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ABSTRACT 

 

Metal oxide semiconductor field effect transistors (MOSFETs) are the building blocks of modern 

integrated circuits. The semiconductor industry needs to continue scaling the dimensions of transistors to 

keep up with the needs of the technology market. Two dimensional (2D) materials possess atomically thin 

body thickness while maintaining carrier mobility, making them promising channel materials for further 

channel length scaling. Radiation creates defects that impact the structure and electronic performance of 

materials. Determining the impact of these defects is important for developing 2D materials-based 

devicesfor use in high-radiation environments, such as space or nuclear reactors. 

In this work, the radiation responses of three 2D material systems (back-gated graphene field effect 

transistors (FETs), dual-gated MoS2 FETs and MoS2 tunneling junctions) have been investigated. 

Low-frequency noise measurements are employed to provide insight into the change of defect energy 

distribution after total-ionizing-dose (TID) irradiation of these devices. Density functional theory (DFT) 

calculations are further applied to help identify the possible defect candidates responsible for the observed 

effects. This work has demonstrated the strong influence of H and O related defects on the performance, 

reliability, and TID responses of graphene transistors. Several defects and their energy levels have been 

identified in the MoS2 system that affect the radiation response and low-frequency noise of these 

structures. This study improves our current understanding of the radiation response and reliability of 2D 

materials, and provides insights into improving the properties of future electronic devices based on these 

materials.  
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CHAPTER I 

 

INTRODUCTION 

 

Complementary metal oxide semiconductor (CMOS) technology has played a significant role in the 

integrated circuits industry for the last few decades and helped follow the Moore‘s law, which predicts the 

number of transistors on a chip will double roughly every 18 - 24 months [1]. The success of sustaining 

Moore‘s law owes to the continuous scaling of geometrical dimensions of planar devices, plus the 

introduction of additional performance boosters such as strain [2], [3], high-k gate dielectrics (where k is 

relative dielectric constant) and metal gates [4], [5]. Furthermore, device structure has transitioned from 

planar transistors to FinFETs in the 22 nm node, providing enhanced gate control during device scaling 

[6]. However, it becomes more and more challenging to follow Moore‘s law, as the feature size of field 

effect transistors (FETs) downscales into the nanometer regime. 

Novel approaches must be explored to enable continuous scaling, such as adoption of new device 

geometries (like gate-all-around Si nanowire MOSFETs) and of new materials [7], typically to overcome 

the so-called ON/OFF ratio and energy dissipation problems [8], [9]. At this point, with the advantage of 

the atomically body thickness while maintaining the carrier mobility, two dimensional (2D) materials are 

very promising candidates for active channel materials of transistors for further length scaling [10]-[11]. 

The rise of 2D materials began with the success of isolated graphene by mechanical exfoliation method in 

2004 [12]. Since then, extensive research efforts have been applied to this region and remarkable progress 
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has been made in both the basic science and electronic device technology using 2D materials [13]-[15]. 

Recent studies indicate that hundreds of 2D materials should exist [14]. In this dissertation, we 

mainly focus on the physics and radiation effects of electronic devices like FETs and heterojunctions 

based on two kinds of 2D materials: graphene and molybdenum disulfide (MoS2).  

 

1.1 Two Dimensional Materials 

To date, graphene is the most widely studied 2D material. Graphene is a single layer (monolayer) of 

carbon atoms (schematic atomic structure shown in Fig.1.1 (a)), tightly bound in a hexagonal honeycomb 

lattice [12]. The bond length between two atom is 1.42 Å and lattice constant is 2.46 Å. Graphene is 

defined as a semi-metallic material because of its special π–π∗ band structure (Fig 1.1 (b)) [12]. The 

conduction band and valence band of graphene meet at the K and K' points making it a zero-bandgap 

material [12], [16] and the intersection point is known as a Dirac point or a charge neutrality point. The 

unique physical and chemical structure give graphene extremely outstanding properties, like ultra-high 

carrier mobility, excellent mechanical stability and high intrinsic thermal conductivity [12], [14], 

[17]-[19]. Monolayer graphene has an experimentally measured mobility of 15,000 cm
2
/Vs and a 

predicted mobility at room temperatures in the order of 10
6
 cm

2
/Vs

 
[12], [21]. Moreover, mobility over 

200,000 cm
2
/Vs is obtained at 4.2 K for suspended graphene [22]. Graphene also possesses very high 

intrinsic thermal conductivity, exceeding ~ 5000W/mK near room temperature [23]. For comparison, 

room temperature mobility and thermal conductivity of silicon are 1500 cm
2
/Vs and 145 W/mK, 

respectively [24]. 

https://en.wikipedia.org/wiki/Angstr%C3%B6m
https://en.wikipedia.org/wiki/Angstr%C3%B6m
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Fig. 1.1. (a) Atomic structure of graphene and (b) the energy dispersions of graphene crystal lattice. The 

conductance band touches the valence band at the K and the K' points (i.e. the Dirac points) [25]. 

 

 

However, the lack of bandgap in graphene makes it unsuitable for most transistor applications [11], 

[13]-[15]. Many research efforts have been made to create a bandgap in pristine graphene that maintain 

the exceptional transport property by substrate induced [26], [27], strain-induced bandgaps [28], 

periodically modified graphene [29] and so on, but the low on/off current ratio is still an open issue for 

graphene-based transistors [13]-[15], [30].  

Another line of research focuses on the exploration of new functional 2D materials beyond graphene. 

Transition metal dichalcogenide (TMD) materials emerge at this point with the advantage over graphene 

of having a real semiconductor bandgap from few tenths of eV to few eV, but at the cost of low mobility 

[14], [15]. TMDs are layered materials in which each unit (MX2) is composed of a transition metal (M) 
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layer sandwiched between two chalcogen (X) atomic layers, e.g. MoS2, molybdenum diselenide (MoSe2), 

tungsten disulfide (WS2), and tungsten diselenide (WSe2) [15]. 

MoS2 is one of the most well studied layered TMDs materials. Single-layer MoS2 (schematic structure 

shown in Fig 1.2 (a)) has a direct band gap of 1.9 eV, and bi-layer and bulk MoS2 have indirect band gaps 

of 1.6 eV and 1.3 eV, respectively [31], [32]. This property of MoS2 is very inspiring, which will largely 

compensate the weakness of gapless graphene, thus making it possible to be used in the next generation 

electronic devices. Thus far, MoS2 has achieved primary progress in many related areas, such as field 

effect transistors [31], [33], [34], photo-transistors [35], photo-detectors [36] and solar cells [37]. 

 

 

 

 

Fig. 1.2. Three-dimensional representation of the structure of MoS2. (a) Single layers of 6.5 Å thickness 

[38] and (b) multiple layer black phosphorus [39]. 
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In 2014, another promising 2D semiconductor material emerged: black phosphorus (BP) (schematic 

structure shown in Fig 1.2 (b)), which is the most stable allotrope of phosphorus. BP has a direct and 

tunable bandgap that varies from 0.3 eV for bulk to 2.0 eV of the monolayer form [40]. The comparison 

of mobility and on/off ratio between these 2D materials formed transistors is shown in Fig.1.3. We can see 

the current on/off ratio of BP FETs (~10
3
-10

5
) [39], [41], [42] is relatively smaller than that of TMDs 

(~10
5
-10

8
) [38], [43], [44]. BP offers mobility as high as 1000 cm

2
/Vs for few layer BP FETs at room 

temperature [41], which is much higher than that of TMDs-based FETs [38], [43]-[45]. BP bridges the 

gap in graphene and TMD materials regarding carrier mobility and current on/off ratio. 

Boron nitride (BN) is another widely studied 2D material, which is an electrical insulator and widely 

used as gate dielectrics in capacitors [46] or FETs [14], [15], [47]. BN is a chemical compound that 

involves equal numbers of boron and nitrogen atoms. The hexagonal (h-BN) form has a similar lattice 

structure as that of graphene, with boron atoms and nitride atoms arranged in a two-dimensional plane by 

hexagonal lattice formation, showing a honeycomb structure [48]. 

 

 

 

Fig. 1.3. The shaded regions are the approximate possible ranges of performance reported for the 

respective materials in the literature [49]. 
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1.2 High-k Materials 

Poly-silicon gates with a silicon dioxide (SiO2) gate dielectric layers have been used in the 

semiconductor industry since the 1980‘s. As transistor sizes are shrinking, SiO2 as gate dielectric reached 

a point where its thickness was only a few atomic layers thick [50]. Gate leakage current due to tunneling 

increased drastically with scaling down to ~1.5 nm, leading to high power consumption and generation of 

excess heat. 

To get around this critical problem, higher permittivity (high-k) dielectric materials have been 

introduced as alternative gate dielectrics for SiO2 in MOS devices [51]. High-k materials allow a thicker 

physical thickness for reduced gate leakage by 2 or 3 orders of magnitude while keeping the equivalent 

oxide thickness (EOT) constant. To meet the requirements of the International Technology Roadmap for 

Semiconductors (ITRS) for the next generation of MOSFET, a high-k dielectric material should possess 

proper characteristics. For example, successful high-k materials should have a dielectric constant value of 

8-30 [50], [52]. In order to inhibit conduction by the Schottky emission of electrons or holes into the 

oxide bands, the potential barrier at each band must be over 1 eV [52]. Furthermore, an alternative gate 

dielectric should also have high thermodynamic stability, good interface quality, low density of defects, 

etc. [50], [52], [53]. Many dielectric materials have been investigated, but very few of them appear 

promising with respect to all the guidelines listed above. Among the potential candidates, oxides of 

aluminum (Al), hafnium (Hf) and zirconium (Zr) are the most promising. Dielectric constants of HfO2, 

ZrO2 and Al2O3 are about 20, 23, and 10 respectively [51], [54]. Both the conduction and valence band 

offsets between monolayer or bulk MoS2 with respect to HfO2, Al2O3, or ZrO2 are larger than 1 eV, which 
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is large enough to stop the leakage current for gate oxides [51], [54]. 

Integration of alternative/high-k dielectrics such as Al2O3, HfO2, h-BN and ZrO2 as 

passivation/dielectric layers with 2D electronic systems has helped to improve field effect mobility, and 

reduce gate leakage and channel/gate-dielectric interface-trap densities [55]-[60], as suspended 2D 

materials like graphene or BP would easily react with the oxygen in air [61], [62], which can significantly 

degrade the device performance. 

 

1.3 Applications of 2D Materials in FETs 

 

1.3.1 Candidate Channel Materials for Conventional FETs  

Graphene, MoS2, BP and other 2D semiconductor materials are widely used as channel materials to 

form FETs [13], [19], [38], [40], [47], [56]-[58], which can be fabricated similarly to conventional 

MOSFETs, as seen in Fig. 1.4. To make the fabrication process simple, many researchers create 2D 

formed FETs that have a back-gated configuration (see Fig. 1.4 (a)). The Si wafer is highly doped and 

serves as the global back gate. The thermal silicon oxide or alternative layer acts as the dielectric layer. 

2D materials are either placed or grown on the oxidized Si wafer. This is followed by an etch process to 

define the channel dimension. Finally the metal contacts are deposited. Another dielectric layer or 

passivation layer may be placed on top of 2D materials to improve performance. The radiation induced 

charge trapping and low frequency noise of graphene FETs based on this back gated configuration will be 

discussed in Chapter III. 
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Fig. 1.4. Schematic cross section of (a) a back gate 2D FET and (b) a dual gate 2D FET. 

 

A slightly more complicated but more practical configuration is FETs with top gate control (see Fig. 

1.4 (b)). Besides the back-gated structure, an additional dielectric is deposited on top of the channel, 

followed by a metal deposition for the local top gate contact. This top gate can be in sole control of the 

channel or implemented in a dual gate configuration with a back gate [49]. The radiation effects of dual 

gated MoS2 FETs based on this structure will be discussed in Chapter IV. Remarkable progress has been 

made in the performance of 2D materials formed FETs in the last few years. The electrical properties of 

some 2D materials formed FETs based on either top gated or back gated structure as discussed above are 

summarized in table 1.1. 
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Table 1.1. Electrical parameters of 2D materials formed back or dual gated FETs reported in the 

literatures. Here L is for layer, TG for top gate, and BG for back gate. Note: ―…‖ indicates it is not 

mentioned in the references. 

 

  Graphene  Al2O3(38)       TG Al2O3/graphene/SiO2/Si     ~2     23600  …     …      …    [63] 

 Graphene Co2Si(106)-Al2O3(5) TG Co2Si –Al2O3/Graphene/SiO2/Si  0.14  …    …  …  100-300  [64] 

  Graphene   HfO2(10)   TG HfO2/Graphene/SiC       0.24   ~1500    …  …      100  [65] 

 MoS2(1L)    HfO2/30          TG/HfO2/MoS2/SiO2/Si         1.5     217     10
8 

     74      …   [38] 

MoS2(2L)   HfO2(3)/Al2O3(6)    HfO2/Al2O3/MoS2/Al2O3/Si  ~4      100   10
6   

 ~60   …  [43] 

MoS2(4~6) HfO2(6) /Al2O3(9)  TG/HfO2/Al2O3/MoS2/Al2O3/HfO2/Si  2.5    102      10
8 

      93   …  [44] 

MoS2(7)    Ta2O5/31     TG/Ta2O5/MoS2/SiO2/Si     3     61.5      10
5
   61    …   [66] 

 MoS2(30) Al2O3/50          MoS2/Al2O3/Si BG      20    100    10
6
    80  …   [67] 

MoS2(5-7)    HfO2/30        MoS2/HfO2/Si BG     1   65   10
6  

  100-110   …   [68] 

BP(5)       SiO2/90           BP/SiO2/Si BG               4.5    ~1000    10
5 

    5000     …  [41] 

BP(10-20)      h-BN         h-BN/BP/SiO2/Si BG    …   249   ~2x10
3
   ~200   …  [42] 

WSe2(0.7)  Al2O3/72       TG/ZrO2/WSe2/SiO2/Si     ~8  ~250   10
6         

~60 …   [45] 

 WSe2(1L)  Al2O3/72          WSe2/Al2O3/Si BG    1.2  142      10
6  

  ~300    …   [69]    

Graphene/MoS2(1L)  h-BN/5 TG/h-BN/MoS2/Graphene/SiO2/Si  0.004-0.009  26.7   >10
6
  93-208   …   [70] 

 

 

2D 

 

  Dielectric 

layer/tox (nm)     

   Configuration Lgate 

(um)    

Mobility 

(cm
2
/V) 

Ion/off     SS 

(mV/dec)     

 fT 

(GH)  

ref 
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As the table indicates, 2D materials have great promise as active materials in the next-generation of 

high-performance electronic devices. For example, previous studies have demonstrated graphene 

transistors with high carrier mobility of 23600 cm
2
/Vs [63] that can operate in gigahertz regime [64], [65]. 

