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ABSTRACT 

 

 The characteristics of MoTe2 are studied for their use in gas sensing applications. The 

mechanism behind the sensing response is explored and found to be heavily influenced by the 

presence of surface adsorbates such as oxygen and hydroxyl groups. Presence of surface 

adsorbates is found to inhibit NO2 but promote NH3 sensing. Ultraviolet illumination is used to 

alter the performance of sensing devices through the reduction of surface adsorbates. Surface 

functionalization through the deposition of CuO nanoparticles is also explored. The transfer and 

output characteristics for MoTe2 field effect transistors is systematically studied to understand 

the electronic behavior of MoTe2 that is grown using TeCl4 as the transport agent (MoTe2-Cl) 

and MoTe2 grown using I2 as the transport agent (MoTe2-I2). The conductivity type of MoTe2-Cl 

field effect transistors changes from n-type for thick channel (above ≈ 50 nm) to ambipolar for 

intermediate thickness (between ≈ 50 to 15 nm) to p-type for thin layers (below ≈ 15nm). 

MoTe2-I2 field effect transistors conductivity type is ambipolar for thin (below ≈ 5nm) and p-

type for thick (above ≈ 5 nm) channel thickness. To improve fabrication of MoTe2 field effect 

transistors, an automated technique is presented for mechanically exfoliating single-layer and 

few-layer transition metal dichalcogenides using controlled shear and normal forces imposed by 

a parallel plate rheometer. A thin sample that is removed from bulk MoTe2 is initially attached 

to the movable upper fixture of the rheometer using blue dicing tape while the lower base plate 

also has the same tape to capture and exfoliate samples when the two plates are brought into 
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contact then separated. It was determined that atomically thin films of these materials could be 

obtained reproducibly using this technique, achieving single-layer and few-layer thicknesses for 

engineering novel two-dimensional transistor devices for future electronic technologies. 
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CHAPTER 1 

MoTe2 Basic Properties 

1.1 Transition Metal Dichalcogenides  

 Molybdenum ditelluride, or MoTe2, is part of a class of materials known as transition metal 

dichalcogenides. Interest in ultra-thin transition metal dichalcogenides, where current carriers are 

effectively confined to flow in only two dimensions, has grown in recent years due to the unique 

properties of such films. Research into 2D materials was initially driven by the discovery of 

graphene but has since expanded to a wide variety of new 2D materials [1,2]. Transition metal 

dichalcogenides have a similar crystal structure to graphene and share many of its properties, but 

unlike graphene, have the additional characteristic of being semiconducting with a non-zero 

bandgap as well as metallic [3]. As it is difficult to induce a bandgap in graphene without 

significant changes to the material or device design, transition metal dichalcogenides fit into 

applications where there is need for small, low-power transistors. The bandgap in bulk transition 

metal dichalcogenide semiconductors is indirect but transitions towards a direct bandgap 

structure as the transition metal dichalcogenide becomes only a monolayer thick [7]. This 

transition leads to distinctive optical and electronic properties in transition metal dichalcogenides 

due to quantum confinement and surface effects. For this reason, transition metal 

dichalcogenides can potentially produce excellent opto-electronic devices [4]. Large surface area 

and van der Waals gaps between each of the layers of transition metal dichalcogenides make 

them useful for catalysis and battery applications [5,6]. Due to their high surface to volume ratio, 

transition metal dichalcogenides are also good candidates for gas and chemical sensing 

applications [9].  
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 Molybdenum disulfide, or MoS2, was the first transition metal dichalcogenide to be explored 

as a viable 2D material for electronic applications and was the initial driver of interest in this 

class of material. Much research has gone into exploring the properties of MoS2 as well as 

molybdenum diselenide, MoSe2, tungsten disulfide, WS2, and tungsten diselenide, WSe2. 

Molybdenum ditelluride, or MoTe2, has received less attention from the scientific community 

than other transition metal dichalcogenide 2D materials. It is unique from other transition metal 

dichalcogenides due to its low bandgap, which is 1.0 eV in bulk and 1.1 eV in the monolayer [8]. 

This bandgap is close to the bandgap of silicon, making it a candidate to replace silicon in 

nanoscale and flexible devices. This small bandgap, coupled with a high exciton binding energy, 

means that MoTe2 could be even better than other transition metal dichalcogenides in 

optoelectronic applications. It can also be grown in two different phases, one of which is 

semiconducting (2H) and the other metallic (1T’). MoTe2 can also transition from the 2H to the 

1T’ phase under laser irradiation, heat, or physical strain. This makes MoTe2 useful for memory 

switching devices or reconfigurable devices.  

 This work will explore the use of few-layer MoTe2 in a field effect transistor configuration for 

gas sensing applications. Similar to other transition metal dichalcogenides tested as gas sensors 

(like MoS2), few-layer MoTe2 can make use of a high surface to volume ratio to increase 

sensitivity to target gases. Additionally, a higher theoretical mobility than MoS2 should help 

make MoTe2 more sensitive to changes in conduction. MoTe2 is also known to have a high 

number of Te surface vacancies due to the larger mass of Te compared to other chalcogen atoms. 

These surface vacancies represent additional adsorption sites for target gases and may allow 

MoTe2 to achieve greater sensitivity than other transition metal dichalcogenides. Finally, MoTe2 
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is relatively understudied among transition metal dichalcogenides and so exploring its electronic 

and sensing properties is of interest. This work will begin with the fabrication of few-layer 

MoTe2 flakes into field effect transistors, explore their electronic characteristics, and then delve 

into the sensing capabilities and mechanisms possessed by MoTe2. 

 

1.2 Transition Metal Dichalcogenide Crystal Structure 

 Transition metal dichalcogenides are layered materials made up of sandwiches of transition 

metal atoms between two chalcogen atoms in a MX2 structure (where M is the transition metal 

and X is the chalcogen). The possible transition metal and chalcogen atoms that can make up 

transition metal dichalcogenides are presented in the periodic table of Figure 1.1.   

 

Figure 1.1 The periodic table with transition metals and chalcogens highlighted [24,25]. 

2H phase transition metal dichalcogenides possess the same 2D hexagonal lattice structure that is 

found in graphene, made of alternating M and X atoms, as illustrated in Figure 1.2. The 

“sandwich” structure of transition metal dichalcogenide materials can form a unit cell that is 

hexagonal (2H), octahedral (1T), monoclinic (1T’), or orthorhombic (Td) depending on the bond 
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angle between the transition metal and the chalcogens. Figure 1.3 shows the Brillouin Zone of 

2H MX2 materials with the high symmetry points Γ = (0, 0), K = 4π/3a(1, 0), and M = 

4π/3a(0,√3/2). The in-plane nearest neighbor M-M and X-X distance for MoTe2 is a = 3.5 Å and 

the interlayer distance (the distance from the center of one unit cell to another) for MoTe2 is c’ = 

6.7 Å. The nearest neighbor M-X distance is b ≈ √7/12a ≈ 2.7 Å and the distance between the M 

and X planes is u ≈ a/2 ≈ 1.7 Å.  

 

Figure 1.2 Hexagonal (2H) lattice structure of transition metal dichalcogenide 

materials. (Left) Depiction of the unit cell of MX2 materials, which has a nearly prefect 

trigonal prism shape and covers two MX2 layers as pictured. (Right) A top view of the crystal 

lattice of MX2 with the nearest neighbor vectors (δi) and next nearest neighbor vectors (ai) 

drawn onto the sketch [26]. 
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Figure 1.3 Brillouin Zone of 2H MX2 type materials [26]. 

1.3 MoTe2 Structure 

1.3.1 1T’ Phase 

 

Figure 1.4 A top and side view, respectively, of 1T’ phase MoTe2 [27]. 

 As mentioned earlier, MoTe2 can be easily produced in either the 1T’ phase or 2H phase 

simply by changing the temperature at which chemical vapor deposition (CVD) or chemical 

vapor transport (CVT) growth occurs, as well as the post growth quenching (sudden cooling) 

temperature. By growing MoTe2 at temperatures above 900℃ (the temperature at which the 1T’ 
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phase becomes more stable than the 2H phase) and quenching the material in ice water to quickly 

cool it, it is possible to grow 1T’ MoTe2 instead of 2H MoTe2 [28]. The unit cell of 1T’ phase 

MoTe2 is monoclinic with a nearest neighbor M-X distance of b ≈ 3.45 Å and distance between 

the M and X planes of a ≈ 6.38 Å [52]. The 1T’ phase of MoTe2 is either metallic or semi-

metallic and is of interest for its predicted topological states. The 1T’ phase can also be induced 

temporarily in 2H phase MoTe2 that is under stress due to heat, physical strain, or laser 

irradiation. This phase transition is of interest for applications such as memory storage, where a 

stable and reversible transition from one phase to another could be used as bits. 

 

1.3.2 2H Phase 

 

Figure 1.5 A top and side view, respectively, of 2H phase MoTe2 [27]. 

 Below 900℃, the 2H phase of MoTe2 is the most stable and more commonly studied variety 

of MoTe2. MoTe2 that is grown above 900℃ and allowed to cool slowly will shift into 2H phase 

MoTe2 as it cools. 2H phase MoTe2 is semiconducting with an indirect bandgap of ~1.0 eV in 

the bulk and a direct bandgap of 1.1 eV in the monolayer. This phase is most similar to the 
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structure of graphene and other transition metal dichalcogenides and is studied for its potential 

for spintronic, optoelectronic, memory, and sensing applications. 

 

1.4 MoTe2 Electronic and Optical Properties 

 MoTe2 has a number of electronic and optical properties that distinguish it among the class of 

2D transition metal dichalcogenide materials. As stated previously, MoTe2 has a relatively 

narrow bandgap compared to the more heavily studied transition metal dichalcogenides. The 

bandgaps of commonly studied 2D transition metal dichalcogenide monolayers are listed in 

Table 1.1. These values are very close to the bandgap of silicon, which is important for potential 

applications where a smaller scale or more flexible material than silicon is needed with similar 

electronic properties. MoTe2 also has a higher exciton binding energy (.54 eV in monolayer) than 

similar transition metal dichalcogenides such as MoS2 (.42 eV in monolayer) [31]. This means 

that the observation of novel photonic effect, like the formation of electron-hole liquids or 

spintronics, is more easily achieved in MoTe2 than in other transition metal dichalcogenides. 

MoTe2 is also predicted to have a higher room temperature mobility relative to other commonly 

studied transition metal dichalcogenide 2D monolayer semiconductors, as shown in Table 1.2. 

Experimental values for mobility have been found so far to be lower than those theoretically 

calculated possibly due to defects in the material, surface adsorbates, contact resistance, and 

substrate interface effects. Mobilities as high as 150 cm2/Vs for MoS2 and as high as 80 cm2/Vs 

for WS2, on Al2O3 substrates have been reported in literature [46, 47]. Early reports of 

experimental MoTe2 mobilities on a silicon substrate have been in the range of 1-20 cm2/Vs and 
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depend on the thickness of the material [48]. MoTe2 transistors on an Al2O3 substrate have 

shown mobilities as high as 150 cm2/Vs [49].  

 

Table 1.1 Transition Metal Dichalcogenide Bandgaps [5, 29, 50,51] 

Transition Metal Dichalcogenide Monolayer Bandgap (eV) 

MoS2 1.90 

MoSe2 1.55 

MoTe2 0.94 

WS2 1.97 

WSe2 1.65 

 

Table 1.2 Transition Metal Dichalcogenide Mobilities [30] 

Transition Metal Dichalcogenide Room Temperature Mobility μ (cm2/Vs) 

(calculated by DFT) 

MoS2 340 

MoSe2 240 

MoTe2 2526 

WS2 1103 

WSe2 705 
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1.5 Field Effect Transistor Basics 

 1.5.1 Transition Metal Dichalcogenide Field Effect Transistors 

 Transition metal dichalcogenide field effect transistors use a thin layer of a transition metal 

dichalcogenide material (anywhere from a monolayer to tens of nanometers of material) to form 

the conducting channel of the device. Like traditional field effect transistors, an electric field is 

then used to modulate the conduction of the channel. In transition metal dichalcogenides, the 

electric field polarizes the gate dielectric and can increase or reduce conductivity for one carrier 

type or the other. Transition metal dichalcogenide field effect transistors have the potential to 

allow more flexible devices to be fabricated than is possible with traditional materials, and their 

small scale makes possible the development of sub 10 nm transistor networks. Additionally, this 

small scale makes transition metal dichalcogenides a better fit for use in flexible electronics.   

 

 1.5.2 The Metal-Semiconductor Interface 

 The most important feature for determining the electronic behavior of a field effect transistor 

is the interface where the semiconductor meets a metal contact. Here, the difference between the 

work function of the metal and the Fermi level of the semiconductor determines whether a field 

effect transistor will conduct via electrons (n-type semiconductor) or holes (p-type 

semiconductor). This difference will also determine whether there is ohmic or Schottky contact 

behavior in the conduction of the device. This is because the Fermi level of the semiconductor is 

forced to align with the work function level of the metal once they are put into contact. As this 

alignment occurs, both the conduction and valence bands are bent accordingly, resulting in either 

(i) formation of a depletion region with a Schottky barrier, or (ii) an accumulation region forms 
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with ohmic type contacts. An n-type semiconductor paired with a high work function metal 

(Figure 1.6b), or a p-type semiconductor paired with a low work function metal (Figure 1.7b), 

will produce a region where charge carrier concentration is depleted and an energy barrier to 

conduction is present across the interface. In contrast, an n-type semiconductor paired with a low 

work function metal (Figure 1.6d), or a p-type semiconductor with a high work function metal 

(Figure 1.7d), will produce a region where charge carriers can accumulate and an ohmic contact 

results since charge carriers will see no barrier across the interface. 

