further 
studies on this subject. 
 
 
The focus of the experiments reported in Chapter 3 was to demonstrate the use of 
2D-MoS2 in less explored application fields such as radiation detection and in-vivo 
dosimetry. Aim of the chapter can be summarized by the question: 
 
Q2. Can MoS2 be used as a direct radiation detection material, and can it be 

considered as an alternative for in-vivo dosimetry applications?  
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It is now possible to give the following answer:  
 
A2. 1L-MoS2 fabricated via exfoliation directly detect X-rays when used in a 

photodetector and possess outstanding X-ray sensitivity, outperforming most of 
reported organic and inorganic materials. Also, the 2D nature of the material and 
the versatility of the proposed method makes the material a convincing 
alternative to the current materials considered for in-vivo dosimetry applications. 
Moreover, to boost the response of the device, the direct radiation detection of 
MoS2 can be combined with an indirect detection acted by a thin scintillator. 
Issues regarding the scalability and reproducibility of the fabrication method still 
need to be addressed, but the results might represent first important steps 
towards the use of 2D-MoS2 for radiation detection applications.  

 
The experimental results and the discussion of Chapter 3 supports the answer and 
they are here recapped:  
 
As described in section 3.2.2, the photodetector based on 1L-MoS2 fabricated via 
exfoliation showed a strong response to ultraviolet and visible light, in accordance 
with the spectral response expected for 1L-MoS2 based devices. The detector 
displayed good performance, showing a light/dark ratio of up to 102, and dark currents 
below µA/cm2 at low voltages (< 5 V). The fabrication method was also exploited to 
fabricate a detector on a flexible Kapton substrate and showed promising results for 
future study in the field of flexible electronics.  
The response of the detector to X-rays was instead discussed in section 3.2.3. The 
detector showed a response to X-rays in the 10-102 keV range, increasing linearly 
with the dose rate, demonstrating direct X-ray detection from 1L-MoS2, even to dose 
rates as low as 0.08 mGy/s. The addition of a thin scintillator based on PDMS mixed 
with Gd2O2S:Tb boosted the response up to three times thanks to the conversion of 
the X-ray energy to visible photons, indicating an easy strategy to improve the device 
performance. As discussed in section 3.2.4, the X-ray sensitivity of 1L-MoS2 resulted 
in the range 108-109 µC ⋅Gy-1·cm-3, outperforming most of the organic and inorganic 
materials. This proved the excellent efficiency of 1L-MoS2 in the detection of X-rays 
and suggests further study on the use of TMDCs for this application. Further 
experiments must be performed to study the response of 1L-MoS2 to other radiation 
types, although the preliminary test with MeV protons reported at the end of Chapter 
3 gave encouraging results. 
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In conclusion, the doctoral project addressed two aspects related to 2D-MoS2, the first 
that deals with its production and the second regarding a new field of application. This 
work can represent a step forward for both the aspects, firstly with the proposal of a 
fabrication method that encounters the needs for scalability and versatility, and 
secondly by expanding the spectrum of applications of 2D-MoS2 and TMDCs, thanks 
to a study on the use of 1L-MoS2 for the detection of X-rays. Moreover, this work 
gives suggestion for future studies related to the mentioned topics that may overcome 
the current limitations highlighted in the manuscript. With this work I believe that 
important advances have been made towards a more comprehensive understanding 
of the potential of 2D-MoS2 and that it may help in establishing electronic devices 
based on TMDCs as concrete reality in the future. 
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Appendix A: Characterization techniques 
 
 
 
This section illustrates the basis of the main characterization techniques adopted in 
this work that are recalled in the chapters 2 and 3.  
 
