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Molybdenum disulfide (MoS2) and other 2D materials have the potential to both 

continue Moore’s Law and introduce novel electronic device technologies. However, 

numerous obstacles exist for bringing these unique materials from the lab to the market. 

For example, the Fermi level at the MoS2/contact interface is pinned near the 

conduction band, which presents an appreciable barrier for current that results in 

prohibitively large contact resistances. Additionally, MoS2 is intrinsically n-type, but 

CMOS technology requires both n- and p-type material. Thus, a reliable and tunable 

method for doping MoS2 is critical for its successful adoption.  

Numerous methods for doping MoS2 have been reported, however they typically 

involve processes that are incompatible with current industrial fabrication flows. 

Additionally, the methods often employ surface treatments that do not have the 

thermally stability to survive the full industrial microelectronic manufacturing process. 

Ion implantation is a common and well-known industrial process and is investigated 

here as a doping method for MoS2. Both grown MoS2 films and mineralogical samples 

are examined. Low implantation energies from 200-500 eV result in projected ranges of 

0.9 – 2.1 nanometers, which is within the second and third surface layers. Implanted n-
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type dopant species include Cl and F, p-type species include P and As, and inert 

species include Ar and Kr. Implantation doses ranging from 5 x 1012 to 1 x 1015 cm-2 are 

used. Surface analysis confirms implantation into the surface layers and reveals a 

strong correlation between surface damage and implantation dose. Activation anneals 

ranging from 300˚ – 800˚C in a H2S atmosphere are employed for both dopant 

activation and defect repair. Devices fabricated on implanted MoS2 are found to have a 

reduced on-state drive current relative to an unimplanted, unannealed control sample. 

Annealing is shown to repair implantation damage and improve device on-state current, 

however, the current never returns to that of the control sample. Microscopy with atomic 

resolution reveals implantation-induced defects that are not repaired by H2S anneals, 

and implicates them as the source of the degraded device performance. 
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CHAPTER 1 
INTRODUCTION 

A 2D World 

The 2004 isolation of graphene with Scotch tape quite literally opened a new 

chapter in the book of materials science, a chapter with high ceilings for potential to 

impact technology and the world [1]. It’s difficult to imagine that, in the 21st century, a 

technique as simple as the mechanical exfoliation of graphite was still waiting to be 

discovered, and still waiting to launch entirely new areas of science and engineering. At 

the same time, it’s inspiring to wonder what other every day, overlooked objects might 

have a scientific breakthrough hiding within them. 

Two-dimensional materials (2DMs) began with graphene but they don’t end with 

graphene. Numerous other 2DMs have been studied since 2004, ranging from single 

element materials such as black phosphorous, to compound materials such as boron 

nitride, to entire classes of materials such as the transition metal dichalcogenides 

(TMDCs) [2], [3], [4]. The excitement over these materials lies not only in their potential 

to continue the technological trends that silicon started so many decades ago, but also 

in their potential to open new technological markets that traditional semiconductors 

could never enter. With that, before getting too deep into how 2DMs might be used and 

the issues preventing their mass adoption, it’s important to understand why they even 

have potential, which ultimately leads to the question of what they are. Therefore, a 

review of their properties is first in order. The whole class of 2DMs will at times be 

generally discussed, but the overall focus will be given to one material that has arisen 

as a popular representative of 2DMs: molybdenum disulfide.  
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Molybdenum Disulfide 

Despite the relatively recent ground breaking isolation of graphene, 2DMs are not 

as new as 2004. In fact, the physical characteristics of MoS2 have been studied and 

deduced as far back as 1923, and by one of the top scientists of that era, Linus Pauling 

[5]. Unlike many 2DMs, MoS2 is produced naturally and can be mined from several 

locations around the world. This enabled MoS2 to be among the first and the most 

studied 2DMs. 

Structural Properties 

MoS2 is a member of the TMDC family. TMDCs follow the chemical formula MX2, 

with M being a transition metal and X being a chalcogen. TMDCs exclude oxygen and 

only involve sulfur and the chalcogens below it on the periodic table. Being a 2DM, 

TMDCs take on a stacked structure of individual sheets. These sheets, and the crystal 

structure of MoS2, are shown in Figures 1-1 and 1-2. For MoS2, a single sheet is ~6.5 Å 

thick. Each MX2 sheet is three atoms thick, with the X atom on the top and bottom of the 

sheet and the M atom sandwiched between. The sheets adopt a sublattice with multiple 

possible polytypes. For MoS2, the relevant phase is the semiconducting 2H (trigonal 

prismatic) phase, though there are applications for the metallic 1T (octahedral) phase 

[6]. In the 2H phase (also known as molybdenite), the S-Mo-S atoms in each layer 

adopt an A-B-A stacking pattern, where the top and bottom S atoms sit over each other 

from a top down view. The 1T phase has an A-B-C stacking pattern for the S-Mo-S 

atoms, where the top and bottom sulfur atoms are offset such that they are 

independently visible from a top down view. Unlike the 1T phase, the 2H phase is 

thermodynamically stable and is therefore the phase found in mineralogical samples. 
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Hence, unless otherwise stated, future references to MoS2 are for the semiconducting 

2H phase.  

Electrical and Optical Properties 

MoS2 and other TMDCs possess a unique relationship between their layer 

thickness and their electrical and optical properties. At the monolayer limit, MoS2 has a 

direct bandgap of ~1.8 eV. As the number of layers increases, the bandgap shifts to the 

bulk value of ~1.3 eV and shifts from being direct to being indirect. It’s this existence of 

a bandgap that opens the door for MoS2 and other TMDCs for potential broad use in the 

semiconducting industry, and it sets them apart from graphene, which is limited in its 

technological applications due to its lack of a bandgap [7].  

The origin of the bandgap’s direct-to-indirect transition lies in the electron orbitals 

of the Mo and S atoms. Considering the MoS2 energy band diagram and the Brillouin 

zone, the direct bandgap occurs at the K-point, while the indirect bandgap occurs 

between the valence band maximum (VBM) at the -point and the conduction band 

minimum (CBM) located halfway between the K- and -points (Figure 1-3). At the K-

point direct bandgap, conduction band states are largely made up of Mo d orbitals, 

which are strong, localized, and relatively decoupled from other layers due to 

molybdenum’s inner location within the S-Mo-S sandwich. For the indirect bandgap, 

conduction occurs between hybridization of Mo d and S pz orbitals. The sulfur orbitals 

are “exposed,” relative to the Mo orbitals, which gives them a strong interlayer coupling. 

As the number of layers shrinks, so too does the chance for interlayer coupling, and so 

too does the density of hybridized orbital states. At the monolayer, the states shrink 

beyond the Mo d states at the K-point and the K-point states become the bandgap [8]. 
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In addition to influencing the magnitude of the bandgap, the shifting band structure will 

also have an effect on the density of states (DOS) at the bandgap, which could 

influence the MoS2 thickness that is targeted for fabrication of electronic devices device 

[9], [10], [10].  

The shifting band structure will also have implications on the MoS2 optical 

properties. With all else equal, a direct bandgap has a significantly higher chance for 

emission or absorption of a photon when compared to an indirect bandgap. When 

plotting the energy band diagrams in energy-momentum space (E-k axes), a direct 

bandgap is defined as when the conduction band minimum and valence band maximum 

occur at the same k point; for an indirect bandgap, the CBM and VBM occur at different 

k points. In a direct bandgap, for an electron to transition from VBM to CBM all that is 

required is excitation through the absorption of sufficient energy, for example from an 

incident photon. However, for the same transition to occur in an indirect bandgap the 

electron must absorb sufficient energy (from a photon) and have a near-simultaneous, 

sufficient change in momentum (from an interaction with a phonon). The likelihood of 

the electron-photon-phonon interaction is significantly less probable than the electron-

photon interaction alone, hence monolayer MoS2, with a direct bandgap, would be 

expected to be more optically “active” than bulk MoS2, which has an indirect gap [11].  