 

Figure 1.6 A schematic illustration of two types of contact formed by an n-doped 

semiconductor with a metal. (a) Before contact with a higher work function metal; (b) after 

contact forming a Schottky contact with the metal; (c) before contact with a lower work function 

metal; (d) after contact forming an Ohmic contact. 
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Figure 1.7 A schematic illustration of two types of contact formed by an p-doped 

semiconductor with a metal. (a) Before contact with a lower work function metal; (b) after 

contact forming a Schottky contact with the metal; (c) before contact with a higher work function 

metal; (d) after contact forming an Ohmic contact. 

 

 1.5.3 Gate Effect on Traditional Field Effect Transistors 

 The on/off switching behavior of traditional integrated circuit field effect transistors is 

achieved by modifying the Schottky barrier height using a gate bias. For an n-type 

semiconductor, applying a positive gate bias to the device lowers the conduction and valence 

bands of the semiconductor relative to the Fermi level, bringing the Fermi level into the 

conduction band and narrowing the width of the Schottky barrier. Tunneling into the conduction 

band is now easier and electron conduction is now possible. Applying a negative gate bias to the 

device raises conduction and valence bands relative to the Fermi level, increasing the width of 
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the Schottky so that tunneling is impossible. In this state there is no conduction. For a p-type 

semiconductor, negative gate bias allows conduction to occur while positive gate bias shuts it 

off. At extreme biases in one direction or the other, the field effect transistor will either reach a 

maximum saturation current (the “ON” state), or the current will be stopped by the high Schottky 

barrier (the “OFF” state). Manipulating the gate bias to switch between the ON and OFF states is 

what makes field effect transistors uniquely useful. Figures 1.10 and 1.11 show the two most 

common configurations of the gate for a field effect transistor. 

 

Figure 1.8 A schematic of band bending in a p-type field effect transistor semiconductor 

with (a) no applied gate voltage and (b) a negative applied gate voltage. 
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Figure 1.9 A schematic of band bending in an n-type field effect transistor semiconductor 

with (a) no applied gate voltage and (b) a positive applied gate voltage. 

 

Figure 1.10 A schematic of a transition metal dichalcogenide field effect transistor with a 

top-gate contact. 

            

Figure 1.11 A schematic of a transition metal dichalcogenide field effect transistor with a 

back-gate contact. 
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1.6 Model of Transition Metal Dichalcogenide Field Effect Transistor Sensor 

 Transition metal dichalcogenide field effect transistors are useful for sensing applications 

because of their high surface to volume ratio. In general, the mechanism by which field effect 

transistors respond to the presence of a target gas molecule is charge carrier transfer. When a gas 

molecule that is either an electron acceptor or donor adsorbs onto the surface of the 

semiconductor, and the resulting gain or loss of electrons results in a change in the current of the 

device. Depending on the type of the semiconductor, an increase or decrease in current can then 

indicate the presence of a donor or acceptor molecule on the surface of the field effect transistor. 

The adsorption of these gas molecules and the subsequent charge carrier transfer occurs on the 

surface of the semiconductor and 2D transition metal dichalcogenides are especially sensitive to 

surface effects due to their high surface to volume ratio. Therefore, 2D transition metal 

dichalcogenides are expected to take advantage of this charge carrier transfer mechanism more 

fully than bulk semiconductors and achieve better sensing performance. 

 

Figure 1.12 A pictorial representation of the commonly accepted mechanism for sensing 

strong donor/acceptor molecules with a transition metal dichalcogenide film. Gas adsorbs 

onto the transition metal dichalcogenide surface and subsequent transfer of electrons results in a 

change in the conductivity of the transition metal dichalcogenide film [32].  
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CHAPTER 2 

Mechanical Exfoliation of MoTe2 Flakes 

2.1 Methods of Producing Bulk MoTe2 

 The primary methods of producing 2D transition metal dichalcogenides are chemical vapor 

deposition (CVD) [11], chemical vapor transport (CVT) [12], and various methods of 

mechanical or chemical exfoliation [10,14-22]. Both CVD and CVT methods use a mixture of 

gases and heat to grow films of transition metal dichalcogenides and other materials. In CVD 

growth, a catalyst material is exposed to a mixture of gases that will grow the desired material 

from the catalyst. For example, MoS2 can be grown from MoO3 and sulfur powder precursors in 

an inert carrier gas, like argon or nitrogen, at high temperatures (~650℃). CVD growth is good 

for producing large area thin films but tends to introduce grain boundaries within these films. In 

CVT growth, transition metal dichalcogenides are grown by combining a transition metal 

powder and a chalcogen powder in a vacuum sealed ampoule at high temperatures. This 

produces a transition metal dichalcogenide powder that can be sealed in another ampoule with a 

carrier gas such as I2 or TeCl4 and again heated to high temperatures. Upon slow cooling, the 

transition metal dichalcogenide powder will crystallize into large bulk chunks of single-

crystalline material. The advantage of CVT growth is the single-crystalline quality of the 

produced material. However, CVT growth on its own does not produce few-layer flakes and 

additional processing is required. 
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Figure 2.1 Schematic of a sealed quartz ampoule during CVT Growth of MoTe2 crystals. 

 For this research, MoTe2 single-crystalline flakes were grown by chemical vapor transport 

(CVT) method. First, polycrystalline MoTe2 powder was synthesized by reacting stoichiometric 

amounts of molybdenum (99.999 %) and tellurium (99.9 %) at 750 °C in a vacuum-sealed quartz 

ampoule, and follows the following chemical reaction: 

Mo (s) + 2Te (s) → MoTe2 (g) 

Upon cooling the end product is a solid MoTe2 powder. Next, MoTe2 bulk crystals were formed 

at 800 °C using approximately 1 g of MoTe2 charge and a small amount of TeCl4 (99.9 %, 5.7 

mg/cm3) sealed in evacuated quartz ampoules, according to the following equation: 

MoTe2 (s) + Cl2 (g) ↔ MoCl5 (g) + Te2 (g) 

Additionally, some of the MoTe2 crystals grown for this work were produced by the same 

method but with iodine (I2) as the transport agent instead of TeCl4, according to the following 

equation: 

MoTe2 (s) + I2 (g) ↔ MoI2 (g) + Te2 (g) 

The ampoules were ice-water quenched after 140 h of growth yielding 2H MoTe2 crystals with 

the (0001) basal surface.  
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 Additionally, commercially purchased MoS2 (from SPI supplies) was also used in the 

development of the mechanical exfoliation technique described in this work but not in the 

sensing devices described in later chapters. 

 

Figure 2.2 Bulk MoTe2 crystals grown with I2 (left) in sealed ampoule directly after CVT 

growth and (right) placed next to a ruler for scale. Samples pictured were grown with I2 

transport agent. 

 

 After CVT growth, few-layer MoTe2 crystals were obtained from the bulk crystal using the 

mechanical exfoliation method. Mechanical exfoliation is the forced cleavage of transition metal 

dichalcogenide layers apart from one another, which is possible since the layers are only being 

held together by van der Waals interactions. This cleavage is most often produced by pressing 

two pieces of adhesive tape against a bulk MoTe2 crystal and peeling the crystal apart. However, 

mechanical exfoliation has little control over the number of layers in the flakes produced. A 

programmable mechanical tool would be useful for adding consistency to the technique of 

mechanical exfoliation. A rheometer is a tool that can apply repeatable and reliable stresses to, 

typically soft solid materials, and gather data about their mechanical properties. This makes the 
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rheometer an ideal candidate to reproduce the pressing and peeling of mechanical exfoliation, 

normally done by hand, accomplished using an automated exfoliation process. 
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2.2 The Rheometer 

 

Figure 2.3 (a) The Anton Paar MCR302 Rheometer used to perform the automated 

mechanical exfoliation technique described in this work with (b) a 50 mm diameter 

tool with a similarly sized square of blue tape with a circular cutout 

attached and (c) a 200 mm diameter stage with a similarly sized square of blue 

attached. 

 

 To exfoliate MoTe2 and MoS2, a large square of Nitto blue tape was attached, adhesive side 

up, to the non-moving base of the rheometer using vacuum grease to hold the tape flat. Further 

pieces of tape were attached at the sides of the square to prevent lateral sliding. A second square 

of tape was affixed to the flat end of a 50-mm diameter movable rheometer tool using several 

pieces of tape wrapped around the rod of the tool. This square of tape had a circular hole cut 

from its center to reduce the surface area of adhesive tape, preventing problems with the two 

pieces of tape not fully releasing from one another as they were pulled apart. To this top piece of 

tape, a small bulk crystal of MoTe2 or MoS2 was attached, offset from the center. A recipe was 

programmed into the rheometer that allowed for the contact force to be varied and the rheometer 
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tool rotated in between each successive adhesion and peel away process of the tapes, as seen in 

Figure 2.4. Separately, the ascending and descending of the tool while running a recipe could be 

varied in the program setting. 

 

Figure 2.4 The rheometer with wafer dicing tape attached as it exfoliates MoTe2 

crystals. (Top left) The rheometer plate descending towards the stage; (top right) 

the plate as it contacts the stage; (bottom left) the plate as it ascends from the 

stage; (bottom right) the plate after completing one cycle of exfoliation. 
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Figure 2.5 The bottom (left) and top (right) pieces of tape attached to the rheometer stage 

and tool, respectively, covered with exfoliated MoTe2 flakes. 

 

2.3 Optical Determination of Flake Thickness 

 After being transferred to Si/SiO2 chips, the flakes were inspected under an optical 

microscope. By observing the color of flakes and the contrast between flakes and the background 

color of the silicon, it was possible to identify few-layer (<6) flakes. For MoS2 flakes, a dark 

violet color was indicative of few-layer flakes. Among those, the amount of contrast with respect 

to the background was noticeably different between monolayer and multilayer samples. 

Similarly, MoTe2 displayed a dark blue color that, while less purple than MoS2, showed the same 

decrease in contrast to the background as layer count decreased. Flakes that were identified as 

few-layer were photographed at multiple magnifications for reference. 
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Figure 2.6 A monolayer flake of MoS2 (left, outlined in red) and a monolayer flake of 

MoTe2 (right, outlined in red). 

 

 

Figure 2.7 An MoTe2 flake between Ti/Au electrodes showing the changes in optical color 

at different thicknesses of material. 
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2.4 Raman Spectroscopy 

 Raman spectroscopy uses focused laser light to extract information about the crystal structure 

of a material. This is done by shining laser light out of a microscope and through the material 

being studied. Laser light is collected by a detector after scattering off of the sample material. 

Scattering at the initial wavelength of the laser (known as Rayleigh scattering) is filtered out, and 

the remaining scattering (called Raman scattering) is what gives insights to the structural 

properties of the material in question. The shifted wavelength of Raman scattered light is caused 

by the interaction between the light and quantized vibrations in the crystal lattice known as 

phonons. The electromagnetic field of the incident laser light interacts with the lattice and, if the 

process creates or destroys phonons, the energy and momentum of the scattered light will differ 

from that of the incident light, producing Raman scattering instead of Rayleigh scattering. Figure 

2.8 shows the different types of Raman scattering. If a phonon is created, the Raman scattering is 

red shifted and is referred to as Stokes Raman scattering. If a phonon is destroyed, the Raman 

scattering is blue shifted and is referred to as Anti-Stokes Raman scattering. 
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Figure 2.8 Picture of a typical Raman spectroscopy experiment illustrating the different 

types of light interactions with the sample being studied [33]. 

 

 Raman spectroscopy was used to provide a better idea of layer count. MoS2 has the E1
2g peak 

at 383 cm-1 and the A1g peak at 408 cm-1 in bulk samples that shifts toward each other in samples 

of less than 6 layers [13]. This allowed for confident differentiation between one, two, and three 

layer samples. Raman spectroscopy was less conclusive for MoTe2. Unlike MoS2, MoTe2 does 

not show a large shift in the wave numbers of the peaks associated with the A1g and E2g
1  as the 

material goes from bulk to few-layer samples. The associated peak of the B2g
1  mode grows with 

intensity once the material is no longer bulk and reaches its highest intensity in bilayer MoTe2, 

but disappears entirely in monolayer samples due to the loss of the interlayer interaction [12]. 

Therefore, the presence of the B2g
1  peak, as well as the ratio between it and the E2g

1  peak, gives 

the most information about the number of layers present in a sample of MoTe2. Figures 2.7 and 

2.8 show the expected shift in Raman spectra that we observed for both MoS2 and MoTe2 flakes. 
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Figure 2.9 Raman spectra of bulk (red), bilayer (blue), and monolayer (black) MoS2 

measured as part of this work.  

 

 

Figure 2.10 Raman spectra of bilayer (red) and monolayer (black) MoTe2 measured as part 

of this work. 
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2.5 Atomic Force Microscopy 

 To solve the problem of being able to reliably determine the number of layers in a sample 

flake of MoTe2, and to also provide confirmation of our MoS2 layer count, atomic force 

microscopy (AFM) was used to image flakes believed to be few-layer and their height profiles 

were measured. AFM uses a very compliant silicon or silicon nitride cantilever beam with a high 

aspect ratio pyramid shaped tip situated on the bottom-side of its free end. This tip is then 

brought into contact with the surface of the object being measured and this contact causes a 

deflection in the angle of the cantilever. An AFM can operate in either hard contact (contact) 

mode where the tip is in constant contact with the sample and cantilever deflection is measured, 

or in soft contact (tapping) mode where the cantilever oscillates at a given frequency and only 

taps the surface intermittently. In this soft contact mode, change in the frequency of oscillation 

due to contact with the surface is measured. A laser is focused on the top-side of the cantilever 

and the reflected laser light is picked up by a sensitive position detector. This laser light is what 

measures the deflection of the cantilever for hard contact mode and changes in the oscillation 

frequency of the cantilever for soft contact mode. These changes are then interpreted by software 

into height profiles of the object under study. 
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Figure 2.11 Schematic of an atomic force microscope [34]. 