 

A.1 Raman spectroscopy 

 
Raman spectroscopy is a valuable tool used to determine the vibrational modes of 
molecules. In an unknown compound it provides a structural fingerprint from which 
molecules can be identified. Raman spectroscopy relies on a type of inelastic 
scattering of light known as Raman scattering. In this process a laser (visible, near 
infrared or near ultraviolet) is used as a source of photons that are scattered by the 
target molecules. The scattered photons, being the Raman scattering inelastic, 
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Figure 50: a) Energy level diagram in Raman scattering. b) Schematical representation of 
the µ-Raman setup. 
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undergo a shift in energy. The energy shift contains the information about the 
vibrational modes of the molecules that constitute the material under analysis and can 
be used to identify their composition and chemical structure. From a theoretical point 
of view, the photons from the source excite the molecules from either the ground 
vibrational state (v0) or a higher energy vibrational state (e.g. v1,v2) to a virtual excited 
state Photons are emitted and the molecules relax to the ground vibrational state or 
to different vibrational state. The energy level diagram of the process is depicted in 
Figure 50. Two Raman scattering schemes are possible: a scattering where the 
energy of the emitted photon is lower than the initial energy (Stokes Raman 
scattering) and a scattering where the emitted photon energy increases (Anti-Stokes 
Raman scattering). In the process one must consider that photon undergo elastic 
scattering as well, i.e. with no shift in energy. To eliminate the contribution from 
elastically scattered photons, in practice a notch filter is generally used to select the 
energy of the outcoming photons to analyze. When the excitation energy used for the 
analysis is close to the excitation energy of the molecules, we speak about resonant 
Raman spectroscopy. This technique provides much higher sensitivity compared to 
standard non-resonant Raman spectroscopy, because it is possible to excite 
electrons to a higher electronic state. However, this requires to use a tunable laser 
which is not needed for the non-resonant counterpart. 
Not all the vibrational modes are Raman-active and thus can be identified with this 
technique though, but only the modes that result in change in the polarizability of the 
molecules. Raman spectroscopy is particularly suitable for molecules that have weak 
dipole moment and high polarizability, namely molecules that possess C=C, C-C, C-
H bonds. A complementary technique that is often used in combination with Raman 
spectroscopy is infrared spectroscopy.  
Nowadays Raman instrumentation is often coupled with an optical microscope and it 
is possible to illuminate and analyze areas of few µm2 . This instrument is called micro-
Raman spectrometer.  
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A.2 X-ray photoelectron spectroscopy 

 
Another powerful spectroscopic technique used to determine the elemental fingerprint 
of a compound is X-ray photoelectron spectroscopy (XPS), which is based on the 
photoelectric effect. The photoelectric effect has been introduced in Chapter 1 (see 
the corresponding section for more details). Briefly, the electrons constituting the 
atoms of the investigated sample absorb the X-rays and are emitted as 
photoelectrons. The task of the XPS is to analyze the emitted electrons and, from their 
binding energy, deduce the elemental composition of the sample.  
The experimental setup of an XPS experiment is depicted in Figure 51. The system 
is kept in ultra-high vacuum (~10-10 bar), to avoid discharges and interference to the 
produced photoelectrons. The sample is illuminated with an almost monochromatic 
source of X-rays. The X-rays are produced with a process described in Chapter 1 (see 
section 1.2.2), using a target of magnesium (Mg) or aluminum (Al), for which the X-
ray emission spectrum is dominated by the characteristic unresolved X-ray doublet 
K𝛼1,2 (transition from 2p1/2 and 2p3/2 to 1s states, respectively) at 1253.6 eV for Mg and 
1486.6 eV for Al. The photoelectrons are collected by an electron analyzer that 
measures the kinetic energy of the photoelectrons. The kinetic energy of the electrons 
can be written as follows:  
 

𝐸𝐾 = ℎ𝜐 − 	𝐸𝐵 − 𝜙𝑆  (2) 

 
Where ℎ𝜐 is the energy of the X-rays, EB is the binding energy of the electron in the 
atom and 𝜙4 is the work function of the sample, i.e. the energy needed to bring the 
electron from the sample surface to the vacuum level. XPS is a surface technique that 
can probe a few nanometers of the sample, depending on the energy of the X-rays. 
This is associated with the kinetic energy of the photoelectrons that need to traverse 
the medium before escaping and being collected.  
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The XPS setup can be also combined with a sputtering mechanism. Sputtering means 
the removal of atomic layers of the material when it is bombarded with energetic 
particles, in form of a gas or plasma. Argon is often used for sputtering since it is an 
inert gas and thus is expected not to react with the sample species. Sputtering 
combined with XPS allows to access the layers beneath the material surface that 
would not be accessible with XPS only. 
 
