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Abstract 

 

Two-dimensional (2D) materials are very attractive candidates for use in next-generation 

nanoelectronic devices. Compared to one-dimensional materials, with 2D materials is 

relatively easy to fabricate complex structures. 2D materials, such as molybdenum disulfide 

(MoS2), have attracted increasing attention for their electronic and optoelectronic particular 

properties and size.  

MoS2 is a transition-metal dichalcogenide, it exhibits unique physical, optical and electrical 

properties. For this thesis single layers of MoS2 (thickness, 6.5 Å) were deposited on 

degenerately doped silicon substrates acting as a back gate with 270-nm-thick SiO2. Two 

gold electrodes as drain and source, lasers of 645 nm and 561 nm and a white light are used 

to investigate their photo-electric properties. 

Different surface treatments and the device fabrication process flow have been studied to 

see how to improve the electrical and optical properties of our single-layer MoS2 devices. In 

this project, it has been observed that the device fabrication improves their electrical 

properties. Surface treatment for low hysteresis, for high field-effect mobility and for a good 

relation hysteresis/field-effect mobility have been found.  

For the first time, a persistent photoconductivity (PPC) has been observed in MoS2 and a 

surface treatment for a fast PPC decay has been found. A fast photocurrent with higher 

photoresponsivity than others found before and much higher than graphene-based devices is 

determined by the source-drain or gate voltage.  

Single-layer MoS2 semiconducting materials could be a good candidate for multi-functional 

optoelectronic device applications in future. 
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Chapter 1 Introduction 

 

Since the invention of internet the new communication revolution has increased the load of 

the networks exponentially. Nowadays we need optical networks to afford the transmission of 

these high amounts of data. Optical fibers used before for long distances are getting closer to 

the user.  

Even before this, an older revolution started with the first transistor following Moore’s law is 

providing faster and more sophisticated computers and phones. Every year processors 

contain more and smaller transistors with sizes getting closer to the atomic scale. 

One day in close future each chip will process huge amounts of information and they will 

need light to be also the way to transfer information between the chips (fig.1). 

 

Figure 1: Approximation of how future chips could look like [1]  

Photodetectors are an important part of these predicted future chips [1]. If every year the 

components are getting smaller, two-dimensional (2D) materials compatible with CMOS 

fabrication which offer huge amount of applications could be the next step. Furthermore, they 

could be a door for flexible electronics. 

Graphene which has yielded in 2010 a Nobel Prize in physics to Andre Geim and Koustantin 

Novoselev [9] it is a good candidate for 2D electronics because of its unique electrical 

properties. Using graphene as a photodetector is however not easy because of the lack of a 

band gap.  

There are other 2D materials interesting for this purpose such as molybdenum disulfide 

(MoS2) with its single layer presents a direct band gap1 of 1.8 eV. For this reason, this is the 

material we used in this thesis. 

                                                           
1 Band gap: The energy difference between the top of the valence band and the bottom of the conduction band in insulators and 

semiconductors. 

http://en.wikipedia.org/wiki/Valence_band
http://en.wikipedia.org/wiki/Conduction_band
http://en.wikipedia.org/wiki/Electrical_insulation
http://en.wikipedia.org/wiki/Semiconductor
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1.1 Experiment overview 

The purpose of this project was to develop a method to fabricate and observe single-layer 

MoS2 photodetectors. 

To study the optoelectronic properties of single-layer MoS2 in detail, electrical measurements 

are made with device exposed to a laser beam. The direct band gap of MoS2 [4, 10] enable 

us to observe a photoelectric effect which increased the current between the contacts.  

An optical setup and a shielded manual probe station are used to observe the sample and 

measure the electrical response while it is exposed by the light source.  

In this thesis, I describe the process flow of the different treatments used to make these 

devices (fig.2) and compare them in terms of electrical and optoelectronic properties. 

 
Figure 2: Single layer MoS2 photodetector. 

 

The optical properties of MoS2 have been studied before by different research groups. The 

optical absorption has been measured [7], the photoluminescence [4], even an article about 

MoS2 single layer phototransistors [8] was published while we were doing the measurements 

of the electrical response to the laser. We were however first to observe the Persisten 

Photoconductivity (PPC) in MoS2. 

1.2 Thesis outline 

In chapter two of this thesis, I describe the instrumentation used to locate and measure the 

electrical properties of our devices. An overview of the theory of 2D materials in concrete 

MoS2 and the photo-electric effect is given in chapter three. Chapter four contains the 

fabrication techniques developed to produce single-layer MoS2 photodetectors. The 

measurements taken to study our devices and the data resulting from these measurements 

is presented in chapter five. Finally, in chapter six, I discuss the results of the experiment and 

future work. 
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Chapter 2 Instrumentation 

 

2.1 Optical microscope – Olympus- 

The magnified image by the optical microscope (fig.3) is captured by a CCD camera which makes 

possible to see the images on the computer. The optical microscope installed in the laboratory has 

x10, x20, x50, x100 magnification objectives. 

 

Figure 3: Olympus optical microscope 

 

2.2- Manual Probe Station  

Electrical measurements have been done with a probe station inside a faraday cage (fig.4a). 

It has micromanipulators -to position thin tungsten tips on the contact pads of the device-, a 

microscope and an Agilent E5270B parameter analyzer (fig.4b). Tips are held at the 

micromanipulators arms extremity and provide the electrical contact with the sample. 

         

Figure 4: a) Probe Station. b) Agilent E5270B parameter analyser 

a) b) 
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2.3 Optical setup 

 
 
Figure 5: Image of the optical setup. a) CMOS camera2. b) Sample and objective. c) 561nm laser. d) 645nm laser. e) 
Tunable laser (770-785nm). f) Controllable stage. 

The setup (fig.5) used to measure the response of the final devices to the light has three 

lasers:  

- Red laser Diode-Pumped (Visible CW laser Excelsior-642C-100-CDRH): Wavelength 

of 561.425 nm (561 nm in the specifications3) and output power of 50mW (50+-

0.5mW).  

- Green laser Diode-Pumped (Visible CW laser Excelsior-561-50-CDRH): Wavelength 

of 645nm (642+-7nm in the specifications) and output power of 100mW (100+-

0.5mW).  

- Tunable laser Serval Plus Series (TEC-420-780-1000): A minimum wavelength of 

770nm with 700mW power to a wavelength of 780nm with the maximum power of 

1100mW to a maximum wavelength of 785 nm with 850mW power.  

 
                                                           
2 CMOS camera: A digital still or video camera that uses a CMOS-based image sensor chip that records the intensities of light 

as variable charges similar to a CCD chip. 
3 Specifications: An explicit set of requirements to be satisfied by a material, product, or service. 

b) 
c) 

a) 

d) 
e) 

f) 

http://en.wikipedia.org/wiki/Requirements
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All these lasers are focused on the sample using a group of lenses. Just before the sample, 

a water immersion objective is placed upside down (fig.5b) in order to aquire the magnified 

image of the device.  

A camera (fig.5a) and a controllable stage (fig.5f) are used to localize the sample. An 

electrical probe station is used to measure the electrical properties.  In the following images 

we can see the setup.  

2.4 Labview program 

The first step to make this setup work for the experiment was to improve the labview program 

to gain better control over the nanopositioning stage. 

The labview programs provided for the Andor camera and of different devices of the setup 

were joined. Furthermore, new labview programs were made to scan an area and save all 

the images of the scanning.  At the end we had a labview program with the front panel shown 

on the following image. 

 

 
 

 
Figure 6:  Front panel of labview program created to control the stage for the experiment. a) Camera. b) Stage. c) 
Saving image. d) Scanning. e) Measure current. f) Stop program. g) Cursors manual or automatic. h) Cursor 
positions. 

  

e) 

h) 

g) 
c) b) 

a) 

f) 

d) 
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- The camera (fig.6a): Shows an image of the Andor Neo 5.5 Megapixel, -40ºC, Low 

Noise Scientific CMOS model DC-152Q-FI. The exposure time can be controlled. 

Moving the two cursors provides the exact position of the cross point (fig.6h).  