 A random sampling of flakes taken from different points during the exfoliation process are 

shown in Table 2.1. The greatest amount of thinning for flakes occurred after the tapes had been 

peeled apart by the rheometer at least 40 times. Thickness seems to vary randomly until that 

point, drop sharply, and then again vary randomly until dropping once again at about 55 or 60 

rounds. This implies that our technique may not produce a linear thinning of the flakes but 

instead breaks large flakes into many smaller ones at discrete points in the process. The 

randomness is possibly due to the combination of normal and shear forces caused by the tape as 

well as fragmentation of flakes occurring irregularly during the exfoliation process [23]. During 

the exfoliation process, flakes can be peeled directly away from each (due to normal forces) or 

slide over each (due to shear forces). 
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Figure 2.12 AFM height profile of a 4 nm MoTe2 flake. 

 

Table 2.1 Thickness comparison during exfoliation 

# of times 

exfoliated 

Avg 

Thickness 

(nm) 

10 61.5±13.5 

15 75.3±14.5 

20 57.0±12.3 

25 58.5±9.7 

30 52.6±10.5 

35 67.2±11.2 

40 47.7±8.3 

45 42.8±8.5 

50 39.2±8.1 

55 27.3±8.0 

60 25.1±8.4 
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2.6 Types of Adhesives  

 Five different commercial types of tape were tested in our attempt to find a good yield of 

mechanically exfoliated flakes without a large amount of residue upon transfer from the tape to a 

SiO2/Si substrate. Although many research groups commonly use regular Scotch tape, this was 

quickly ruled out as an option due to the amount of residue left behind on the substrate, making 

characterization infeasible. To resolve the residue issue, samples of several different types of 

protective or processing tape were obtained and readily available since they are typically used in 

clean room applications. The results from several types of tape with varying stiffness and 

adhesiveness are tabulated in Table 2.2. Out of these types of adhesive tape, silicon wafer dicing 

tape had the greatest number of few-layer flakes while leaving a low amount of residue. 

However, with all the tapes tested, there was generally a low yield of MoS2 flakes successfully 

transferred to the substrate. By using a heat release tape, we improved our yield by using this 

new tape as an intermediate transfer tape to get flakes from the wafer dicing tape to our silicon 

substrates. This resulted in a massive increase in the number of exfoliated flakes successfully 

transferred to silicon while only introducing a mild increase in residue left behind by our tape 

transfer method. The success of each type of tape is illustrated in Table 2.2. Subsequently, the 

contact force of the rheometer could be varied, thereby allowing a comparison on the amount of 

few-layer flakes found, which is shown in Table 2.3.  
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Table 2.2 Comparison of adhesive tapes 

Tape Yield Residue 

Scotch Tape 1 to 2 few-layer flakes Heavy 

Plastic Protection Tape No few-layer flakes Low 

Lens Protection Tape No few-layer flakes Low 

Wafer Processing Tape 1 to 2 few-layers flakes Low 

WaferDicing Tape 3 to 5 few-layer flakes Low 

Thermal Release Tape 5 to 7 few-layer flakes Moderate 

 

Table 2.3 Force vs number of few-layer flakes 

Force Yield (per 7 mm x 7 mm Si chip) 

<35 N No few-layer flakes 

40 N 1 to 2 few-layer flakes 

45 N 3 to 5 few-layer flakes 

50 N 5 to 7 few-layer flakes 

 

 

 

 

 



31 

 

 

Figure 2.13 MoS2 flakes deposited onto silicon dioxide substrate directly from wafer 

processing tape. The blue circle marks where a few-layer flake was spotted on higher 

magnification. 

 

 

Figure 2.14 MoS2 flakes deposited directly from wafer dicing tape onto silicon dioxide 

substrate. 
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Figure 2.15 MoS2 flakes deposited from wafer dicing tape to heat release tape before 

releasing flakes onto silicon dioxide substrate on a hot plate at 180 ℃. The blue circles mark 

few-layer flaks found on higher magnification. 

 

2.7 Conclusion 

 In this chapter a new technique for mechanical exfoliation using a rheometer has been 

described. This technique adds more reproducibility and control to the mechanical exfoliation 

process. Optimization of this technique is aided by the programmable parameters of the 

rheometer tool. The rheometer allows control over the speed of tape peeling, force with which 

the pieces of tape were applied to each other, rotation of the rheometer tool, and amount of times 

mechanical exfoliation is conducted. This additional control makes producing few-layer flakes 

reproducibly a much easier goal and is an important addition to the process of mechanical 

exfoliation.   
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CHAPTER 3 

Field Effect Transistor Fabrication and Characterization 

3.1 Field Effect Transistor Fabrication Process 

 After exfoliation and identification of few-layer MoTe2 flakes, these flakes were used to 

fabricate field effect transistors. Photolithography was used to pattern electrodes for MoTe2 

devices before metal deposition. A ~400 nm layer of LOR5A photoresist was spun onto the 

silicon chip having a 300 nm thick layer of SiO2 upon which the targeted flake was situated.  The 

was followed by a ~1500 nm layer of Shipley 1813 photoresist. LOR5A etches faster than 

Shipley 1813 while developing, creating a lip to the photoresist pattern that aids in removing the 

photoresist without tearing the metal electrodes. A copper mask on a glass plate (pattern shown 

in Fig. 3.2) was used to expose the electrode pattern onto the photoresist with a mask aligner and 

an ultraviolet lamp. After development in MF-319 developer, there were regions in the 

photoresist layer that were removed in the development process and correspond to where the 

electrodes are meant to be. A short (30 s) oxygen plasma clean using a reactive ion etcher was 

performed on patterned chips to ensure that any residual photoresist on the SiO2 surface was 

burned away prior to metal deposition. This step ensured that the bond pads did not delaminate 

during subsequent fabrication steps. Metal was then deposited onto patterned chips using an e-

beam evaporator. For most devices, 40 nm of titanium was used as an adhesion layer followed by 

350 nm of gold. After metal deposition, the chips were left to soak in Remover PG (a solvent 

specialized for dissolving photoresists) for 2 hrs at 80 ℃ before being rinsed in IPA and blow 

dried to clear all excess photoresist. 
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Figure 3.1 Schematic showing the fabrication process for fabricating MoTe2 field effect 

transistors. (1) An MoTe2 flake on SiO2/Si substrate; (2) initial spin of LOR-5A followed by 

S1813 photoresist on the substrate surface, and subsequently patterned ultraviolet light is 

exposed onto the surface; (3) Exposed photoresist is dissolved in developer and metal deposited 

in its place, followed by removal of excess photoresist by bath in solvent; (4) the final MoTe2 

field effect transistor device with source/drain contacts. (Center Inset) Optical picture of finished 

MoTe2 devices, (a) 50 nm and (b) 8 nm thick. 

 

 

Figure 3.2 The mask design used to pattern the source/drain contacts for the MoTe2 field 

effect transistors in this work via photolithography. The crosses are alignment marks and the 

“T” helps to determine which way the chip is facing. 



35 

 

 

 

Figure 3.3 An SEM image of a 2.5x2.5 mm silicon chip with our electrode pattern on it. We 

deposited 40 nm of Ti and 350 nm of Au to form the contacts. Inset shows a closeup of an 

MoTe2 flake sitting between metal contacts. 

 

3.2 Field Effect Transistor Electrical Characteristics 

 After fabrication, the output (drain current as a function of applied source to drain voltage) 

characteristics and transfer (drain current as a function of applied gate voltage for a fixed source 

to drain bias) characteristics of the devices were measured using a Lakeshore 4-point probe 

station. The source/drain contacts were made by needle point probes, with one connected to 

ground and the other to a source measure unit (SMU) that provided source/drain bias voltage. 

The copper base of the probe station was connected to a separate SMU to provide a back-gate 

bias voltage to the silicon backing of the chips. A small scratch was made to the backside of the 

chip to remove the native oxide layer and a small amount of silver conductive paint was applied 

to allow easier conduction of the electric field from the back gate electrode. The main purpose of 
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measuring the output and transfer characteristics of our devices was to determine their polarity 

and gain an estimate of the mobility of each device. In the output and transfer data of each 

device, an increasing current was measured for either positive or negative voltage. Devices 

where current increased with increasing negative back-gate bias were classified as “p-doped” 

whereas devices in which current increased with increasing positive back-gate bias were 

classified as “n-doped”. Devices where conduction showed some increase for both negative and 

positive back-gate biases were classified as “ambipolar” (both charge carrier types are capable of 

contributing to the conduction). Figure 3.4 shows a typical transfer curve from our devices for 

each category of device. These MoTe2 field effect transistors were measured over source/drain 

biases ranging from -2 V to +2 V and from back-gate voltages from -60 V to +60 V. Any higher 

back-gate voltages resulted in device burnout. This does leave the question whether, for the case 

of some devices, if they were truly intrinsically p-type or n-type or if they were ambipolar that 

were heavily doped. We are unable to ascertain this for certain in every device but have 

classified the devices as p-doped or n-doped in the operating range of voltages because for 

sensing applications, there is no functional difference between the response of an intrinsic p-type 

or n-type device and a heavily doped ambipolar device. Figure 3.5 shows the typical output 

characteristics for devices in each category. 
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Figure 3.4 The transfer characteristics showing the typical behavior of a (a) p-doped, (b) 

ambipolar, and (c) n-doped MoTe2 field effect transistor used in this work. 
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Figure 3.5 The output characteristics of a typical (a) p-doped, (b) ambipolar, and (c) n-

doped MoTe2 field effect transistor used in this work. 
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 All measurements were taken after rapid thermal annealing (RTA) was performed on the 

devices. RTA is often used to improve the performance of field effect transistor devices by 

removing adsorbates from the semiconducting material and the metal contacts through the 

application of heat in an inert gas environment. During this process, the contact between the metal 

electrodes and the semiconducting material is improved. The heat relaxes the metal and makes a 

flusher contact between the metal and semiconductor, lowering the contact resistance. Our samples 

were heated to 300 ℃ in an Argon environment for 30 seconds inside of an RTA furnace. Samples 

were allowed to cool for 5 minutes before being removed from the furnace and electronic 

measurements were taken. Table 3.1 shows a sampling of early devices that RTA was tested on, 

and the figures that follow illustrate the improvement in performance that was achieved. There 

was a slight threshold voltage shift negative after RTA was performed. This is likely due to the 

loss of some surface adsorbed oxygen, which is known to dope MoTe2 p-type. 

Table 3.1 A list of the thicknesses and polarity of various MoTe2 field effect transistors. 

Sample  Thickness Polarity 

Pre 
RTA 

Post 
RTA 

3-6 68 N N 

1-5 25 P-N P-N 

1-3 20 P-N P-N 

2-4 8.6 P P 

2-8 7.4 P P 

3-1 6.6 P P-N 

3-2 6.1 P P-N 

2-2b 5.4 P P-N 

1-2 5 P-N P-N 

1-3 4.5 P-N P-N 

1-1 4 P-N P-N 
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Figure 3.6 The source/drain current vs back voltage for a 68 nm (#3-6) thick MoTe2 field 

effect transistor before and after annealing in argon at 300oC for 30 s. Source/drain bias was 

2 V. 

 

 
Figure 3.7 The source/drain current vs back voltage for a 20 nm (#1-3) thick MoTe2 field 

effect transistor before and after annealing in argon at 300oC for 30 s. Source/drain bias was 

2 V. 
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Figure 3.8 The source/drain current vs back voltage for a 7.4 nm (#2-8) thick MoTe2 field 

effect transistor before and after annealing in argon at 300oC for 30 s. Source/drain bias was 

2 V. 

 
Figure 3.9 The source/drain current vs back voltage for a 4.5 nm (#1-3) thick MoTe2 field 

effect transistor before and after annealing in argon at 300oC for 30 s. Source/drain bias was 

2 V. 



42 

 

 
Figure 3.10 The source/drain current vs back voltage for a 4 nm (#1-1) thick MoTe2 field 

effect transistor before and after annealing in argon at 300oC for 30 s. Source/drain bias was 

2 V. 

Determination of the polarity based on the effect of channel thickness and the method of 

growth, that is, MoTe2-Cl and MoTe2-I2 field effect transistors is made by measuring the output 

and transfer characteristics using a variety of different flake thicknesses. In the output and transfer 

characteristic curves, it was observed that varying channel thicknesses of MoTe2-Cl field effect 

transistors varied the degree to which either holes or electrons dominated the channel conduction 

producing p-, ambipolar or n-doped field effect transistor behavior. The output characteristic (Ids 

– Vds) at varying Vbg (between -40V to 40V) of 5.6nm and 50nm MoTe2 field effect transistor is 

shown in figure 3.11. The p-doped i.e. decrease in Ids with increasing Vbg, and n-doped, increase 

in Ids with decreasing Vbg, is observed for thin and thick channel MoTe2 field effect transistors, 

respectively.  The non-linear behaviour of the output characteristic (Ids-Vds) in Figure 3.11 can be 
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attributed to a Schottky-barrier at the metal-semiconductor (M-S) junction interface resulting due 

to the difference in work function of Ti (4.33 eV) and the electron affinity of MoTe2 (4.3 ± 0.1eV) 

[35]. 

 
Figure 3.11 Output characteristics of MoTe2–Cl field effect transistors under different 

back-gate voltages, Vbg. Field effect transistors with channel thickness of (a) 8 nm and (b) 50 

nm show hole and electron conductivity, respectively. 