 

 

A.3 Scanning electron microscopy (SEM) 

 
A Scanning electron microscope (SEM) is a microscope producing an image of a 
sample thanks to a focused beam of electrons that scans the sample surface. SEM is 
used mainly for its resolution which goes way beyond the optical microscope. With a 
SEM it is indeed possible to resolve objects at the nanometer scale. This is due to the 
wavelength of the electrons used in SEM that is orders of magnitude smaller than the 
visible light exploited in optical microscopes.  
The electrons interacting with the sample undergo different processes, mainly 
produce secondary electrons (SE), they are back scattered (BSE) via elastic 
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Figure 51: Scheme of the XPS experimental setup. 
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scattering, or their interaction with the atoms can produce characteristic X-rays. SEM 
produce images collecting the SE and BSE escaping the material after their 
production, while characteristic X-rays can be used to perform elemental analysis of 
the sample. The produced SE generally have energies below 50 eV, resulting in 
mean-free paths in the sample of few nanometers after the production. Therefore, the 
SE signal is likely to come from the very first nanometers of the sample and allow the 
highest resolution for an SEM. The BSE (and the characteristic X-rays) have instead 
a larger mean-free path and allow to access the layers beneath the sample surface. 
This comes with the drawback of a lower spatial resolution. This is summarized in 
Figure 52(a), where the regions from where the signal is acquired are depicted.  
The experimental setup of a typical SEM is reported in Figure 52(b). The whole system 
is kept in high vacuum. An electron gun is used as source of electrons. The electrons 
are produced with a tungsten filament with energies up to 40 keV. The electron beam 
is focused by one or two electromagnetic lenses to a spot with nanometer-scale in 
diameter. The beam passes through scanning coils, which deflects it along the x and 
y axes so that it raster scan the specimen area. Detectors for SE, BSE and 

a) b) 

Figure 52: a) Sketch of the regions of a specimen that are probed with different SEM 
acquisition modes. b) Setup of an SEM  
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characteristic X-rays are placed close to the specimen surface allowing data 
acquisition in different modes. The sample needs in the end to be electrically 
connected to the ground to discharge the amount of electrons delivered on the 
specimen. For non-conductive specimens, a metallization step is required prior to the 
analysis.  
 
 

A.4 X-ray diffraction (XRD) 

 
X-ray diffraction (XRD) is a technique used to obtain information on the crystalline 
structure of materials. The technique is non-destructive and can be used to analyze 
crystalline powders, bulk crystals, and thin films. 
XRD exploits an X-ray source that is diffracted by the lattice atoms of the material via 
elastic scattering. Each atom acts as a diffraction center, generating a coherent front 
of spherical waves. According to wave diffraction theory, the waves interfere 
constructively only if the path difference between the scattered waves is an integer 
multiple of their wavelength. This can be expressed with the Bragg law: 
 
 

𝑛𝜆 = 2𝑑	𝑠𝑖𝑛𝜗																																																						(3) 

Where 𝑛 is an integer number, 𝜆 is the X-ray wavelength, 𝑑 is the distance between 
the crystal planes, and 𝜗 is the angle of incidence of the X-ray beam with respect to 
the plane of the crystal plane (Figure 53). For a Bragg-Bentano geometry, the 
experimental setup is composed of an X-ray tube, commonly based on Cu (K𝛼1 = 
8.047 keV) or Mo (K𝛼1  = 17.479 keV) target, a goniometer that varies the incidence 
angle 𝜗, and an X-ray detector preceded by a graphite monochromator. The output 
of the measure is a pattern of the signal intensity vs. the angle 2𝜗, from which is 
possible to extract information about the distance of the crystalline planes and thus 
on the crystal lattice parameters, and identify the crystalline phases. Quantitative 
phase analysis and other information as crystallite size, strains etc. can be calculated 
from XRD patterns. 
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A.5 Atomic force microscopy (AFM) 