- The Stage (fig.6b): Can be controlled by changing the parameters of the movement 

wave of the stage (offset and amplitude). For the experiment the amplitude is set to 

zero and the offset of X and Y position is controlled with 100 x 100 µm square 

scanning and 1 µm resolution.  

Another way to control the stage with this labview program is by changing the mode 

from automatic to manual (fig.6g) where the stage is controlled by the crosshair. 

- Save (fig.6c): The corner left shows where the images are saved. By changing the 0 

to 1 (fig.6c) the image of the camera is saved in three different formats (jpeg, tiff and 

bmp). 

- Scan (fig.6d): Moves the stage around the area with the chosen step-size and saves 

the images of each step in the folder indicate on the corner left of the screen. 

- Measure current (fig.6e): Connects this program with another labview program made 

by prof. Kis Andras to control the electrical prober station. This other labview is the 

one we used for all the electrical measurements of the final devices. 

- Stop (fig.6f): It stops the program.  

In the annex, there is the block diagrams of the program. 

 
  



14 
 

Chapter 3 Basics of 2D-materials and photo-electric effect theory   

 

Approximately 70 years ago, physicist Lev Landau predicted that two-dimensional crystals 

are not thermodynamically stable structures [11]. However, the discovery of graphene [9] 

overturned years of conventional understanding.  

Recently, atomically thin sheets of layered inorganic compounds such as metal 

chalcogenides and oxides have attracted increasing attention. In particular, great interest has 

been focused on layered transition-metal dichalcogenides (LTMDs) which can be easily 

cleaved along the layerplane due to weak Van der Waals forces4 between the layers [12]. 

MoS2 (Fig.7) is well known for its use as a solid state lubricant and catalyst for 

hydrodesulfurization and hydrogen evolution and is a member of this LTMDs family [13]. It 

occurs as the mineral molybdenite which can be processed by flotation or thermal treatment 

to obtain relatively pure MoS2 (it can also be produced chemically). The single layer of this 

semiconducting material exhibits unique physical, optical and electrical properties and a 

unique quantum luminescence efficiency [10]. When it is used as the channel material in a 

field-effect transistor (FET) top gated by HfO2 , MoS2 can present a high channel mobility 

(aprox 200 𝑐𝑚2𝑉−1s−1) and current ON/OFF ratio (1×108) [2]. 

 

 

Figure 7: a) Three-dimensional representation of the structure of MoS2 [2]. b) AFM imaging of monolayer MoS2 [2].  

Crystals of MoS2 are composed of 6.5 Å thick layers held together by Van der Waals 

interactions (Fig.7). Single layers, can be extracted using scotch tape [14] or lithium-based 

intercalation [15].  

                                                           
4 Van der Waals forces: Include attractions between atoms, molecules, and surfaces, as well as other intermolecular forces. 

They differ from covalent and ionic bonding in that they are caused by correlations in the fluctuating polarizations of near by 

particles. 

a) b) 

http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Ionic_bond
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Single-layer MoS2 could be interesting as a semiconducting analogue of graphene, which 

does not have a bandgap in its pristine form (fig.8a). Bandgaps up to 400 meV have been 

introduced by quantum mechanical confinement in patterned [16] or exfoliated [17] graphene  

nanoribbons, but always at the price of significant mobility reduction (200 𝑐𝑚2𝑉−1s−1 for a 

150 meV bandgap) [18], loss of coherence [19] or increased off-state currents due to edge 

roughness [20]. This is comparable to the mobility of 250 𝑐𝑚2𝑉−1s−1 found in 2 nm thin 

strained silicon films [21]. MoS2 monolayer has similar mobility but a higher bandgap than 

graphene nanoribbons [17], and a smaller thickness than the thinnest silicon films fabricated 

to date [21].  

Bulk MoS2 has an indirect bandgap of 1.2 eV [22] and has also attracted interest as 

photovoltaic and photocatalytic material [23]. Whereas the band gap increases with 

decreasing thickness below 100 nm due to quantum confinement [24].  

Single-layer MoS2 is a direct gap semiconductor with a bandgap of 1.8 eV (fig.8b) [7]. Other 

features that could make MoS2 interesting for nanoelectronic applications include the 

absence of dangling bonds5 and thermal stability up to 1,100 ºC.  

 
 

Figure 8: a) Graphene lack of a band gap [3]. b) Single-layer MoS2 is a direct gap semiconductor where the lowest 
energy interband transition occurs at the K point of the Brillouin zone. [4] 

 

The band gap is important to explain the Albert Einstein's mathematical description of how 

the photoelectric effect was caused by absorption of photons (eq.1). Was in one of his 1905 

papers "On a Heuristic Viewpoint Concerning the Production and Transformation of Light" 

where his simple explanation in terms of absorption of discrete quanta of light explained the 

features of the phenomenon and the characteristic frequency. Einstein's explanation of the 

photoelectric effect was rewarded by the Nobel Prize in Physics in 1921. It says: 

                                                           
5 Dangling bonds: In chemistry, is an unsatisfied valence on an immobilised atom. 
 

a) b) 

http://en.wikipedia.org/wiki/Albert_Einstein
http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Annus_Mirabilis_papers
http://en.wikipedia.org/wiki/Annus_Mirabilis_papers
http://en.wikipedia.org/wiki/Quantum
http://en.wikipedia.org/wiki/Nobel_Prize_in_Physics
http://www.answers.com/topic/analytical-chemistry
http://www.answers.com/topic/valence-wordnet
http://www.answers.com/topic/atom
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𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝑐
𝜆

> 𝐸𝑏𝑎𝑛𝑑𝑔𝑎𝑝                                                 (1) 

Appling this theoretical explanation of photoelectric effect to single-layer MoS2, the incident 

photon energy must be greater than the energy gap (Eg) around 1.83 eV in single-layer 

MoS2 [4]. 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝑐
𝜆

> 1.83𝑒𝑉 => 𝜆𝑝ℎ𝑜𝑡𝑜𝑛 < 676𝑛𝑚                                  (2) 

Only those incident photons with wavelength < 676 nm (eq.2) can excite electrons from the 

valence band (VB) to the conduction band (CB) in the single-layer MoS2, generating the 

photocurrent when the drain voltage is applied.  

 

So far, electrical characterizations of single-layer MoS2 have shown n-type conductivity. Such 

n-type doping might come from the impurities, such as halogen (Cl or Br) atoms, which could 

replace S atoms in the natural MoS2 crystals or exist as the interstitial atoms in the interlayer 

gap of MoS2. Doping with rhenium could also lead to n-type doping. This increases the total 

electron concentration of the host MoS2 system resulting in an n-type doping for MoS2 [8]. 

The device resistance can increase during storage at ambient conditions. This could be 

attributed to absorption of oxygen and/or water from the environment [2]. 
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Chapter 4  Device fabrication 

 
 

The scotch tape-based micromechanical exfoliation [14] allows to transfer MoS2 monolayers 

from commercially available crystals of molybdenite (SPI Supplies Brand Moly Disulfide) to 

cleaned degenerately doped silicon substrates covered with 270-nm-thick SiO2 (Fig.9b) [2].  

 

An optical microscope (Olympus) is used to locate the target MoS2 sheets. Afterwards, 

electron-beam lithography and metal deposition by evaporation are used to obtain devices 

with gold source drain contacts.  

 

After lift-off with acetone, the fabricated phototransistors are annealed for 2 h in a vacuum 

tube furnace with 100sccm Ar flow at 200 ºC (similar recipe than the used for transistor MoS2 

in [2]). 

Step 
Process 

description 
Cross-section after process 

01 

Clean Si/SiO2 

Substrate: 

Acetone, IPA, 
water  

02 
Surface 
treatment 1: 
KOH, PI or HF 

 

03 

Surface 
treatment 2: 
Plasma treatment 
or 1000°C 
treatment  

 

04 
Exfoliate MoS2: 
Scotch tape-
based method  
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Finally, devices are transferred on a transparent coverslip also with gold contacts and the 

electrical properties of the phototransistor are tested at room temperature in air. 