 

When the transfer behavior of the field effect transistor’s Ids-Vbg characteristic at Vds = 2V was 

compared, MoTe2-Cl field effect transistors exhibited p-, ambipolar, or n-doped behavior for thin, 

medium and thick channels, respectively, as shown in Figures 3.12-3.14. The maximum ON/OFF 

current ratio obtained was ~1×103 for thin devices and decreased as flake thickness increased. The 

gate leakage currents (Igs) of all devices were negligible and in the pico-amperes (pA) range.  All 

Ids values in the transfer curves are normalized by the channel width (W). From the experimental 

results of these transfer curve, it was observed that MoTe2-Cl (Figures 3.12-3.14) field effect 

transistors showed p-doped behavior for very thin channels, from approximately 5-15nm, and 

ambipolar behavior for medium channel thicknesses, from approximately 15nm to 50nm. For 

channels thicker than about 50nm, field effect transistors showed n-doped behavior. This result is 
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summarized in Table 3.2. The effect of channel thickness on polarity of field effect transistors was 

observed previously in black phosphorous, WSe2, MoS2 and MoTe2 [36-39]. In contrast to the 

MoTe2-Cl behavior, MoTe2-I2 (Figure 3.15) devices show only ambipolar or p-type polarity with 

increasing channel thickness. To verify the change in polarity as a function of channel thickness, 

multiple devices were tested to reproduce the results [40]. 

 

Figure 3.12 Transfer characteristics for three different thickness of p-doped MoTe2-Cl field 

effect transistors. 

 

 

Figure 3.13 Transfer characteristics for three different thickness of ambipolar MoTe2-Cl 

field effect transistors. 
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Figure 3.14 Transfer characteristics for three different thickness of n-doped MoTe2-Cl field 

effect transistors.  

with different channel thicknesses as indicated. Drain current was normalized by the channel 

length to account for devices with 4 µm and 5 µm gaps between the source and drain contacts. 

 
Figure 3.15 (a) The transfer characteristics of MoTe2-Cl flakes showing a shift in polarity 

as the device thickness increases. (b) The transfer characteristics for MoTe2-I2 which displays 

p-type behavior at all thickness besides <5 nm, where ambipolar behavior is observed. 
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Table 3.2: Summary of polarity based on thickness of MoTe2 field effect transistors 

prepared from flakes of different transport agents.  

 

MoTe2 field 

effect transistor 

types 

Thin 

(~5nm – 15nm) 

Medium 

(15nm – 50nm) 

Thick 

(≥ 50nm) 

MoTe2-Cl p-doped Ambipolar n-doped 

MoTe2-I2 p-doped p-doped p-doped 

 

 

The n-doped conducting behavior is observed in transition metal dichalcogenides when 

using TeCl4 as the transport agent during the CVT growth [28] and during the post-growth 

chloride molecular doping of transition metal dichalcogenide compounds [29]. It was observed 

that MoTe2-I2 devices showed different conducting behavior than MoTe2-Cl devices did as flake 

thickness increased. This distinctly different behavior of MoTe2-Cl and MoTe2-I2 at similar flake 

thickness can be due to the variation in the stoichiometry of the MoTe2 crystals grown by TeCl4 

and I2 TAs. This speculation of stoichiometry variation can be corroborated by secondary-ion 

mass spectrometry (SIMS) measurements of MoTe2-Cl and MoTe2-I2 crystals shown in Figure 

3.16. The presence of TeCl4 and I2 in flakes was confirmed by the SIMS data. The stoichiometry 

change in MoTe2 crystals can result in electron or hole doping of the flakes. It has been shown 

previously that a small deficiency or excess of chalcogens can result in electron or hole doping of 

transition metal dichalcogenides [10]. Adding distinct dopants with different properties (atomic 

radius, electron affinity, etc.) can change the lattice sites and stoichiometry or the material. The 

distinct chemical properties of the two TAs (TeCl4 and I2) can be a possible reason for the 

stoichiometry change for distinct electronic properties of MoTe2-Cl and MoTe2-I2 field effect 

transistors.  
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Figure 3.16 SIMS measurement of (left) TeCl4 and (right) I2 assisted growth. 

The thickness-dependent field-effect carrier mobility (µFE) of fabricated devices was also 

investigated, which is extracted from transfer characteristic (Vbg – Ids) shown in figure 3.10. 

Equation 1 defines the µFE of the MoTe2 field effect transistor 

µFE = (dIds/dVgs) (L/(W×Cox×Vds)) (1) 

where Cox is oxide capacitance per unit area of 300nm thick SiO2/Si substrate, L and W are length 

and width of the MoTe2 channel, respectively. This equation only estimates the intrinsic mobility 

of the material and can be heavily influenced by the environment of the field effect transistor (air 

vs vacuum, temperature) as well as the amount of contact resistance. Therefore, this mobility is 

included, not because it is the exact intrinsic mobility, but to provide a way to compare between 

the behavior of thick and thin devices worked with here. It was observed that the thick channel 

devices have a higher mobility than the thin channel devices. The effect of channel thickness on 

the mobility values of MoTe2 devices can be related to Coulomb scattering and quantum 

confinement [22-23]. Figure 3.17 shows that the mobility values increase with increasing channel 
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thickness for both MoTe2-Cl and MoTe2-I2 devices. Weakening of carrier scattering by the 

Coulomb interaction has been shown here to result in higher mobilities for thicker channels than 

for thinner channels of MoTe2-Cl and MoTe2-I2 field effect transistors. This same trend in mobility 

has been reported by Hyunjin et al. for MoTe2 field effect transistors [30] and by Li et al. for MoS2 

field effect transistors [24]. 

 To further confirm the change in polarity of field effect transistor devices, the response in 

the presence of gas molecules was measured shown in Figure 3.17. NH3 was the target gas since 

it is a strong electron donor and produces opposite behavior in n-doped and p-doped devices. Once 

adsorbed onto the surface of MoTe2, NH3 should n-dope the material through charge carrier 

transfer, increasing the current for n-doped devices and decreasing the current for p-doped devices. 

A single pulse of NH3 was introduced to the MoTe2 devices and the current response of the devices 

was measured. Figure 3.18 shows the gas sensing response of 500 ppm NH3 of 68 nm and 5.6 nm 

MoTe2-Cl flakes. The thick, n-doped MoTe2-Cl field effect transistor shows an expected increase 

in current and the thin, p-doped MoTe2-Cl field effect transistor shows a corresponding decrease 

in current.  
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Figure 3.17 Field effect mobility of electrons and holes vs channel thickness for (a) MoTe2-

Cl and (b) MoTe2-I2 field effect transistors. Encircled pairs of data points correspond to the 

devices that exhibit ambipolar conductivity. 

 

Figure 3.18 Response to 500 ppm NH3 in air of 68 nm (top x-axis) and 5.6 nm (bottom x-

axis) thick MoTe2-Cl devices confirming n- and p-type conductivity respectively. Note much 

faster recovery time for the thin flake. 

 

 

(a) (b) 
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3.3 Effect of Varying Contact Metals 

While the polarity shift exhibited by the TeCl4 grown MoTe2 field effect transistors is 

unique and interesting, it remains a question whether the behavior is extrinsic or intrinsic to the 

device. Since the choice of metal contact can have a large effect on device polarity, several 

different contact metals were used to test whether the behavior is caused by the choice of using Ti 

as the contact metal or whether some intrinsic property is leading to the polarity that we observed. 

In other work with transition metal dichalcogenides, it has been shown that the polarity of these 

devices can be altered through the choice of contact metal. Pd has been shown to form both n-

doped and p-doped conduction with MoS2 samples [41,42]. MoTe2 has been observed to show 

strong pinning of the Fermi level as shown in other studies [43]. Here, three contact metals were 

selected to attempt to alter the conduction behavior of the MoTe2-Cl devices (Ti, Cr, Pd). Ti (Φ = 

4.3 eV) and Cr (Φ = 4.5 eV) have lower work functions than MoTe2 (Φ ≈ 4.8 eV) which should 

produce n-type behavior following the Schottky-Mott rule. Pd (Φ = 5.2 eV) should produce p-type 

behavior if we are judging strictly by work function difference. For all three contract metals, 40 

nm of the contact metal was deposited followed by 350 nm of Au. Figure 3.19 summarizes the 

results from all three combinations of metals. The same shift in polarity previously observed in 

these MoTe2-Cl field effect transistor devices persists in all three cases despite the differences in 

contact metals. This strongly indicates that the Fermi level is pinned to a particular value due to 

surface states. The shift in polarity can then be explained by different doping levels present in 

MoTe2-Cl devices. The surface of MoTe2 devices has been shown to become p-doped through the 

adsorption of oxygen and water from the atmosphere [44]. It has also been shown that TeCl4 grown 

transition metal dichalcogenides become n-doped due to the presence of the Cl transport agent post 
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growth. Therefore, in thin samples the surface doping dominates the behavior of the devices and 

in thick devices the bulk doping via transport agent dominates the conduction.  

 
Figure 3.19 Transfer characteristic for MoTe2 field effect transistors with (a) Ti/Au, (b) 

Cr/Au, and (c) Pd/Au. 

 

 Fermi level pinning is a case where the Fermi level of a semiconductor is held near the 

charge neutrality level of the material by the presence of surface states. Figure 3.20(a) shows a 

qualitative picture of an undoped semiconductor with surface states present. In this case the 

Fermi level sits at the charge neutrality point. If the Fermi level moves above the charge 

neutrality level (which is the case in n-doped materials) then there will be more filled surface 

states than unfilled surface states (and vice versa for p-doped material, where the Fermi level has 

moved down). This creates a net negative charge at the surface (or net positive, in the p-doped 
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case) as well as a depletion region of opposite charge to balance out the surface charge. Further 

movement of the Fermi level will create a larger surface charge and larger depletion region, 

creating a limit on how far away it is possible to move the Fermi level from the charge neutral 

point. In cases where surface states have pinned the Fermi level in this manner, the band 

structure of the semiconductor will be intrinsically bent and the addition of a contact metal will 

not be able to alter the polarity of the semiconductor as much as would normally occur. This is 

why the persistence of this observed polarity shift despite the changes in contact metals 

represents a strong indication that the Fermi level has been pinned by surface states. 

 

Figure 3.20 A qualitative schematic of a semiconductor with surface states that pin the 

Fermi level in the case of (a) no doping, (b) p-type doping, (c) n-type doping. 

3.4 Conclusion 

 This chapter described the field effect transistor characteristics of both MoTe2-Cl and MoTe2-

I2. MoTe2-Cl was found to be p-doped in thin samples (<15 nm), ambipolar in medium samples 

(15-50 nm), and n-doped in thick samples (>50 nm). MoTe2-I2 was found to be ambipolar in thin 

samples below 5 nm and p-doped in all other samples. These results could be attributed to 

several factors. The use of TeCl4 as a transport agent has been found to be an n-type dopant in 

CVT growth. The use of I2 as a transport agent has been found to be a p-type dopant in the CVT 

growth of MoS2. Further, it has been shown that in thin MoTe2 vacancies of Te at the surface of 
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the material provide sites for the adsorption of oxygen and hydroxyl groups. These surface 

adsorbates dope the material p-type. The behavior described in this chapter can mostly be 

explained by the outsized role of the surface in determining the conductivity of thin samples. As 

samples become thicker, the role of the surface becomes diminished and the doping effect of the 

transport agent in the bulk becomes more prominent. This effect was also found to be persistent 

through the use of several different contact metals, indicating Fermi level pinning in the material. 

This means that the material effects described in this chapter (surface adsorbate doping and 

transport agent doping) determine the transport properties of the material instead of choice of 

contact metal. 
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CHAPTER 4 

Effect of Ultraviolet Light on Sensing and Current Collapse 

4.1 Fabrication of Sensors 

 First, MoTe2 field effect transistors were fabricated using the previously discussed fabrication 

process. In order to facilitate the use of these field effect transistors in our gas sensing setup, 

each SiO2/Si chip was packaged in a ceramic sample holder. Before packaging, devices were 

covered in spin coated Shipley 1813 photoresist to protect the surface and then diced into 2.5x2.5 

mm pieces using a Disco 341 Wafer Dicing Saw. The diced dies were then cleaned in photoresist 

stripper (Remover PG) followed by rinsing in acetone and then isopropanol. This was to ease 

placement of the devices into the 10x10 mm gold-plated base of the ceramic chip holder and 

allow for easier access to bond pads for wire bonding. A die containing an MoTe2 field effect 

transistor was then placed onto the ceramic chip hold and fixed in place with nonconducting 

glue. Samples were baked in a nitrogen filled oven for 15 minutes at 125 ℃ to cure the glue. A 

gold wire bonder, Kulicke and Soffa Model 4526, was used to connect two bond pads connected 

to the field effect transistor device to the gold pads surrounding the gold-plated base of the chip 

holder. These pads are connected to pins surrounding the chip holder. The packaged device then 

could be placed into a custom breadboard that fits easily into the sensing setup and allows for 

bias to be applied to the device. 
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Figure 4.1 An optical image of a packaged MoTe2 field effect transistor on a chip holder. 

Ruler in cm shown for scale. 

 

 

Figure 4.2 An optical image of a wire bonded MoTe2 field effect transistor showing the gold 

wires connecting the die bond pads to the chip holder bond pads. 

 

4.2 Gas Sensing Setup 

 Test devices for gas sensing experiments were placed into a 0.73 cm2 stainless steel chamber 

with a quartz panel on top for external illumination of devices. A National Instruments (NI) PXI 

power source was used to electrically measure devices during gas tests. A LabView program was 

used to control the power source and record the data collect by the NI PXI.  
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 Figure 4.1 shows a schematic of the gas sensing setup that was used for all of the sensing 

devices. The target gas to be measure was sent to MFC 1 with 1.0-10.0 sccm flow rate range. A 

diluting gas was sent to MFC 2 with 10.0-500.0 sccm flow rate range. The output of MFC 1 and 

MFC 2 was then sent to a mixer. The concentration of target gas was determined in the following 

way: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑝𝑚) = [
𝐹𝑀𝐹𝐶1

(𝐹𝑀𝐹𝐶1) + (𝐹𝑀𝐹𝐶2)
] × 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑜(𝑝𝑝𝑚) 

Where Concentrationo is the original concentration of the target gas in its canister. This mixture 

was sent to MFC 3 with a flow rate range of 10.0-500.0 sccm. MFC 3 was used to keep the flow 

rate to the sensing chamber constant. A pressure controller was set up behind MFC 3 to act as a 

safety release in case of high pressure. Both the pressure controller and the outlet from the 

stainless steel sensing chamber were channeled into an exhaust hood. 