Technological Potential of MoS2 

Moore’s Law 

The microelectronics industry has moved at a truly astonishing pace, largely 

because of advancements in both the understanding of and the processing of silicon. 

When Moore realized and verbalized the potential for that pace it became a kind of self-

fulfilling prophecy, or carrot at the end of a stick, toward which the industry ceaselessly 
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paced [12]. Moore’s observation, that our command of semiconductor technology will 

advance at a rate such that the number of transistors in a dense integrated circuit will 

double approximately every two years, is no easy task. Many people over the years 

have predicted the end of this growth, but the industry has banded together, even 

potential rivals, to develop goals and landmarks to achieve that pace for the benefit of 

the entire industry [13]. This gives the industry an idea of which problems need to be 

addressed and by when they need to be address. It gives the industry a roadmap of it 

will face. One such roadmap is the International Technology Roadmap for 

Semiconductors (ITRS) [14], which provides a useful metric against which not only the 

industry, but researchers in academia, can judge their results. Put simply, the 

summarized message of these roadmaps is “smaller,” make everything smaller or 

thinner.  

Silicon has rightfully dominated these roadmaps since they first started. The 

grueling pace has been maintained through a combination of many things: evolutions in 

transistor designs, such as ultra-thin body (UTB) devices or multi-gate FETs; 

advancements in important transistor materials other than Si, such as high-k dielectrics; 

and with the manipulation of Si, such as with strain. It is possible this pace will continue 

for some time with Si at the forefront, perhaps through the introduction of even more 

advanced transistor designs, such nanowire channel devices. However, it’s also 

possible that Si technology will simply be unable to keep up due to its inherent material 

properties. This has caused a flurry of research into potential material replacements for 

Si. Compound semiconductors have long been predicted to be that replacement, most 

notably the III-V materials such as InGaAs. More recently, 2DMs have emerged as 
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potential replacements for Si.  While 2DMs do have several major challenges, such as 

effective growth methods, they also have inherent material properties that could allow 

them to take the wheel and drive the industry to places on the roadmap that Si could 

never reach.  

Short-channel Effects 

To understand the potential benefits of 2DMs, specifically MoS2, it’s important to 

first understand the challenges that arise when devices are aggressively scaled. These 

challenges are broadly termed the short-channel effects (SCE).  

One important SCE is leakage current: as the channel is made shorter the drain 

and source regions sit nearer each other; eventually they sit so close that carriers can 

tunnel through the energy barrier that exists between them even when the gate has 

turned the device off. This unwanted flow of current contributes to what is called the off-

current, IOFF.  The tunneling effect has been shown to have an inverse relationship with 

the carrier’s effective mass in the direction of current flow [15] 

In contrast to IOFF, there exists a metric called on-current, ION, which is the current 

flowing through the device when the gate bias exceeds the threshold voltage of the 

channel. Preferably, a device would have both a low IOFF, which minimizes unnecessary 

heat generation and reduces unnecessary power consumption, and a high ION, which 

reduces the number of transistors needed to drive a given current. Both metrics can 

affect scaling: the reduced generation of heat could allow more transistors to be packed 

into a tighter area without exceeding thermal limitations, and if fewer devices are 

needed to drive a desired current, then the same number of transistors can perform 

more operations. In fact, when intel moved to the 14-nm node, the increase in ION per 

individual transistor was large enough that two transistors could match the output 
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current of three transistors from the previous node. Thus, both ION and IOFF are 

important metrics, and they are often combined into a single metric, the ION /IOFF ratio.  

In addition to the magnitudes of ION and IOFF, it’s also important how quickly a 

device can switch from one state to the other. This is typically measured with a term 

called the subthreshold swing (SS), measured in mV/decade, and it’s the reciprocal of 

the slope of the IDS curve with respect to applied gate voltage, in the subthreshold 

regime (VG<VT). A lower SS is better as it means a sharper turn on; the theoretical lower 

limit at room temperature is 60 mV/dec for a typical MOSFET design, based on the 

exponential decay of carrier density (in the energy band) with increasing energy [16]. 

Another important factor for reducing leakage current in devices is the channel 

thickness. For thick channels, leakage current can flow in the depths below which the 

gate can reach. This motivated a drive toward thinner channels, or ultra-think body 

(UTB) devices. There is a limit, however, on the effectiveness of continually thinning a 

typical, bulk semiconductor: quantum confinement will arise that increases the band 

gap; dangling surface bonds can induce carrier scattering, which lowers their mobility; 

and thickness non-uniformity can influence both factors.  

Leakage currents will also be influenced by the bandgap of the channel material. 

A semiconductor with a larger bandgap will inherently have a larger barrier for unwanted 

carrier tunneling or excitation [17]. If the bandgap is too small, it can be overcome by 

the drain voltage and allow for undesirable leakage current. 

An additional important factor for short-channel devices is drain-induced barrier 

lowering (DIBL), which occurs when the depletion region from the drain sufficiently 

interferes with the inversion layer under the gate. At short channels, this will effectively 
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reduce the channel length, which will reduce the channel resistance and in turn increase 

the channel current. By competing with the gate for electrostatic control over the 

channel, DIBL can make the gate need to work harder to achieve the same carrier 

accumulation, observed as a degradation in SS. In extreme cases, the gate will be 

unable to turn off the channel. DIBL can be related to a term call the characteristic 

length, or lambda. Lambda is essentially a measure of how affected a device is by a 

change in the channel length. The saturation drain-source current, IDS, in a MOSFET is 

independent of the drain source voltage, VDS, and can be can described as in Equation 

1-1, where µ is the carrier mobility, Cox is the capacitance of the oxide, W is the device 

width, L is the device channel length, VG is the applied gate bias, and VT is the threshold 

voltage of the device: 

 
𝐼𝐷𝑆 =
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2 
(1-1) 

DIBL has the effect of reducing the device’s channel length, which substitutes a 

L+L term for the L term in Equation 1-1, which, when simplified, yields Equation 1-2: 
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Substituting the additional length term with a term that includes the drain source 

voltage, yields Equation 1-3: 
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 The substitution from Equation 1-2 to Equation 1-3 allows for relating IDS and 

DIBL to the source of the DIBL, the drain-source voltage. Lambda is then the coefficient 

connecting those relationships between IDS, DIBL, and VDS. Lambda is a measure of 

how a device responds to a change in the channel length; low lambda means the device 
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is less affected by changes in channel length, and less susceptible to DIBL. A large 

lambda means devices are more sensitive to changes in the channel length and to DIBL 

[18] 

From a materials aspect, a metric has been defined to describes a material’s 

ability to withstand short-channel effects, also called lambda. It is also directly related to 

the dielectric constant of the channel material, as shown in Equation 1-4, where s is the 

dielectric constant of the semiconductor, ox is the dielectric constant of the gate 

dielectric, ts is the thickness of the semiconductor, and tox is the thickness of the gate 

oxide. It behaves like the previously mentioned lambda, where a low lambda (low 

dielectric constant) means the material is less susceptible to SCEs like DIBL. 