 

 

05 
Ebeam Resist: 
100nm MMA EL6, 
100nm PMMA A2  

06 
Ebeam:  

Vistec  EBPG5000 

 

07 
Develop: 
3minutes 
1MIBK:3IPA  

 

08 
Evaporate:  

90nm Au 
 

09 
Lift-off: 

Acetone, IPA. 
 

10 

Annealing: 

200ºC, Ar 
atmosphere  
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4.1 Basics of MoS2 exfoliation 

Exfoliated MoS2 is made by placing bulk samples of high-quality MoS2 into contact with a 

substrate (fig.9b). The adhesive force between the MoS2 and substrate may in some cases 

be great enough to peel layers of MoS2 off the bulk sample (fig.9a). Because of the low 

probability of only a single layer of MoS2 being peeled off in this process, the traditional 

method for exfoliation is to use a tape covered with MoS2 to contact the substrate, so a 

reasonable number of single layer MoS2 flakes can be obtained.  

       
 

Figure 9: a) MoS2 source. b) Si/SiO2 substrate with exfoliated MoS2. 
  

  

4.2 Substrate preparation 

The first step of the fabrication process is the preparation of substrates to transfer MoS2. 

To exfoliate MoS2 on top of SiO2 chips they have to be clean. Samples are first sonicated for 

10 min with acetone to remove all organic residue, then isopropyl alcohol (IPA) to remove the 

acetone and finally de-ionized water (DI-water) to remove the IPA. Samples are then dried 

with a nitrogen gun.  

Afterwards, there are different treatments to the substrate to improve the I-V characteristics 

of the final devices [25]. 

KOH treatment 

The first treatment tried after cleaning the chips is KOH treatment. The substrates are put in 

30% vol. KOH for 30 min. This etches several nm away from the top of the SiO2 layer 

covering the samples. Afterwards, they are rinsed with DI-water and dried with a nitrogen 

gun. 

a) b) 
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Piranha treatment 

The next treatment used is Piranha (PI) treatment. The substrates are immersed in 60ml of 

sulfuric acid with 20ml of peroxide for 45 min. Afterwards they are rinsed with DI-water and 

dried with the nitrogen gun.  

HF treatment  

Finally the most aggressive treatment used is HF. The chips are left inside 2ml of 50% vol. 

HF and 70ml of DI water for just 30 seconds. Afterwards they are rinsed with DI-water and 

dried with the nitrogen gun.  

With this 30 sec 50 nm of the initial substrate have been removed. This explains the 

difference in the optical image contrast with the other two treatments (brighter images, 

fig.10c) 

         
 

Figure 10: Single-layer MoS2 with a) KOH treatment. b) Piranha treatment. c) HF treatment 
 

After these cleaning treatments there are other treatments that improve even more the 

electrical properties of the final devices. Furthermore, the probability of finding more single-

layer flakes after the exfoliation can increase with these treatments.  

Plasma6 treatment 

Some substrates were placed inside the plasma cleaner (fig.11) and exposed to oxygen 

plasma  at 270 RF power and 30 sccm atmosphere flow for 20 minutes.  

                                                           
6 Plasma: A partially ionized gas generated by introducing gas into a vacuum chamber and exposing it to an electromagnetic 

field.  

 

10µm 10µm 

 

 

a)   b) c) 

10µm 
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An important characteristic of low-pressure plasma is its extraordinary penetration capability. 

Narrow spaces where liquids cannot penetrate present no problem for gas plasma permitting 

parts with complex shapes and even micrometric cracks to be treated. 

Plasma cleaning removes organic contamination from surfaces primarily via chemical 

reactions with physical ablation being secondary. In the case of oxygen plasma, excited 

oxygen species decompose low molecular weight organic molecules by breaking the C-H 

and C-C bonds to form water vapor and CO2 which are evacuated from the chamber via the 

vacuum pump. Continual elimination of the gas eliminates cross contamination.  

 
 

Figure 11: Plasma cleaner 

 

1000 °C treatment 

In this case, the chips are exposed to 1000ºC temperature for 5 min in ambient atmosphere 

inside a furnace (fig.12). 

The furnace includes a processing chamber configured to store a substrate; a susceptor 

located in the processing chamber to load the substrate and an auxiliary heater to heat the 

substrate. There are different susceptors for the different temperatures. The quartz susceptor 

is used for this 1000ºC treatment (fig.12).  
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Figure 12: Furnace for 1000ºC treatment with a quartz suspector. 

 

The differences of these last two treatments starts in their optical images (fig.13). With the 

1000ºC treatment we observe how all the markers present a green color (fig.13). 

         
 

Figure 13: a) Chip Maker after Plasma cleaning. b) Chip marker after 1000ºC treatment 

 

4.3 MoS2 deposition 

After the SiO2 substrate is prepared, thin layers of MoS2 are taken from a bulk (fig.9a) with a 

tape. Then the tape with MoS2 is pressed on the chip and once is taken off different layers of 

MoS2 are left on the device. 

Exfoliated MoS2 produce high quality single layer flakes in terms of electrical properties, but it 

is difficult to produce them in large quantities, and the placement of the MoS2 on the 

substrate is uncontrollable by the person doing the exfoliation. After the exfoliation single-

layer MoS2 are localized with the optical microscope Olympus (presented in instrumentation 

chapter fig.3). 

a) b) 



23 
 

The reason of the oxide thickness used is because of previously work done by the 

Laboratory of Nanoscale Electronics and Structures (LANES) at EPFL. They found this 

thickness optimal for optical detection of single-layer MoS2. They had established the 

correlation between contrast and thickness of various transition-metal dichalcogenides 

(TMDC) (fig.14) [5]. 

 

 
Figure 14: Contrast versus thickness measured for MoS2, WSe2 and NbSe2 flakes deposited on 270 nm SiO2 and 
containing different numbers of layers identified using Atomic Force Microscopy7 (AFM). For all three materials, the 
contrast increases with increasing layer number, indicating that optical imaging can be used to distinguish flakes with 
differing numbers of layers. [5] 

 

4.4 Design 

Once the best flakes are localized they are selected in terms of dimensions, how clean and 

easy to contact they are. The contacts are designed with the software Design CAD express 

18.  

The devices will have to be protected from the water due to the water-immersion objective 

(see instrumentation chapter) by a thin transparent glass cover slip to let pass the light 

(fig.15b).  

To be able to measure the electrical properties of the final photo excited device glass 

coverslips with gold contacts are connected to the contacts of the device (fig.15). 

                                                           
7 AFM: Consists of a cantilever with a sharp tip (probe) at its end that is used to scan the specimen surface. When the tip is 

brought into proximity of a sample surface, forces between the tip and the sample lead to a deflection of the cantilever according 

to Hooke's law. Typically, the deflection is measured using a laser spot reflected from the top surface of the cantilever into an 

array of photodiodes. 

http://en.wikipedia.org/wiki/Cantilever
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Hooke%27s_law
http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Photodiodes
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Figure 15: a) Front picture of final device connected holder b) Top picture of final device with the coverslip connected. 

 

The previous images show how the source and drain contacts on the chip need to go till the 

end of the chip to be connected with the coverslip contacts. Hence, not just the device but 

also the coverslip with contacts need to be built to connect the device.  

Furthermore, the efficiency in terms of number of devices per chip can be improved by 

building more than one device contacts in one flake if it is big enough (fig.16c). 

 
 
Figure 16: a) CAD design of a chip. b) Source drain contacts 
designed. c) Source drain contacts designed Improving 
efficiency of devices per chip. 

 

 

 
 

 

 4.5 Lithography, development 

Once the devices are designed they are ready -after spin coating with the ebeamresist- to be 

exposed with Vistec EBPG5000 electron beam lithography system (fig.17). 