 

Figure 4.3 Schematic of the gas sensing setup used to measure MoTe2 field effect transistor 

gas sensors. 
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 A 365 nm Panasonic UJ35 series LED ultraviolet lamp was used for external light 

illumination of MoTe2 gas sensing devices. A 12 mm by 50 mm high power lamp head was 

placed in a quartz tube and attached to a ring stand to fix the light source and limit overheating 

issues. The lamp head was attached to an external power source controlling lamp intensity. The 

maximum power of the ultraviolet lamp was 710 mW/cm2. The lamp head was placed 1 cm 

above the quartz window of the stainless steel sensing chamber and the ultraviolet light spot was 

centered on the silicon chip carrying the MoTe2 devices to be measured. 

 

 

Figure 4.4 Side picture of the gas sensing chamber showing the breadboard holding the 

sensing device with the stainless-steel chamber fixed over the top. The ultraviolet lamp head 

used to illuminate samples is also pictured. 
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Figure 4.5 Top view picture of the stainless-steel sensing chamber with an MoTe2 device 

packaged on a ceramic chip holder inside. 

 

4.3 Sensing Behavior 

4.3.1 Sensing Parameters 

 The equation used to determine the concentration of target gas under test by our field effect 

transistor devices is restated: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑝𝑚) = [
𝐹𝑀𝐹𝐶1

(𝐹𝑀𝐹𝐶1) + (𝐹𝑀𝐹𝐶2)
] × 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑜(𝑝𝑝𝑚) 

 In addition to the concentration of target gas, a discussion of the performance of these gas 

sensors in terms of electrical response, response time, and recovery time will be given. The 

response (sometimes also referred to as the sensitivity) is given by the following equation: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦) =
𝐼𝐺𝑎𝑠 − 𝐼𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐼𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
× 100% 
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where IBaseline is the current the device measures in the carrier gas (either nitrogen or dry air). 

Devices are operated under a 5 V source-drain bias for 1 hour prior to measuring the baseline 

current in order to get a stable value. Factors such as changes to the electrode contact quality, 

surface adsorbates due to Joule heating of the device, or the exposure to the carrier gas are 

mitigated by this stabilization period. 

 The response time of each device is defined here as the time it takes for the sensor to reach 

90% of the maximum response achieved during exposure to the target gas. If IBaseline is the 

current after the completion of the stabilization period for the experiment, and IGas is the 

maximum current achieved under exposure to a target gas, then the response time (also 

commonly referred to as t90 response) is the time it takes for the current level to reach IBaseline + 

90%(IGas-IBaseline). 

 Likewise, the recovery time of each device is defined to be the time it takes for the sensor to 

recover back to 90% of the baseline current from the maximum response current. However, in 

the case of our MoTe2 devices, it was not possible to achieve full recovery down to the baseline. 

Therefore, the recovery time being reported is the time required to reach 90% of the current 

recovered established by the new “baseline” of the device. So if I’Baseline is the new baseline 

minimum current the device recovers to during the measurement cycle and IGas is the maximum 

current the device reached during exposure to the target gas, then the recovery time is the time it 

take the current to reach IGas – 90%( IGas - I’Baseline). Figure 4.6 illustrates both the response and 

recovery times as they will be reported in this chapter. 
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Figure 4.6 A sensing cycle marking the response and recovery time parameters as 

described in this section. Pictured is the exposure of NH3 to two different MoTe2-Cl devices. 

 

 With a 5 V source/drain bias with a floating gate, the target gas was introduced along with the 

carrier gas at the desired concentration of target gas. Target gas was kept on for 5 minutes at a 

time and then turned off for 10 minutes each cycle while the carrier gas flowed throughout the 

experiment. Since these devices did not fully saturate or fully recover in a short (<30 minutes) 

time frame, arbitrary time frames were chosen for observing the response and recovery of the 

devices.  

 Sensing data from three different MoTe2 field effect transistor devices are presented in this 

chapter. NO2 and NH3 were both used as target gases. Nitrogen and dry air were both used as 

carrier gases, making for a total of four different target and carrier gas combinations that were 

tested. Data from three MoTe2 field effect transistor devices are covered in this chapter. The first 
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two devices (S25 and S31) were exposed to a total flow rate of target + carrier gas set to 100 

sccm whereas the last device (S27) was exposed to total flow rate of 200 sccm. This illustrates 

the effect of total flow rate on sensing behavior that could be due to changes in the diffusion of 

the target gas to the sensing surface. 
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4.3.2 NO2 Sensing Behavior with N2 Carrier Gas 

 In this section the data for the three MoTe2 devices in response to NO2 are reported. The 

carrier gas used in this section was N2. The source/drain voltage applied during the sensing 

measurement was 5 V. 

S25, Target Gas NO2, Carrier Gas N2 

 

Figure 4.7 The change in conductance over time of S25 in response to NO2 gas in N2 carrier 

gas. 
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Table 4.1 The response and recovery parameters of S25 in response to NO2 gas in N2 

carrier gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 11.7 11.7 231 -1.2 533 

5 17.6 7.1 234 -2.8 596 

10 27.5 12.2 275 -3.4 499 

10 35.4 6.6 205 -2.3 575 

25 41.5 6.3 181 -5.7 510 

25 47.1 6.7 174 n/a n/a 

  

 Figure 4.7 shows the response of S25 (a 21.9 nm thick, p-type MoTe2 flake) to exposure to 

NO2 target gas diluted in nitrogen carrier gas. Parameters of the sensing response and recovery 

are listed in Table 4.2. This sensor showed a total change in conductance of 47.1% from the start 

of the sensing experiment to finish. The largest single change in conductance recorded was 

12.2% for 10 ppm of NO2. The minimum concentration tested was 5 ppm and it was not possible 

to detect NO2 below this concentration. The average time to reach 90% of the max response for 

each cycle was 217 s (about 72% of the total average exposure time, 300 s) and the average time 

to reach 90% of the minimum recovery for each cycle was 543 s (about 90% of the total average 

recovery time, 600 s). This indicates that the device response began to saturate before the total 

exposure time had been reached in each cycle, but that the recovery was not reaching a similar 

plateau in the time allowed. Additionally, the change in conductance during recovery was much 

smaller than that of the response, making it impossible to establish a consistent baseline for the 
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experiment. Figure 4.8 shows that there is no linear correlation between the change in 

conductance and the concentration of target gas. 

 
Figure 4.8 A scatter plot of the response values for each cycle of exposure to NO2 in N2 

carrier gas for S25. 
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S31, Target Gas NO2, Carrier Gas N2 

 

Figure 4.9 The change in conductance over time for S31 in response to NO2 in N2 carrier 

gas. 
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Table 4.2 The response and recovery parameters for S31 in response to NO2 in N2 carrier 

gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 3.4 3.4 158 n/a n/a 

5 7.8 5.2 249 -2.3 590 

10 17.6 12.3 250 -3.4 560 

10 22.1 7.7 200 -3.6 580 

25 36.6 18.1 274 -7.7 520 

25 43.6 13.6 243 -6.3 550 

50 56.0 18.0 250 -10.3 440 

50 61.2 14.9 266 -12.1 540 

  

 Figure 4.9 shows the response of S31 (a 28 nm thick, ambipolar MoTe2 flake) to NO2 target 

gas diluted by N2 carrier gas. Table 4.3 lists the response and recovery parameters for this data 

set. This sensor showed a maximum change in conductance of 61.2% over the course of the 

entire experiment as well as a maximum change in conductance of 18.1% for a single exposure 

cycle (occurring at 25 ppm). Once again, the minimum concentration that was detected by this 

device was 5 ppm. The average time to reach 90% of the maximum response for each cycle was 

236 s (or ~79% of the total exposure time, 300 s) and the average time to reach 90% of the 

maximum recovery for each cycle was 540 s (or 90% of the total recovery time, 600 s). Once 

again, the response began to saturate slightly before the end of each exposure cycle but recovery 
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showed no such plateauing behavior. S31 showed a better response than S25 and the response 

saturated more slowly. Recovery was equally poor for both devices. Figure 4.10 shows that the 

response for 5-25 ppm for S31 was much more linear than for S25. The response at 50 ppm is 

not included in the linear fit because it appears the device response had saturated at that point. 

 

Figure 4.10 A scatter plot of the response values for each exposure cycle to NO2 gas in N2 

carrier gas for S31. 
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S27, Target Gas NO2, Carrier Gas N2 

 

Figure 4.11 The change in conductance over time for S27 in response to NO2 in N2 carrier 

gas at 200 sccm total flow rate. 
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Table 4.3 The response and recovery parameters for S31 in response to NO2 in N2 carrier 

gas at 200 sccm total flow rate. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

2 53.4 53.4 259 -10.2 591 

2 162.7 119.0 206 -39.1 495 

5 538.6 412.7 244 -190.9 507 

5 661.2 314.4 206 -191.0 506 

10 870.8 405.4 241 -268.0 490 

10 898.0 291.3 239 -250.8 496 

 

Figure 4.11 shows the response behavior of S27 (a 10 nm thick, p-type MoTe2 flake) 

exposed to NO2 target gas diluted by N2 carrier gas. Table 4.4 lists the response and recovery 

parameters for this sensing experiment. It is important to note that not only was this device 

thinner than the first two, this sensing experiment was conducted with a total flowrate of 200.0 

sccm through the chamber whereas the first two devices were tested at 100.0 sccm. This increase 

in pressure in the chamber will naturally result in more of the gas mixture reaching the surface of 

the sensor. This as well as the thinness of the flake may both contribute to the large increase in 

sensitivity observed in this data set compared to the previous two. A maximum response of 

898% was achieved over the course of the experiment with a maximum single cycle response of 

412.7% at 5 ppm. The minimum detectable concentration was 2 ppm. The average time to reach 

90% of the maximum response for each cycle was 236 s (or ~78% of the total exposure time, 

300 s) and the average time to reach the maximum recovery for each cycle was 514 s (or ~85% 
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of the total recovery time, 600 s). This device was able to reach a lower detection limit and, for 

the first time, a recovery characteristic that begins to level off within the given recovery time can 

be seen. S27 also shows a fairly linear response at from 2ppm to 5ppm, as seen in Figure 4.12, 

but appears to have already saturated by 10 ppm. This is a much faster time and a much lower 

concentration to reach saturation than was shown in S31. This is likely due to more gas mixture 

reaching the sensing surface due to higher flow rate and pressure inside the sensing chamber. 

 
Figure 4.12 A scatter plot of the response values for each exposure cycle to NO2 gas in N2 

carrier gas for S27 with a linear fitting of the data. 
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4.3.3 NH3 Sensing Behavior with N2 Carrier Gas 

In this section the data for the three MoTe2 devices in response to NH3 are reported. The carrier 

gas used in this section was N2. The source/drain voltage applied during the sensing 

measurement was 5 V. 

S25, Target Gas NH3, Carrier Gas N2 

 

Figure 4.13 The change in conductance over time for S25 in response to NH3 in N2 carrier 

gas. 
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Table 4.4 The response and recovery parameters for S25 in response to NH3 in N2 carrier 

gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -4.5 -4.5 180 0.7 58 

300 -5.8 -2.7 158 2.0 143 

400 -11.5 -7.7 184 3.3 576 

400 -14.7 -5.8 257 3.2 430 

500 -18.4 -7.0 200 4.1 518 

500 -20.6 -6.2 248 4.4 419 

  

 Figure 4.13 shows the response behavior of device S25 when exposed to NH3 target gas 

diluted by N2 carrier gas. The maximum change in conductance for the entire experiment is 

−20.6% and the maximum change in conductance for a single exposure cycle is −7.7% at 400 

ppm. The minimum detectable concentration was 300 ppm. The average time to reach 90% of 

the maximum response for each cycle was 204 s (or 68% of the total exposure time, 300 s) and 

the average time to reach the maximum recovery for each cycle was 357 s (or 60% of the total 

recovery time, 600 s). However, it should be noted that the average recovery time for 300 ppm 

was 100 s and the average recovery time for 400 and 500 ppm was 486 s. At all concentrations 

the recovery was small and plateaued before the end of the recovery time. Figure 4.14 shows that 

the response was not linear and did not always increase with increasing concentration.  
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Figure 4.14 A scatter plot of the response values for each exposure cycle to NH3 gas in N2 

carrier gas for S25. 
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S31, Target Gas NH3, Carrier Gas N2 

 

Figure 4.15 The change in conductance over time for S31 in response to NH3 in N2 carrier 

gas. 
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Table 4.5 The response and recovery parameters for S31 in response to NH3 in N2 carrier 

gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -0.56 -0.56 63 0.52 40 

300 -1.9 -0.82 44 0.83 177 

400 -6.7 -4.4 237 n/a n/a 

400 -9.3 -3.1 203 0.79 130 

500 -12.2 -3.3 200 1.1 164 

500 -15.2 -3.8 210 0.78 338 

 

 

 Figure 4.15 shows the response behavior of device S31 when exposed to NH3 target gas 

diluted in N2 carrier gas. The maximum change in conductance over the experiment was -15.2% 

and the maximum change in conductance for a single exposure cycle was -4.4%. The average 

time to reach 90% of the maximum response for each cycle (including 300 ppm data) was 160 s 

(or 53% of the total exposure time, 300 s). The average time to reach 90% of the maximum 

response for each cycle (excluding 300 ppm data) was 213 s (or 71% of the total exposure time). 