 

𝜆 = √
𝜀𝑠
𝜀𝑜𝑥

𝑡𝑠𝑡𝑜𝑥 

(1-4) 

Short-channel Advantages of MoS2 

Reports in literature have considered the concerns mentioned above and have 

identified the properties that a material must possess in order to have superior immunity 

to SCEs: a high effective mass, a large bandgap, a low in-plane dielectric constants, 

and uniform atomic thickness [19]. MoS2 has all those properties, though some of the 

them, such as the bandgap, will change with MoS2 thickness.  

Monolayer MoS2 has a bandgap of ~1.8 eV, which is larger than both bulk and 

thin body silicon’s (~1.1-1.4 eV) and will help reduce tunneling leakage currents [17]. 

MoS2 is atomically thin and flat in its discrete sheets, so it should not be subject to many 

of the surface scattering effects that occur with other traditional semiconductors at those 

thicknesses. MoS2 also has a low in-plane dielectric constant (~3.3 - 4), much lower 
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than many of the common semiconductors such as Si (~11.7), Ge (~16.2), and GaAs 

(~12.9), which will make MoS2 less susceptible to DIBL and enhance the gate’s 

electrostatic control over the channel. MoS2 also has a larger effective mass (~0.55 m0) 

than Si (~0.19 m0), providing another advantage for reducing tunneling current [20], 

[21]. 

Indeed, MoS2 has been predicted to be superior to Si at channel lengths below 5 

nm, in the form of improved SS, improved ION, and likewise improved ION/ IOFF [22]. 

When compared to another candidate for replacing Si, the III-V semiconductor 

In0.7Ga0.3As, MoS2 also fared well, with a much better ION/ IOFF (1.4 x 107 vs x 312), but 

with a lower mobility and drive current [23]. For those reasons, it was suggested that 

MoS2 be considered for low-operating-power (LOP) applications, where leakage current 

is the priority. 

Devices fabricated on monolayer MoS2 devices have been shown to have 

excellent properties [24]. The device’s gate length was relatively long, at 1.5 µm, but the 

results yielded a remarkable ION/ IOFF of 108 and an ultralow off-current of less than 100 

fA. The device employed a back-gate design, as is typical for MoS2 devices, which 

yielded a low field-effect mobility of 0.5-3 cm2/Vs. However, after the deposition of a top-

gate dielectric and contact, the mobility increased to over 200 cm2/Vs. 

Additionally, there are reports of short channel MoS2 devices that employ unique 

designs and fabrication processes. One such technique involved placing a nanowire 

over an exfoliated MoS2 flake, followed by placing a sheet of graphene over the entire 

device, then depositing the contact metal, and finally physically lifting off the nanowire to 

expose the channel and separate the source and drain contacts [25]. The resulting 
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channel length was 80 nm. The graphene interlayer allowed for a separation between 

the MoS2 and contact metal that prevented Fermi level pinning, which resulted in a 

contact resistance of 0.54 kΩ-µm, a nearly 10x reduction compared to devices without 

the graphene layer. The low contact resistance and short channel produced a record-

high MoS2 room temperature on-current of 0.83 mA/µm. The results compare favorably 

to 2017 ITRS requirements for silicon. 

Novel Devices 

MoS2 has the potential to impact technology regardless of any short channel 

benefits it may possess. The unique physical properties allow for applications where Si 

fails. These unique properties are generally shared among all 2DMs. For example, 

MoS2 is flexible, and reports have shown no degradation of the device properties even 

after bending to a radius of 0.75 mm [26]. Additionally, monolayer TMDCs have a direct 

bandgap whose magnitude varies depending on the material. Different monolayer 

TMDCs can be stacked to create an atomically sharp, optically active p-n junction for 

optoelectronic purposes [27]. The properties of such a device are highly tunable, given 

the broad range of properties available across the spectrum of 2DMs. The tunable p-n 

junction provides an additional technological opportunity with tunnel FETs (TFETS). 

Conduction in TFETs occurs via band-to-band tunneling, from the valance band of the 

source into the conduction band of the channel. This transport is fundamentally 

differently than in traditional MOSFETs, where conduction occurs within the same band. 

The physics underlying this difference gives TFETs beneficial properties, such as SS 

values below the theoretical limit and lower off-currents than are capable with traditional 

MOSFETS. Thus, TFETs have a potential important place in future microelectronics, 

and TMDCs have favorable energy band alignments for that potential [28]. 
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Issues Facing MoS2 

Contact Resistance  

Chief among the issues facing most 2DMs is the large contact resistance 

observed for devices. A large RC is especially detrimental for short-channel devices; as 

channel lengths continue to decrease, the channel resistance contributes less and less 

to overall resistance, and contact resistance dominates the overall device resistance. 

For MoS2, the point at which channel resistance is negligible and RC dominates was 

found to be at channel lengths of less than 200 nm [29]. Thus, for continued scaling of 

devices, RC reduction is an important goal. 

.Depending on the contact metal used, RC for MoS2 can vary from 4.7 kΩ-µm for 

Ni and Au, to [29], to 0.8 kΩ-µm for Ti [30], [9]. However, those values are recorded with 

an applied backgate bias, which will lower the RC through electrostatic doping of the 

contact region, although it may help account for the lack of chemical doping at the 

contact region. Current ITRS requirements for total resistance from source to the drain, 

RSD, are 134-245 Ω-µm, depending on the device geometry and purpose [31]. By 2026, 

RSD must drop to 100 Ω-µm. 

The large RC in MoS2 is attributed to a Schottky barrier that forms due to Fermi 

level pinning (FLP) at the metal/MoS2 interface [29], [32]. FLP is a phenomenon that 

decouples the Schottky barrier height (SBH) from the parameters that would be 

expected to contribute to its magnitude; mainly, it makes the barrier independent of the 

work function of the contact metal. At the simplest level, the SBH (B) is expect to be 

equal to the difference between the work unction (WF) of the contact metal and the 

electron affinity of the semiconductor (the difference between the vacuum level and the 

conduction band minimum), as shown in Equation 1-5: 



 

29 

 Φ𝐵 = 𝑊𝐹 − 𝜒 (1-5) 

The SBH is then expected to have a linear relationship with the WF of the metal 

contact, and plotting the SBH as a function of contact metal WF should yield a line with 

a slope of 1. The SBH that results from Equation 1-5 is a useful predicative tool; it 

implies that choosing a low-WF metal for a contact will result in a low barrier for 

electrons to flow, while a high-WF metal contact should provide a low SBH for holes to 

flow. However, with FLP, the barrier height is “pinned” to a location in the 

semiconductor’s energy spectrum. The SBH will then not equate to that predicted by 

Equation 1-5, but will be centered around some value and the plot of SBH vs. WF will 

yield a line with a slope of less than 1. The strength of the pinning effect will vary from 

material to material: from moderate, to severe, where the plot of SBH vs. WF yields a 

nearly flat line of slope approaching zero. The location can be near an energy band, as 

is the case with InAs, or near mid-gap, which can result in a large RC. 

The origin of FLP is debated and it can emerge from a variety of different effects. 

Different materials will be subject to varying levels of influence from the different effects, 

the pinning can be caused by two different things in two different materials. FLP is 

ultimately due to the creating of interfacial states. One cause of FLP could be metal-

induced gap states (MIGS), which emerge due to the electron wavefunction of the metal 

extending and decaying into the interfacial depths of the semiconductor. Another source 

of energy states could be due to defects or disorder, called defect-induced gap states 

(DIGS). MoS2 does have a concentration of defects, however MIGS and DIGS are not 

expected to be the dominant cause of FLP in MoS2, since the models that try to predict 

FLP assume pristine MoS2, and yet they still yield FLP. 
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For MoS2, FLP is thought to be due to two reasons. First, the metal/MoS2 

interface results in charge redistribution that induces an interfacial dipole moment; this 

effectively reduces the WF of the metal. Second, the electron distribution of the 

interfacial S atoms is disrupted by presence of the metal; this disruption then affects the 

S-Mo bond and the Mo d orbitals. The Mo 4d orbitals are the main contributors to the 

DOS in the conduction band; their disruption then introduces gap states into the upper 

half of the band gap, as is observed experimentally. 