10µm 

10µm 

a) b) 

b) 

c) 

a) 
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Rresolution in optical lithography is limited by the wavelength of light used for exposure. The 

electron beam has wavelength so small that diffraction no longer defines the lithographic 

resolution. Electron Beam Lithography (EBL) is a specialized technique for creating the 

extremely fine patterns. This is possible due to the very small spot size of the electrons [6] 

MMA EL6 is spin coated with a spin speed of 4000 rpm for 1 minute and baked for 5 min at 

180°C. Afterwards, PMMA8 A2 is spin coated with a spin speed of 1500 rpm for 1 minute and 

baked again for 5 min at 180°C. At the end, 100 nm of PMMA A2 on top of 100nm of MMA 

EL6 are on the chip (fig.19a) ready for e-beam exposure with Vistec EBP5000 (fig.17).  

Vistec EBPG5000ES (fig.17) is used for the ebeam. It is capable of writing <10 nm features 

and placing structures on a substrate with an accuracy of less than 20 nm The beam is 

scanned across the wafer using an electromagnetic deflection system. The machine uses a 

vector scan system which means the beam is only deflected to the areas where it needs to 

expose part of the pattern and never to areas where there is nothing to expose. [6] 

 

Figure 17: Vistec EBPG5000, electron beam lithography system [6] 
 

Electron beam exposure breaks the polymer of the positive resist into fragments that are 

dissolved in a 1 part methyl isobutyl ketone (MIBK) developer diluted with 3 parts IPA for 3 

minutes (fig.19b). 
                                                           

8 Polymethyl methacrylate (PMMA): Is the standard positive e-beam resist, usually purchased in two high molecular weight 

forms (495K or 950K) in a casting solvent such as chlorobenzene or anisole [6]. 
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The next step is to evaporate 90 nm of gold on the exposed chips (fig.19c) with e-gun and 

thermal evaporator in the – Leybold - Optics LAB 600 H (fig.18a, b) 

Thin metallic or dielectric layers can be evaporated on wafers with LAB 600 H (fig.18a, b). 

The gold is evaporated by e-beam. Metal is bombarded and evaporated by a high energy 

electrons beam. High vacuum inside of the chamber (~1.10-7 mbar) assures a very low 

contamination during the deposition [6] 

 

        
 

Figure 18: LAB600H Evaporator a) front b) back [6] 

 

The distance between the evaporated material source and substrates is about 1 m and the 

substrates are rotated to ensure a good uniformity during the deposition [6] 

Finally the gold is lifted-off with acetone and cleaned with IPA (fig.19d) to have the 

photodetectors. 

                
 

Figure 19: a) After e-beam resist coating b) Developed with MIBK c) Evaporated d) After lift-off 

 
 

a) b) c) d) 

a) b) 
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4.6 MoS2 Annealing 

Once the Au contacts devices are ready after the evaporation and lift-off (fig.19d), the last 

step before adding the prepared coverslip is annealing inh the furnace (fig.20) in argon 

atmosphere for 2 hours at 200 ºC to decrease contact resistance of the devices and remove 

the water (H2O) [2].  

The furnace (fig.20) has a pump (fig.20a) to leave the metal suspector (fig.20b) in vacuum 

and a gas supply system (fig.20c) configured to supply the required gas for thermal 

processing on the substrate in parallel to the surface of the substrate.  

 
 

Figure 20: Furnace for annealing. a) Pump. b) Metal suspector. c) Gas supply. 

 

 

4.7 Preparation of coverslips  

To be able to use the optical setup with our devices –as seen previously- the design 

of the final device requires a glass coverslip with gold contacts on to which we stick the chips 

with the photodetectors. The process flow to obtain these coverslips is shown on the 

following table. 

 

 

 

a) 

b) 
c) 
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To expose these patterns a mask (made by Dominik Lembke) was used. Once the mask is 

ready and the glass coverslips are cleaned with acetone and IPA (fig.21a) 1 µm thickness of 

the positive photoresist AZ1512 is spin coated with the SSE Manual Coater line for positive 

photoresist in the clean room. After baking them for 1.5 min they are ready to be exposed 

with the SUSS MJB49 Mask Aligner. 
                                                           

9 Suss MJB4: Machine used to accurately position a mask over a wafer with photoresist on it and expose the photoresist with 

UV light. The MJB4 can achieve resolutions of 2 microns in soft contact mode down to 0.8 microns with vacuum  contact [6] 

Step 
Process 

description 
Cross-section after process 

01 

Clean cover 
slip: 

Acetone, IPA, 
water 

 

02 

Coat  AZ1512: 
Spin coat and 
bake 1 µm 
resist  

03 Expose resist  
 

 

04 
Develop with 
CD-64:1min, DI 
rinse, N2 dry 

 

05 

Evaporation 
and lift-off: 
Cr/Au 10/90 
nm, Acetone 
Lift-off 
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After exposure, CD-26 is used for 1 min to develop the coverslips. Then the coverslips are 

rinsed with DI water and dried them with nitrogen gun (fig.21b). 

The final step now is to evaporate first 10 nm of chromium for good adhesion and afterwards 

90nm of gold. Finally, lift-off is performed with acetone and coverslips acetone is washed 

away with IPA (fig.21c).  

        
 
Figure 21: a) Clean glass cover slip 24x60 mm b) Cover slip exposed and developed with the positive AZ1512 
photoresist c) Final coverslip. 

   

4.8 Final device 

Once the coverslip and the chips with working devices are both ready next and final 

step of fabrication is to glue them together with silver epoxy10 and bake for 15 minutes at 120 

ºC in air. Afterwards, to make it easy to contact the coverslip, we solder the connectors with 

to wires (fig.22). 

 
 

Figure 22: Final device connected on the Probe Station 

 

 
  

                                                                                                                                                                                     
 
10 Silver epoxy: Two part silver epoxy that offers high electrical conductivity and strong conductive bonding. 

a) b) c) 
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Chapter 5 Results and Discussion 

 

5.1 Basic characterization of device quality 

The quality of the MoS2 flake is determined by the low-field field-effect mobility, the threshold 

voltage and the hysteresis. These factors can be analyzed by measuring the resistance of 

the MoS2 as a function of the back gate voltage.  

The low-field-effect mobility of charge carriers in a rectangular flake of MoS2 is given by the 

equation:  

µ= dIds
dVbg

L
WCiVds

                                                                (3) 

This value represents the lower limit because of contact resistance. L is the channel length, 

W is the channel width and Ci is the capacitance between the channel and the back gate per 

unit area [2]. 

Ci = εoεr
d

;  εr = 3.9 ; d = 270nm                                             (4) 

The ideal device would be one with high mobility, zero threshold voltage and zero hysteresis. 

Fig.23 shows more flakes were obtained with the HF treatment and piranha treatment and 

finally the worst treatment in terms of number of usable single layer flakes was the one using 

KOH. In addition, there is a negligible difference in terms of number of (usable flakes)/chip if 

instead of plasma treatment is used the 1000ºC treatment. There are few more flakes with 

the 1000ºC treatment but not a representative difference.  

 

It would be interesting to know not just which could be the best treatment for the maximum 

number of single layer flakes of MoS2. More important is the treatment with best flakes in 

terms of electrical properties and if our process flow is good for the electrical properties of 

our device. For this purpose the threshold voltage, the hysteresis and the low-field-effect 

mobility of each device are compared in every part of the process.  
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Figure 23: Mean number of usable flakes/chip for different treatment combinations. 
 

 

5.2- Electrical results 

Electrical characterization of the device is performed at room temperature using the prober 

station mentioned previously in the instrumentation (fig.4a, b). The MoS2 flake which is 6.5-Å-

thick is first characterized by applying a drain–source bias Vds to the gold contacts (drain and 

source) and a back gate voltage Vbg to the silicon substrate (fig.24). 

 
 

Figure 24: Electrical characterization of MoS2 monolayer. Structure of a monolayer MoS2 photodetector together with 
electrical connections used to electrically characterize the device. [2] 

This structure has been previously studied by LANES group, as they said the source current 

versus source bias characteristics is linear in the +50 mV range of voltages, indicating that 
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the gold contacts are ohmic, excluding the possibility that the field-effect behavior is 

dominated by Schottky barriers at the contacts [2]. 

The device was characterized after different parts of the process. This way if there is a step 

that degrades the device and find a way to improve it are: 

- Before annealing, once the gold contacts are already connected to the flake 

(chapter 4.5). 