The average time to reach 90% of the maximum recovery for each cycle was 211 s (or 35% of 

the total recovery time, 600 s). However, it should be noted that the recovery for this device 

shows the smallest change in conductance than any of our other experiments so determining 

exact recovery time was more difficult and this number may not be as accurate as in other data 

sets. Figure 4.16 shows that the response of S31 to NH3 was not linearly correlated with 

concentration. 
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Figure 4.16 A scatter plot of the response values for each exposure cycle to NH3 gas in N2 

carrier gas for S31.  
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S27, Target Gas NH3, Carrier Gas N2 

 

Figure 4.17 The change in conductance over time for S27 in response to NH3 in N2 carrier 

gas at 200 sccm total flow rate. 

 

Table 4.6 The response and recovery parameters for S27 in response to NH3 in N2 carrier 

gas at 200 sccm total flow rate. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -11.2 -11.2 245 -4.8 399 

300 -13.5 -7.0 183 -3.6 191 

400 -21.5 -10.6 256 -4.2 452 

400 -25.8 -8.1 272 -5.5 449 

500 -32.7 -10.7 152 -5.2 418 

500 -35.4 -7.9 165 -3.2 414 
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 Figure 4.17 shows the response behavior of device S27 to the target gas NH3 diluted in 

N2 carrier gas. It is important to note that the data sets from device S27 were conducted with a 

higher flowrate (200.0 sccm instead of 100.0 sccm) than S25 or S31. The maximum response 

change in conductance in this experiment was -35.4% and the maximum single exposure cycle 

response change was -11.2% at 300 ppm. The average time to reach 90% of the maximum 

response for each cycle was 211 s (or 70% of the total exposure time, 300 s). Time to reach 90% 

of the maximum recovery for each cycle was on average 433 s (or 72% of the total recovery 

time, 600 s). The minimum detectable concentration was 300 ppm. Compared to S25 and S31, 

the change in conductance was higher for both response and recovery. The response and 

recovery times were longer, so the higher changes to conductance may be due to gas diffusing 

deeper into the material enabled by the higher chamber pressure. The response of S27 shows 

even less linear correlation with concentration than S25 or s31, as shown in Figure 4.18. This, 

and the lack of change in detection limit, indicate that NH3 sensing does not show the same 

improvement with increased chamber pressure as NO2 sensing did. 

 
 

Figure 4.18 A scatter plot of the response values for each exposure cycle to NH3 gas in N2 

carrier gas for S27.  
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4.3.4 NO2 and NH3 Sensing Behavior with Dry Air Carrier Gas 

In this section the data for the MoTe2 device S25 in response to NO2 and NH3 is reported. The 

carrier gas used in this section was dry breathing air. The source/drain voltage applied during the 

sensing measurement was 5 V. 

S25 NO2 Sensing comparison of Dry Air to Nitrogen 

 

 

Figure 4.19 The change in conductance over time for S25 in response to NO2 in (a) N2 

carrier gas and (b) dry air carrier gas. 

 

(a) 

(b) 
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Table 4.7 The response and recovery parameters for S25 in response to NO2 in dry air 

carrier gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 9.4 9.4 244 n/a n/a 

5 18.7 7.7 285 n/a n/a 

10 28.5 11.7 197 -6.7 461 

10 32.3 10.4 264 -6.7 529 

25 36.9 11.4 284 -9.8 378 

25 35.1 8.2 158 -8.9 379 

 

 

Table 4.8 The change in the response and recovery parameters between Table 4.1 (N2 

carrier gas) and Table 4.7 (dry air carrier gas). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 -2.3 -2.3 13 n/a n/a 

5 1.1 0.6 51 n/a n/a 

10 1 -0.5 -78 -3.3 -38 

10 -3.1 3.8 59 -4.4 -46 

25 -4.6 5.1 103 -4.1 -132 

25 -12 1.5 -16 n/a n/a 
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The response behavior for device S25 when exposed to NO2 target gas is shown in Figure 

4.19, both when diluted in nitrogen and in dry air as the carrier gas. The response and recovery 

parameter for S25 NO2 sensing in dry breathing air are listed in Table 4.8. Table 4.9 shows the 

difference between the values of Table 4.8 and Table 4.2 (S25 NO2 sensing in nitrogen). The 

maximum response when using dry air as the carrier gas was 35.1% and the maximum response 

for a single cycle was 11.7% at 10 ppm. The average time to reach 90% of the maximum 

response for each cycle is 226 s (or 75% of the total exposure time, 300 s) and the average time 

to reach 90% of the maximum recovery for each cycle is 379 s (or 63% of the total recovery 

time, 600 s). It should be noted that at 5 ppm there was no measurable recovery of the device in 

the 600 s after exposure to NO2, so the average recovery time is for 10 and 25 ppm. The total 

change in conductance measured in response to NO2 over the entire experiment was lower in dry 

air than in nitrogen. However, the individual response cycles were similar in value and in fact 

higher than in the nitrogen environment at 10 and 25 ppm. The recovery at 10 and 25 ppm was 

also greater in the dry air environment than in nitrogen, despite the 5ppm dry air recovery being 

worse.  
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Figure 4.20 A scatter plot of the response values for each exposure cycle to NO2 gas in dry 

air carrier gas for S25.  
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S25 NH3 Sensing comparison of Dry Air to Nitrogen 

 

 

Figure 4.21 The change in conductance over time for S25 in response to NH3 in (a) N2 

carrier gas and (b) dry air carrier gas. 

(a) 

(b) 
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Table 4.9 The response and recovery parameters for S25 in response to NH3 in dry air 

carrier gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -18.4 -18.4 199 9.1 569 

300 -19.7 -10.2 162 5.7 356 

400 -26.0 -12.3 186 7.7 433 

400 -30.6 -12.2 226 7.0 510 

500 -36.9 -14.4 232 8.3 457 

500 -39.9 -11.0 239 7.8 402 

 

Table 4.10 The change in the response and recovery parameters between Table 4.4 (N2 

carrier gas) and Table 4.9 (dry air carrier gas). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -13.9 -13.9 19 8.4 511 

300 -13.9 -7.5 4 3.7 213 

400 -14.5 -4.6 2 4.4 -143 

400 -15.9 -6.4 -31 3.8 80 

500 -18.5 -7.4 32 4.2 -61 

500 -19.3 -4.8 -9 3.4 -17 
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 The response behavior for device S25 to target gas NH3 in dry breathing air carrier gas is 

shown in Figure 4.21(b) alongside the nitrogen carrier gas case for comparison (Fig. 4.21(a)). 

The maximum total response for this experiment was -39.9% and the maximum response to a 

single exposure cycle was -18.4% at 300 ppm. The average time to reach 90% of the maximum 

response for each cycle was 221 s (or 74% of the total exposure time, 300 s). The average time to 

reach 90% of the maximum recovery for each cycle was 451 s (or 75% of the total recovery 

time, 600 s). Both the response and recovery of the sensor were greatly improved compared to 

the case of NH3 sensing in nitrogen carrier gas. However, despite this improvement in response, 

there is still no linear correlation between the response and the concentration of NH3 that the 

device was exposed to, as shown in Figure 4.22.  

 
Figure 4.22 A scatter plot of the response values for each exposure cycle to NH3 gas in dry 

air carrier gas for S25. 

 

Summary 

 So far, data from three different MoTe2 field effect transistors has been presented. The 

response of all three devices to both NO2 and NH3 diluted by N2 has been tested. For S25, the 
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response to NO2 and NH3 diluted by dry breathing air was also tested. For all three devices there 

was a greater sensitivity to the presence of NO2 than to the presence of NH3. The data for NO2 

showed some linearity and ability to discern one concentration from another while the NH3 data 

did not. The inability of these devices to fully recover after exposure to the target gas is a large 

contributor to the problem of a nonlinear response with increasing concentration. Additionally, 

conducting sensing experiments in a dry breathing air environment appeared to exacerbate this 

issue. However, in the case of NH3 sensing the presence of dry breathing air did increase the 

change in conductance observed due to the presence of the gas. This seems to indicate that the 

mechanism for NH3 is different than that of NO2. It has been observed in other materials (such as 

CNTs or SnO2 sensors) that a chemical reaction of NH3 with surface adsorbed oxygen can 

explain the sensing response. This would sufficiently explain why the presence of dry breathing 

air (and thus, additional oxygen) would improve the change in conductance observed for NH3. In 

the case of NO2, it seems that the commonly accepted charge transfer mechanism is dominant. 

Since this mechanism requires adsorption of the target gas onto the flake surface in order to 

accept electrons from the material, there must be open binding sites on the MoTe2. This would 

explain why an environment with less oxygen present (the N2 carrier gas) provides better sensing 

results for NO2.  
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4.4 Sensing Behavior under Ultraviolet Illumination 

 The previous section of this chapter demonstrated that poor or nonexistent recovery of these 

MoTe2 gas sensing devices is a major hindrance to their development as reliable gas sensing 

devices. Methods such as a surface functionalization or applied gate bias can speed up the 

kinetics of gas adsorption/desorption and allow for a more complete recovery of these devices. 

However, these methods can also reduce the sensitivity of sensing devices. Here we will use 

ultraviolet light to add charge carriers and thermal energy to the MoTe2 film and speed up the 

kinetics of the sensing response. The use of ultraviolet light has been less common than other 

modification methods and is worth further study to see if it brings similar tradeoffs in device 

performance. 
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S25, Target Gas NO2, Carrier Gas N2, Ultraviolet Illumination 

 

 

Figure 4.23 The change in conductance over time for S25 in response to NO2 in N2 carrier 

gas (a) without ultraviolet light and (b) with ultraviolet light. 

 

(a) 

(b) 
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Table 4.11 The response and recovery parameters for S25 in response to NO2 in N2 carrier 

gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 25.8 25.8 188 -18.8 472 

5 28.3 22.0 212 -20.5 385 

10 67.5 59.9 236 -44.4 465 

10 90.9 68.0 243 -48.1 512 

25 193.1 148.7 274 -101.6 435 

25 233.8 144.1 244 -86.2 440 

50 330.3 183.0 252 -102.4 422 

50 389.6 140.3 226 -107.4 393 

 

Table 4.12 The change in the response and recovery parameters between Table 4.1 (dark 

ambient) and Table 4.11 (ultraviolet light). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 14.1 14.1 -43 -17.6 -61 

5 10.7 14.9 -22 -17.7 -211 

10 40 47.7 -39 -41.0 -34 

10 55.5 61.4 38 -45.8 -63 

25 151.6 142.4 93 -95.9 -75 

25 186.7 137.4 70 n/a n/a 



90 

 

 Figure 4.23(b) shows the sensing behavior of S25 in response to NO2 diluted by nitrogen 

under ultraviolet illumination. The maximum change in conductance of the sensor in response to 

the target gas is 389.6% and the maximum change for a single exposure cycle is 183%. The 

average time to reach 90% of the maximum response for each cycle is 246 (or 82% of the total 

exposure time). Time to reach 90% of the maximum recovery for each cycle is on average 445 s 

(or 74% of the total recovery time). Compared to the case without ultraviolet light, the sensor 

takes longer for the response to begin to saturate but the response is an order of magnitude 

greater. The recovery is also much greater and shows signs of leveling off during the recovery 

period of each cycle. At 5 ppm and nearly at 10 ppm, it is possible to recover the device to the 

original baseline while previously that was not achievable at any concentration. The minimum 

detection concentration, 5 ppm, remains the same both with and without ultraviolet light. Figure 

4.24 shows that for concentrations 5-25 ppm, the sensing response is now well linearly correlated 

with the concentration of target gas. At 50 ppm, the response is about the same as at 25 ppm and 

it appears the response has saturated. 

 

Figure 4.24 A scatter plot of the response values for each exposure cycle to NO2 gas in N2 

carrier gas under ultraviolet illumination for S25 with a linear fitting of the data.  
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S31, Target Gas NO2, Carrier Gas N2, Ultraviolet Illumination 

 

 

Figure 4.25 The change in conductance over time for S31 in response to NO2 in N2 carrier 

gas (a) without ultraviolet light and (b) with ultraviolet light. 

 

 

(a) 

(b) 
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Table 4.13 The response and recovery parameters for S31 in response to NO2 in N2 carrier 

gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 66.6 66.6 253 -69.0 464 

5 77.5 80.9 230 -79.6 456 

10 155.3 158.7 229 -133.6 450 

10 173.2 154.1 231 -141.6 440 

25 279.8 251.3 248 -196.1 465 

25 313.4 230.3 246 -186.9 426 

50 391.0 270.0 214 -226.2 512 

50 436.6 250.5 221 -222.7 487 
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Table 4.14 The change in the response and recovery parameters between Table 4.2 (dark 

ambient) and Table 4.13 (ultraviolet light). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 63.2 63.2 95 n/a n/a 

5 69.7 75.7 -19 -81.9 -134 

10 137.7 146.4 -21 -137 -110 

10 151.1 146.4 31 -145.2 -140 

25 243.2 233.2 -26 -203.8 -55 

25 269.8 216.7 3 -193.2 -124 

50 335 252 -36 -236.5 72 

50 375.4 235.6 -45 -234.8 -53 

 

 Figure 4.25(b) shows the sensing behavior of device S31 in response to NO2 diluted by 

nitrogen under ultraviolet illumination. The maximum response during the experiment was 

436.6% and the maximum response to a single exposure cycle was 270%. The average time to 

reach 90% of the maximum response for each cycle was 232 s (or 77% of the total exposure 

time, 300 s). The average time to reach 90% of the maximum recovery for each cycle was 463 s 

(or 77% of the total recovery time, 600 s). The response and recovery both increased an order 

magnitude compared to the case without ultraviolet light. The response time remained about the 

same on average compared to the non- ultraviolet case but the recovery time on average 
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decreased. Figure 4.26 shows that for the concentrations 5-25 ppm, the response is much more 

linear with respect to concentration than before and saturates at 50 ppm. 