Models have predicted FLP with MoS2, with the SBH vs. contact WF plot yielding 

a slope of 0.71, which does not indicate strong pinning. However, experimental results 

yielded a slope of 0.1, which does indicate strong pinning [33]. Thus, the assumptions 

for the models FLP origins in MoS2 are not complete. 

One common method for eliminating FLP is to introduce a thin oxide layer 

between the metal and semiconductor. The oxide must be thin enough to allow easy 

carrier tunneling, but thick enough to prevent the prevent whichever FLP-inducing 

reaction that occurs at the metal-semiconductor interface. Reports did observe a 

reduction in the barrier height by adding a thin (1-2 nm) oxide layer, with a reduction 

from 0.18 eV to 0.09 eV for TiO2 interlayer and 0.13 for Al2O3 interlayer [34]. The 

reduction in SBH resulted in a substantial decrease in the series resistance of a device, 

from 125 kΩ to 3.5 kΩ, for a Ti contact. However, other studies that employed a thin 

TiO2 interlayer with different contact metals found what appeared to be even stronger 

pinning with the interlayer, as opposed to the expected reduction in pinning strength 

[35]. The stronger pinning also came with a reduced RC; thus, it was concluded, and 

corroborated with modeling, that charge transfer from the TiO2 interlayer effectively 
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dopes the MoS2. The observed effect of the TiO2 interlayer can then be thought of in 

terms of doping, and not FLP.  

MoS2 does have a metallic phase, the 1T phase. MoS2 flakes and films have 

been phase engineered at device contact regions to create the 1T phase at the under 

the metal contacts, while leaving the channel in the semiconducting 2H phase. This was 

accomplished by soaking the MoS2 in n-butyllithium, to allow for the lithium atoms to 

contribute an electron to the MoS2 and induce the phase change to 1T. The 1T 

produced a very low contact resistance, however the 1T phase is only metastable with a 

relaxation energy of ~1 eV. The 1T phase will relax back into the 2H phase at 95˚C, far 

below typical semiconductor process temperatures, making 1T- MoS2 unsuitable as a 

real-world solution for MoS2’s contact resistance issues [36], [37]. 

Doping 

A heavily doped contact region will produce a thin and potentially negligible 

barrier through which carriers can tunnel. As a means of reducing contact resistance, 

many doping methods for MoS2 have been reported in literature, though these methods 

are typically unconventional due to the unique situation of dealing with a 2D film.  

A common doping method for bulk semiconductors is to dope during growth, so 

that the dopants are inherently incorporated within the lattice. This method has been 

effectively utilized with MoS2, even successfully yielding p-type MoS2 by substituting 

0.5% of the Mo atoms with niobium [38]. However, even if doping during growth is 

successful, it’s still useful to be able to selectively dope specific regions, to allow for 

highly doped contact regions, or p-n junctions, or even for isolation. Thus, additional 

methods must be explored.  
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Numerous doping methods have been reported. Doping can be achieved by 

coating the surface in poly-vinyl alcohol, resulting in surface charge transfer and n-

doping [39]. A similar method involves the use of polyethyleneimine rather than poly-

vinyl alcohol [40]. Other large molecules, such benzyl viologen, can also be used to 

facilitate charge transfer [41].  

Another reported method uses solution-based chlorine. MoS2 is soaked in a 

solution of dichloroethane for extended periods of time [42]. The exact doping 

mechanism is not determined, but it’s believed that Cl substitutes into preexisting sulfur 

vacancies, rather than the Cl sitting as an interstitial or adsorbate. Nevertheless, the 

report is an example of effective doping with the use of a single-atom species, as 

opposed to the previously mentioned molecular methods. 

The mentioned methods have been shown to effectively dope MoS2. However, 

the processes involved typically steps, such as an extended soak in a solution, that are 

not viable for current industrial flows. Additionally, it’s unclear whether the materials 

involved can survive the thermal treatments required by industry. 

Opportunities  

There remains the need for a robust and flexible doping method for MoS2, and 

for 2DMs in general. Ion implantation is a common and well-understood industrial 

technique. Tailoring ion implantation to the needs of MoS2 would allow for a more 

seamless adoption into current manufacturing environments, relative to common 

reported doping methods. However, ion implantation has not been thoroughly examined 

as a doping method for MoS2 and the important parameters are unknown. These 

parameters include the implant species, implant dose, implant energy, and post-

implantation anneals. Therein lies an opportunity to research the topic and gain an 



 

33 

understanding of how each implantation parameter influences the structural and 

electronic properties of the MoS2.  
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Figure 1-1.  2H-MoS2 structure: side view. Two sheets are shown with the Van der 
Waals gap between them. The black circles are Mo atoms, while the yellow balls are S 
atoms. 

 

 

 

Figure 1-2.  2H-MoS2 structure: Top-down view. The black circles are Mo atoms, while 
the yellow balls are S atoms. Two S atoms are on the same axis from this 
view, but only one is visible. 
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Figure 1-3.  E-k diagram of the bandgap of MoS2, and how it is influenced by layer 
thickness. 
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CHAPTER 2 
STRUCTURAL AND CHEMICAL CHARACTERIZATION METHODS 

A review of the characterized methods used to understand the experimental 

effects on the structural and chemical properties of the MoS2 samples. First, the 

technique is introduced with a review of the theories and science underlying their 

operation.  Next, examples are given for how the technique applies to MoS2. 

X-Ray Photoelectron Spectroscopy 

Overview 

X-Ray Photoelectron Spectroscopy (XPS) is a robust technique for probing the 

chemical environment of atoms on the surface of a sample. XPS is capable of detecting 

the surface chemical composition, excluding hydrogen and helium, with a detection limit 

typically in the range of 0.1-1%[43]. The basic, general theory of XPS can be 

summarized in Equation 2-1:  

 𝐵𝐸 = ℎ𝑣 − (𝐾𝐸 − Δ𝑝) (2-1) 

As illustrated in Figure 2-1, the sample is illuminated with x-rays of energy hv, 

with h being Planck’s constant and v (the Greek letter nu) being the photon’s frequency. 

Core electrons within the sample are excited by the x-rays and are emitted from the 

sample. Electrons emitted in this fashion are called photoelectrons (PE). A spectrometer 

then collects the PEs and measures their kinetic energy (KE). With the photon energy 

being known, subtracting out the KE of the PE gives the energy required to free the 

electron from its bound state; this energy is known as the binding energy (BE). The 

result is a collected PE intensity that peaks around the BE of the orbital from which that 

PE originated. Electrons originating from different orbitals, such as an s or p orbital, will 

yield different BEs. Likewise, orbitals that experience spin-orbit coupling (p, d, and f 
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orbitals) do not yield a single BE; rather, the BE is split into a closely spaced doublet. 

Binding energies for orbitals and their associated atoms have been exhaustively 

tabulated which allows for confident identification of the atomic species present in the 

probed sample [44]. However, chemical identification is not always straightforward: if 

orbitals from different atoms have a similar BE, or if a spin-coupled doublet is too 

closely space, then the peaks can overlap and obscure the individual peas. It is possible 

and common to deconvolve the final peak into its constituents, but for complex chemical 

environments the result may be left open for interpretation.  The final term in Equation 

2-1, Δ𝑝, accounts for the work function (WF) of the sample. Thus, as the sample’s WF 

changes, the BE will shift and it becomes possible to detect such changes in doping. N-

doping results in a decrease in sample WF and an increase, blue-shift, in the BE, while 

p-doping results in a red-shift of the BE.  