MoS2-channel FETs have been fabricated with large Ion/Ioff ratio (10
8
) [38], [44] and small subthreshold 

swing (SS) (≤ 80 mV/decade) [66], [67], approaching the desired metric of FETs for CMOS digital 

circuits. 

 

1.3.2 Candidate Materials for TFETs 

Using 2D semiconducting materials as channel material can only partially address the scaling issues, 

but the conventional FETs still face the fundamental thermionic limitation of the SS of 60 mV/decade at 

room temperature. Another potential application for 2D materials is tunneling field-effect transistors 

(TFETs). TFETs rely on quantum mechanical band-to-band tunneling (BTBT) instead of thermal 

emission, which is possible to overcome the thermodynamic limitation of conventional transistors. This 

would allow transistors to switch on and off much faster and achieve SS values below 60 mV/decade, 

while dissipating less power and enabling scaling to continue in future. 

One biggest limitation of conventional materials for TFETs is the formation of interface traps which 

arise from lattice mismatch as well as the out-of-plane dangling bonds in the 3D materials. 2D materials 

on the other hand, possess material properties that are ideal for TFETs. With mechanical exfoliation or 

growth, ideally no dangling bonds exist on the surface. The atomic body thickness and absence of 

out-of-plane dangling bonds of 2D materials may promote the evolution of sub 60 mV/decade 



12 

 

subthreshold swing. 

 A variety of these 2D material formed tunneling devices have been demonstrated [33], [71]-[75]. 

For example, T. Roy et al., have found the band edge sharpness of a single layer MoS2 and single layer 

WSe2 junction can be as low as 30 mV/dec [71]. D. Sarkar et al., have designed a atomically thin and 

layered semiconducting-channel tunnel-FET (Fig. 1.5), for which the active device is heterojunction of 

CVD grown n-MoS2 on bulk p-germanium [72]. This device has exhibited steep turn-on, and the 

subthreshold swing is a minimum of 3.9 millivolts per decade and an average of 31.1 millivolts per 

decade for four decades of drain current at room temperature [72]. In this dissertation, a tunneling 

structure based on MoS2 will be discussed in Chapter V. 

 

 

Fig. 1.5. (a) Bilayer of MoS2 on germanium tunnel FET, (b) schematic band diagram representations of 

the device; (c) and (d) ID-VG curve and comparison of SS to conventional FET [72]. 
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1.4 Overview of Dissertation 

The study of 2D materials and their related electronic devices are still in the early phase. The 

objective of this work is to evaluate the charge trapping characteristics and reliability of 2D materials 

formed electronic devices for potential space-exploration applications. In this dissertation, radiation 

effects including total-ionizing dose effects (TID) and displacement damage, and low-frequency 1/f noise 

on 2D materials formed devices are explored. The remainder of this dissertation is organized in chapters 

as follows:  

Chapter II provides the background knowledge of relevant topics. The basic total ionizing dose 

effects and displacement damage are discussed. Previous radiation effects on 2D FETs are investigated. 

This chapter also provides background of low frequency noise and reviews two popular models of low 

frequency noise in semiconductor devices. The Dutta-Horn model is introduced. This chapter also 

provides the experimental setup of irradiation and low frequency noise measurement. 

 Chapter III describes total ionizing dose induced charge trapping and low frequency noise in 

graphene transistors with different passivation over-layers. DC electrical and temperature dependent low 

frequency noise characterizations are conducted before and after X-ray irradiation. Density functional 

theory (DFT) calculations are employed to provide insight into the nature of defects responsible for the 

irradiation response and low frequency noise.  

The difficulty of creating a band gap in graphene has led to the search for alternative, 

semiconducting 2D materials. Chapter IV and V discuss the radiation responses of MoS2 based devices. 

Chapter IV describes the results from the radiation induced charge trapping studies performed on MoS2 
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based transistors with ZrO2 or h-BN as top dielectrics. These studies found that significant 

radiation-induced charge trapping is observed for all samples. Changes in the defect energy distribution of 

MoS2 FETs after irradiation is characterized via temperature dependence of low frequency noise. Chapter 

V covers the 10-kev X-ray irradiation responses and proton induced displacement damage of MoS2 based 

tunneling diodes with three different kinds of interlayers: Al2O3, h-BN and HfO2. This study finds all 

samples are highly resistant to 10-keV X-ray irradiation, and HfO2 samples exhibit higher 

radiation-tolerance than other samples for proton irradiation. 

Finally, Chapter VI summarizes the main findings from the experimental results. With this work, we 

hope to improve our current understanding of radiation effects and reliability issues in 2D formed devices 

and eventually design better devices for the future. 
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CHAPTER II 

 

RADIATION EFFECTS AND LOW FREQUENCY NOISE 

 

Radiation creates or activates defects that may impact the structure, and alter and degrade device 

performance. Understanding radiation effects on 2D materials and their related devices is important to 

develop 2D devices for high radiation environments. This chapter provides the background knowledge of 

mechanisms of radiation effects in MOS systems. Moreover, low frequency noise is introduced as a 

powerful tool to understand the nature of defects in devices and provide insight into the radiation responses. 

The irradiation and low frequency noise measurement setup are also provided. 

 

2.1 Radiation Effects on 2D Material Electronic Devices 

The reliability and radiation effects in traditional microelectronic devices have been well-studied 

over decades [76]-[79]. However, these studies of 2D materials-related electronic devices are still at the 

very early stage and of high interest for potential future applications in space systems [47], [57], [80]-[84]. 

The space environment is full of energetic particles, such as protons, electrons and heavy ions. When 

these energetic particles travel through semiconductor devices, energy is lost due to ionizing and 

nonionizing processes [77], [78]. In this dissertation, mainly the total ionization dose effects (TID) and 

displacement damage are discussed. 



16 

 

2.1.1 Total Ionizing Dose Effects 

When sufficiently energetic particles interact with semiconductor devices, ionization can occur. For 

MOS devices, the oxide is the most sensitive part for ionizing radiation. Fig. 2.1 illustrates the physical 

processes that occur in Si MOS systems under positive gate bias following ionizing radiation. The 

primary effect directly related to the ionizing radiation is the generation of electron-hole pairs throughout 

the oxide [77], [79], [85]. A percentage of electrons and holes recombines quickly and the electric field in 

oxide drives the remaining electrons and holes into opposite directions. Most of the electrons are swept 

out of the oxide due to their high mobility, while holes with low mobility transport much more slowly 

through SiO2. These holes may transport to the Si/SiO2 interface by hopping via localized states in the 

oxide. At the interface, these holes can either recombine with injected electrons from Si or be trapped at 

relatively deep states forming a positive oxide-trap charge. Large densities of oxide trap charge can cause 

a shift in the threshold voltage (Vth) and increase the leakage current of an integrated circuit. In addition, 

protons can be released in the oxide as holes transport to the Si/SiO2 interface. These protons can react 

with Si-H bonds at the Si/SiO2 interface to form H2, thus leaving Si dangling bonds at the interface 

forming interface traps. These interface traps tend to cause shifts of threshold voltage, decreases of carrier 

mobility, or even failure of integrated circuits. More detailed descriptions about the TID effects can be 

found in [76], [77]. 

The radiation response of 10-keV X-ray irradiation of 2D materials formed electronic devices have 

been investigated in preliminary studies, mainly on graphene FETs [47], [80], [82], [86], black 

phosphorus FETs [81] and MoS2 FETs [57]. For unsuspended graphene [80], unsuspended MoS2 [57] and 
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h-BN encapsulated graphene FETs [47], threshold voltage shifts positively and carrier mobility 

degradation occurs, owing to oxygen (O) atoms adsorbed on the graphene and MoS2 surface from the 

decomposition of ozone during X-ray irradiation, which can function as an electron trap. X-ray induced 

hole trapping in the oxide was observed in graphene FETs with thin gate dielectrics [86]. When 

HfO2-passivated black phosphorus transistors were subjected to X-ray irradiation, it was found that hole 

trapping in the HfO2 gate dielectric dominates the TID response [81]. 

 

Fig. 2.1. Schematic energy band diagram for a nMOS structure under positive bias, indicating physical 

processes underlying radiation response [77], [85], [87].  

 

 

2.1.2 Displacement Damage 

When energetic particles are incident on a semiconductor lattice structure, the primary knock-on 

atom (PKA) is displaced from its original site in the semiconductor lattice and generate 

vacancy-interstitial pair defects, if incident energy E is larger than the lattice displacement energy Ed. This 
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process is known as displacement damage, and can occur for neutrons, protons, and heavy ions.  

The PKA can then interact with other atoms and create a region with multiple defects [88]. The 

resulting defects as a function of PKA energy in silicon devices is shown in Figure 2.2. For low energies 

under 2 keV, only point defects are created. But when the energies are higher, single defect clusters, and 

then multiple subcascade and multiple defect clusters are formed [89]. These displaced atoms may 

introduce new energy levels into the bandgap, which would alter the electrical properties of 

semiconductor devices [90]-[96]. 

 

Fig. 2.2. Spatial distribution of initial defect configuration due to primary knock on atom for proton 

irradiation [89]. 

 

Several theoretical and experimental studies have investigated the irradiation effects of 2D materials 

and their related devices with protons [97]-[99], neutrons [100]-[101], heavy ions [102]-[105], and 

electron beams [106]. For example, S. Mathew, el al. [97], found that when graphene subjected to 2 MeV 

proton irradiation to a fluence up to 10
18 

fluences/cm
2
, defects induced by protons in mono and few-layer 
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graphene tend to be localized at the surface and stability of graphene was found to grow with increased 

layer number. H.-P. Komsa, et al. [104], studied the effects of electron beam irradiation in a number of 

TMD materials using first-principle simulations and obtained threshold energies for atomic displacements 

in each system through density functional theory (DFT) calculation. They found when exposed to an 80 

keV electron beam, the MoS2 layers can be doped and vacancies created by the irradiation are filled by 

impurity atoms. 

The irradiation effects with 1.14 GeV U
28+ 

ions on MoS2 and graphene FETs depend on the fluence 

[105]. Low fluence irradiation (4x10
10

 ions/cm
2
) increase the carrier mobility, while higher fluence 

(4x10
11

 ions/cm
2
) destroyed the MoS2 FETs, but the graphene devices remain operational. 

The effects of irradiation on back-gated MoS2 FETs with 10-MeV high-energy proton beams were 

studied by T. -Y. Kim et al. [99]. For a low fluence of 10
12

, there was a minor degradation in the electrical 

properties of the devices. In contrast, there was a 71% drop in the current when subjected to fluence of 

10
13

/cm
2
 proton irradiation and 95% drop in current with 10

14
/cm

2
 proton irradiation. The degradation of 

electrical performance originated from proton induced traps, including positive oxide charge traps in SiO2 

and trapped holes at the SiO2-MoS2 interface. A summary of selected previous studies of radiation induced 

possible defects in 2D materials is shown in Table 2.1.  

The performance, radiation response, and reliability of 2D devices may be quite sensitive to 

surrounding materials and ambient conditions [47], [57], [80], [81], [86]. Before this work, though some 

radiation effects studies have been performed on the 2D materials, a comprehensive study about how 2D 

materials with different surrounding materials respond when exposed to radiation has not been reported. 
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We will show results from our work about the radiation response of microelectronic devices based on 2D 

materials in chapter III and the following chapters. 

 

Table 2.1 Summary of types, causes and effects of defect states in 2D materials due to radiation 

exposure (modified after [107]). 

particle defect impact ref 

 

 

heavy charged particles 

 

generation/recombination 

site 

 

scattering;  

carrier concentration modulation; 

 

 

[88] 

 

heavy charged particles 

 

traps 

scattering site; 

carrier lifetime reduction; 

charge build-up 

 

[55][88][108]- 

[110]  

 

heavy charged particles 

ion beam 

 

dopant 

 

scattering site; 

charge build-up 

 

 

[88][111] 

 

 

 

heavy charged particles 

electrons, gamma rays 

ion beam, X-rays 

 

 

 

tunneling defect vacancy 

leakage current;  

deep level traps and direct to 

indirect band-gap transition in 

WSe2;  

scattering sites in graphene;  

deep acceptor or shallow donor in 

MoS2 

 

[88] 

[106][112]-[115] 

 

 

heavy charged particles 

gamma rays 

 

 

 

 

interface traps 

 

scattering site;  

carrier lifetime reduction;  

carrier concentration modulation;  

 

 

[105][116] 

[117] 
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2.2 Low Frequency Noise 

 

Noise as a spontaneous fluctuation in current or in voltage is generated in all semiconductor devices. 

It is often found that, in addition to the thermal noise and shot noise which is independent of frequency f, 

there is another excess noise in the low frequency range. The noise magnitude typically is found to be 

proportional to 1/f 
α
 (with α in the range of ~0.7 to ~1.3) and called 1/f noise, low frequency noise, flicker 

noise or pink noise. An example of low frequency noise of graphene FETs is shown in Fig. 2.3. Low 

frequency noise exists in nearly all semiconductor devices. Its relative importance to device performance 

often increases when the dimensions of devices decreases. Low frequency noise can be a detrimental 

factor in the performance of high-frequency nonlinear circuits such as mixers and oscillators. Magnitudes 

of 1/f noise can be a measure to evaluate the quality and reliability of electronic devices [118], [119].   