- After annealing, the device should present a better quality because the water is 

evaporated and the contacts resistance is lower [2] (chapter 4.6),  

- Final device, once the chip is connected with the coverslip (chapter 4.7, 4.8) so it is 

ready for the optical setup.  

The sweeps of one device with the substrate treated with HF treatment and 1000°C 

treatment are plotted in the same graph (fig.25).  The low-field-effect mobility increases in the 

process of making this final device. Furthermore, the hysteresis seems to be reduced but it 

looks like the threshold voltage it has been moved far away from zero.  
  

 
 
 
Figure 25: Substrate treated with HF and 1000°C treatment. Vg vs Is sweeps for the different steps of the process flow. 

 

The previous image is just representative of one device. More devices need to be compared. 

For this purpose the mean and standard deviation of the threshold voltage, hysteresis and 
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low-field-effect mobility is measured for the different combination of treatments in the 

different parts of the process. 

94 devices were analyzed before annealing, after annealing and the final device. Not all of 

them worked on these three steps. Some devices broke in the process (most of them in the 

last step) and some did not present any response before annealing and they did after.  

At the end, 31 devices with different surface treatments and analyzed on the different steps 

in the process were used for the characterization of how the process flow affects the devices 

in terms of the electrical properties. 

To compare the different surface treatments, 82 devices analyzed after annealing are used. 

 

Threshold voltage  

Threshold voltage is defined as the gate voltage above which the transistor is turned on. It 

should be located in the range of the voltages present in the electronic circuit [26]. The ideal 

value for digital electronics would be zero. 

In figure 26 the average of the threshold voltage seems to be usually shifted to lower 

voltages as proceed with the fabrication of the device. This is good if it is getting closer to 

zero but not when the threshold voltage becomes negative.   

Considering just the mean, our final devices present a better threshold voltage in general 

than at the beginning although looking at the standard deviation (stdev) the variability of the 

threshold voltage normally increases after annealing (fig.26).  

Maybe, a more important factor than the threshold voltage is the hysteresis of this threshold 

voltage and knowing how it can change in the same device. 

Related to comparing the different treatments (fig.27), analyzing the devices after annealing 

for the different treatments, cannot be concluded there is a best for a desired threshold 

voltage. The treatments with good threshold voltage have a high deviation and the ones with 

a short deviation have an unfavorable threshold voltage. 
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Figure 26: Mean and standard deviation of the threshold voltage for the different combination of treatments. 

 

 
 

Figure 27: Threshold voltage mean of devices after annealing for the different treatments. 
 

 

-50 

-40 

-30 

-20 

-10 

0 

10 

20 

30 

40 

Pl tr 

1000 

MEAN PT 

MEAN 1000 

KOH Piranha HF 
Plasma  Plasma  Plasma 1000°C 1000°C 1000°C 

Mean Plasm. treatment 
after annealing 

Mean 1000°C after 
annealing treatment 

Threshold voltage (V) 

Plasma treatment after 
annealing 

1000°C treatment after 
annealing 

8 Samples 

 

 5 Samples 

 

5 Samples 

 

6 Samples 

 

2 Samples 

 

5 Samples 

 
° ° ° 



35 
 

From these measurements we can conclude that there are other, more important factors that 

determine the threshold voltage than the surface treatment. 

Hysteresis  

In order to measure the threshold voltage it is important to know if it is always the same or it 

for different sweeps or it is changing from onw sweep to the other. This hysteresis is not just 

important for the threshold voltage: it is important to know the error made characterizing the 

device. 

Figure 28 shows an improvement of the devices hysteresis thanks of the process flow. After 

annealing the hysteresis is a bit smaller in general than before the annealing but the 

deviation of the hysteresis is higher. The important difference is after the devices are wired 

with the coverslip, the hysteresis is reduced and the deviation is lower, presumably because 

the coverslip could prevent the absortion of humidity. 

In terms of hysteresis and related to the device fabrication procedure we can affirm that the 

the hysteresis is reduced in our final devices.  

 

 
 

Figure 28: a) Mean and standard deviation of the hysteresis for the different combination of treatments. 

Related to comparing the different treatments, analyzing the hysteresis of devices after 

annealing (fig.29), the different treatments can be ordered from the best to worst in terms of 

hysteresis: PI/1000ºC, KOH/1000ºC, HF/1000ºC, KOH/plasma, HF/plasma, PI/plasma.  
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Figure 29: Average hysteresis of devices after annealing and for different treatments. 

 

It’s interesting how 1000ºC treatment reduced the hysteresis when compared to the plasma 
treatment. 

 

Field-effect mobility  

The other important flake quality factor is the charge mobility. The low-fileld field-effect 

mobility (eq.3) can be extracted with the values mentioned previously (eq.4).  

The field-effect mobility of the devices is lower than ∼200 cm2V−1s−1 obtained from the top-

gate FET with high-κ gate dielectric of HfO2. The reason could be that the trap/impurity states 

that exist at the SiO2 surface in the bottom gate FETs, and the scattering from these charged 

impurities degrades the device mobility [2, 27, 28].  

In figure 30a, b shows how the process flow improves the mobility of the devices. After 

annealing the average mobility is already much higher for all the different treatments than 

before the annealing and even higher for the final devices. 
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The deviation also increases in each step of the fabrication and is highest for the final device. 

This deviation is around much higher values than the original devices which makes them 

better than those at the beginning of the process in terms of electrical properties.  

 

 
 

Figure 30: a) Mean and standard deviation of the field-effect mobility [𝒄𝒎𝟐𝑽−𝟏𝐬−𝟏] for the different treatments. 
 
 

Related to the different treatments fig.31 shows the different values of the mobility obtained 

after annealing. The relation between the standard deviation and the mean can order the 

treatments from highest to lowest field-effect mobility as follows: KOH/plasma, KOH/ 1000ºC, 

PI/plasma, PI/1000ºC, HF/plasma, HF/1000ºC.  

The data shows that in terms of mobility the plasma treatment is better than the 1000ºC and 

KOH is better than PI which in turn is better than HF. 

In conclusion, the final devices glued on the cover slip are better in terms of electrical 

properties. From the surface treatment point of view, it depends what are we looking for: 

mobility, hysteresis or threshold voltage.  

For the purposes of this project it is more interesting the optimal treatment for photodetectors 

the next chapter 5.3 answers the question.  
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Figure 31: Field-effect mobility mean of devices after annealing for the different treatments. 
 
 

 
 
5.3 Photo response 
 

Fig.32 shows how the phototransistor has a similar configuration of the field-effect-transistor 

(FET). Light sources used to generate a photo response have different spectrum and power.  

Chapter 3, with the eq.1 and eq.2, shows the wavelength of the laser has to be lower than 

676 nm (energy of the photons higher than 1.83eV –fig. 37b-). This is the reason for using 

the 645 nm and 561 nm lasers. The third light source was a broad white light of Olympus KL 

1500 LCD (see annex) of 0.073 W/cm2 .  
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Figure 32: Photo-electrical characterization of MoS2 monolayer. Structure of a monolayer MoS2 photodetector together 
with electrical connections and light source used to characterize the photoresponse of the device. [2] 

 
 

In the optical setup fig.33 the laser light interacts with the sample after going thru a lens, high 

pass filters (HPFs - transmit wavelengths higher than a given value and reflect the rest-), 

optical fibers (OF), dicroic filters (reflect the unwanted portion of the light and transmit the 

remainder) and the objective. 

 

 
 

Figure 33: Optical setup build by Serena Brando and Aleksandra Radenovic of LBEN group in EPFL. 
 
 

Before the camera, there is a filter to remove the reflection of the red laser. In this way the 

plasmonic resonance of the gold contacts (fig.35) and the markers we can be seen when 

they are illuminated with the red laser (645 nm). The plasmonic resonance of the gold (fig.35) 
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tells where exactly the gold contacts are. With the reflection of the laser (fig.34) the device 

cannot be localized.   

 

Figure 34: A first look with a camera of the contacts without the filter. Images of the laser reflection. 
 