When considering the depth that XPS probes, several important factors arise: 

namely, the escape depth of a PE, and the takeoff angle (TOA) of the PE (Figure 2-2). 

A PE can interact with anything it encounters on its way from its source to the detector, 

including the sample itself. This results in a probability for emission that diminishes 

exponentially with depth into the sample. This loss attenuates the detectable intensity 

and limits the depth probed by XPS to the top few nanometers of the sample’s surface, 

regardless of how much larger the interaction volume of the x-rays with the sample is 

[45]. Additionally, a change in the TOA of the PEs, and incoming angle of the x-rays 

(both measured from the sample normal), will influence the average depth within which 

electrons will be minimally attenuated. As the TOA deviates from normal it will be 

attenuated by a factor of cosine of the TOA, which allows for varying the TOA and 
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probing different depths within the sample. Depth profiling in this manner is called 

angular-resolved XPS (ARXPS); a lower TOA, measured from normal, probes deeper 

into the sample compared to a higher TOA. 

With XPS it is important to have a sufficiently conductive surface to provide a 

channel that allows for efficient transport and grounding of the generated 

photoelectrons. Otherwise, the PEs can build up on the sample surface and lead to so 

called charging effects that shift the entire measured spectrum; that is, the measured 

BEs will not correspond to that deduced from Equation 2-1. Additionally, the BEs can 

vary from sample to sample, which is important when trying to compare any BE shifts 

resulting from, for example, differences in doping among different samples. The solution 

to this problem is to align all the peaks to a reference value for an element that is both 

common to all the samples and that is unaffected by the experiment. The most common 

reference peak for this is the C1s peak of “adventitious carbon”, or carbon remaining on 

the sample surface from air exposure. However, the C1s peak can be a dubious 

reference as it presents its own set of issues: the C1s peak is a convolved peak of all 

the carbon bonds from all carbon species present on the surface, including C-C, C-H, 

O-C=O, and C-O. While values such as 284.7 are commonly used as the reference, the 

variety of carbon species can vary from sample to sample and can depend on the film 

thickness (air exposure time), resulting in a C1s peak shift from 284.08 to 285.52 eV, 

measured on conductive surfaces that should have minimal charging [46]. The variation 

of 1.44 eV can be as much as an order of magnitude larger than the resolvable BE 

different chemical states of the same element. Deconvolving a peak into its separate 

constituents is possible but not always accurate. Additionally, there’s evidence of 
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vacuum level alignment, rather than Fermi level alignment, for the C 1s peak, resulting 

in the C 1s BE being dependent on the work function of the sample, which can obscure 

a change in the sample’s work function from the experiment. 

For MoS2, the relevance of shifting BEs and reference peaks is dependent on the 

thickness and width of the MoS2 sample being studied. For exfoliated flakes, thickness 

can vary from monolayer (~0.65 nm) to many-layered (tens of nm), and the flakes lay on 

top of an oxide substrate, typically SiO2. Thus, the probed depth can penetrate through 

the flakes and into the oxide. Additionally, exfoliated flakes vary in shape, length, and 

width, and can be anywhere form <1 µm2 to >100µm2 in area. Flakes smaller than the 

spot size of the x-ray beam (from 10-200 µm in diameter), can include potentially 

significant signal from the underlying oxide. As a result, for XPS on exfoliated flakes the 

Si 2s peak is sometimes used as the reference peak; O peaks being overlooked for the 

same multi-species and deconvolution issues as with the C1s peak[47]. However, for 

XPS on bulk MoS2 that is much thicker than the probe depth and much wider than the x-

ray spot size, aligning to C1s remains the best, or only, option. 

Detailed Applications for MoS2 

The relevant BE peaks for MoS2 occur for electrons in the following orbitals and 

at the following approximate BEs: Mo 3d3/2 (BE = 232.3 eV), Mo 3d5/2 (BE = 229.1 eV), 

S 2p1/2 (BE = 163.2 eV), and S 2p3/2 (162.0 eV) [48]. Representative examples of XPS 

performed on mineralogical are in Figure 2-3, Mo 3d peaks, and Figure 2-4, S 2p states. 

When MoS2 is grown, for example by chemical vapor deposition, XPS is one technique 

used to confirm the synthesis of MoS2 [49]. In addition to, and sometimes in lieu of, 

electrical results, XPS can be used to confirm n- or p-type doping effects through a 

respective blue or red shift in the molybdenum and sulfur BEs [50]. Another application 
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of XPS with MoS2 is in using the relative intensity of the Mo and S peaks to observe S 

loss during high-dose argon irradiation [47]. 

Raman Spectroscopy 

Overview 

Raman spectroscopy (RS) characterizes molecular vibrational modes. At 

equilibrium, molecules within a sample will occupy a vibrational mode that is determined 

by their thermal energy. Additional vibrational modes may exist for the molecules, but 

energy barriers also exist between the different modes, which can prevent their 

occupancy. Excitation over the energy barriers is experimentally achieved by subjecting 

the sample to laser illumination, commonly performed using a 532 nm laser. Incident 

photons of sufficient energy can excite molecules into higher-energy vibrational modes. 

An excited molecule will subsequently relax to a lower-energy state by releasing energy, 

which can be in the form of an emitted photon. Detectors situated within the RS 

instrument then collect and analyze those emitted photons.  

A molecule that has been excited to a higher-energy vibrational mode can relax 

in one of three manners: to a mode that is lower in energy than the initial mode (Stokes 

scattering), to mode that is higher in energy than the initial mode (anti-Stokes 

scattering), or to a mode with equivalent energy to that of the initial mode (elastic 

scattering). Raman spectroscopy relies on inelastic scattering of the incident photons. 

Thus, Stokes and anti-Stokes scattering are the relevant relaxation mechanisms for RS. 

A molecule that has experienced stokes scattering will eventually relax to the 

equilibrium mode by releasing energy. Typically, the occupied mode has energy close 

to that of the equilibrium mode, and energy is released in the form of heat. Anti-Stokes 

scattering occurs when a molecule already occupies a vibrational mode that has higher-
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energy than the equilibrium mode, such as from thermal excitation. Upon excitation from 

an incident photon, the molecule can relax to a mode at a lower-energy than the initial 

mode, and emit a photon of higher energy than the incident photon.  

At room temperature, most molecules are in their equilibrium vibrational state, 

which makes Stokes scattering much more likely than anti-Stokes scattering. However, 

both types of scattering are much less common the elastic scattering, where the 

incident and scattered photon energies are equal. In fact, only one in every 106-108 

photons induce inelastic scattering in this manner, however modern laser produce high 

enough intensities to yield measurable results. The reliance of RS on inelastic scattering 

might imply that the data is presented relative to the incident photon, for example, as a 

simple shift in photon energy. However, this is typically not the case; data is expressed 

as the wavenumber of the detected photon, typically in units of cm-1, which is directly 

related to the photon energy [51]. The photon/matter interaction induces a polarization 

of the electron cloud surrounding the nuclei, but beyond that it’s necessary to induce 

motion in the nuclei in order to produce meaningful data. 

Detailed Applications for MoS2 

The relevant vibrational modes for MoS2 are the E1
2g and A1g modes (Figure 2-5). 