 
Atomic force microscope (AFM) is a powerful tool able to return high-resolution 
topographical images of the analyzed samples. AFM gives information about surface 
roughness of materials, and it is capable of measuring interaction forces down to the 
nanometer scale.   
The schematical structure of an AFM is depicted in Figure 54. It is composed by a 
cantilever with a sharp tip (5-50nm diameter) that probes the surface of the sample. 
The tips is tilted due to the local force between the tip and the material surface. To 
measure the vertical motion of the cantilever, a laser pointing the tip of the cantilever 
gets deflected into a photodiode. A change in the laser position at the photodiode is 
recorded as a voltage amplitude, from which the force is reconstructed.  
The cantilever raster scans the surface in the xy plane thanks to a piezoelectric motor 
stage. Combining the information on the xy scan and the vertical motion of the 
cantilever, a map of the surface is obtained. A feedback loop is also needed to monitor 

Figure 53: Scheme of the Bragg’s law and of an XRD setup. 
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the z-position of the cantilever and dynamically adjust its position point by point while 
scanning. This mode is called contact mode.  
When dealing with soft samples, such as organic materials held together with van der 
Waals forces, the lateral force applied by the tip during the scan might damage the 
sample. Therefore, an intermittent mode called tapping mode can be used, i.e., the 
tip oscillates instead of staying in contact with the sample surface.  
  

Figure 54: Schematic representation of the AFM setup. 
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A.6 UV-VIS-NIR spectroscopy 

 
Ultraviolet-visible-near infrared (UV-VIS-NIR) spectroscopy probes the interaction of 
the material with electromagnetic radiation in a broad wavelength range (200 nm – 
2500 nm), namely from the near ultraviolet (NUV) to near infrared (NIR) spectrum. 
UV-VIS spectrum gives information about the electronic properties of the material, 
since it is associated with the electronic transition of atoms or molecules, while the 
NIR spectrum is often responsible for the molecular vibrational modes. 
UV-VIS-NIR spectroscopy can be performed in transmission mode or in diffused 
reflectance mode. In transmission mode, the instrument measures the light intensity 
I1 after it passes through the sample and compare it with intensity of the incident light 
(I0). The ratio I1 / I0 is called transmittance T and can be expressed as percentage 
(%T). It is common to calculate the absorbance A from the transmittance, that is A = 
-log(T). The transmittance or absorbance measurement is related to the Lambert-Beer 
law, which is often used to determine the concentration of absorbers (chromophores) 

I0 I1

reflected 
light Incident  

light 
Transmitted

light 

Figure 55: a) scheme of the light interaction with a sample in the UV-VIS-NIR spectrometer; b) 
scheme of a UV-VIS-NIR spectrophotometer setup. 

a) 
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in solutions. Moreover, the absorbance spectrum gives important information about 
the electronic transitions of a material. Such measurements are particularly interesting 
to study semiconductor electronic properties. In fact, ideal semiconductors possess 
an electronic band structure, where the valence band is separated from the 
conduction band by an energy gap of ~1-2 eV with no energy states in between (see 
section). It happens that there is a cut-off energy of the photons under which 
semiconductors are almost transparent to light, while they start to absorb photons 
right above the band gap energy. This feature can be easily recognized with a 
spectrometer since the absorbance spectrum shows a steep increase when the 
photon energy approaches the energy bandgap.  
The spectrometer can be configured to measure reflectance. Reflectance is 
calculated as the ratio between the light intensity IR reflected from the sample and the 
light intensity IR0 reflected from a reference material (R = IR / IR0 ), and it is expressed 
as percentage, similarly to transmittance. Reflectance measurements are of particular 
importance for example when dealing with anti-reflecting coating, vastly used 
nowadays in semiconductor technology and photovoltaic panel industry.  
The scheme of a spectrophotometer is depicted in Figure 55. The radiation source is 
composed of a tungsten lamp (emitting in the range 300-2500 nm) for the VIS-NIR 
spectrum and a deuterium lamp (190-400 nm) for the UV spectrum. The source is 
followed by a monochromator to select the spectral line to be used as excitation. A 
beam splitter splits the radiation is two paths, one that passes through the sample, 
and one used as a reference, prior to collect them in a photodetector.  
 