 

 
 
Figure 35: With the filter and using the CMOS camera much more sensitive with an exposure time of 0.4 seconds (the 
plasmonic resonance has a very low intensity). a) The device. b) The spot of the laser. 

  
After all lenses, filters and the objective, the light from different lasers that we used, reaches 

the sample with a power much lower than at the laser source. In order to determine the spot 

size of the lasers and the light power on sample, the Thorlabs Beam Profiler BP104 with the 

Beam Analyzing Software (fig.36a,b) is used.  

a) 

b) 
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Figure 36: a) Intensity X-profile of the red laser (645 nm) beam at the sample. b) Intensity Top-profile of the red laser 

(645 nm) beam at the sample. 

 
 

 
The previous images show a spot size11 around 2𝜔0 = (1.64 ± 0.1) mm for the red laser 
(λ=645 nm), which is suitable for illuminating the entire device. This value is much bigger 
than the smallest theoretical spot size we could get with our objective (eq.5). 

To measure the theoretical spot size we approximate it with a Gaussian beam. The 
theoretical spot size (2𝜔0) is measured with the following equations (3): 

2𝜔0 = 4𝜆𝑓
𝜋𝐷

                                                                 (5) 

𝑓
𝐷

= 1
2𝑁𝐴

  => 𝐷 = 𝑓2𝑁𝐴                                                      (6) 

𝑓 = 𝐿
𝑀

                                                                     (7) 

Where 𝜆 is the wavelength (we used 645 nm and 561 nm), f the objective focal length, D the 
diameter at the entrance, NA the numerical aperture (1.27), L the tube lens length (200mm), 
M the magnification (x60). Using (eq.5),(eq.6) and (eq.7) the theoretical spot sizes of the 
lasers is: 

 

- Red laser (645nm or 1.92 eV eq.1,2): 
 

Theoretical spot size (2𝜔0)= 326nm. 
 
 

- Green laser (561nm or 2.21eV eq.1,2): 
 

Theoretical spot size (2𝜔0)= 283nm. 

                                                           
11 Beam Spot Size: Beam Diameter is defined as the distance across the center of the beam for which the irradiance(I) equals 
1/e2 of the maximum irradiance.  

b) a) 
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Figure 37: a) Absorbance and b) photoconductivity as a function of photon energy on MoS2 single layer and bi-layer 
[7]. 

 
 

The power at the sample, for the red laser is a total power of 1 mW which means a power 
density of : 

Pdensity= 𝑃𝑇𝑂𝑇
𝜋𝜔02

=  0.015 (1.64 mm spot size)                                  (8) 

�𝛿Pdensity� =  �−2 𝑃𝑇𝑂𝑇
𝜋𝜔03

𝛿𝜔0� =>  �𝛿Pdensity� =  �−2 𝑃𝑇𝑂𝑇
𝜋𝜔03

𝛿𝜔0�                   (9) 

𝛿𝜔0 = 0.0115 𝑐𝑚
2

=  0.00575 𝑐𝑚                                          (10) 

𝛿Pdensity = 0.7 mW/𝑐𝑚2                                                                  (11) 

Pdensity = (15 ±  0.7) mW/𝑐𝑚2                                        (12) 

 

The spot size of the white light covers all of the chip (Θ=1 cm) while the laser covers the 

device and the two Au electrodes (∼1 mm spot size -fig.36a,b-). The dominant photocurrent 

in the circuit is coming from MoS2 because the device have the same work function material 

(Au) for the source and drain contacts [8]. 

First, the devices are located with the stage and the camera to make sure the laser is on the 

device (fig.35). Afterwards the photoresponse is measured. To reduce the electrical noise a 

faraday cage (fig.38) is added to cover the part of the setup where the device is analyzed. 

 
a) b) 
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Figure 38: Faraday cage on the optical setup 

 

A constant gate voltage (Vg) and a constant source-drain voltage (Vs) is applied and turn on 

and off the focused laser on the device. This results (fig.39) in a slow response to the light 

that increases when Vs increases.  

 
Figure 39: On/Off red laser (645 nm) response for a constant Vg for differents Vs. 

 
 
The slow response as described in the following section is explained with the persistent 

photoconductivity (PPC). 

 

Persistent Photoconductivity (PPC) 
 
This PPC effect has been observed and studied before in other III-V and II-VI compound 

semiconductors [29-34]. These materials present photo induced conductivity that persists 

after the illumination is turned off. According to previous investigations, the magnitude of 
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PPC effect for direct-gap semiconductors such as single-layer MoS2 is much higher than for 

indirect-gap semiconductors [35-37].  

The PPC decay curves in Fig.39 can be well described by the “stretched-exponential” 

relaxation law [30, 33], sometimes also referred to as the Kohlraush decay, which frequently 

describes the relaxation of a wide class of disordered systems toward equilibrium.  

I(t) = I(0)e−(tτ)β, 0<β<1                                               (13) 

where β is the decay exponent and τ is the decay time constant. 

 

Observation of stretched-exponential decay of PPC in single layer MoS2 suggests that 
random potential fluctuations induced by impurity distribution may play an important role in 
the process of carrier relaxation [30, 33]. 

In order to facilitate fitting, the stretched-exponential formula is linearized according to 
equations (14,15). 

ln�I(t)� = ln�𝐼(0)𝑒−�
𝑡
𝜏�
𝛽

� => ln�I(0)� − ln (I(t)) = �𝑡
𝜏
�
𝛽

                     (14) 

ln(ln�I(0)� − ln�I(t)� = βln (t) − βln (𝜏)                                 (15) 

The experimental decay curves like the ones shown in Fig. 39 are replotted in graphs such 
as the one in figure 40 as ln [ln(I(0))- ln(I(t))] versus ln(t). Linear behavior is evident.  

 

 

Figure 40: ln [ln(I(0))- ln(I(t))] versus ln(t) of the current response decay of the same device for the red and green laser. 
Surface treated with piranha and 1000ºC treatment. Constant Vg=0 V and Vs=1 V. 

Vg= 0 V 

Vs= 1 V 
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From this fit, it is easy to extract β and 𝜏: 

β = 𝑏                                                                 (16) 

𝜏 = 𝑒−
𝑎
𝑏                                                               (17) 

The 𝜏 applying the 645 nm red laser is 447 sec and applying the 561 nm green laser is 1813 

sec for the same device with the same Vs and Vg. The slope of the fitted line (the decay 

exponent β -eq.16-) for the green laser is 0.42 and for the red laser is 0.61, so the red laser 

PPC decay is closer to an exponential. The reason of this and the higher 𝜏 of the green laser 

could be because the power is much lower. 

 

As explained in previous chapters (chapter 3. eq.1,2), for wavelengths shorter than 670 nm 

the generated photocurrent should increase while the wavelength decreases (fig.37b) for the 

same illumination power [8]. Photons with higher energy (shorter wavelength) transfer more 

energy to electrons which have a higher probability to overcome the defect/impurity trapping 

of MoS2 and generate the photocurrent. However, an increase of the photon energy leads to 

the decrease of the number of photons under a constant optical power, which compromises 

the photocurrent increase. Therefore, the net increase rate of photocurrent becomes slow as 

the photon energy increases. This could explain the observed slower response for more 

energetic incoming light. 

There are different models to explain the observed PPC [38]: 

- Macroscopic potential barriers model[39]. 
These macroscopic potential barriers are expected to be present at surface, 
interfaces, and around doping or composition inhomogeneities in semiconductors. 
These could create PPC as Queisser and Theodorou suggested [39].  
 
Such potential barriers lead to the PPC effect by spatial separation of the photo 
generated electrons and holes. As one type of carrier is trapped, the other remains 
free and causes excess conductivity. 
 
In this model the PPC can still be observed with the photo excitation below the 
absorption edge. This behavior indicates that the carries resulting in PPC are not 
generated from the band-to-band transition[39]  
 

- Random local-potential fluctuation (RLPF) model 
 
It describes that the spatial separation between photo excited carriers by random 
local-potential fluctuations induced by compositional fluctuations is responsible for 
PPC [30, 31].  
 