Due to RS’s involvement with molecular vibrations, it becomes important to discuss the 

type of vibration that these modes represent. The E1
2g mode is an in-plane vibration that 

arises from two S atoms vibrating in opposite directions relative to a Mo atom. The A1g 

mode is an out-of-plane vibration again arising from S atoms vibrating in opposite 

directions.  The distinction is important because it can make the modes sensitive to 

different phenomena. For example, peak of the modes are influenced by the layered 

nature of MoS2 and the number of layers within the sample.  Adjacent layers can 
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influence each other through long-range coulombic interactions, and they can also 

physically suppress the ability for atoms in a layer to vibrate. The result is a shift in the 

E1
2g and A1g peaks with changing number of MoS2 layers. As the number of layers 

increases from the monolayer, the A1g mode blue shifts while the E1
2g mode red shifts. 

This provides a way for identifying the number of layers contained in exfoliated flakes 

[52]. Additional uses for RS with MoS2 come in determining the crystal quality through 

the full width half maximum (FWHM) of a vibrational mode’s peak. Defects present in a 

crystal can disturb the lattice and introduce local variations in atomic bond lengths, 

which alter their vibrational modes relative to a pristine lattice and increase the FWHM 

of a RS peak. Thus, defects such as grain boundaries, interstitials, or vacancies can all 

increase the FWHM of an RS peak. In this way, the RS peak FWHM can aide in 

improving MoS2 growth techniques, as well as observing experimentally-induced crystal 

damage and repair [53], [54]. 

Photoluminescence 

Overview 

Like Raman spectroscopy, photoluminescence (PL) involves directing photons at 

a sample and measuring the photons that are emitted from the interaction between the 

incident photons and the matter in the sample. As a result, PL and RS are often 

performed in the same tool, though the mechanism underlying them are quite different 

and thus they provide complementary information. While RS relies on the excitation and 

relaxation of molecular vibrational modes, PL pertains to electrons. [55] An incident 

photon of sufficient energy, when absorbed by an electron, will excite an electron to a 

higher energy state. The electron subsequently relaxes and emits a photon of energy 

equal to the difference between the excited and relaxed state. For semiconductors, 
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typically the excited state is the conduction bad and the relaxed state is the valence 

band, though sometimes states near the bands, such as those from excitons, can 

contribute to PL at energies different from the bandgap (Figure 2-6). This emission 

process is also known as radiative recombination, but it’s also possible for an electron 

to relax without emitting a photon in a process known as nonradiative recombination. 

Nonradiative recombination can occur when an additional state is created near the 

middle of the bandgap, typically from a defect, which provides a pathway for an electron 

to ease its way from the conduction band to the valence band without emitting a photon 

in the energy range being observed. A classic example of nonradiative recombination is 

gold dopants in silicon [56]. 

Detailed Applications for MoS2 

Two dimensional materials such as MoS2 present an interesting case in regards 

to PL due to the influence of the sample’s thickness on the sample’s optical and 

electrical properties. For example, monolayer MoS2 has a direct bandgap of about 1.9 

eV, while bulk MoS2 has an indirect bandgap of approximately 1.3 eV [57]. Thus, a 

significant decrease in PL intensity is expected with increasing MoS2 layer thickness, 

and in fact it is observed even when the MoS2 layer thickness increases from only one 

to two layers.[58] PL spectra for MoS2 is comprised of two peaks: the A1 peak at ~627 

nm (1.98 eV), and the B1 peak at ~670 nm (1.85 eV). These peaks result from a 

degeneracy in the valence band and a consequential spin-orbital splitting, which creates 

the lower energy resonance of excitonic optical transitions.[57]  
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Scanning Tunneling Microscopy and Spectroscopy 

Overview 

Scanning tunneling microscopy (STM) is a powerful technique that can provide 

analyses unlike any other technique. STM involves bringing an atomically sharp metallic 

tip to within a few nm of the sample’s surface. Piezoelectric mechanisms allow for 

precise control of the tip’s x, y, and z location. A bias is then applied between the 

sample and tip, and for an adequately conductive samples a current will tunnel between 

the tip and sample despite their lack of actual physical contact. The tunneling current 

will be exponentially dependent on the distance between sample and tip (Equation 2-2), 

where m is the mass of the electron, U is the energy barrier height, E is the energy of 

the electron, h-bar is the reduced Planck’s constant, and w is the tunneling distance (tip-

sample distance).  

 
𝐼 ∝ 𝑒

−2
𝑤√2𝑚(𝑈−𝐸)

ℏ2  
(2-2) 

After a tunneling current has been confirmed the tip is rastered across the 

sample in one of two modes: constant-current or constant-height mode. For constant-

current modes, the tip’s z height is allowed to change to ensure the tunneling current is 

held constant, and it is the tip’s height that is measured. For constant-height mode, the 

tip’s z height is held constant and the tunneling current is measured. The resulting 

image is a combination of the topology as well as the DOS of the material, and is also 

influenced by the shape and sharpness of the tip. For example, the tip is ideally 

atomically sharp but if two or more atoms are present at the tip then tunneling can occur 

at multiple places and lead to erroneous and blurred images. A positive bias applied on 

the tip will allow electrons from the tip to flow into empty states of the sample. Likewise, 
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a negative bias on the tip will allow electrons from occupied states within the sample to 

flow into the tip (Figure 2-7). Thus, it’s possible to probe the occupied and unoccupied 

states of the sample by altering the tip bias. With scanning tunneling spectroscopy 

(STS), the tip is not rastered over the surface, rather it is situated at a specific location, 

the bias is adjusted from negative to positive, and the tunneling current is measured. In 

addition, the derivative of the tunneling current with respect to the applied voltage is 

directly proportional to the DOS of the sample, as shown in Equation 2-3. Thus, by 

plotting dI/dV vs. V it’s possible to image the DOS at a specific location, such as on a 

defect or dopant site.  

 𝑑𝐼

𝑑𝑉
∝ 𝜌𝑠(𝐸𝐹 − 𝑒𝑉) 

(2-3) 

Detailed Applications for MoS2 

STM and STS have been used on MoS2 to identify single defects. Both naturally 

occurring defects and defects induced by irradiation damage. The results typically 

indicate an enhanced tunneling current in the negative biases, which represent an 

increase in the number of filled states. Additionally, the defect density can be estimated 

by counting the number of defects within the image frame. A STM image of the MoS2 

surface is shown in Figure 2-8, in which the surface lattice is atomically resolved.  
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Figure 2-1.  Illustration of the fundamental basis of XPS. Incoming X-Rays excite 
electrons. The electrons are emitted and their kinetic energy is measured. 
This allows for the determination of the electron’s binding energy and the 
orbital from which it originated. 

 

 

Figure 2-2.  XPS relationship between the angle of incoming X-ray, the take-off-angle of 
the photoelectron, and the probed depth within the sample. 
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Figure 2-3.  Example XPS spectra of MoS2. Binding energies for Mo 3d doublet. 

 

 

Figure 2-4.  Example XPS spectra of MoS2. Binding energies for the S 2p doublet.  
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Figure 2-5.  Example of Raman spectra in MoS2 showing the E2g and A1g vibrational 
mode peaks. 

 

 

Figure 2-6.  Example of photoluminescence spectra from MoS2 showing the exciton 
peaks. 
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Figure 2-7.  Depiction of the electron tunneling between a STM tip and a sample. 