  

    

Fig. 2.3. Example of low frequency noise curve: drain voltage noise power spectral density Svd as a 

function of frequency for graphene transistors with Al2O3 overlayer. Devices were biased at Vg – VCNP = 

-20 V and Vd = 0.02 V. 
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The origin of low frequency noise is caused by the fluctuations in the conductivity 𝜎, 

                     𝜎 = 𝑞(𝜇𝑛𝑛 + 𝜇𝑝𝑝)                                (2.1) 

Here q is the electronic charge, 𝜇𝑛and 𝜇𝑝 are electron mobility and hole mobility respectively, n and 

p are electron and hole density, respectively. From Eq. (2.1), clearly the fluctuations in the conductivity 

could result either from the fluctuations in the carrier number or variations of the mobility or both. 

Several physical models have been proposed to try to describe low frequency noise. Among all these 

models, the surface model developed by McWhorter in 1957 [120] and bulk model developed by Hooge 

[121] are the most popular ones. 

 According to McWhorter‘s model [120], charge carriers tunneling forth and back between the bulk 

and the defects lead to the fluctuations in the trap occupancy, thus causing 1/f noise, while Hooge‘s 

mobility model suggests the low frequency noise is a bulk phenomenon rather than a surface effect [121] . 

 

2.2.1 Hooge’s Mobility Fluctuation Model 

Low frequency noise which is modeled from the fluctuation of the carrier mobility, was first 

proposed by Hooge [121] for homogenous semiconductor devices and metals. Hooge and collaborators 

extended the mobility model to analyze the low frequency noise in MOSFETs [122]. They have attributed 

1/f noise predominantly to a bulk effect, caused by fluctuations in the mobility of individual channel 

carriers [122]. 

The low-frequency noise in semiconductors and metals has been described by Hooge with the 

following popular, empirical expression: 
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𝑆𝑅(𝑓)

𝑅2
=
𝛼𝐻

𝑁𝑓
                         (2.2) 

Here SR is the noise power spectral density of resistance, N is the total number of carriers in the 

channel, αH is the Hooge‘s constant, an empirical factor used to compare the noise of different kinds of 

microelectronic devices [122]. 

 

2.2.2 Number Fluctuation Model 

The carrier number fluctuation model is also called the trapping and detrapping model. As proposed 

by McWhorter in 1957 [120], the physical mechanism behind number fluctuation noise is the interaction 

between traps in the near-interfacial oxide and the channel. The traps exchange carriers with the channel 

causing a fluctuation in the surface potential, giving rise to fluctuations in the inversion charge density, 

which in turn causes the noise in the drain current. 

In semiconductor devices and materials, generation-recombination (g-r) noise is due to the 

fluctuations in the number of free carriers associated with random transitions of charge carriers between 

states in different energy bands [123].  

As a simple model, assuming the generation and recombination rate to be g(N) and r(N) respectively, 

it is possible to model the g-r noise from the fluctuations in the number of carriers by: 

             
𝑑𝑁

𝑑𝑡
= 𝑔(𝑁) − 𝑟(𝑁) + ∆𝑔(𝑡) − ∆𝑟(𝑡)                       (2.3) 

and the spectral density function of g-r noise is described by [124]:  

  𝑆𝑁(𝑓) =  4∆𝑁2̅̅ ̅̅ ̅̅ ̅ 𝜏

1+𝜏2𝜔2
            (2.4) 
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Here ∆N is the variance of carrier number and τ is the characteristic time of charge carriers.  

The spectrum of the fluctuations in Eq. (2.4) is a Lorentzian type curve. Fig. 2.4 shows an example 

of discrete modulation of current level through a submicron MOSFET in the time domain [125]. This type 

of spectrum is called random-telegraph-signal (RTS) noise or popcorn noise. Fig. 2.5 shows a typical RTS 

noise curve in frequency domain, which is of the Debye-Lorentzian spectrum shape. Spectral density is 

constant up to the frequency fg−r = 1/(2πτ), and after that is decreasing proportionally to 1/f 
2
. 

 

Fig. 2.4. Typical RTS noise, showing discrete levels of channel current modulation due to the trapping 

and release of a single carrier [125]. 

 

                  

Fig. 2.5. A typical Debye-Lorentzian spectrum [124]. 
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When a large number of traps exist in the device, several trapping/detrapping fluctuations happen 

over a range of tunneling times. Any spectrum may be generated by superposing many different spectra of 

g-r noise. The superposition of the effects of large numbers of defects similar to those leading to RTS 

could lead to 1/f noise in semiconductor devices [126], with an appropriate distribution of the 

characteristic times within the sample. 

Assumptions behind this simple concept for McWhorter‘s model are [120]:  

 Trap centers are uniformly distributed in the silicon oxide near the silicon surface. 

 The probability of the carrier penetration to trap centers is decreasing exponentially with the 

distance from the surface. 

 Trapping mechanisms by separate centers are independent. 

 Time constants of trap centers increases with the distance from the surface. 

The resulting noise spectral density function is given by 

                         (2.5) 

The spectral density function is constant up to frequency f1 = 1/(2πτ1), then is proportional to 1/f 

between f1 and f0 = 1/(2πτ0), and above frequency f1 is proportional to 1/f 
2
. The summation of these large 

numbers of uncorrected Lorentzian spectra gives a 1/f type spectrum, as the example shown in Fig. 2.6. 

It is generally accepted the dominant source of low frequency noise in conventional semiconductor 

devices is caused by the fluctuation of carrier numbers resulting from the charge exchange between the 

channel and defects, usually at or near semiconductor/insulator interface rather than mobility fluctuation 
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[90], [126], [127], [128]. In metals, on the other hand, 1/f noise is usually attributed to the mobility 

fluctuations, although not of form suggested by the Hooge model [126]. 

 

Fig. 2.6. 1/f noise power spectral density can be obtained as a weighted summation of Lorentzians. Here 

ten Lorentzian spectra have been added, each with a characteristic time constant ten times higher than the 

previous one [124]. 

 

According to the number fluctuation model, charge carriers tunneling between the channel and traps 

(typically in an adjacent dielectric layer) lead to fluctuations in trap occupancy, and consequently 1/f 

noise [120], [126]-[128], For example, if a MOS device is operated in its linear region at constant drain 

current and gate bias, the 1/f noise can be described by: 

               𝑆 𝑑 = 
𝑞2

   
2

  
2

(      )
2

  𝑇  ( 𝑓)

   𝑛(
𝜏 
𝜏2⁄ )

1

𝑓
                            (2.6) 

Here Svd is the excess drain-voltage noise power spectral density, Vth, Vg, and Vd are the threshold, 

gate, and drain voltages, f is the frequency, q is the electronic charge, Cox is the gate-oxide capacitance per 

unit area, L and W are the transistor channel length and width, kB is the Boltzmann constant, T is the 
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absolute temperature, Dt(Ef ) is the number of traps per unit energy per unit area at the Fermi level Ef , and 

τ1 and τ2 are maximum and minimum tunneling time, respectively [128] .  

 

2.2.3 Dutta Horn Model 

The magnitude and frequency dependence of the noise of metal films can vary strongly with 

temperature [126]. Dutta and Horn demonstrated that if the noise is due to random processes with 

thermally activated characteristic times [44], and assuming no new defects are generated or annealed 

during the measurement, the temperature dependent of low frequency noise behavior can be described by 

[126], [129]: 
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ln
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)ln(
),( 1

1
1
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T V


                                (2.7) 

Here τo is the characteristic time of the process leading to the noise, α = -∂ ln SV/∂ ln f, 𝜔 = 2 ∗ 𝜋 ∗

𝑓, and SV is the drain voltage-noise power-spectral density. For noise that is successfully described by Eq. 

2.7, one can infer the shape of the defect-energy distribution D(Eo) from noise measurements versus 

temperature via:  

        ),()( 0 TS
kT

ED V 


                                 (2.8) 

 where the defect energy Eo is related to the temperature and frequency through the simple expression 

[126], [129], 

                𝐸𝑜 ≈  −𝐾𝑇𝑙𝑛(𝜔𝜏𝑜).                             (2.9) 
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2.3 Radiation Effects and Low Frequency Noise 

A variety of effects in the characteristics of MOS system can occur after radiation exposure like 

reduction of mobility, shifts of threshold voltage and increase in leakage current. Low frequency noise 

generally increases [94], [126], [130]. In MOS devices, the low frequency noise magnitude of 

unirradiated MOS transistors is found to correlate with the radiation-induced hole trapping efficiency of 

the oxide, which suggests that the defect responsible for 1/f noise is linked to the E' center, or a direct 

precursor [131]. It was also found that 1/f noise has a strong correlation with oxide trapped charge, but not 

interface trap charge [132], [133], which leads to the conclusion that near-interfacial oxide traps are 

responsible for 1/f noise in MOS devices [130], [133], [134]. A standard name for these near-interfacial 

oxide traps that exchange charge with the underlying Si was proposed as ―border traps‖ by D. M. 

Fleetwood in 1992 [134]. 

Previous work involving studies of the temperature dependence of the low frequency noise in 

MOSFETs, GaN HEMTs, metals, etc. have proved that it is a very powerful tool to approximately 

estimate the effective defect densities and/or energy distributions, and to help provide insight into the 

nature and microstructure of the defects [90], [91], [126], [135]. An example is shown in Fig. 2.7. In this 

work, temperature dependent low frequency noise was measured before and after proton irradiation for 

GaN/AlGaN high electron mobility transistors. In Fig. 2.7 (a), low frequency noise exponents α from 

experimental data are in good agreement with the values suggested by the Dutta-Horn model, enabling 

activation energies obtained through Eq. 2.9 to be shown as the top axis in Fig 2.7 (b). Before irradiation, 

there are two peaks observed with activation energies of about 0.2 eV and 0.7 eV. After irradiation, the 
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noise magnitudes of the low temperature peak and ~300 K peak increase. DFT calculations were 

performed to identify the defect candidates responsible for peaks in the energy distributions, with the 

results that the 0.2 eV peak is most likely due to N vacancy-related defects in GaN and ON defects in 

AlGaN, and the ~ 0.7 eV trap level in GaN is associated with a NGa defect [94]. 

 

 

 

Fig. 2.7. (a) Experimental and calculated frequency exponent of noise power spectral density as a function 

of temperature from 85 K to 400 K and (b) temperature-dependent noise measurements from 85 K to 445 K, 

for semi-ON state irradiation of GaN/AlGaN HEMTs [94]. 
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2.4 Experimental Setup and Measurement Techniques 

 

2.4.1 X-ray and Proton Irradiation Setup 

For the total ionizing dose effects study, the 2D formed devices were irradiated with a 10-keV 

ARACOR X-ray source at a dose rate of 30.3 krad(SiO2)/min at room temperature. A schematic diagram 

of the X-ray irradiation setup is shown in Fig. 2.8. Device responses after radiation exposure were 

evaluated in-situ at room temperature. The DC electrical measurements were performed with a HP 4156A 

Semiconductor Parameter Analyzer. 

For the displacement damage study, samples were irradiated with 1.8 MeV protons using the 

Vanderbilt Pelletron facility to a maximum fluence of 1x10
14 

cm
-2

. The proton energy is chosen for its large 

non-ionizing effective loss (NIEL), and the fluence of 10
14

 is a high particle fluence compared to realistic 

space environments. DC measurements are taken right after the proton beam is turned off at each fluence 

step using the Parameter Analyzer. 

 

Fig. 2.8. Schematic diagram of 10-keV X-ray irradiation setup. 
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2.4.2 Low Frequency Noise Measurement 

In this dissertation, the excess noise (corrected for background noise) was measured over a frequency 

span of 1 Hz to 390 Hz before and after baking/radiation/annealing with apparatus shown in Fig. 2.9. 

During the noise measurement, both the gate and drain were DC biased and the substrate and source 

terminals were grounded. The drain current was derived from a constant voltage source in series with a 

large resistor to protect and keep drain bias. Another voltage source was connected directly to the gate 

terminal. Fluctuations in the drain to source voltage were first observed with a low noise pre-amplifier SR 

560 before inputting into an SR 760 FFT spectrum analyzer.  

 

Fig. 2.9. Low frequency 1/f noise measurement system [94], [132]. 
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CHAPTER III 

 

CHARGE TRAPPING AND LOW FREQUENCY NOISE OF GRAPHENE TRANSISTORS 

 

In this chapter, the radiation-induced charge trapping and low-frequency noise for back-gated 

graphene transistors have been evaluated. The shifts of the charge neutrality point (CNP) during X-ray 

exposure are strongly bias dependent. The CNP shifts negatively during positive or grounded bias 

irradiation, primarily due to positive charge trapping in the SiO2 underlayer. The CNP shifts positively 

under negative bias conditions, which is due primarily to negative charge trapping at the interface of 

graphene and surrounding materials. Low frequency noise measurements were performed to provide 

insight into defect energy distributions. The magnitude of the low-frequency noise increases with 

irradiation and decreases with 400 K post-irradiation annealing. A few peaks in the noise curve are 

observed after X-ray irradiation and further identified through density functional theory calculation, 

which suggests that OH
- 
and H

+
 at or near the graphene/dielectric interfaces likely play key roles in both 

the irradiation and baking response. 

 

3.1 Device Information and Experimental Details 

 

3.1.1 Device Information 

The devices under test are back-gated graphene transistors fabricated by Chris, from Dr. Eric Vogel‘s 
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group at the Georgia Institute of Technology, with a schematic cross-section shown in Fig. 3.1. These 

devices were constructed on a bulk Si wafer with 300 nm thermally-grown SiO2. A single layer of 

graphene is deposited on top of the SiO2. For some samples, a passivation over-layer of Al2O3 with a 

thickness of 4 or 19 nm was deposited using atomic layer deposition (ALD) to improve stability. During 

device fabrication, ALD grown Al2O3 is seeded with a thin (~1 nm) layer of nickel that is used as a hard 

mask during channel patterning using a low power O2 plasma. For other devices, an over-layer of 40 nm 

h-BN was transferred in place of the Al2O3, or the device was left unpassivated. Device widths W range 

from 10 to 25 μm with a fixed gate length L of 100 μm.  

 

Fig. 3.1. (a) Schematic cross-section of a back-gated graphene transistor (not drawn to scale). 