 

Figure 4.26 A scatter plot of the response values for each exposure cycle to NO2 gas in N2 

carrier gas under ultraviolet illumination for S31 with a linear fitting of the data.  
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S25, Target Gas NH3, Carrier Gas N2, Ultraviolet Illumination 

 

 

Figure 4.27 The change in conductance over time for S25 in response to NH3 in N2 carrier 

gas (a) without ultraviolet light and (b) with ultraviolet light. 

 

 

(a) 

(b) 
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Table 4.15 The response and recovery parameters for S25 in response to NH3 in N2 carrier 

gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -11.8 -11.8 108 3.9 300 

300 -16.7 -9.4 136 4.5 335 

400 -30.5 -17.9 172 8.2 268 

400 -34.3 -12.2 117 8.7 386 

500 -39.0 -12.7 134 9.7 368 

500 -40.7 -12.8 98 9.1 361 

 

Table 4.16 The change in the response and recovery parameters between Table 4.4 (dark 

ambient) and Table 4.15 (ultraviolet light). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -7.3 -7.3 -72 3.2 242 

300 -10.9 -6.7 -22 2.5 192 

400 -19 -10.2 -12 4.9 -308 

400 -19.6 -6.4 -140 5.5 -44 

500 -20.6 -5.7 -66 5.6 -150 

500 -20.1 -6.6 -150 4.7 -58 
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 Figure 4.27(b) shows the sensing behavior of device S25 in response to NH3 diluted by 

nitrogen under ultraviolet illumination. The maximum response achieved in the experiment was -

40.7% and the maximum response for a single exposure cycle was -10.2%. The average time to 

reach 90% of the maximum for each cycle was 130 s (or 43% of the total exposure time, 300 s). 

The average time to reach 90% of the maximum recovery for each cycle was 346 s (or 58% of 

the total recovery time, 600 s). The response was greater under ultraviolet illumination than 

without ultraviolet but still within the same order of magnitude. The average response time was 

considerably shorter under ultraviolet illumination. There was a small improvement in the 

magnitude of the recovery of the device under ultraviolet light, but on average the recovery time 

was about the same. Figure 4.28 shows that the linear correlation between response and 

concentration actually became worse under ultraviolet illumination. 

 
Figure 4.28 A scatter plot of the response values for each exposure cycle to NH3 gas in N2 

carrier gas under ultraviolet illumination for S25.  



98 

 

S31, Target Gas NH3, Carrier Gas N2, Ultraviolet Illumination 

 

 

Figure 4.29 The change in conductance over time for S31 in response to NH3 in N2 carrier 

gas (a) without ultraviolet light and (b) with ultraviolet light. 

(a) 

(b) 
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Table 4.17 The response and recovery parameters for S31 in response to NH3 in N2 carrier 

gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -6.3 -6.3 86 n/a n/a 

300 -12.8 -5.6 143 n/a n/a 

400 -23.7 -11.4 135 4.3 102 

400 -28.7 -8.1 142 4.4 176 

500 -33.7 -8.3 66 5.1 126 

500 -36.7 -7.1 78 5.0 254 

 

Table 4.18 The change in the response and recovery parameters between Table 4.5 (dark 

ambient) and Table 4.17 (ultraviolet light). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -5.7 -5.7 23 n/a n/a 

300 -10.9 -4.8 99 n/a n/a 

400 -17.0 -7.0 -102 n/a n/a 

400 -19.4 -5.0 -61 3.6 46.0 

500 -21.5 -5.0 -134 4.0 -38.0 

500 -21.5 -3.3 -132 4.2 -84.0 
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 Figure 4.29(b) displays the response behavior of device S31 to NH3 diluted with nitrogen 

under ultraviolet illumination. The maximum response during the experiment was -36.7% and 

the maximum response for a single exposure cycle was -11.4% at 400 ppm. The average time to 

reach 90% of the maximum response for each cycle was 108 s (or 36% of the total exposure 

time, 300 s). The average time to reach 90% of the maximum recovery was 165 s (or 27% of the 

total recovery time, 600 s). Compared to the non- ultraviolet case, the response is increased while 

the response time is decreased. The recovery is worse for 300 ppm but slightly better for 400 and 

500 ppm while the recovery is on average less than before. Similar to the behavior of device S25, 

the response under ultraviolet illumination is actually less linear with respect to increasing 

concentration than with ultraviolet light, as seen by Figure 4.30. 

 
 

Figure 4.30 A scatter plot of the response values for each exposure cycle to NH3 gas in N2 

carrier gas under ultraviolet illumination for S31.  
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S25, Target Gas NO2, Carrier Gas Dry Air, Ultraviolet Illumination 

 

 

Figure 4.31 The change in conductance over time for S25 in response to NO2 in dry air 

carrier gas (a) without ultraviolet light and (b) with ultraviolet light. 

(a) 

(b) 
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Table 4.19 The response and recovery parameters for S25 in response to NO2 in dry air 

carrier gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 8.2 8.2 243 -5.4 465 

5 10.5 7.3 218 -6.0 483 

10 23.1 18.9 281 -12.3 478 

10 22.4 14.0 237 -12.3 519 

25 34.5 20.1 251 -15.1 489 

25 33.8 19.8 240 -13.5 492 

 

Table 4.20 The change in the response and recovery parameters between Table 4.7 (dark 

ambient) and Table 4.19 (ultraviolet light). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 -1.2 -1.2 -1 -5.4 n/a 

5 -8.2 -0.4 -67 -6.0 n/a 

10 -5.4 7.2 84 -5.6 17 

10 -9.9 3.6 -27 -5.6 -10 

25 -2.4 8.7 -33 -5.3 111 

25 -1.3 11.6 82 -4.6 113 
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Table 4.21 The change in the response and recovery parameters between Table 4.11 

(ultraviolet light and N2 carrier gas) and Table 4.19 (ultraviolet light and dry air carrier 

gas). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

5 -17.6 -17.6 55 13.4 -7 

5 -17.8 -14.7 6 14.5 98 

10 -44.4 -41 45 32.1 13 

10 -68.5 -54 -6 35.8 7 

25 -158.6 -128.6 -23 86.5 54 

25 -200.0 -124.3 -4 72.7 52 

 

 The sensing behavior of S25 in response to NO2 diluted in dry air under ultraviolet 

illumination is displayed in Figure 4.31(b). The maximum response during the measurement was 

34.5% and the maximum for a single exposure cycle was 20.1%. The average time to reach 90% 

of the maximum response for each cycle was 245 s (or 82% of the total exposure time, 300 s). 

The average time to reach 90% of the maximum recovery for each cycle was 488 (or 81% of the 

total recovery time, 600 s). Compared to the non- ultraviolet case, the response at 5 ppm was 

very similar but the responses at 10 and 25 ppm were increased. The response and recovery 

times were both longer, indicating that the device response was slower to saturate under 

ultraviolet light. The recovery was somewhat increased for all concentrations. Figure 4.31 shows 

that the response of the device is better correlated to the concentration under ultraviolet light than 

without. Compared to the case where S25 was exposed to NO2 diluted by nitrogen with 
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ultraviolet light, the device here shows a lower magnitude of response and recovery. However, 

despite that, the response and recovery times are very similar for either carrier gas under 

ultraviolet light. Finally, Figure 4.32 shows the linearity of the response with respect to 

increasing concentration. The response here is more strongly correlated to concentration than in 

the case with dry air and no ultraviolet light but is less strongly correlated than the case with 

nitrogen and ultraviolet light. 

 
 

Figure 4.32 A scatter plot of the response values for each exposure cycle to NO2 gas in dry 

air carrier gas under ultraviolet illumination for S25 with a linear fitting of the data.  
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S25, Target Gas NH3, Carrier Gas Dry Air, Ultraviolet Illumination 

 

 

Figure 4.33 The change in conductance over time for S25 in response to NH3 under 

ultraviolet illumination in (a) N2 carrier gas and (b) dry air carrier gas. 

(a) 

(b) 
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Table 4.22 The response and recovery parameters for S25 in response to NH3 in dry air 

carrier gas. 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 -6.2 -6.2 86 6.2 518 

300 -6.8 -6.8 121 6.8 322 

400 -22.5 -22.5 171 15.8 573 

400 -27.1 -19.5 210 16.7 518 

500 -34.2 -24.2 203 18.8 483 

500 -34.5 -18.6 147 16.5 381 

Table 4.23 The change in the response and recovery parameters between Table 4.4 

(ultraviolet light with N2 carrier gas) and Table 4.22 (ultraviolet light with dry air carrier 

gas). 

 

Concentration 

(ppm) 

Response 

(%) 

Change in 

Conductance, 

Response 

(%) 

90% 

Response 

Time (s) 

Change in 

Conductance, 

Recovery 

(%) 

90% 

Recovery 

Time (s) 

300 12.2 12.2 -113 -2.9 -51 

300 12.9 3.4 -41 1.1 -34 

400 3.5 -10.2 -15 8.1 140 

400 3.5 -7.3 -16 9.7 8 

500 2.7 -9.8 -29 10.5 26 

500 5.4 -7.6 -92 8.7 -21 

 



107 

 

 The response of device S25 to NH3 diluted by dry breathing air under ultraviolet 

illumination is displayed in Figure 4.33(b). The maximum response during the measurement was 

-34.5% and the maximum response in a single exposure cycle was -24.2%. The average time to 

reach 90% of the maximum response for each cycle was 156 s (or 52% of the total exposure 

time, 300 s). The average time to reach 90% of the maximum recovery for each cycle was 466 s 

(or 78% of the total recovery time, 600 s). Compared to the non- ultraviolet case, the response 

was decreased for 300 ppm but increased for 400 and 500 ppm. The response time was decreased 

under ultraviolet illumination. The recovery time was on average similar in both cases, but the 

magnitude of the recovery was higher for 400 and 500 ppm under ultraviolet light. The response 

under ultraviolet light became much more linear with respect to concentration before saturating 

at 500 ppm as shown in Figure 4.34. 

 
 

Figure 4.34 A scatter plot of the response values for each exposure cycle to NH3 gas in dry 

air carrier gas under ultraviolet illumination for S25 with a linear fitting of the data.  
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4.5 Current Collapse and Effect on Sensing Mechanism 

 The discrepancies in the effects of ultraviolet light on the sensing behavior of various 

devices between the two different target gases and two different carrier gases require a more 

detailed look at the mechanism by which ultraviolet light is changing the MoTe2 surface. The 

first and most visible change observed regarding each of these devices is that during ultraviolet 

exposure, a reduction in source/drain current is seen. Figure 4.35 shows a I vs time graph (where 

the current is normalized to the baseline current and reported as response). In the first third of the 

graph, the baseline dark current is measured before turning on the ambient room light and noting 

that the baseline does not shift. Then ultraviolet light is illuminated on the device surface (at 71 

mW/cm2 intensity) and two things occur in succession. Initially, there is an immediate increase 

in current (which can be attributed to the generation of photocarriers by ultraviolet light) 

followed by a steady decrease in the current. In the end, the current level stabilizes below the 

initially-measured dark current baseline of the device. This effect was found in each of the 

sensing devices that are discussed in this chapter during the exposure to ultraviolet light and the 

subsequent stabilization of the current level.  
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Figure 4.35 The current vs time for an MoTe2 device before and after the ultraviolet lamp 

is turned on for (left) a p-doped device and (right) an n-doped device. 

 

 In order to help ascertain what is causing this unexpected drop in the current level of 

devices during ultraviolet exposure, the transfer characteristics of several devices were measured 

with and without ultraviolet illumination. Figures 4.36 and 4.37 shows the transfer characteristics 

(with hysteresis) of a p-doped and an n-doped MoTe2 device, respectively, without ultraviolet 

illumination (black curve) along with the case where 71 mW/cm2 ultraviolet light intensity was 

illuminated onto the device surface. The hysteresis was measured with and without ultraviolet 

light to see if charge trapping plays a role in the drop in current. The p-doped device exhibits a 

reduction in hysteresis in the ultraviolet illuminated case. The n-doped flake shows very little 

difference between the ultraviolet and non- ultraviolet cases. The current drop could be explained 

through the presence or absence of surface adsorbates on the MoTe2 surface. It has been shown 

previously that MoTe2 will be doped p-type by the presence of oxygen and hydroxyl groups on 

the surface of the material and the removal of these adsorbates will lead to a shift back towards 

more n-type behavior [44]. Ultraviolet light has been known to aid in the reduction of surface 

adsorbates, especially oxygen and hydroxyl groups, in nanomaterials [45]. The reduction in 
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current could be explained by the reduction of surface adsorbates by the ultraviolet light. This 

does not seem to have much effect on n-doped devices since they are much thicker than the p-

doped devices and therefore, we can expect that surface effects will have less of an impact. 

 
Figure 4.36 Transfer characteristics and hysteresis of a p-type MoTe2 device with and 

without ultraviolet light. Vds was 5 V for this measurement. 
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Figure 4.37 Transfer characteristics and hysteresis of an n-doped MoTe2 device with and 

without ultraviolet light. Vds was 5 V for this measurement. 

 

 As an additional test of our hypothesis that the reduction of surface adsorbates is causing 

the reduction in current seen in p-type MoTe2 devices, a passivation layer was added to a p-type 

MoTe2 that had exhibited the current collapse behavior described above. Figure 4.38 shows the 

normalized current vs time for this device when exposed to ultraviolet light, and Figure 4.40 

shows the transfer and hysteresis characteristics of this device. After these measurements were 

completed, 10 nm of passivating Al2O3 was deposited onto this device via electron-beam (e-

beam) evaporation. Figure 4.39 shows the normalized current vs time for this device under 

ultraviolet exposure under passivation and Figure 4.41 shows the transfer/hysteresis 

characteristics. Post-passivation, the device switches from p-doped to n-doped. This is likely due 

to the UHV and elevated temperature during e-beam evaporation thereby reducing surface 
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adsorbates. Now, the device no longer shows the same current drop under ultraviolet exposure 

since the surface is no longer able to adsorb or desorb oxygen in the same way as before. 