 

 

Figure 2-8.  Example STM image of mineralogical MoS2 surface. Atomic resolution is 
acheivable and the lattice is visible. Image courtesy of Xueying Zhao. 
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CHAPTER 3 
DEVICE CHARACTERIZATION METHODS 

MoS2 Devices 

The typical structure of a MoS2 device is shown in Figure 3-1. The substrate is 

degenerately doped Si capped with a layer of SiO2. This combination offers many 

advantages. The oxide provides a gate dielectric and allows for optical contrast to 

develop between the substrate and MoS2 flakes of different thicknesses. This makes it 

possible to identify thin MoS2 flakes based on their thickness. The degenerately doped 

Si behaves like a metal and can conveniently be used as a gate electrode. Gating in this 

manner, where the gate influences both the channel and contact regions, is referred to 

as back-gating and is commonly used for measuring devices fabricated on 2DMs.  

MOSFETs are often used to produce a transfer curve (Figure 3-2). A transfer 

curve is obtained by applying a constant voltage between the drain and source, VDS, 

then sweeping the gate voltage over a desired range, and measuring the resulting IDS. 

The transfer curve provides useful information, such as ION/IOFF, the ratio between the 

on- and off-current. Additionally, the transfer curve can be used to determine the field 

effect mobility, µ, shown in Equation 3-1, by finding the slope in the linear regime. That 

is, the slope when IDS increases linearly with VG, rather than exponentially.  

 
𝜇 =

𝜕𝐼𝐷𝑆
𝜕𝑉𝐺

𝐿

𝑊𝐶𝑖𝑉𝐷𝑆
 

(3-1) 

For n-type devices like those made on MoS2, the linear region occurs when VG 

exceeds VT. The slope of IDS vs VG in the linear region is the differential factor in 

Equation 3-1, and the x-axis intercept for the line-fit of that linear region provides an 

estimate of VT. Calculating µ in this way will yield a lower estimate, since the contact 

resistance has not been accounted for. Knowing µ will then enable calculation of the 2D 
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carrier density, n2D, shown in Equation 3-2. In these equations, L is the device channel 

length, W is the device channel width, Ci is the capacitance of the gate oxide, VDS is the 

applied bias between the drain and source, and q is the elementary charge of an 

electron. 

 
𝑛2𝐷 =

𝐼𝐷𝑆𝐿

𝑞𝑊𝑉𝐷𝑆𝜇
 

(3-2) 

Transfer Length Method 

The transfer length method (TLM) is a relatively simple but powerful technique 

that can reveal important parameters such as contact resistance, RC, and sheet 

resistance, RS. TLM determines these parameters by effectively simulating the 

unrealistic resistance measurement within a single contact, where current flows through 

the contact, into the semiconductor, then back into itself to be measured, only 

encountering resistance terms by passing twice through its own metal-semiconductor 

junction.  

TLM is performed by first patterning a series of electrical contacts on a 

semiconductor (Figure 3-4). The distance between consecutive contacts is the channel 

length, LChannel, of the device that is defined by those two contacts. TLM requires the 

measurement of devices that have a different LChannel, so the TLM row pattern requires 

that each consecutive pair of contacts be separated by a larger distance than that of the 

previous pair of contacts. Thus, LChannel 1 is the shortest, LChannel 2 will be longer, LChannel 3 

will be even longer, etc.  

After device patterning, the resistance between each consecutive contact is 

measured and plotted as a function of LChannel (Figure 3-5), and a line is fit to the data 

points. The y-axis intersection of the line-fit then approximates a resistance 
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measurement between two contacts separated by zero distance. Thus, the y-axis 

intersection is equal to twice the contact resistance.  

Resistance measured between two contacts on a semiconductor can be 

approximated by a contribution from each contact, RC, and a contribution from the 

resistance of the channel, RChannel, as shown in Figure 3-1 and Equation 3-3. The 

channel resistance in Equation 3-3 can be broken down into its components (Equation 

3-4), where W is the channel width (Figure 3-4). The terms can be further broken down 

into Equation 3-5, where c is the specific contact resistivity (units of Ω/cm2) and LT is 

the transfer length.  

 𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 2𝑅𝐶 + 𝑅𝐶ℎ𝑎𝑛𝑛𝑒𝑙 (3-3) 

 
𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 2𝑅𝐶 + 𝑅𝑆

𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙
𝑊

 
(3-4) 

 
𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 2

𝜌𝐶
𝑊𝐿𝑇

+ 𝑅𝑆
𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙
𝑊

 
(3-5) 

Current flowing through the metal- semiconductor junction will crowd at the edge. 

Thus, more of the current is located closer to the edge, such that at a distance of LT 

from the edge of the contact the current will have reduced by a factor of 1/e, or 63%, 

rather than dropping in a linear manner (Figure 3-6). If the contact is much longer than 

LT, then effective area of the contact-semiconductor junction can be approximated as W 

multiplied by LT, rather than W multiplied by the length of the contact, since the length 

portion beyond LT will contribute less than the LT portion [59].  

Error Analysis 

TLM involves fitting a line to data points, for RMeasured (y-axis) plotted against 

LChannel (x-axis). Variation in the data points can result in a poor line-fit, which will add 
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error and uncertainty to all parameters derived from that line, such as RC or RS. This 

issue can be addressed by performing regression analysis on the data points and line-

fit. The actual data points will occur at values different than what the line-fit estimates. 

For the entire data set, the average magnitude of that difference is called the standard 

error of the estimate (SEE) [60]. Equation 3-6 shows the calculation of SEE for a line-fit, 

where Y is an actual data point, Z is the data point predicted by the line-fit, and N is the 

number of data points used for the line-fit.  

 

𝑆𝐸𝐸 = √
∑(𝑌 − 𝑍)2

𝑁
 

(3-6) 

SEE is similar to standard deviation in that they both reference an average 

distance of data points from a metric, however the standard deviation relates to the 

mean of those data points, while SEE relates to their estimated values. SEE can be used 

to determine the standard error in the slope and in y-intercept of the line-fit, which will 

determine the error in the values estimated from the line-fit.  

The standard error of the estimate is not to be confused with the standard error 

of the mean, SEM, which is useful when dealing with the mean of a data set [61]. An 

entire population of data points will have an overall mean. However, a subset of data 

points, taken from the overall population, will have a mean that differs from that of the 

overall population. SEM relates to the mean of data subsets, and the average variation 

of those means compared to the mean of the overall population. SEM is calculated in 

Equation 3-7, where Y is a data point in the data set and M is the mean of the data set.  
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𝑆𝐸𝑀 = √
∑(𝑌 −𝑀)2

𝑁(𝑁 − 1)
 

(3-7) 

For both SEE and SEM, a lower value relates to a greater certainty in the result 

related to that error. Both errors are inversely proportional to the size of the sample 

population, thus, large sample populations are preferred to ensure certainty in the 

results. SEE will be used to analyze the error in TLM experiments, as it relates to error in 

line-fits, and the resulting estimated values for RC and RS. SEM will be used to analyze 

error when taking the mean of a data set, such as when determining the average 

mobility or 2D carrier density of a set of devices that have undergone a similar 

treatment. In such cases, the mobility value will be taken from multiple nearby points 

around a single point on the IDS-VG transfer curve, to account for error in determining the 

slope of the linear region. 
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Figure 3-1.  Typical structure of a MoS2 device, not drawn to scale. The substrate is 

Si++/ SiO2, and the contacts are Ni/Au. 

 

 
 
Figure 3-2.  Typical transfer curve for a MoS2 field-effect transistor, with the y-axis on a 

log scale. VDS is held constant..   
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Figure 3-3.  Typical transfer curve for a MoS2 field-effect transistor, with the y-axis on a 

linear scale. A line-fit to the linear portion can determine the slope, which can 
then be used to calculate the field-effect mobility, µ. 