 

 

The ID-VG curve and resistivity vs back gate voltage in an unpassivated graphene transistor at 

temperature of T = 100, 200, 300 and 400 K is shown in Fig. 3.2. ID-VG shows the hole conduction under 

negative bias, and electron conduction under large positive bias, with a well-defined CNP or Dirac point, 

at which current is a minimum and resistivity reaches maximum [12], [80], [83]. The change of resistivity 

with temperature is small, as shown in Fig.3.2 (b), which is not surprising as for the graphene on SiO2 

devices, the mobility is mainly governed by temperature-independent charged impurity scattering [136]. 
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Fig. 3.2. Example of typical electrical characteristics (a) ID-VG curves, and (b) resistivity characteristics of 

unpassivated back-gated graphene transistors at 100, 200, 300 and 400 K. 

 

3.1.2 Irradiation and ID–VG Measurements  

Graphene transistors were irradiated with 10-keV X-rays at a dose rate of 30.3 krad(SiO2)/min at room 

temperature with back gate biases of +5 V, 0 V, or -5 V and other terminals grounded. ID-VG characteristics 

were monitored using a HP 4156A Semiconductor Parameter Analyzer. At least two devices of each type 
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were measured under the same conditions with similar results. Some devices were also aged and/or baked 

under room ambient conditions at temperatures up to 400 K. When not being baked or aged, devices were 

stored in a vacuum desiccator.  

 

3.1.3 Low Frequency Noise Measurement 

Low frequency (1/f ) noise measurements were performed at temperatures from 85 K to 400 K using 

the system shown in Fig. 2.10. Devices were biased at VG – VCNP = -20 V and VD = 0.02 V, and tested in a 

vacuum cryostat during the noise measurements. Four representative noise spectra for the same unbaked 

device at different temperatures are shown as a function of frequency f in Fig 3.3 (a), which are typical 1/f 

noise spectra with slope ranging from 0.95 to 1.12. Low frequency noise magnitude at 10 Hz as a function 

of temperature T for unirradiated graphene transistors with 4 nm Al2O3 passivation, before and after 

baking at 400K is shown in Fig. 3.2 (b). The noise magnitude generally decreases with increasing 

temperature, with a peak in the noise of unbaked devices at ~ 225 K. 

As we have discussed in Chapter II, if low-frequency noise is caused by random thermally activated 

processes having a broad distribution of energies that relative to kT, the frequency and temperature 

dependences of the noise are correlated via Eq. 2.7, thus enabling one to estimate the defect energy 

distribution through the temperature dependent noise data. 

While the noise of graphene transistors is described well by the Dutta-Horn model is verified in Fig. 3.4, 

which shows that before and after baking, the conditions of Eq. 2.7 are fully satisfied, enabling Eqs. 2.8 

and 2.9 to be used to estimate effective defect-energy distributions. Similar agreement is observed for 
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irradiated devices, consistent with results obtained for a wide range of other microelectronic materials and 

devices, e.g., Si MOS transistors, GaN HEMTs, metal films and nanowires, etc. [90], [126], [129]. 

 

 

 

Fig. 3.3. (a) Drain voltage-noise power-spectral density SV as a function of frequency f for temperatures of 

100, 200, 300, and 400 K, illustrating the typical ~ 1/f frequency dependence, and (b) SV at a frequency of 

10 Hz as a function of temperature for an unirradiated graphene transistor with ~ 4 nm Al2O3 passivation 

before and after the device was baked at 400 K for 24 h.  
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Fig. 3.4. Actual (from the slope of measured SV vs. f curves at fixed temperature, α = -∂ ln SV/∂ ln f) and 

predicted values (calculated from piecewise fits of measured SV vs. T curves at fixed f = 10 Hz, using Eq. 

2.7) for the devices of (a) before and (b) after the devices were baked at 400 K for 24 h. There is good 

agreement between measured values of the frequency dependence and predictions of the Dutta-Horn 

model. 

 

 

3.2 Experimental Results 

 

3.2.1 Baking and Aging 

The instability of electrical properties of graphene FETs when baked at high temperature is 

firstobserved. Fig. 3.5 plots ID-VG characteristics as a function of back-gate voltage for devices with a 19 
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nm Al2O3 over-layer that were (a) allowed to sit in room ambient for up to five days, or (b) baked for 24 h 

at 400 K, allowed to sit at 295 K for 48 h, and then baked again for 48 h at 400 K. All storage and baking 

in Fig. 3.5 was in room ambient without applied bias. There is no significant change in VCNP for the 

unbaked device in Fig. 3.5 (a). The device in Fig. 3.5 (b) shifts ~ -10 V during the initial 24 h bake at 400 

K, returns to its original value after two days of room ambient storage, and then again shifts -10 V during 

a second 400 K bake. 

 

 
 

Fig. 3.5. ID-VG curves with VD = 0.02 V for graphene transistors with ~19 nm Al2O3 passivation layers 

before and after devices were (a) aged in room ambient or (b) baked at 400 K, stored in room ambient, 

and baked at 400 K again. 
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To gain insight into defects and/or impurities that may lead to the changes with baking, Fig. 3.6 shows 

the normalized low frequency noise magnitude SV f/T (for easy comparison with Eq. 2.8, which describes 

the relation between the defect-energy distribution and normalized noise) from 85 K to 400 K before and 

after graphene transistors with ~19 nm Al2O3 passivation layers were baked at 400 K for up to 48 h. The 

top x-axis in Fig. 3.6. represents the effective defect energy from Eq. 2.9. The value of τ0 was set at ~ 1 x 

10
-13

 s for graphene for these defect-energy distribution estimates [137]. 

 

Fig. 3.6. Normalized low frequency noise magnitude SV f/T at f = 10 Hz for the device of Fig. 3.5 (b) from 

85 K to 400 K before and after baking; devices were biased at VG – VCNP = -20 V and VD = 0.02 V during 

noise measurements. 

 

 

The magnitude of the low frequency noise decreases after the device is baked at 400 K and returns to 

its previous level after the device is allowed to float in air for 48 h. The reduction in trapped-negative 

charge density (leftward shift in CNP) and concomitant decrease in noise in Figs. 3.3, 3.5 and 3.6 are 

most likely due to outgassing of water-related mobile impurities through the graphene over-layer [83] 

and/or defect passivation due to hydrogen motion within the dielectric layers [126]. Figs. 3.3. and 3.6. 
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each show a peak at ~ 200-225 K (0.4 eV to 0.5 eV). The breadth of the effective defect-energy 

distribution (upper x-axis) in Fig. 3.6 means that a single defect type does not dominate the response; 

instead, various hydrogen/water complexes likely are responsible for the shifts in CNP and increased 

noise. 

 

3.2.2 Radiation Response 

Fig. 3.7 shows ID-VG characteristics vs. dose at room temperature for graphene devices with a 19 nm 

Al2O3 passivation layer. Before irradiation, ID-VG curves have a well-defined CNP. Deviations from 0 V 

CNP are due primarily to process-induced charge in insulators or at interfaces, which can be positive or 

negative. For devices irradiated with +5 V and 0 V back-gate biases in Figs. 3.7 (a) and 3.7 (b), curves 

shift negatively; for devices irradiated with -5 V bias in Fig. 3.7 (c), curves shift positively. 

The effects of passivating over-layer type and thickness on the resulting CNP shifts are summarized in 

Fig. 3.8. for devices irradiated under (a) +5 V, (b) 0 V, and (c) -5 V back-gate bias. For all devices, the 

CNP shifts are strongly bias dependent. All are negative under +5 V and 0 V bias, and positive under -5 V 

gate bias. This response is qualitatively similar to previous results on graphene transistors in [57], [80], 

[82]. In addition, a dramatic effect of the passivation layer on the resulting radiation response is observed. 

The unpassivated graphene devices show the smallest CNP shifts with X-ray exposure in all cases. The 

responses of the unpassivated devices are similar to those observed by E. X. Zhang et al. and attributed to 

radiation-induced electron trapping caused by adsorbed O atoms on the graphene surface [80].  
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Fig. 3.7. ID-VG curves as a function of total ionizing dose for graphene transistors with ~19 nm Al2O3 

over-layers for applied gate biases of (a) + 5 V, (b) 0 V, and (c) -5 V. Devices were irradiated with 10-keV 

X-rays with -5 V bias applied to the back-gate during exposure. Vd = 5 mV during the measurement of the 

ID-VG characteristics. 
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Fig. 3.8. CNP shifts as a function of X-ray dose for devices before and after irradiation under back-gate 

biases of (a) +5 V, (b) 0 V, and (c) -5 V. Error bars show device to device variations of the tested parts. Vd 

= 5 mV during the measurement of the ID-VG characteristics. 
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The responses of the h-BN passivated devices are significantly larger in magnitude than reported by 

C. X. Zhang et al. in [57]. Nevertheless, given the relatively greater thickness of the h-BN, compared to 

Al2O3, it shows the least charge trapping of all passivation layers per unit thickness. Devices with 19 nm 

Al2O3 passivation over-layers show the largest CNP shifts. Whereas dehydrogenation and dehydration 

during baking are expected to occur primarily at the over-layer interface, radiation-induced 

dehydrogenation or charge trapping should occur at both the under-layer and over-layer interfaces in [57], 

[80]. The large negative CNP shifts for +5 V and ground biases are evidently due to the large net 

radiation-induced hole trapping in the buried SiO2 and/or over-layer dielectric layers. The positive shifts 

under negative-bias are more likely due to electron traps that form at the interfaces of graphene and the 

SiO2 under-layer or Al2O3 over-layer in [57], [80], [82]. 

 

3.2.3 Low Frequency Noise 

Fig. 3.9 shows an example of measured and predicted frequency exponent values of the frequency 

dependence of the noise, for graphene transistors ~4 nm Al2O3 over-layer after irradiation under -5 V. 

Good agreement between measured values of the frequency dependence and predictions of the 

Dutta-Horn model is observed. In Fig. 3.10. the excess low-frequency voltage-noise power-spectral 

density SV is shown versus irradiation dose and temperature for graphene devices with a ~ 4 nm Al2O3 

passivation over-layer, ~ 19 nm Al2O3 passivation over-layer, and unpassivated devices, respectively. For 

all devices, peaks in noise magnitude at ~ 0.4 eV and ~ 0.7 eV are observed after 100 krad(SiO2) 

irradiation. In addition to these peaks, the unpassivated devices in Fig. 3.10 (c) show a significant increase 
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in noise magnitude at low temperature after irradiation. Similar peaks in the low frequency noise curves 

are observed for these devices when they are irradiated under +5 V and 0 V bias, although noise 

magnitudes vary among the differently passivated and biased devices, an example of low frequency noise 

for samples with +5V bias before and after irradiation is shown in Fig. 3.11. These peaks are not typically 

observed when Si-based MOS devices are irradiated [126], [128] suggesting these peaks are characteristic 

of defects associated primarily with graphene and its interfaces, and not bulk SiO2. 

 

Fig. 3.9. Experimental and calculated frequency exponent of noise power spectral density as a function of 

temperature from 85 K to 400 K for graphene FETs ~4 nm Al2O3 over-layer after irradiation under -5 V. 

 

To assess the stability of the radiation-induced charge, Fig. 3.12. shows (a) the Id-Vg characteristics and 

(b) the low frequency noise vs. temperature for the device of Fig. 3.9 (a), irradiated with -5 V back-gate 

bias. Results are shown before and after 100 krad(SiO2) irradiation, and after the device was baked at 400 

K for 24 h after irradiation. 
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Fig. 3.10. Normalized low-frequency noise from 85 K to 400 K at f = 10 Hz before and after irradiation 

for graphene transistors under -5 V bias with (a) ~4 nm Al2O3 over-layer, (b) ~19 nm Al2O3 over-layer, 

and (c) no over-layer. Devices were biased at Vg – VCNP = -20 V and Vd = 0.02 V during noise 

measurements. 
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Fig. 3.11.  Normalized low-frequency noise from 85 K to 400 K at f = 10 Hz before and after irradiation 

for graphene transistors under +5 V bias with no over-layer. 

 

      

 

Fig. 3.12. (a) ID-VG curves and (b) low-frequency noise measurements from 85 K to 400 K at f = 10 Hz 

for the devices of Fig. 3.8(a). Devices were biased at Vg – VCNP = -20 V and Vd = 0.02 V. 
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The ID-VG characteristics recover to approximately their pre-irradiation values, and the 0.4 eV and 

0.7 eV peaks in the low-frequency noise that appeared after irradiation are now removed after high 

temperature baking. This shows that defects activated during irradiation are passivated during high 

temperature annealing. 

 

3.2.4 Switched-bias annealing 

Switched-bias annealing was performed after X-ray irradiation to further investigate the charge 

trapping characteristics of these graphene transistors [81], [133], [138]-[140]. Fig. 3.13. shows the CNP 

shift and low frequency noise magnitude as a function of alternating bias annealing for ~ 19 nm ALD 

Al2O3 passivated graphene transistors after 200 krad(SiO2) X-ray irradiation at -5V bias. 

The magnitude of the low frequency noise decreases during positive-bias annealing, and increases 

during negative-bias annealing. This response is very similar to that seen in previous studies of the 

low-frequency noise of Si-based MOS devices [138], [139], which was explained simply in terms of 

border traps and charge compensation [133], [138]. During positive bias annealing, electrons are attracted 

into the oxide to compensate the trapped-positive charge. When negative bias is applied, electrons are 

removed from the passivating sites, leading to a negative shift of CNP [81], [133], [138]-[140], and a 

corresponding increase in noise [81], [139]. In devices passivated with HfO2, similar responses were also 

observed for the ―shuttling‖ of a proton between sites in the near-interfacial oxide and at the 

dielectric/semiconductor interface [140]. Hence, these results suggest that the noise is quite sensitive to 

the motion of radiation-induced charge near the graphene/SiO2 interface. 
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Fig. 3.13. (a) CNP shifts as a function of switched bias annealing for graphene transistors with a ~ 19 nm 

ALD Al2O3 passivation layer. Devices were irradiated to 200 krad(SiO
2
) at -5 V, and then annealed at 

room temperature for 1 h for each ± 5 V cycle; (b) SV at 10 Hz at three values of Vg–VCNP for the 

switched-bias annealing sequence depicted in (a). For the noise measurements, Vd = 20 mV. 