- Large lattice relaxation (LLR) model 
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This model was proposed by Lang and Logan as the relaxation of the crystal lattice 
around the defect [40]. In the large lattice relaxation model, the PPC involves photo 
excitation of electrons from deep-level-like traps (DX-like centers). Electron-capture 
barrier is created by lattice relaxation, preventing recapture of electrons by DX-like 
centers. At low temperature, thermal energy is not sufficient to overcome the capture 
barrier, and the electrons remain in the shallow states, resulting in PPC.  
 
Jiang et al. have proposed a method to distinguish the random local-potential 
fluctuation model and the large lattice-relaxation model [31]. They suggest that the 
electrons are highly localized in RLPF model and no PPC can be observed below a 
certain temperature. On the contrary, the PPC decay behaviors can be observed as 
T→0 in the LLR model. 
 
The LLR model proposes that the PPC decay at higher temperature is caused by the 
thermal activation capture of electrons in the conduction band at the DX-like centers 
which are separated from the conduction band by a capture barrier Ec in the 
configuration space. At low temperatures, the capture process is dominated by 
tunneling via multiphonon emission process [31, 40]. 
 

PPC was observed on 2H-MoSe2 [38] which is explained with this LLR model. MoSe2 has a 
similar molecular structure as MoS2: both consist of weakly coupled layers with a Mo atom in 
between two chalgogen layers.  This is the reason we tried to use this model to fit our results. 
This model says the temperature dependence of 𝜏 can be described by [30, 33] 

𝜏 𝛼 𝑒
𝐸𝑐
𝑘𝑇                                                                                        (18) 

Where Ec denotes the activation energy for thermal capture of an electron at DX-like deep 
levels.  

In this project the PPC has been seen both with the lasers and with the white light source. To 
use the white light source, the coverslip with gold contacts was not needed anymore and, 
this way, much higher number of working device after annealing than final devices for the 
optical setup could be tested. So this white light source has been used for comparing the 
effect of different surface treatments for different Vg and Vs voltages to try to correlate the the 
differences (fig.41). 

After all the measurements for Vg=0,Vs=1V and Vg=20V,Vs=1V much more devices were 
tested with a good light response. It seems that the response is better when the Vg and the 
Vs are increased. The decay exponent β (eq.16) for higher values of Vg and Vs increases so 
the decay is closer to an exponential one. 

With the linear fitting of the stretched-exponential decays an interesting difference for the 
different surface treatments can be seen (fig.41). It seems that the HF treatment results in 
the fastest response and the KOH treatment in the slowest one. The deviation is improved 
too (fig.41) and it’s even better for higher Vg. More devices with even higher Vg and Vs 
should be measured to see if there is the same behavior. 
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Figure 41: Time decay for devices of different treatments for Vg=0,Vs=1V and Vg=20V,Vs=1V 
 

I think that, the most aggressive treatment (HF) results in the smallest impurity concentration 
which would produce faster decays while the less aggressive treatment (KOH) results in 
more impurities the slowest decays.  

The deviation is also decrease, as seen in fig.41 it is even smaller for higher Vg.  

The PPC effect in single layer MoS2 is been observed, which can be well described by the 

stretched-exponential function. Furthermore, HF surface treatment has faster responses than 

with PI and with PI faster than with KOH.  

 

The following figure 42 summarize all the results obtained for different surface treatments. 

The best in terms of good relation of mean and standard deviation is KOH/1000°C treatment 

for good electrical properties and HF for a fast decay of the PPC. 
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 KOH Piranha HF 

O2 plasma  

(13 samples) 

1000°C 

(12 samples) 

O2 plasma 

(24 samples) 

1000°C 

(15 samples) 

O2 plasma 

(8 samples) 

1000°C 

(10 samples) 

Vt (V) 
0.30 

Min= -42.9 
Max= 27.45 

Stdev= 19.30  

10.88 
Min= -10.91 
Max= 20.7 

Stdev= 11.23 

2.51 
Min= -29.25 
Max= 18.5 

Stdev= 14.57 

17.75 
Min= -22.55 
Max= 25.5 

Stdev= 11.58 

14.58 
Min= 7.665 
Max= 21.8 

Stdev= 4.13 

21.33 
Min= 16.05 
Max= 24.55 
Stdev= 2.33 

Hysteresis 
(V) 

8.39 
Min= 2.8 

Max= 25.3 
Stdev= 7.38 

7.15 
Min= 3.7 

Max= 15.94 
Stdev= 3.17 

13.12 
Min= 0.6 

Max= 40.96 
Stdev= 10.70 

3.63 
Min= 0.9  

Max= 17.7 
Stdev= 4.27 

11.30 
Min= 1.3 

 Max= 30.74 
Stdev= 8.99 

7.01 
Min= 1.5  

Max= 13.2 
Stdev= 4.26 

Mobility 
(cm2V-1s-1) 

6.10 
Min= 0.02 
Max= 13.2 

Stdev= 4.33 

8.73 
Min= 0.73 
Max= 21.7 

Stdev= 7.42 

14.27 
Min= 0.43  
Max= 33.5 

Stdev= 16.30 

4.58 
Min= 0.02 
Max= 50.4 

Stdev= 13.34 

4.42 
Min= 0.06  
Max= 10.9 

Stdev= 3.86 

0.83 
Min= 0.01  
Max= 2.67 

Stdev= 0.88 

Decay time 
(sec) 

(6 samples) 
 

322.84 
Min= 90.84 
Max= 556.9 

Stdev= 278.95 

(5 samples) 
 

164.96 
Min= 57.17 

Max= 449.31 
Stdev= 151.58 

(4 samples) 
 

121.66 
Min= 56.52 
Max= 437 

Stdev= 137.92 
 

Figure 42: Results obtained for different surface treatments. Colored are the best treatment for each electric or optic 
characteristic analyzed. In dark blue is the best treatment for good electrical properties in dark green the best 
treatment for a faster decay of the PPC. 
 

Laser spot position sweep 
 
The controllable stage and the camera are used to sweep the laser spot along the device to 

measure if there is a difference in photo response in relation to the position of the laser on 

the device.  

 

Vs sweeps for a constant Vg are made in different positions of the laser spot with 30 min 

difference for each sweep to make sure the persistent photocurrent is gone. After 10 sweeps 

with steps of 1µm position a change of the photo response is seen with a maximum when the 

laser spot is on the contacts and a higher response on the flake than next to the device 

(fig.43).  

 

This difference could may be higher if the spot size of the laser is decreased closer to the 

theoretical value. Changing position of a 1mm laser spot the intensity of the light changes in 

each position but the laser spot is illuminating the device in all steps. 
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Figure 43: a) Vs sweeps with the b) spot of the laser in different positions on the device.  

 
 
 
Photocurrent 
 

The PPC is different than the actual photocurrent of the devices. The on/off photocurrent 

observed in reference [8] is really fast (50 ms) and has an amplitude of 1.2 nA for Vs= 1 V 

Vg= 50 V which is much lower than the values observed with the PPC, 2 orders of magnitude 

higher. However, is still lower than that from graphene -tens of picoseconds- as the carrier 

transport in graphene is ballistic and very fast [41]). This photocurrent is behind this PPC  but 

the values are much lower and cannot be seen. 

 

To characterize the photo switching characteristic of single-layer MoS2, the laser light was 

modulated with a chopper at room temperature which is common practice when studying 

materials for photodetectors [42].  

The Fast Fourier Transform (FFT) of the response to the modulated light (fig.44), shows a 

component at the frequency of the chopper. This peak is constant in amplitude which means 

the intensity of this photo response is not changing in time and that the response is fast 

because the light is modulated at relatively high frequencies. 

From this, it seems that we can get rid of the PPC by rapidly switching the light source on 

and off.  

 

b) a) 
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Figure 44: FFT of the electrical response of the device excited by a 645 nm laser beam modulated at the frequency of 
629 Hz. 
 