 

A.7 Thermal analyses  

 
Thermal analysis is a fundamental technique used to study the evolution of a material 
when the temperature varies. The evolution can be due to physical phenomena such 
as phase transitions or adsorption/desorption processes, as well as chemical 
phenomena such as thermal decomposition or chemisorption, occurring when the 
temperature increases 136. 
Thermogravimetric analysis (TGA) is a thermal analysis method in which the mass of 
a sample is measured as a function of the temperature. A thermogravimetric analyzer 
is composed of a precision balance that continuously monitors the mass, a furnace 
that hosts a crucible in which the sample is loaded, and a second crucible that can be 
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used as a reference (Figure 56). The furnace has a programmable temperature 
control and can be heated up to more than 1000 °C. The sample can be kept in air, 
vacuum, or inert gas atmosphere, depending on the reactions to be investigated. TGA 
curve is often combined with its time derivative, called DTG, that can be used to 
determine inflection points. 
Differential thermal analysis (DTA) is used in combination with TGA and often share 
the same experimental setup. While TGA is used to determine the mass variation of 
the sample, in DTA the temperature difference between the sample and a reference 
sample is measured while varying the temperature. This measure gives information 
about the thermodynamics of the reactions occurring in the material and allows to 
discriminate between endothermic and exothermic phenomena. The combined 
information from TGA and DTA gives an overview of the processes occurring in a 
material at different temperatures.  
 

 
 

Figure 56: Schematical representation of a TGA/DTA setup 
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A.8 Electro-optical characterization 

 
When dealing with photodetectors it is important to characterize their electrical 
response to light. Figure 57 illustrates a potential setup for electro-optical 
characterization of a device. The device is connected to a voltage bias source and a 
current is measured. This is generally performed with a source measurement unit. 
Light sources are then used to illuminate the device under test in the measurement. 
A simple way is to use LED light sources of know optical power. To perform the 
measurements, while the source measurement unit is acquiring a current, different 
LEDs are switched on and off. In this way it is possible to extract several important 
quantities such as dark (leakage) current, on-off ratio, response time and responsivity. 
The dark current is current flowing in the photodetector when the illumination is off. 
The on-off ratio gives the ratio between the current measured under illumination and 
the current measured in the dark. This is generally displayed in a current-voltage (J-
V) plot, where the two curves (dark vs illumination) are compared, and it is preferable 
to have it as high as possible when very sensitive measurements are needed. The 
response time gives information on the time needed to react to a variation in the 
illumination and to reach a new steady state. This is often indicated by two 
measurements, the rise time 𝜏r (time needed to go from 0 to 90% of the signal) and 
decay time 𝜏d (time needed to go from 100% to 10% of the signal). The measure can 

Figure 57: Scheme of the setup used for the electrical characterization of the photodetectors 
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be limited by the speed of the electronics in very fast devices. This is especially 
important for devices that need to operate at high frequencies. Responsivity measures 
the amount of current that is generated in a photodetector when it is illuminated 
(photocurrent), per unit illuminating power. Responsivity is often used to compare the 
performance of different photodetectors. Moreover, since responsivity is a measure 
that depends on the wavelength of the photons illuminating the detector and it gives 
information on the optical properties of the detecting material.  
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