 

3.3 DFT Calculations 

To provide insight into defects and impurities that contribute to the irradiation and/or baking-induced 

charge in these devices, density functional theory (DFT) calculations were performed by Dr. Andy 

O‘Hara, from Dr. Sokrates Pantelides‘ group at Vanderbilt University using the Vienna Ab initio 

Simulation Package (VASP) code [141], [142]. We employed the Perdew, Burke, and Ernzerhof 

-10

-5

0

5

10

(a)

 

 


V

@
C

N
P

 (
V

)

Annealing Bias

Post

TID

+5V -5V +5V -5V +5V -5V

5x10
-12

10
-11

Annealing Bias

(b)

 

 
-5V+5V -5V+5V -5V

 V
g
-V

CNP
=-20 V

 V
g
-V

CNP
=0 V

 V
g
-V

CNP
=20 V

S
v

 (
V

2
/H

z
)

post

TID

+5V



49 

 

generalized gradient approximation to calculate the exchange-correlation [143], applied a Van der Waals 

interaction correction [144], and used projector-augmented wave pseudopotentials [145], [146] for the 

computations. A 400 eV plane wave cutoff energy was employed. A 3 x 3 x 1 k-point grid was used for 

Brillouin zone integrations (and an increased density grid for density of states plots). Atoms were relaxed 

until all forces were less than 0.01 eV/Å [142]. The surface oxide model was created from a bulk 

amorphous SiO2 model that was previously generated [147] and optimized with the current DFT method. 

The resulting surface oxide model was interfaced to a 72 atom graphene sheet. The disorder of the 

amorphous surface results in variations in the calculated defect energetics and defect levels. 

Fig. 3.14 shows the atomic structure and electron density of states for relevant oxide-graphene 

environments. For a pristine (charge free) oxide-graphene interface, as shown in Fig. 3.14 (a), the 

graphene has electrons completely filling the valence bands and the CNP is at a gate voltage of zero. 

Excess hydroxyl (OH
-
) groups can bind to silicon atoms, as shown in Fig. 3.14 (b), resulting in 5-fold 

coordinated silicon atoms. Such configurations have previously been found for surfaces in ab initio and 

molecular dynamics studies [147], [148]. If the hydroxyl defect is neutral, an electron can transfer from 

graphene to the oxide defect. Graphene with hydroxyl defects consists of negatively charged hydroxyls 

and positively charged graphene with the CNP shifted to positive gate voltages. Due to wave-function 

symmetry of the oxygen p-orbitals, two defect levels occur for this single defect complex. For the 

hydroxyl defects studied here, we find defect levels are ~ 0.3 eV and ~ 0.7 eV below the graphene Fermi 

level. An extra hydrogen at the pristine interface results in an OH
+
 bond (where the oxygen remains as a 

bridging atom), as illustrated in Fig. 3.14 (c). The hydrogen defect level is above the graphene Fermi level, 
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so the hydrogen donates an electron to graphene. Graphene with hydrogen defects consists of positively 

charged hydrogen bonds and negative4.ly charged graphene with the CNP shifted to negative gate 

voltages. Hence, of positively charged hydrogen bonds and negatively charged graphene with the CNP 

shifted to negative gate voltages. Hence, oxide OH
-
 (H

+
) defects result in positive (negative) CNP gate 

voltage shifts. 

 

 

Fig.3.14. Atomistic models of the (a) passivated SiO2/graphene interface, (b) dehydrogenated oxygen site, 

and (c) dehydrogenated silicon site. For (b) and (c), the black arrow indicates the dehydrogenation site; 

illustrative defect alignments are shown relative to the graphene Dirac point. Red arrows in (c) indicate 

the energy range for these levels. Carbon is brown, silicon is dark blue, oxygen is red, and hydrogen is 

green. 

 

 

We have also evaluated the motion of H
+
 in these structures via DFT calculations. If H

+
 arrives near 

an over-coordinated silicon that is bonded to a hydroxyl ion, it can either combine with the OH
-
 to 

produce a free water molecule or break a bridging Si-O-Si on the over-coordinated silicon atom to 
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produce a new silanol bond and two fourfold coordinated atoms. The latter is similar to behavior in bulk 

SiO2 [148], [149]. However, H
+
 arriving in a region that is relatively separated from such 

over-coordinated silicon will energetically prefer to adsorb to a bridging oxygen, as illustrated in Fig. 3.14 

(c). When the system returns to equilibrium, an additional defect level is introduced in the SiO2 gap above 

the graphene Dirac point, as shown in Fig. 3.14 (c). In all three cases, the arrival of H
+
 causes the CNP 

gate voltage shifts.  

 

3.4 Discussion 

During irradiation under negative bias, noise measurements indicate that there are two distinct trap 

levels at ~ 0.4 eV and ~0.7 eV (Fig. 3.10), consistent with our calculations in Fig. 3.14 (b). For lower 

hydroxyl concentrations, the two peaks may merge into one broad peak as observed in the as-grown 

devices (e.g., Figs. 3.10. and 3.11.) due to local geometry variations. For the unpassivated FET, a third 

peak at a trap level of ~ 0.2 eV (see Fig. 3.10 (c)) appears, which is likely due to adsorbed atmospheric 

molecules on top of graphene. 

Similar hydroxyl defects are likely to occur at the upper interface of the graphene/Al2O3 structures. 

At the surface of alumina, it is known that hydroxyl radicals bind with a broad distribution of energy 

levels that is quite sensitive to local microstructure [150]. Furthermore, prior DFT calculations have 

shown that, consistent with the current results, dissociatively adsorbed water at the graphene/Al2O3 

interface serves to trap negative charge from the graphene layer [151]. The CNP shift is positive after 

baking, corresponding to a reduction of OH
-
 ion density at or near the graphene/dielectric interfaces with 
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baking at 400 K. Allowing the device to float at room temperature after annealing al-lows hydroxyl 

species to return to the interface. Hence, we conclude that hydroxyl defects can play a key role in the 

baking results in Figs. 3.5-3.6. 

 In addition to the defect levels introduced by the interactions of hydroxyl ions and H
+
 at or near the 

graphene/dielectric interfaces, the bias switching results of Fig. 3.13 suggest a role for O vacancies in 

both the CNP shifts and low-frequency noise in these devices that is similar to their roles in Si MOS 

devices [126], [128]. Hence, it is likely that both O vacancy and hydrogen/water related defects are 

important to the radiation response and low frequency noise in graphene transistors. 

 

3.5 Conclusions 

In this chapter, 10-keV X-ray irradiation responses and low frequency noise of Al2O3 or h-BN 

passivated back gate graphene transistors at X-ray doses up to 200 krad(SiO2) have been evaluated. The 

CNP of the devices shifts negatively during positive or 0 V irradiation, due primarily to positive charge 

trapping in the SiO2 under-layer. The CNP shifts positively during negative bias irradiation due primarily 

to negative charge trapping at the interfaces of graphene and surrounding materials. The noise of these 

devices is described well by the Dutta-Horn model of low-frequency noise, consistent with results 

obtained for a wide range of other microelectronic materials and devices, e.g., Si MOS transistors, GaN 

HEMTs, metal films and nanowires, etc [90], [126], [130]. DFT calculations demonstrate that OH
-
 and H

+
 

species near the graphene/insulator interfaces can act as acceptor or donor defects, depending on the 

position of the CNP relative to the device Fermi level. Hydrogen-related impurity complexes lead to 
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similar responses when devices are exposed to air ambient and/or baking. These results confirm the strong 

influence of O and H related defects on the performance, reliability, and radiation response of graphene 

transistors, and provide new insights into structures and energy levels associated with these defects. 
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CHAPTER IV 

 

TOTAL IONIZING DOSE RESPONSES OF MOS2 TRANISISTORS 

 

In the last chapter, the electrical characteristics and radiation responses of back gated graphene 

transistors have been reported. As mentioned in Chapter I, the lack of bandgap of limits the applications 

of graphene material in logic electronics. In the next two chapters, we will discuss another 2D material: 

MoS2, which possesses a suitable bandgap for next generation electronic applications. In this chapter, the 

effects of 10-keV X-ray irradiation of multiple layer MoS2 transistors with ZrO2 or h-BN gate dielectrics 

under different bias conditions will be investigated. Significant radiation-induced charge trapping is 

observed in all cases. For devices with ZrO2 dielectrics, greater threshold voltage shifts and peak 

transconductance degradation are observed for devices irradiated under negative and grounded gate bias 

conditions than for positive bias irradiation. h-BN passivated devices exhibit positive threshold voltage 

shifts under negative bias irradiation. We attribute the variations in the observed response to different 

kinds of defects in MoS2 and surrounding dielectric layers. 

 

4.1 Device Structure and Experimental Details 

Devices used in this work are multi-layer MoS2 transistors, which were constructed on a bulk Si with 

wafer with 260 thermally-grown SiO2. These samples were were fabricated by Dr. Tania Roy‘s group at 

the University of Central Florida, Orlando. The perspective view of a multilayer MoS2 FET with a top 
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gate structure is shown in Fig 4.1. For each device, thickness of MoS2 is between 3-10 layers, which were 

mechanically exfoliated on SiO2. The gate dielectric was either 9 nm ZrO2 deposited by ALD at 250 °C 

using Trimethylaluminum (TMA) and H2O precursors or 2D h-BN added by layer transfer [60]. Prior to 

depositing ZrO2, 1.5 nm of SiOx was deposited by electron beam evaporation to serve as the seeding layer 

for ALD. Source, drain, and gate metal electrodes were patterned using e-beam lithography, followed by 

e-beam evaporation of Ni (50 nm). Due to variations in MoS2 layer thickness, transistors exhibit different 

pre-irradiation electrical performance (e.g., variations in drive current).  

MoS2 transistors were irradiated with 10-keV X-rays at a dose rate of 30.3 krad(SiO2)/min at 295 K 

with applied top gate biases of +1 V, 0 V, or -1 V and all other terminals grounded, including the back 

gate. ID-VG characteristics were monitored using a HP 4156A Semiconductor Parameter Analyzer. To 

characterize the defects created during irradiation, low frequency noise measurements were performed 

before and after irradiation from 85 K to 400 K. At least two devices of each type were measured under 

the same conditions with similar results.  

 

Fig. 4.1. Device schematic—the channel is underlapped by the gate (not drawn to scale). (b) SEM image 

of a representative MoS2 FET with the h-BN dielectric. (Inset) Optical microscopy image; scale bar: 4.75 

µm [34], [60]. 
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4.2 Experimental Results and Discussion 

 

4.2.1 DC Characteristics 

Fig. 4.2 shows typical device characteristics for MoS2 transistors with ZrO2 dielectric layer. Fig. 4.2 (a) 

shows drain current as a function of gate voltage for drain voltages of 0.05 V and 1 V and Fig. 4.2 (b) 

shows output characteristics for drain voltages ranging from 0 V to 2.0 V and gate voltages from 0 V to 

0.8 V with a step of 0.2 V. 

 

 

Fig. 4.2. Typical characteristics of MoS2 transistors with ZrO2 dielectric layer: (a) ID-VG curves for drain 

voltages of 0.05 V and 1 V, and (b) ID-VD curves at gate voltages from 0 V to 0.8 V with a step of 0.2 V. 

 

 

Fig. 4.3 shows typical device characteristics for MoS2 transistors with h-BN dielectric layer. Fig. 4.3 

(a) shows drain current as a function of gate voltage for drain voltages of 0.05 V and 1 V and Fig. 4.3 (b) 

shows output characteristics for drain voltages ranging from 0 V to 2.0 V and gate voltages from -3 V to 

1.5 V with a step of 0.5 V. 
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Fig. 4.3. Typical characteristics of MoS2 FETs with h-BN dielectric layer: (a) ID-VG curves for drain 

voltages of 0.05 V and 1 V, and (b) ID-VD curves at top gate voltages from -3.0 V to 1.5 V with a step of 

0.5 V. 

 

For both ZrO2 and h-BN samples, devices respond as a typical n-type FET [35], [67], with an 

as-processed on/off ratio greater than 10
4
 . Fig. 4.4 shows the drain current versus top gate voltage with 

varying SiO2 back gate bias, illustrating the strong effects of back-gate bias on device characteristics. For 

both ZrO2 and h-BN-encapsulated MoS2 devices, when the applied back-gate voltage increases from -10 

V to 10 V, the peak transconductance GM and on-state current increase, while the top-gate threshold 

voltage shifts negatively, as a result of strongly increasing back-channel conduction [56]. If not otherwise 

specified, the back-gated terminal is grounded in this work. The stability of the devices with applied bias 

is illustrated in Fig. 4.5. No measurable shifts of the ID-VG curves are observed for electrical stress without 

irradiation for similar times used for irradiation. 
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Fig. 4.4. ID-VG curves with applied back-gate voltage stepped from -10 V to 10 V. 

 

Fig. 4.5. Drain current as a function of gate voltage and biasing time with applied top gate bias of +1 V. 

 

 

4.2.2 X-ray Radiation Response: Bias Dependence 

Figs. 4.6 and 4.7 shows the drain current versus top-gate voltage VG and GM  vs. Vgs - Vth as a 

function of total dose at room temperature, for MoS2 transistors with a 9 nm ZrO2 dielectric, when biased 

at VTG=1V and VTG=-1V respectively. Fig. 4.6 (a) shows that the drain current increases for irradiation 

under positive top-gate bias, while GM first decreases and then increases as a function of dose, as shown 

in Fig. 4.6 (b). The shapes of the GM -voltage curves show little change with dose, indicating that 
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increases in peak GM are due to decreases in scattering rate, and not an artifact of Vth shifts [91]. Fig. 4.7 

shows that, when devices are biased at -1 V top-gate voltage during irradiation, ID-VG characteristics shift 

negatively, and the drain current decreases significantly. Values of GM decrease with increasing dose. 

These results differ from previous results on back-gated MoS2 devices with no passivation layer, which 

show large positive Vth shifts for both positive and negative bias irradiation [57]. 

 

 

Fig. 4.6. (a) ID-VG curves and (b) GM  vs. Vgs - Vth as a function. dose for MoS2 transistors with ~9 nm 

ZrO2 dielectrics for applied top-gate biases +1 V. VD = 1 V during measurement of the ID-VG 

characteristics. The back gate was grounded during irradiation and measurement. 