 
When this photocurrent is extracted for different modulation frequencies, different Vg and 

different Vs there is not a frequence dependence (fig.45) the difference is lower than the 

error. There is however an important depencdence on Vg or Vs (fig.46,48) 

 

 
 

Figure 45: Photocurrent vs chopper frequecy for two diferent devices. 
 

Vg= 0 V 

Vs= 1 V 

dB Vrms
2 

Vg= 0 V 

Vs= 1 V 

Iph(pA) 
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The photocurrent generation efficiency can be further enhanced by increasing the gate 

voltage (fig.46).  

 

Figure 46: Photo current for different Vg of two diferent devices. 

The gate voltage-dependent photoresponsivity in single-layer MoS2 is attributed to the n-type 

doping of MoS2. If the applied gate voltage is positive, The Fermi level approaches the 

Conduction Band (CB) of MoS2 (fig.47), forming a smaller barrier between the CB of MoS2 

and the Fermi level of the Au electrode as compared with the state under zero gate voltage. 

This leads to the photo-generated charges which drift efficiently to the external circuit to 

produce a high photocurrent.[8] 

 

Figure 47: a) The Fermi level of MoS2 is set at 4.7 eV and the Fermi level of Au is 5.1 eV. In the images we can see how 
they change for different Vg [8]. b) Vg = 0 V. c) Vg < 0 V. d) Vg > 0 V. 

The drain-voltage-dependent photocurrent generation (fig.48) indicates that some photo 

generated charge carriers cannot be converted to the photocurrent when the applied drain 

a) b) 

c) d) 

Vs= 1 V 

Freq= 600 Hz 

  Iph(pA) 

Vg (V) 
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voltage is low. This is reasonable, since a larger drain voltage can better drive photo 

generated charges to electrode, or suppress photo generated charges from the 

recombination.  

 

 

Figure 48: Photo current for different Vs of two diferent devices. 

 
 

Photoresponsivity, is a critical parameter to evaluate the performance of these devices.  
 

Photoresponsivity = Iph
Plight

                                             (19) 

 

Iph is the generated photocurrent and Plight is the total incident optical power on the MoS2. For 

a Vg=50V, Vs=1 with the red laser as the light source (0.013W/cm2) in this device of 3µ𝑚2 we 

can calculate a photoresponsivity of 30.8 mA/W  

 

Plight = (0.015 ±  0.00068 ) 𝑊
𝑐𝑚2  𝑥 3µ𝑚2 = (0.45 ± 0.020)10−9𝑊                (20) 

 
Photoresponsivity = 1.2𝑛𝐴

0.45·10−9𝑊
= 267 𝑚𝐴

𝑊
                                        (21) 

 

|𝛿Photoresponsivity| =  Photoresponsivity ��𝛿Plight 
Plight

�
2

+  �𝛿Iph 
Iph
�
2
= 10 𝑚𝐴

𝑊
          (22) 

Photoresponsivity = (267 ± 10) 𝑚𝐴
𝑊

                                      (23) 
 
 

Vg= 10 V 

Freq= 600 Hz 

  Iph(pA) 

Vs (V) 
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This value is much higher than 7.5 mA/W the one obtained for single-layer MoS2 [8]. It is low 

compared to the reported phototransistors based on ZnO nanowires (1.29·104 A/W) or 

vertical Si nanowirearrays (∼ 105 A/W) [43, 44]. It is higher than the one reported in the 2D 

graphene based devices, that show a photoresponsivity of∼1 mA/W at a gate voltage of 60 V 

[41].  
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Chapter 6 Conclusion 
 

 

For the first time, it has been observed persistent photoconductivity (PPC) on mechanically 

exfoliated single-layer MoS2. The PPC decay of single-layer MoS2 is explained with the 

stretched-exponential and Large Lattice Relaxation (LLR) model. Furthermore, aggressive 

surface treatment such HF improve the decay of PPC.  

The electrical properties of single-layer MoS2 have been studied in relation to the surface 

treatments and the device fabrication process flow. The device fabrication improves the 

device electrical properties. The best surface treatment for good hysteresis is PI/1000ºC 

treatment and the best for high field-effect mobility is KOH/plasma. The best treatment used 

in terms of reaching a good relation hysteresis/field-effect mobility is KOH/1000ºC treatment. 

The photocurrent generation is extracted with a pulse modulated light. The photocurrent 

increases with source-drain and gate voltage. A photoresponsivity of (267 ± 10) mA/W is 

obtained which is higher than others previously observed values for single-layer MoS2 (7.5 

mA/W) [8] and graphene devices (1 mA/W). 

Next steps will be to make similar measurements done with the white light with a laser light 

for different surface treatments. The photoresponse should be measured on more devices to 

confirm if the behavior observed is persistent. Finally, would be interesting to find the way to 

obtain devices without PPC. 

This project shows how optoelectronic devices based on single-layer MoS2 semiconductors 

can be made and why they could be used in future for many applications. 
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Chapter 7 Apendix 
 
Fabrication protocol 
 

• Chip characteristics : 
 

o Substrate of silicon with 270 nm of SiO2. 
 

• Cleaning procedure: 
 

1- Sonicate in acetone (10 min) 
2- Sonicate in IPA (10 min)  
3- Sonicate in DI-water (10 min) 
4- Dry with nitrogen gun 

 
• Surface treatment 1:  

 
o KOH 

1- 30 min in 30% vol of KOH 
2- Rinse DI-water 
3- Dry with nitrogen gun 

o PI  
1- 45 min in 60ml sulfuric acid with 20 ml peroxide 
2- Rinse DI-water 
3- Dry with nitrogen gun 

o HF 
1- 30 sec 2 ml 50% vol of HF with 70 ml of DI-water. 
2- Rinse DI-water 
3- Dry with nitrogen gun 

 
• Surface treatment 2:  

 
o Plasma treatment  

1- 20 min at 270 RF power and 30 sccm atmosphere flow in the 
plasma cleaner. 

o 1000°C treatment 
1- 5 min at 1000ºC in ambient atmosphere in a furnace. 

 
• Exfoliate MoS2:  

 
1- Scotch tape-based method 

 
• Ebeam process 

 
1- Spin 100nm of MMA EL6 film (4000 rpm, time= 60 sec) 
2- Bake 5 min 180ºC 
3- Spin 100nm of PMMA A2 film ( 1500 rpm, time= 60 sec) 
4- Write contacts with Vistec  EBPG5000. 
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5- Develop for 3 minutes in MIBK (25%) with IPA (75%) 
6- Rinse with IPA 
7- Dry with nitrogen gun 

 
• Evaporate: 

  
1- 90nm of Au with LAB600H. 
2- 8 hours in acetone for the lift-off. 
3- Rinse  with IPA 
4- Dry with nitrogen gun 

 
• Annealing: 

  
1- 2h at 200ºC in Ar atmosphere inside the furnace 

 
• Coverslip procedure: 

 
o  Cleaning procedure : 

 
1- Rinse with acetone. 
2- Rinse with IPA 
3- Rinse with DI-water 
4- Dry with nitrogen gun 

 
o Photolitography procedure: 

 
1- Spin coat 1 µm of photoresist AZ1512  
2- Expose photoresist with SUSS MJB4 Mask Aligner 
3- Develop 1 min with CD-64  
4- Rinse DI-water 
5- Dry with nitrogen gun 

 
o Evaporation and lift-off: 

1- Evaporate 10nm of chromium and 90 nm of gold. 
2- Lift-off with 10 min in acetone sonication. 
3- Rinse with IPA 
4- Rinse with water 
5- Dry with nitrogen gun. 

 
 
Labview block diagram 
 
The labview program is divided in 6 different blocks: Saving, Stage, Camera, Cursors, Scan, 

Labview electrical setup. 
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- Saving: 

 
 
 

- Stage: 

 
 

- Camera: 

 
 

- Cursors: 
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- Scanning: 

 

 
 

- Labview electrical setup: Was provided by professor Kis Andras. 
 

 
 
Table with electrical measurements 
 
All the data extracted to analyse the electrical properties of the devices is shown on the 

following tables. The first one is for KOH treatment, the second one for Piranha treatment 

and the third one for HF treatment. 
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