  
Figure 4.38 Current vs time for an unpassivated p-type MoTe2 device under two different 

intensities of ultraviolet light. Vds was 5 V for this measurement. 
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Figure 4.39 Current vs time for a passivated p-type MoTe2 device under two different 

intensities of ultraviolet light. Vds was 5 V for this measurement. 

 

  
Figure 4.40 Transfer characteristics and hysteresis of an unpassivated p-type MoTe2 device 

with and without ultraviolet light. Vds was 5 V for this measurement. 
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Figure 4.41 Transfer characteristics and hysteresis of a passivated MoTe2 device (which 

was p-type before and is now n-type post-passivation) with and without ultraviolet light. 

Vds was 5 V for this measurement. 

 

4.5.1 Effect on NO2 sensing mechanism 

 The sensing mechanism for semiconducting sensors detecting the presence of NO2 is 

thought to be due to surface adsorption of NO2 gas molecules onto the semiconductor surface. 

Since NO2 is a strong acceptor of electrons, it will take free electrons from the semiconducting 

channel upon adsorption onto the surface. In an n-type device, this should result in a reduction of 

current upon exposure to NO2 and the reverse should be true of a p-type device. In our sensing 

data the best results for NO2 detection were obtained using nitrogen carrier gas and ultraviolet 

illumination. The worst results were when dry air carrier gas was used with no ultraviolet 

illumination. We believe that this disparity is explained by the former case having the least 

amount of surface adsorbates present on the MoTe2 surface while the latter case should have the 

most amount of surface adsorbates among the four sensing environments considered (nitrogen vs 

dry air paired with ultraviolet light vs no ultraviolet light). This is in agreement with the common 
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conception of the NO2 sensing mechanism since a reduction of surface adsorbates (due to 

additional thermal energy provided by ultraviolet illumination) should leave more adsorption 

sites open for interaction with NO2 gas molecules. 

4.5.2 Effect on NH3 sensing mechanism 

 NH3 sensing is also commonly thought to occur through the adsorption of NH3 molecules 

onto the semiconductor surface. NH3 is a strong electron donor so it should produce the opposite 

response in both p-type and n-type devices as that for NO2 sensing. However, it has also been 

shown in metal oxide sensors that NH3 detection can occur through the oxidization of NH3 upon 

interaction with surface adsorbed oxygen. From our sensing data, it is not as clear what sensing 

environment gives the best results, unlike our NO2 data. Without ultraviolet illumination, using 

dry air as the carrier gas yields a better result than using nitrogen. This indicates that the 

additional presence of oxygen actually improved rather than impeded sensing performance in 

contrast to the behavior of our devices in response to NO2. The addition of ultraviolet light 

makes things more complicated, however. In the nitrogen environment, ultraviolet illumination 

caused an improvement in sensing response but the response became less correlated with 

concentration and recovery remained poor. In the dry air environment, the sensing response 

improved only slightly (and only for higher concentrations) but the recovery was greatly 

improved. In the nitrogen environment, it seems likely that the ultraviolet light allows for the 

adsorption mechanism to dominate by freeing up adsorption sites but does not help the 

desorption of NH3 and so does not improve the recovery. In the dry air environment, the second 

mechanism dominates and the ultraviolet light allows for the easier adsorption and desorption of 
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oxygen. This allows for replenishment of the surface oxygen that gets removed through the 

oxidization of NH3 and thus shows a better recovery than without ultraviolet.  

4.6 Comparison of Sensing Parameters to Literature 

 Transition metal dichalcogenides and other low dimensional materials such as graphene 

and carbon nanotubes have also been the subject of study for gas sensing applications. It is useful 

to compare the results described in this chapter to other results from similar materials to provide 

a better sense for the potential of MoTe2 as a gas sensor. Early sensing tests on MoS2 detected 

concentrations of NO2 and NH3 as low as 100 ppm [53]. At this concentration, changes in 

conductance were about -30% for NH3 and +100% for NO2. Response and recovery times were 

on the order of several minutes and full recovery of the devices was not achieved. More recent 

results with this material have detected concentrations as low as 120 ppb with a change in 

conductance of nearly +50% for NO2 gas [54]. Graphene has shown a change in conductance of -

40% in response to 1 ppm NH3 and +40% in response to 1 ppm NO2 [55]. Full recovery of the 

device was achieved by annealing at 150 ℃ for 5 min. The response time was on the order of 

several minutes, similar to the results achieved for MoS2. Single-walled carbon nanotubes have 

shown changes in conductance in response to both NH3 and NO2 gases up to 10,000% [56]. 

These devices can have response and recovery times as low as 1 minute. For our results, MoTe2 

shows performance on par with the early results achieved with similar transition metal 

dichalcogenides, but MoTe2 is a relatively new material and is behind the cutting edge of the 

field. Improvements in material quality or sensing setup could bring our results into line with the 

more impressive literature reports.  
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CHAPTER 5 

CuO Nanoparticle Activated CO Sensing Using MoTe2 Field Effect Transistor Gas Sensors 

5.1 Transition Metal Dichalcogenide CO Sensors 

 The development of a sensitive MoTe2-based carbon monoxide (CO) sensor, described here, 

is of great importance since CO is a highly toxic gas that is generally difficult to detect since it is 

odorless, colorless, and tasteless, limiting the possibility of immediate human intervention. 

transition metal dichalcogenides have not been previously explored as CO sensors despite their 

high sensitivity because CO is not likely to bind to the surface of many transition metal 

dichalcogenides.  Here, we present details on a sensitive carbon monoxide sensor based on 

MoTe2 that has been activated using surface decoration of copper oxide nanoparticles. 

 After an initial sensing test of the pristine MoTe2 field effect transistor device response, 

copper nanoparticles were deposited onto the packaged device using DC sputtering. The current 

used for DC sputtering was set to 10 mA for a time duration of 5 secs. After deposition, the 

presence of nanoparticles was confirmed by both AFM and SEM. The diameter of these 

nanoparticles varied between approximately 5-10 nm. It is believed that upon exposure to air 

after the process of device decoration, the Cu nanoparticles would have mostly oxidized. The 

presence of CuO nanoparticles on the surface of MoTe2 device flakes was confirmed by TEM 

EELS spectroscopy.  
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5.2 Surface Morphology Results 

 

Figure 5.1 AFM image of the MoTe2 surface covered in CuO nanoparticles. 

 

Figure 5.2 SEM image of CuO nanoparticles on an MoTe2 flake. Examples of nanoparticles 

are circled in red. 
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Figure 5.3 SEM image of CuO nanoparticles on an MoTe2 flake. Examples of nanoparticles 

are circled in red. 

 

 

Figure 5.4 SEM image of the MoTe2 device used for CO sensing with CuO nanoparticles 

deposited on its surface. Examples of nanoparticles are circled in red. 
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Figure 5.5 SEM image of the edge of the MoTe2 pictured in Fig. 5.4 showing a cluster of 

CuO nanoparticles on the edge of the flake. 

 

 Both SEM and AFM confirm the presence of CuO nanoparticles on the surface of the MoTe2 

flake used in this experiment as well as on several test samples that were used to develop the 

sputtering process. Nanoparticle size varied greatly over different regions of the MoTe2 flakes 

that Cu was deposited on. AFM measured the heights of these particles to be 5-10 nm and the 

surface area varied between 10-100 nm2. The uniformity of the nanoparticle deposition also 

varied, but overall, nanoparticles had a tendency to form clumps of many smaller nanoparticles 

on the surface of the MoTe2 flakes. 

5.3 Gas Sensing Results 

 Initially, pristine MoTe2 was exposed to CO gas, first using nitrogen as the carrier gas and 

then dry air as the carrier gas. All the sensor tests were run with a 5 V source/drain bias applied 

to the MoTe2 field effect transistor device. In both cases, the MoTe2 showed no change in 
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behavior in response to the presence of CO gas. After the addition of CuO nanoparticles to the 

surface of the MoTe2 field effect transistor, a decrease in current was observed in the presence of 

CO gas for both nitrogen and dry air used as a carrier gas. Further, the response improved under 

ultraviolet light illumination (365 nm, 71 mW/cm2) when only dry air was used as the carrier. 

However, the response of the MoTe2 field effect transistor to CO vanished when ultraviolet light 

illumination was used in the presence of nitrogen carrier gas. 

 

Figure 5.6 Transient curve showing no response of the MoTe2 device (without CuO 

nanoparticles) to the presence of CO gas in N2 carrier gas. 



122 

 

 

Figure 5.7 Transient curve showing the response of the MoTe2-CuO hybrid to CO gas in N2 

carrier gas. 

 

 The response transient curve for exposure to CO in a nitrogen environment without ultraviolet 

illumination is shown in Figure 4. The largest response is to the initial exposure to 100 ppm of 

CO gas. Every subsequent exposure of the MoTe2 channel to CO gas resulted in an increasingly 

smaller change in the current level of the field effect transistor device. The response transient 

curve of the MoTe2 field effect transistor device to the exposure of CO in a dry air environment 

is shown in Figure 5. Here we see significantly different behavior in comparison with the 

nitrogen environment. The response to CO gas becomes greater with increasing concentration, in 

direct contrast to the behavior of our sensor in the nitrogen environment. We believe this 

difference is due to the response mechanism being driven by the reduction of CuO nanoparticles 

to Cu nanoparticles through a reaction with the CO gas molecules. The reduction of CuO into Cu 

returns two electrons to the semiconducting film per nanoparticle that is reduced creating a 



123 

 

decrease in current in our p-type MoTe2 device. This reduction is described by the following 

equation: 

CuO + CO → Cu + 2e + CO2  

  This type of response (lowering current in the presence of CO) can be seen repeatedly in the 

data in this chapter. 

 

Figure 5.8 Transient curve showing the response of the MoTe2-CuO hybrid to CO gas in 

dry air carrier gas. 

 

 The addition of ultraviolet light illumination to the sensing chamber produced an 

improvement in sensing behavior in the dry air environment and a complete loss of response in 

the nitrogen environment. A 365 nm ultraviolet lamp was turned on throughout the sensing 

experiment at 71 mW/cm2 and the transient response curve produced is shown in Figure 6. In the 

dry air environment, the response to CO was better with ultraviolet illumination than without. 

We believe that this is because the additional energy from the ultraviolet light results in a faster 

reaction between CuO and CO as well as a faster re-oxidation of the Cu nanoparticles post 



124 

 

reduction. In a nitrogen environment, the lack of additional oxygen to oxidize the Cu 

nanoparticles again after the initial response leads to the Cu nanoparticles being quickly depleted 

of oxygen and the response to CO was reduced with additional gas exposure. 

 

Figure 5.9 Transient curve showing no response of the MoTe2-CuO hybrid device to the 

presence of CO gas in N2 carrier gas when under ultraviolet illumination. 

 

Figure 5.10 Transient curve showing the response of the MoTe2-CuO hybrid to CO gas in 

dry air carrier gas under ultraviolet light illumination. 
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5.4 Conclusion 

 The addition of copper oxide nanoparticles to the surface of MoTe2 field effect transistor 

devices activated the ability to respond to the presence of CO gas. This effect was tested using 

both nitrogen and dry air as the carrier gases. The differences in observed device behavior in the 

response over time and multiple exposures of CO gas in the two different environments indicates 

that the presence of oxygen in the carrier gas makes a large improvement to the sensing 

performance. Additionally, ultraviolet light illumination improved sensing capabilities further in 

a dry air environment but deactivated the CO response entirely in a nitrogen environment. These 

discrepancies in device behavior between the two carrier gases is explained by the sensing 

mechanism of CuO reacting with CO and reducing to Cu. This reaction is aided by the 

reoxidation of Cu nanoparticles in a dry air environment which is not possible in a nitrogen 

environment. The MoTe2-CuO hybrid structure shows promise as a CO sensor in an air 

environment especially with the addition of ultraviolet illumination. These insights into the 

manipulation of the sensing mechanism through changes in environment help bring us closer to 

the successful use of hybrid structures of transition metal dichalcogenides and metal oxide 

nanoparticles as CO sensors. There are few reports of two-dimensional materials performing 

successfully as CO sensors. Reduced graphene oxide (rGO) has been shown to successfully 

detect CO showing a change in conductance of 2.5% at 100 ppm CO [57]. The addition of CuO 

nanoparticles to rGO has been shown to increase the response to 5.5% at 100 ppm and can detect 

CO down to 0.25 ppm with a response of 1%. The MoTe2-CuO sensors are not able to detect 

below 100 ppm, but at 100 ppm CO, we also see a response of close to 5.5%. So MoTe2-CuO 

shows some promise as a potential CO sensor 
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Appendix A 

Fabrication Process Lists 

A1. Photolithography 

1. Clean silicon chips by ultrasonication in acetone for 5 minutes, followed by isopropanol 

for 5 minutes. 

2. Blow dry silicon chips. 

3. Prebake silicon chips at 180℃ for 5 min to remove any remaining surface moisture. 

4. Spin coat LOR5A onto silicon chips at 4000 rpm with 500 rpm/s ramp. 

5. Bake silicon chips at 180℃ for 2 min. 

6. Allow silicon chips to cool for 30 s. 

7. Spin coat Shipley 1813 onto silicon chips at 4000 rpm with 500 rpm/s ramp. 

8. Bake silicon chips at 180℃ for 2 min. 

9. Allow silicon chips to cool for 30 s. 

10. Expose silicon chips using mask aligner for 8.6 s. 

11. Develop using MF-319 photoresist develop for 1 min and 15 s. 

12. Rinse silicon chips in DI water. 

13. Blow dry silicon chips. 
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