 

Vth shifts and normalized peak GM degradation are plotted as functions of dose in Fig. 4.8. for MoS2 

devices with a 9 nm ZrO2 top-gate dielectric. Much larger Vth shifts are observed for irradiation under 

negative and grounded-bias than under positive bias. This occurs primarily because these bias conditions 

favor trapping of radiation-induced holes in the thick SiO2 that underlies the MoS2. This in turn leads to a 

significant negative shift in Vth, analogous to the response shown in Fig. 4.4, when positive back-gate bias 

is applied [76]. For positive top-gate bias, holes in the SiO2 are trapped more closely to the distant 

(bottom) Si/SiO2 interface, and have much less effect on conduction in the MoS2. 
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Fig. 4.7. (a) ID-VG curves and (b) GM  vs. Vgs - Vth as a function. dose for MoS2 transistors with ~9 nm 

ZrO2 dielectrics for applied top-gate biases -1 V. VD = 1 V during measurement of the ID-VG 

characteristics. The back gate was grounded during irradiation and measurement. 

 

Fig. 4.8 (b) plots normalized peak GM as a function of dose and irradiation bias. Significant GM 

degradation is observed for -1 V and grounded-bias conditions, with post-irradiation peak GM decreasing 

to ~ 30 % of its pre-irradiation value. Such large degradation in GM is consistent with the presence of high 

densities of radiation-induced trapped-positive charge in the underlying SiO2, quite near the MoS2. These 

defects act as Coulomb scattering centers and degrade carrier mobility [57]. The resulting degradation is 

similar to that observed in other 2D devices after X-ray irradiation, e.g., black phosphorus [81], graphene 

[61], and unpassivated MoS2 [57]. For positive bias during irradiation, ~ 10 % in-crease in the peak 

transconductance can be observed after 200 krad(SiO2) irradiation, which is due most likely to 

radiation-induced neutralization [152] of process-induced charge associated with the e-beam deposition of 

the top contacts [153]. 
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Fig. 4.8. (a) Threshold voltage shift and (b) normalized peak transconductance as a function of total 

ionizing dose for MoS2 transistors with ~9 nm ZrO2 dielectrics for applied top-gate biases of +1 V, 0 V 

and -1 V during irradiation. VD = 1 V during the measurement of the ID-VG curves. Error bars represent the 

ranges of responses of three samples. 

 

 

4.2.3 X-ray Radiation Response: Process Dependence 

Fig. 4.9 compares effects of X-ray irradiation on MoS2 transistors with different dielectrics and/or 

fabrication processes. The Vth shifts in Fig. 4.9 (a) indicate that devices with h-BN dielectrics exhibit a net 

increase in charged electron trap density [57], [82], whereas devices with ALD-grown ZrO2 exhibit a net 
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increase in radiation-induced trapped-positive charge density when irradiated under similar bias 

conditions. Values of peak GM degrade similarly in all cases, showing that h-BN devices show small Vth 

shifts because of nearly offsetting electron and hole trapping, and not because of reduced 

radiation-induced charge trapping [57].  

 

 
 

 

 

Fig. 4.9. (a) Vth shift and (b) GM as a function of total ionizing dose for samples with different process for 

applied gate bias of -1V. VD = 1V during the measurement of the IV characteristics. For devices with ZrO2 

dielectrics, similar shifts were observed for devices with or without a forming gas anneal during 

fabrication. 

0 50 100 150 200
-0.4

-0.3

-0.2

-0.1

0.0

0.1

 

 

 MoS
2
 FET with ZrO

2
 before anneling

 MoS
2
 FET with ZrO

2
 after anneling

 MoS
2
 FET with hBN

V
th
 s

h
if

t(
V

)

Total Dose (krad(SiO2)) 

TID bias: VTG=-1V(a)

0 50 100 150 200

0.2

0.4

0.6

0.8

1.0

 

 

 

Total Dose (krad(SiO2)) 

 MoS2 FET with ZrO2 before anneling

 MoS2 FET with ZrO2 after anneling

 MoS2 FET with hBN

N
o

rm
a

li
z
e
d

 G
M
 d

e
g

ra
d

a
ti

o
n

 

(b)



63 

 

The presence of dose enhancement in the devices with ZrO2 dielectrics (higher Z), but not in devices 

with h-BN dielectrics (lower Z), may affect the relative comparisons in Fig. 4.9 [76], [154]. However, the 

qualitative differences in results in Fig. 4.9(a) shows that differences in defect type and densities plays a 

larger role in these differences in response. 

 

4.2.4. 4 -Point Probe Measurement 

To further investigate the carrier mobility of MoS2 FETs during X-ray irradiation, a 4-probe resistance 

measurement of a MoS2 Hall bar structure is performed, as illustrated schematically in Fig. 4.10. A 

constant current flows through the length of the sample through probes 1 and 4. The voltage drop between 

probes 2 and 3 is monitored by a HP 4156 A parametric analyzer. The resistance of the sample between 

probes 2 and 3 is due to the ratio of the voltage drop between probes 2 and 3 and the value of the output 

current of the power supply. Before the start of the irradiation, the resistance increases with increasing 

time, most likely due to oxygen adsorption and reaction with the surface of this unpassivated structure 

[57], [81] . When the X-ray beam turns on, the resistance of the hall bar structure decreases significantly, 

because X-ray induced photocurrent increases the effective carrier density. After X-ray exposure, the 

resistance of the MoS2 hall bar structure increases significantly, confirming that the mobility of the 

carriers in the MoS2 structures decreases further as a result of the increased scattering from 

radiation-induced defects at or near the MoS2 interface [57]. 
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Fig. 4.10. Resistance as a function of time before and after X-ray irradiation for a MoS2 Hall bar structure. 

The inset figure is a schematic illustration of the four-terminal Hall bar structure. 

 

4.2.5 Low Frequency Noise 

Fig. 4.11 shows an example of the excess drain-voltage noise power spectral density Svd (corrected 

for background noise) as functions of temperature and frequency for unirradiated MoS2 FET with ZrO2 as 

gate dielectric. The bias voltages are chosen to ensure the noise originates from the gated portion of the 

channel, with an approximately constant channel resistance [91], [126], [135]. The noise varies 

approximately inversely with frequency in Fig. 4.11. The frequency exponent of low frequency noise is 

defined as α = -∂ ln SV/∂ ln f. At room temperature, α= 1.10 ± 0.05 for the devices of Fig. 4.11. which is 

typical of values observed in previous studies of MOSFETs made on 2D materials [61], [81].The noise 

magnitude and frequency dependences change with temperature, suggesting a thermally activated process 

is responsible for the observed noise [126], [129]. 

0.0 0.1 0.2 0.3 0.4

0

100

200

300

400

 

 

Turn OFF X-ray

R
e
s
is

ta
n

c
e
 (

k
 )

Time (h)

Turn ON X-ray



65 

 

 

Fig. 4.11. SVd vs. f for as-processed devices with ZrO2 dielectrics at 100 K, 300 K, and 400 K. Devices 

were biased at Vg – Vth = 0.4 V and Vd = 0.05 V during noise measurements. 

 

Fig. 4.12 shows the frequency exponent of the noise-power spectral density α as a function of 

temperature T for MoS2 FETs with ZrO2 dielectrics before and after 10-keV X-ray irradiation. Over the 

entire range of temperatures, both before and after X-ray irradiation, the experimental frequency exponent 

and the prediction of Eq. 2.7 based on the temperature dependence of the noise magnitude agree well with 

each other, as shown in Fig. 4.12 This enables us to estimate the defect-energy distribution from the 

temperature dependence of low frequency data. 

Fig. 4.13 shows normalized noise magnitudes from 85 K to 400 K for MoS2 FETs with ZrO2 layer 

irradiated under (a) positive or (b) negative top-gate bias. The top x-axis represents the corresponding 

range in activation energy Eo, 0.2 eV to 1 eV, calculated via Eq. 2.8. Here the value of τo was set at ~1.81 

x 10
-15

 to be consistent with previous studies of low-frequency noise in MOSFETs [126], [128]. Because 

of the logarithm, the inferred energy scale changes only modestly with changes in τo [128]. The y-axis is 

proportional to the defect-energy distribution derived from Eq. 2.9.  
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Fig. 4.12. Experimental and calculated frequency exponents of noise power spectral density as a function 

of temperature from 85 K to 400 K for devices with ZrO2 top dielectric layers (a) before irradiation and (b) 

after 200 krad(SiO2) X-ray irradiation. 

 

 

For MoS2 FETs with a ZrO2 dielectric layer, when biased at Vg = +1 V during irradiation (Fig. 4.14 

(a)), after irradiation to 200 krad(SiO2), the normalized low-frequency noise magnitude increases 

significantly over a broad range of temperatures around 250 K, corresponding to an activation energy of ~ 

0.6 eV. For devices biased under -1 V during irradiation (Fig. 4.13 (b)), small, broad peaks at energies of 

~ 0.5 eV and ~ 0.8 eV are observed. These broad ranges of energies suggest the possible generation or 

activation of multiple defects during irradiation. 
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Fig. 4.13. Normalized low-frequency noise from 85 K to 400 K at f = 10 Hz for MoS2 transistors with 

ZrO2 dielectric layers irradiated under (a) +1 V bias and (b) -1 V bias. Devices were biased at Vg – Vth = 

0.4 V and Vd = 0.05 V during the noise measurements.  

 

 

4.3 DFT Calculation 

In order to gain insight into the microscopic nature of the defects responsible for the observed changes 

in threshold voltage and transconductance, DFT calculations (Fig. 4.14) were performed by Dr. Andy 

O‘Hara using the VASP code [141], [142]. For interface structure atomic models (e.g., MoS2/h-BN and 

MoS2/ZrO2), the exchange-correlation functional was calculated using the Perdew, Burke, and Ernzerhof 
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generalized gradient approximation [143] with a van der Waals interaction correction [144]. Calculations 

were performed using projector-augmented-wave pseudopotentials [145], [146] with a 550-eV 

plane-wave-cutoff energy and Brillouin-zone integration was performed using a 122   k-point. 

Calculations of the oxygen vacancy levels in ZrO2 were performed using the HSE06 range-separated 

hybrid functional for the exchange correlation potential [155], [156] with experimental lattice constants as 

this approach is known for related oxides to give an improved description of the defect levels [157], [158]. 

In this case, a 222   supercell of the primitive cell of ZrO2 with the Brillouin zone sampled on a 

222   k-point grid and an energy cutoff of 400 eV were employed with electrostatic potential 

corrections [159]. Calculations of charged-defect transition levels in the heterostructure slabs were 

performed using the method of Ref. [160]. 

Band alignments were calculated by constructing heterostructures between bilayer MoS2 and either ~1 

nm of [100] oriented monoclinic ZrO2 or four layers of h-BN. The calculated ~1.3 eV band gap for 

bilayer MoS2, while a slight underestimation, is consistent with the band gap for few-layer MoS2 [161], 

[162], as in the present devices. Fig. 4.14 shows valence band offsets of 1.80 eV for MoS2/ZrO2 and 0.51 

eV for MoS2/h-BN. Within the HSE06 exchange-functional parameterization, we obtain a bandgap of 

5.31 eV, in good agreement with other calculations and experimental reports [163], which yields a 

conduction band offset of 2.20 eV. Although the band gap for h-BN is underestimated, a common issue in 

DFT with known methods for compensation when necessary [142], our MoS2/h-BN model reproduces the 

expected type-I band alignment with a large (>2.35 eV) conduction band offset. 

In ZrO2, there are two types of O vacancies: one where the vacant oxygen atom is originally 4-fold 
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coordinated (V4O) and one where it is originally 3-fold coordinated (V3O). When O vacancies become 

depassivated due to transporting hydrogen released during X-ray irradiation, they introduce defect levels 

that can trap one or two holes if the system Fermi energy is below the defect-energy levels. These trap 

levels are shown in Fig. 4.14(a) as +/0 and ++/+. The corresponding energy levels are at 0.05 eV and 

0.46 eV above the MoS2 conduction band for the V4O defect and 0.41 eV and 0.95 eV for the V3O defect. 

defect. The 0.4 eV to 0.5 eV energy levels for the +/0 V4O and +/++ V3O defects in Fig. 4.13(a) are similar 

to the lower defect peak in the low-frequency noise measurements in Fig. 4.14(b). Moreover, the +/0 V3O 

defect level is similar to the higher measured defect peak for devices in Fig. 4.14(b). These results suggest 

that O vacancies likely play an important role in the radiation response and low-frequency noise of these 

devices. The charge density projection of the defect wave functions (lower middle and right panels of Fig. 

4.14(a)) for ZrO2 oxygen vacancies indicate that these defects are highly localized and that their relative 

positions are controlled primarily by the local Zr coordination. 

During the fabrication of the ZrO2-based devices, deposition of the SiOX nucleation layer for ALD 

growth can introduce silicon-based defects on the surface of MoS2 in the form of substitutional silicon 

(SiS). This defect can trap up to two electrons, with the 0/- and -/-- levels at 1.1 eV and 0.65 eV below the 

MoS2 CBM, respectively, as shown in Fig. 4.14(a). The lower value is similar to the peak in 

low-frequency noise shown in Fig. 4.13(a) for devices irradiated with positive top-gate bias. However, the 

defect wave function for a SiS defect (shown in the lower panel of Fig. 4.14(a)) extends towards the 

interfacial oxide. Therefore, the energy levels of such peaks are sensitive to the nature of the surrounding 

material, which can shift the level in energy by up to several tenths of an eV. This dependence on local 
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microstructure effectively broadens the observed peak. Such a defect is therefore also likely to affect the 

low-frequency noise and radiation response of these devices. The trapped negative charge in this defect 

can partially or fully compensate trapped-positive charge in the upper or lower dielectric layers, 

consistent with the radiation response observed under positive bias for these devices in Fig. 4.8(a), for 

example. 

For MoS2/h-BN devices, several common defects are known to occur, including sulfur vacancies (VS), 

boron vacancies (VB), nitrogen vacancies (VN), and carbon substitutional impurities (CN or CB). In 

previous work on graphene/h-BN devices, for example, CN and CB defects were identified as the primary 

h-BN defects responsible for electron and hole trapping [57]. Fig. 4.14 (b) shows defect transition energy 

levels for each of these defects in MoS2/h-BN. VS, VB, and CN defects introduce electron trap (0/-) levels 

at 0.18 eV, 1.07 eV, and 0.19 eV below the MoS2 CBM, respectively.  

For the VS, there is also a fairly shallow second level (-/--) 0.08 eV below the MoS2 CBM, which at 

most temperatures will be unoccupied due to thermal ionization. Although the VB defect can nominally 

trap up to three electrons depending upon the Fermi energy, the -/-- and 2-/3- levels are not accessible in 

the present devices. As shown in the charge density projections in Fig. 4.14 (b), these defects are 

localized to the defect host material layer with the VB and CN defects slightly delocalized in plane. The VN 

and CB defects introduce a hole trap level (+/0) at 0.13 eV and 0.10 eV above the MoS2 CBM, 

respectively. Furthermore, their wave functions indicate a small amount of coupling with the MoS2 

conduction bands. The net effect of these defects is some electron trapping at the interface consistent with 

the slight positive shift in Vth (Fig. 4.9(a)) and a degradation in the transconductance (Fig. 4.9 (b)). These 
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defects appear to be mostly too high or too low to affect the low-frequency noise of MoS2/h-BN devices 

significantly, which is a useful topic for future work. 

 

 

Fig. 4.14. Band alignment, defect energies, and charge density projections for the relevant defects in the 

(a) MoS2/ZrO2 and (b) MoS2/h-BN models for the current devices. 
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4.4 Summary 

The electrical properties of ZrO2 and h-BN encapsulated dual-gate MoS2 transistors are reported 

before and after 10-keV X-ray irradiation. Significant radiation-induced charge trapping is observed in all 

cases. For devices with ZrO2 dielectrics, greater threshold voltage shifts and peak transconductance 

degradation are observed for devices irradiated under negative and grounded top-gate bias than for 

positive top-gate bias irradiation. This occurs primarily because of radiation-induced hole trapping in the 

SiO2 that underlies the MoS2. Electron trapping under negative top-gate bias at SiS defects also likely 

contributes to the radiaton response and low-frequency noise of these devices. h-BN devices exhibit 

positive threshold voltage shifts under negative bias irradiation because boron vacancies and 

substitutional carbon (CB) in the h-BN serve as additional electron traps in these structures. Similar 

transconductance degradation is observed in both ZrO2 and h-BN passivated devices, as a result of both 

negative and positive charge trapping at the surface of the MoS2, and/or in nearby oxides. 

 

 

 

 

 

 



73 

 

CHAPTER V 

  

RADIATION RESPONSES OF MOS2-INTERLAYER-MOS2 TUNNELING JUNCTIONS 

 

The last two chapters discussed the application of 2D materials as channel material for conventional 

FETs. This chapter explores the potential application of 2D materials in tunneling FETs. Charge transport 

of vertically stacked MoS2/interlayer/MoS2 heterostructures with Al2O3, h-BN and HfO2 dielectrics has 

been discussed, which indicates that tunneling is the dominant charge transport mechanism in these 

devices. The 10-keV X-ray irradiation and proton irradiation are evaluated for these MoS2 tunneling 

junctions with different interlayers. All devices are highly resistant to 10-keV X-ray irradiation. Only 

small transient changes in X-ray-induced photocurrent are observed as a result of trap creation in the thin 

interlayer dielectric, with rapid passivation. Samples with Al2O3 and h-BN interlayer dielectrics show 

significant increases in conduction current during proton irradiation, due to displacement-damage-induced 

defects that lower the effective tunnel-barrier height. Density-functional-theory calculations provide 

insights into the pertinent defects. Devices with HfO2 interlayer dielectrics show great promise for use in 

radiation-tolerant, ultimately-scaled tunnel FETs. 

 

5.1 Device Structure and Experimental Details 

A schematic diagram of the as-fabricated MoS2-based tunnel junctions is shown as Fig. 5.1. Bottom 

contact wells were etched into a 300-nm SiO2, oxidized Si wafer using SF6 plasma. These samples were 
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were fabricated by Dr. Eric Vogel‘s group at the Georgia Institute of Technology. The well depth was 

approximately 80 nm. Bottom Au contacts were e-beam evaporated into the wells. The bottom layer MoS2 

was then synthesized directly onto the bottom Au contacts using a low temperature plasma-assisted 

synthesis technique, according to this protocol [164], [165]. Alternating steps of Mo sputtering and H2S 

plasma exposure were performed at 400 °C to achieve a 3-layer MoS2 film. This low-temperature 

synthesis of large-area MoS2 is necessary to provide compatibility with integrated circuit processes 

[164]-[167]. 

 

Fig. 5.1. (a) Schematic cross-section of MoS2-insulator-MoS2 tunnel junctions (not drawn to scale). 2.71 

nm HfO2, 2.78 nm Al2O3, and bi-layer h-BN were employed as interlayer dielectrics for the process splits 

in this study. 

 

Three different interlayer tunnel barriers were examined. The interlayers (2.71 nm HfO2 or 2.78 nm 

Al2O3) were deposited via atomic layer deposition onto the bottom layer. Bi-layer h-BN sheets grown 

using chemical vapor deposition on copper foil (Graphene Supermarket #CVD-2X1-BN) were wet 

transferred onto the bottom MoS2 layer without a cleaning step [167]. A subsequent top MoS2 layer was 

directly synthesized. Au/Ti top contacts were e-beam evaporated, resulting in a two-terminal vertical 
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Au/MoS2/interlayer/MoS2/Ti/Au heterostructure, with carrier transport in the vertical direction. 

Completed devices were annealed in forming gas at 300 ˚C for 3 h.  

Electrical measurements were performed using a semiconductor parameter analyzer. These 

two-terminal tunnel junctions were irradiated with 10-keV X-rays to 1 Mrad(SiO2), or 1.8 MeV protons to 

a fluence of 1 x 10
14

 protons/cm
2
 using the Vanderbilt Pelletron, at room temperature with applied bias of 

VDS = 0.3 V. 

 

5.2 Experimental Results and Discussion 

 

5.2.1 DC characteristics 

Fig. 5.2 (a) shows typical current voltage (I-V) characteristics of MoS2-HfO2-MoS2 junctions with 

top Au/Ti and bottom Au electrodes. Naturally grown MoS2 is an n-type semiconductor, implying 

electron conduction in these devices [67]. The current was quite small for voltages smaller in magnitude 

than 0.4 V. For higher voltages, the current through the junction increases exponentially. The I-V 

characteristics of as-processed devices were reversible and reproducible. To investigate the charge 

transport mechanisms of these MoS2 based junctions, current-voltage relationship is analyzed within the 

framework of four common conduction mechanisms: direct tunneling (DT), Forler-Nordheim (FN) 

tunneling, Schottky emission and Poole-Frenkel emission [14]-[17]. Their current-voltage relationship 

and other important physical properties are described in Table 5.1. 
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Fig. 5.3 (b) compares the conduction in these junctions with the form expected from the 

Fowler-Nordheim tunneling equation, ln(I/V
2
) ∝ 1/V. At higher voltages (V ≥ ΦB, where ΦB is the barrier 

height), a strong linear dependence is observed at 1/V < 2.5 V
-1 

(inset of Fig. 5.2(b)), which corresponds 

to drain voltages > 0.4 V. The logarithmic increase at low bias (V < ΦB) indicates that DT is dominant in 

this range [168]- [171]. The transition from DT to FN results from a change of the barrier shape from 

trapezoidal to triangular [171], [172], as shown schematically in Fig. 5.3(b). Thus, the transition voltage 

VT corresponds to the barrier height. We conclude that the dominant charge transport mechanism in these 

conducting junctions is FN tunneling, consistent with [71], [173], [174]. The band alignment for the 

metal/MoS2/interlayer/MoS2/metal is sketched in Fig. 5.2 (a). The Schottky barrier (SB) is formed 

between the metal and MoS2 interface, as indicated in Fig. 5.2. 

 

Table 5.1. Representative charge-transport mechanisms for insulator. 
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Fig. 5.2. (a) I-V curves for representative tunnel diodes built in the geometry of Fig. 1 with an HfO2 

interlayer dielectric. (b) ln(I/V
2
) vs. 1/V for evaluating type of conduction in as-processed devices. The 

dashed line corresponds to the transition voltage VT. The inset in (b) shows the linear relationship between 

ln (I/V
2
) and 1/V at higher bias. 
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Fig. 5.3. The energy band diagrams for MoS2 tunneling diodes (a) schematic view of the energy level 

alignment of MoS2 junction with MoS2/interlayer/MoS2 structure, and schematic band diagrams of MoS2 

junction with (b) 0 bias, (c) small bias and (d) large bias. The solid line with arrows is the 

Fowler-Nordheim tunneling currents, and the dashed line with arrows are the direct tunneling currents. 

 

5.2.2 X-ray Irradiation 

MoS2-based tunnel junctions were first irradiated with a 10- keV ARACOR x-ray source at a dose rate 

of 30.3 krad(SiO2)/min at room temperature with an applied bias of VDS = 0.3 V, as shown in Fig. 5.4. No 

permanent shifts of I-V curves were observed for any samples, up to > 1 Mrad(SiO2). These results 

suggest the stability of the MoS2-based tunnel junctions is not affected significantly by X-ray irradiation.  
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Fig. 5.4. Id-Vd curves as a function of total ionizing dose for MoS2 tunnel junctions with interlayer 

dielectrics of (a) 2 layers of h-BN, (b) 2.78 nm Al2O3, and (c) 2.71 nm HfO2. Devices were irradiated with 

10-keV X-rays with 0.3 V bias applied to the drain terminal during exposure. 
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Current through the junction at VDS = |0.3 V| was monitored every second before, during, and after 

X-ray irradiation. Fig. 5,5 illustrates results for devices with an Al2O3 interlayer irradiated first with an 

applied voltage of + 0.3 V, and then an applied voltage of − 0.3 V, each to 1 Mrad(SiO2). The small offset 

in currents between irradiation under positive and negative bias most likely is due to asymmetry of metal 

contacts and/or differences in interface trap occupancy under the two bias conditions. Each of these can 

modulate the effective tunnel barrier between the materials [175].  

Small, transient changes in X-ray-induced photocurrent were observed due to trap creation in the thin 

interlayer dielectric, followed by relatively rapid passivation. Similar results were observed for devices 

with HfO2 and h-BN interlayers. These results demonstrate that new permanent defects are not created by 

10-keV X-ray irradiation of these devices.  

 

Fig. 5.5. Absolute values of current vs time before, during, and after 10-keV X-ray irradiation for MoS2 

tunnel diode with Al2O3 interlayer. Devices were irradiated first with an applied voltage of +0.3 V, and 

then with an applied voltage of −0.3 V before and after X-ray irradiation to 1.0 Mrad(SiO2). 
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5.2.3 Proton Irradiation 

Fig. 5.6. shows the I-V characteristics of the MoS2-based tunnel junctions before and after proton 

irradiation, for devices with (a) 2-layer h-BN, (b) 2.78 nm Al2O3, and (c) 2.71 nm HfO2 interlayer 

dielectrics. No changes in I-V characteristics are observed up to a proton fluence of ~ 10
13

 protons/cm
2
. 

The current increases with further increase in proton fluence for devices with (a) h-BN and (b) Al2O3 

interlayer dielectrics. For devices with HfO2 as interlayer dielectric in Fig. 5.6(c), no obvious change of 

the I-V characteristics was observed. 

For devices with a HfO2 interlayer in Fig. 5.7 (c), the average current though the junction remains 

nearly constant throughout the irradiation process. Only a small amount of noise is observed due to the 

transient creation and annihilation of defects (similar to what is observed in the X-ray irradiated devices), 

in contrast with the more stable defect creation in the devices with the 2-layer h-BN interlayer or Al2O3 

dielectric layers. Both the ionizing and non-ionizing energy loss of 1.8-MeV protons are much higher 

than that of higher-energy protons that typically result in the degradation in space systems [176], [177]. 

Hence, the equivalent ionizing and displacement damage doses in this study are quite high compared with 

most realistic space environments, which are typically below an equivalent, NIEL-adjusted, 1.8-MeV 

proton fluence of ~ 3 x 10
12

/cm
2
, even in the most severe natural space environments [176]-[178]. 
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Fig. 5.6. Id-Vd curves vs. proton fluence for MoS2 tunnel junctions with interlayers of (a) h-BN, (b) Al2O3, 

and (c) HfO2. Note the different y-axis scales in the curves, reflecting the differences in current densities 

among the devices. The highest current is observed for HfO2 interlayers. 
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Fig. 5.7. Current vs time for MoS2 tunnel diodes under an applied voltage of 0.3 V before and after 

1.8-MeV proton irradiation for samples with interlayers of (a) h-BN, (b) Al2O3, and (c) HfO2. Each device 

is irradiated to a fluence of 1 × 10
14

/cm
2
. The beam flux is lower in (a), leading to the longer time. Note 

also the different y-axis scales in (a), (b), and (c). 
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One possible reason for the increased current with proton fluence is that the Fermi energy level of 

h-BN/Al2O3 increases as a result of proton irradiation. This may reduce the barrier height [55], which 

results in higher current through the junction. Fig. 5.8 plots ln (I/V
2
) vs. 1/V for MoS2 tunnel devices with 

(a) h-BN, (b) Al2O3, and (c) HfO2 interlayers before and after proton irradiation. Zoomed-in plots near the 

transition voltage are shown as inset figures. The overall increase in current in (a) is most likely 

associated with proton-irradiation induced displacement damage to the h-BN interlayer dielectric. The 

HfO2-based devices in (c) are significantly more radiation tolerant than the samples with h-BN and Al2O3 

dielectric. After devices received a fluence of 10
14

/cm
2
, the transition voltage from DT to FN tunneling 

(VT) decreased from 0.52 V to 0.44 V for h-BN samples (Fig. 5.8 (a)), and from 0.54 V to 0.48 V for 

samples with Al2O3 interlayers (Fig. 5.8 (b)). Very little change was observed for junctions with HfO2 

interlayers (Fig. 5.8 (c)).  

Based on the F-N tunneling equation, using the slope of ln(I/V
2
) - 1/V, we are able to extract the barrier 

height from the data of Fig. 6.7. using the expression [171], [172]: 

   
3

2

28

3
)

m*dπ

hqslope
(

B
q




             (5.1) 

Fig. 5.9 shows the extracted barrier heights as a function of proton fluence for MoS2 devices. The 

extracted barrier height for samples with h-BN is similar to that observed in MoS2/h-BN [179] and 

MoS2/Al2O3 [180] heterostructures, and lower than that observed in MoS2/HfO2 structures [20], due most 

likely to the reduction in band offset between MoS2 and HfO2 induced by the presence of oxygen at the 

interface [181]. The extracted barrier height also is significantly less than the ~2.4 eV barrier height in 

h-BN samples [182], indicating that tunnel conduction is facilitated in MoS2-based junctions. 
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Fig. 5.8. Representative plots of ln (I/V
2
) vs. 1/V for MoS2-based tunnel junctions with interlayers of (a) 

h-BN, (b) Al2O3, and (c) HfO2, before and after proton irradiation. The insets in (a) and (b) show that the 

transition from DT to FN tunneling shifts to lower bias with increasing proton fluences. 
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Fig. 5.9. Barrier height as a function of proton fluence. Effective electron mass in h-BN, Al2O3 and HfO2 

is assumed to be 0.3, 0.26, and 0.1 me for calculations, respectively [183]-[185]. 

 

5.3 DFT Calculations 

The lack of significant changes in the I-V curves during X-ray irradiation (Fig. 5.4) suggests that 

ionizing-dose-induced depassivation of defect precursors plays little role in determining the changes in 

current of the irradiated devices. Changes in I-V characteristics after proton irradiation in the h-BN and 

Al2O3 devices, but not the HfO2 devices, suggests that displacement damage (e.g., formation of atomic 

vacancies) in the former may lead to trap-assisted tunneling. Proton irradiation is more likely to displace 

light atoms (B, N, O) and create defect states that have energy levels aligned close to the conduction band 

(CB) of MoS2 than X-ray irradiation. 

To investigate the nature of these defects, DFT calculations using the VASP code [141], [142] were 

performed on atomic scale models of MoS2/h-BN, MoS2/HfO2, and MoS2/Al2O3 heterostructures. The 

exchange-correlation functional was calculated using the Perdew, Burke, and Ernzerhof generalized 
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gradient approximation [143] with a Van der Waals interaction correction [145] and 

projector-augmented-wave pseudopotentials [145], [146]. A 550-eV plane-wave-cutoff energy was 

employed and a 2  2    k-point grid was used for Brillouin-zone integrations. Atomic positions were 

relaxed until all forces were less than 0.01 eV/Å. MoS2 was represented as a bilayer for calculations since 

the primary layer-dependent differences in electronic structure for MoS2 (e.g., direct vs. indirect band 

gap) occur between monolayer and bilayer; additional layers cause relatively minor changes to the band 

gap magnitude [32], [186]. The ~1.3 eV band gap obtained for bilayer MoS2 is a slight underestimation; 

however its value is consistent with values measured for tri-layer MoS2 [161], [162], as used in the 

present devices. To simulate the h-BN-based devices, an appropriate lateral supercell of an h-BN bilayer 

was strained to provide a lattice match to the MoS2. HfO2 was modeled using the monoclinic phase. We 

used the θ-Al2O3 phase rather than the α-Al2O3 phase, because the lower density and average 

oxygen-bond coordination of θ-Al2O3 provides better comparison to amorphous gate oxides [187], [188]. 

Both oxides were oriented along the [100] direction with a thickness of ~1 nm, and lateral sizes were 

chosen to minimize strain mismatch with MoS2. Calculated band gaps for the dielectrics are 

underestimated, a common issue in DFT, with known methods for compensation [142]. All present 

models exhibit the expected type-I band alignment. 

For h-BN, we investigate both the formation of boron vacancies (VB) and nitrogen vacancies (VN). In 

both cases, three (singlet) levels within the h-BN bandgap are introduced, as shown in Fig. 5.10(a). VB 

levels are situated inside the MoS2 gap and act as electron traps, while the VN levels are situated above the 

MoS2 CB and act as hole traps. For both vacancy types, one of the defect levels is situated near the MoS2 
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CB: 0.13 eV above for VN and 0.28 eV below for VB. Since both vacancy types provide accessible trap 

levels, trap-assisted tunneling should contribute significantly to the sizable increase in tunneling current 

after proton irradiation that is shown in Fig. 5.6(a). 

In Al2O3, the VO introduces two levels: a fully occupied level near the Al2O3 valence band and an 

empty level near the Al2O3 conduction band, as shown in Fig. 5.10 (b), and consistent with prior 

calculations [189]. Neither is close to the MoS2 CB, and the levels show little dependence on physical 

location of the VO with respect to the interface. However, partial passivation of the VO by hydrogen 

causes significant shifts in the levels, as shown in Fig. 5.10 (b). In such a case, the unoccupied interfacial 

(I) and near-interfacial (NI) VO levels are situated 0.24 eV above and 0.20 eV below the MoS2 CB, 

respectively. Furthermore, the occupied level of the bulk-like VO is 0.05 eV below the MoS2 CB. Sources 

of excess hydrogen that could diffuse to partially passivate a VO include lower energy protons captured 

from the beam or hydrogen incorporated during Al2O3 processing. Aluminas have been previously shown 

to easily absorb hydrogen [157], [189]-[191]. Partially passivated VOs, therefore, may play a role in the 

small increased tunneling current after proton irradiation, as shown in Fig. 5.6 (b). 

In HfO2 (shown in Fig. 5.10 (c)), the oxygen vacancy (VO) introduces a hole trap far below the MoS2 

CB, 0.58 eV or 0.94 eV, for 3-fold or 4-fold coordinated oxygen vacancies, respectively. Furthermore, 

partial passivation of the VO moves the defect level close to the HfO2 CB and not near the MoS2 CB. That 

the HfO2 VO serves primarily as a hole trap has been discussed extensively in the literature, and placement 

of the hydrogenated vacancy level close to the HfO2 CB has been shown in other systems as well [81], 

[157]. Therefore, the generation of additional VO or oxygen-deficient regions in HfO2 is not likely to 
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contribute to the tunneling current after proton irradiation, consistent with the results of Fig. 5.6 (c). 

We now address the feasibility of creating the above energetically favorable defects. To this end, we 

explore threshold displacement energies (𝐸 ) for B, N, and O atoms using ab initio molecular dynamics 

(MD) [192]-[196]. Given the 2D nature and relative thinness of the h-BN compared to the oxides, the 𝐸  

calculations were performed on the slab used above for MoS2/h-BN. For HfO2 and Al2O3, 𝐸  

calculations were performed on       and   4  2 supercells of their respective primitive cells. 

The primary knock-on atom is given an initial velocity corresponding to a chosen kinetic energy and all 

other atoms are given an initial velocity of zero. No thermostat is applied and the sum of the kinetic and 

potential energy is constant. Time steps for MD were chosen such that all atoms move less than 0.1 Å per 

time step. 

For h-BN, atoms were displaced perpendicular from the interfacial layer toward MoS2. The 

displacement thresholds are calculated to be 𝐸 =    2 eV for boron and 𝐸 =      eV for nitrogen. 

These values are similar, but slightly less than, those obtained for free standing h-BN sheets [194], [195] 

due to interactions with the MoS2 layer. In the θ-Al2O3 model, an oxygen atom displaced towards a void 

region in the Al-O network has a minimal displacement threshold of 𝐸 =      eV with energies 

increasing slightly (a few eV higher, but still  2  eV), depending upon the size of the void. This is 

significantly below the reported value of 25 eV for α-Al2O3 [84], likely due to the lower density and 

relative openness of the Al-O atomic network of θ-Al2O3. For oxygen in m-HfO2, 𝐸 =  4 eV, similar to 

that calculated for the cubic phase of isovalent ZrO2 [196]. Additionally, in θ-Al2O3, recoil displacement 

of the Al cation can occur for energies as low as 20-25 eV, resulting in increased changes in local 
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stoichiometry especially at the proton energies used here. In HfO2, such energies cause an increase in the 

disorder of only the oxygen atoms, consistent high-temperature MD simulations where oxygen is 

significantly more mobile than hafnium [197]. 

While these results suggest that threshold displacements should be similarly likely in all three cases, 

h-BN is the only dielectric that is truly crystalline and approximately perpendicular to the proton beam 

during irradiation. Given that displacement energies are highly directionally dependent (increasing by 

several times) due to local cation arrangements [195], [196] and that the oxides are actually amorphous, 

many of the collisions will not occur along the easier-to-displace directions, reducing the probability of 

cascading effects within the critical dielectric region. Additionally, diffusion from irradiation-induced 

local heating may further reduce the initial impact of the displacements, while application of 

post-irradiation voltage sweeps and high current density in HfO2 may mitigate the effects of defect 

agglomeration. Such effects may further explain the resilience of the HfO2 against proton-induced 

increases in leakage current, as has been previously seen in HfO2-based resistive memories [198], [199]. 

Finally, we note that the defect and impurity levels shown in Fig. 5.10. each act to reduce the extracted 

barrier heights in Fig. 5.10 significantly from those that would otherwise be measured in defect and 

impurity-free devices. This reduction occurs both before and after devices are irradiated.  
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Fig. 5.10. Band alignment, defect energies, and charge density projections for the relevant defects in the 

(a) MoS2/h-BN, (b) MoS2/Al2O3, (c) MoS2/HfO2 models. Red circles highlight the defect levels most 

likely to contribute to trap assisted tunneling. 
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5.4 Summary 

In summary, we have investigated the characteristics of the tunneling current through various 

heterostructures: MoS2/Al2O3/MoS2, MoS2/HfO2/MoS2, and MoS2/h-BN/MoS2. Unirradiated devices 

demonstrate FN tunneling at voltages of magnitudes greater than ~ 0.4 V. We have performed both X-ray 

and proton irradiation of these MoS2-based tunnel junctions. No obvious shifts of I-V characteristics are 

observed during X-ray irradiation. During proton irradiation, devices with Al2O3 and h-BN interlayers 

exhibit large increases in current due to proton-induced displacement damage and reduced barrier height. 

In contrast, no significant changes are observed for devices with HfO2 interlayer dielectrics after proton 

irradiation. Density-functional-theory calculations show that defect levels that facilitate 

displacement-damage-induced increases in tunneling current are formed more easily in h-BN and Al2O3 

interlayer dielectrics than in HfO2 interlayer dielectrics. These results suggest that MoS2-interlayer-MoS2 

tunnel junctions with HfO2 interlayers are quite promising as candidates in ultimately scaled 

tunnel-FET-based ICs envisioned for use in future space applications. 
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CHAPTER VI 

 

CONCLUSIONS 

  

Given the pace of progress in the 2D electronic devices in recent years, graphene, MoS2 or other 2D 

materials may soon find suitable space applications matching their properties. This dissertation focuses on 

understanding radiation effects including TID effects and displacement damage in graphene or MoS2 

formed electronic devices. The key results from this dissertation are summarized in Table 6.1. 

In Chapter III, 10-keV X-ray irradiation was performed on back gated graphene transistors under 

positive, grounded, and negative gate bias. It was found the radiation responses are strongly bias 

dependent. The CNP shifts negatively under positive and ground bias condition due to radiation induced 

hole trapping in the SiO2 underlayer. The CNP shifts positively during negative bias condition due 

primarily to negative charge trapping at the interface of graphene and surrounding materials. 

Unpassivated samples show less CNP shifts in all bias conditions than other samples with passivation 

over-layer. 

In Chapter IV, top gated MoS2 FETs was irradiated under 10 k-eV X-ray irradiation under both 

positive and negative gate bias. Defects in MoS2 and surrounding dielectric layer significantly affect the 

radiation-induced charge trapping. Both positive and negative charge trapping occurs during irradiation. 

Negative bias produces the worst case response for devices with ZrO2 or h-BN dielectrics. Small Vth shifts 

are found for devices with h-BN dielectric during positive bias irradiation due to positive and negative 
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charge densities approximately equal and offsetting.  

In Chapter V, tunneling dominated charge transport was demonstrated in vertically 

MoS2/interlayer/MoS2 structure. It was found these devices were highly resistant to 10-keV X-ray 

irradiation. During proton irradiation samples with Al2O3 and h-BN showed an increased current due to 

proton induced defects assisting tunneling, but devices with HfO2 had slightly change in current and 

showed great promise for use in radiation-tolerant, ultimately scaled tunnel FETs.  

Low frequency noise was performed for both back gated graphene FETs and dual gated MoS2 FETs 

before and after X-ray irradiation, followed by DFT calculation to help identify the defects possible 

responsible for irradiation response and low frequency noise. It was found that O and H related defects 

strongly affect the radiation response and reliability of graphene transistors. For MoS2 devices (FETs and 

tunneling junctions) with dioxide dielectric layer, O vacancies likely play an important role in the 

radiation response and low frequency noise in these devices. These O vacancies can introduce several 

levels of trap centers and whether these traps affect the performance depending on their position and 

occupation. The sulfur vacancies (Vs) may also exist and contribution to the low frequency noise and 

radiation results. For both graphene and MoS2 devices with h-BN dielectric layer, boron vacancies (VB), 

nitride vacancies (VN) and carbon substitutional impurities are very likely to occur and influence the 

radiation responses. The final radiation responses are net effects of various defects in the system.  

In summary, this work has performed a detailed study about the radiation effects of 2D materials 

formed microelectronic devices with different surrounding materials. Our work has demonstrated the 

sensitivity of surrounding materials to the radiation responses and reliability of 2D formed devices. For 
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example, previous works have shown that unpassivated graphene FETs and MoS2 FETs have similar 

response during X-ray irradiation [29], [35]; however, we found that the radiation response of graphene 

FETs with Al2O3 passivation layer (Chapter II) and MoS2 FET with h-BN or ZrO2 as gate dielectrics 

(Chapter IV) are quite different. We have further identified a significant number of defects that limit the 

performance of the devices via low frequency noise technique and DFT calculation, which will be useful 

for future device performance improvement. 
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Table 6.1. Summary of X-ray and proton irradiation on 2D material formed electronic devices in this 

dissertation. Defect energy level is from observation of peaks in low frequency noise curve or DFT 

calculations. 
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Energy 

level(eV): 

defect 
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OH 
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 OH 
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OH 
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+bias       current current No change 
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Energy 
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