 

 
 
Figure 3-4.  Basic TLM design. A row of boxes, with an increasing gap (channel length) 

between consecutive boxes.  
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Figure 3-5.  Representation of TLM data and analysis showing the relationship between 

a linear fit of the data points and various device resistances.  

 

 
 
Figure 3-6.  Depiction of LT, the transfer length. Current flowing through a metal-

semiconductor junction will crowd at the metal edge. The percentage of total 
current flowing through the junction at a distance xLT will be exp(-x/LT).  
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CHAPTER 4 
SAMPLE PREPARATION AND PROCESSING TECHNIQUES 

MoS2 Material 

Working with MoS2 for microelectronic purposes requires isolating it into sheets 

of few-layer thickness. This is typically accomplished through one of two ways: 

mechanical exfoliation from a bulk mineralogical crystal, or through the growth of a thin 

MoS2 film. The mineralogical origin of mechanically exfoliated samples generally yields 

superior electronic and optical properties when compared to grown films, due to defects 

in the films that result from the growth process [4]. However, running experiments on 

grown films can be quicker than with exfoliated flakes, due to the random shapes, 

thicknesses, and arrangement of flakes that exfoliation produces. Therefore, both 

methods have their advantages and disadvantages, but ultimately if 2DMs are ever to 

achieve widespread adoption then effective growth methods must be developed. Until 

then, exfoliated mineralogical flakes fill a useful role in laboratory settings. 

Mechanical Exfoliation 

Mechanical exfoliation is a simple process that nonetheless was significant 

enough to yield a Nobel Prize in 2010 [62]. The process involves using a sticky material, 

such as tape, to peel off sheets of 2DM from a bulk crystal [63]. A piece of tape is 

pressed on and peeled off from a bulk crystal of the 2DM. This results in a competition 

between the attractive forces at the different interfaces: the tape-sheet interface (for the 

outermost sheet that is touching the tape) and the sheet-sheet interfaces (for the sheets 

that are touching each other). When peeling off the tape, at some distance into the 

depth of the 2DM the competition of forces reaches a turning point. The 2DM sheets 

below that point will remain on the substrate, while the sheets above it will exfoliate with 
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the tape. The separation is highly random and can depend on the peeling motion as 

well as any defects present in the material that could provide a weak point for fracture to 

occur.  

After the initial exfoliation, the material remaining on the tape can be quite thick 

so it’s necessary to thin the material by pressing on and peeling off tape in repeated 

exfoliation steps. The tape with the thinned material is then placed onto a substrate and 

peeled off. The adhesive force between the tape–MoS2 and substrate–MoS2 is sufficient 

enough that, upon peeling the tape off from the substrate, sheets of the 2DM remain on 

both the substrate and tape. In this way, the 2DM surface that is exposed on the 

substrate after exfoliation is pristine; it has never touched the tape, it has only touched 

an adjacent sheet of 2DM.  

Exfoliation yields a stochastic distribution of 2DM ‘flakes’, which is a general term 

used to describe a randomly shaped and randomly thick piece of 2DM. Exfoliated flakes 

are randomly arranged over the surface of the target substrate. Flakes can vary in area 

from less than a micron squared to tens of microns squared, and vary in thickness from 

monolayer to tens of layers. A macroscopic image of exfoliated flakes on a Si/ SiO2 

substrate is shown in Figure 4-1. 

Optical Contrast and Flake Thickness 

The ability to quickly and accurately determine the thickness of a 2DM flake is 

important due to the thickness having significant effect on the material’s electronic and 

optical properties [64], [65], [66], [10]. Rigorous techniques involving atomic force 

microscopes or electron microscopes can accurately determine flake thickness, 

however they are generally too time consuming for practical use when absolute 
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precision of thickness is not necessary, such as when making devices on few-layer 

flakes.  

A much quicker method exists using the color, or optical contrast, of the flake 

[67]. The typical substrate for exfoliated flakes is Si/ SiO2, which upon exfoliation results 

in a Si/ SiO2/ MoS2 stack where each layer has a unique index of refraction. Light 

passing through each layer will experience a phase shift that is dependent on the 

thickness of the layer and the layer’s index of refraction. There is also a chance for the 

light to reflect at the interface between each layer, dependent on the index of refraction 

of each layer at the interface. The combination of phase shift and reflection induces 

interference between light that is reflected from different interfaces, which produces 

contrast. Contrast in this sense is refers to the relative intensity of reflected light, 

comparing where the 2DM is and isn’t present on a substrate. The contrast is thus 

dependent on the thickness of the SiO2 layer and the thickness of the MoS2 layer (as 

well as the wavelength of illuminated light, and the index of refraction of each layer in 

the stack).  

Considering SiO2 thicknesses below 300 nm and keeping everything constant 

aside from the SiO2 thickness, this sets up three situations that are dependent on SiO2 

thickness: high MoS2 contrast (SiO2 of thicknesses 50-100 nm and 200-300 nm), low 

MoS2 contrast (SiO2 thicknesses of 130-160 nm), and no MoS2 contrast (SiO2 

thicknesses of 0-50, 100-130, and 160-200 nm). Additionally, since the phase shift is 

dependent on the wavelength of the incident and reflected light, different wavelengths 

will be shifted and interfered with at different amounts. The overall result of this 

wavelength-dependent phase shift is that a color emerges to our eyes, a color that, with 
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all else constant, depends only on the thickness of the 2DM flake. This color can be 

quantified by imaging the flakes in an optical microscope and using an image 

processing program to separate the light into its red, blue, and green components, and 

comparing the intensity of each component from different flakes to the intensity of the 

bare Si/ SiO2 substrate [68]. Once a flake color is corresponded to a flake thickness 

using a precise measuring tool such as an electron microscope, that color can reliably 

be used to identify other flakes of the same thickness. 

Grown MoS2 Films 

Experiments performed in Chapters 6 and 7 used large-area MoS2 films grown 

by a group at the Interuniversity MicroElectronics Center (IMEC) in Leuven, Belgium 

using a published method of Mo sulfurization [69]. To start, thin Mo films were deposited 

on a sapphire substrate and annealed in 10 mbar of H2S at 800˚C for 30 minutes, 

followed by an additional 20 minute anneal at 1000˚C under a H2S/N2 flow. Sulfur in the 

H2S reacted with the Mo film and resulted in 3-5 layer thick 2H phase MoS2 films that 

were oriented parallel to the substrate. The films were then transferred onto highly 

doped Si substrates that had been capped with 90 nm of SiO2, which are the typical 

substrates for device fabrication. Transfer was found to be necessary because films 

grown directly on SiO2 were inferior to those grown on sapphire. The transfer process 

involved deposition of a polymer on the MoS2 film, to provide mechanical support. A 

corner of the film was scratched and it was submerged in water. The water penetrated 

the MoS2 /substrate interface and allowed for the MoS2 film to be lifted off and 

transferred to the desired substrate. Finally, the polymer was dissolved in toluene [70]. 

Cross-sectional transmission electron microscopy images confirmed the 3-5 layer 

thickness of the film. Electron diffraction patterns (measured from the film yield well-
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defined spots, which is indicative of a crystallographic film. However, atomic force 

microscopy characterizations of the surface show textured grains and terraces that vary 

in width from 10-100 nm. Electron spin resonance (experiments determined that these 

grains contain antisite defects where S or S2 substitute for a Mo atom, with an estimated 

frequency of 1.5-3.5 antisite defects per 10 nm of grain boundary length [71]. It’s these 

grain boundaries that are implicated as the source for degraded mobility (~3 cm2/Vs ) of 

devices made on these films, which is much lower than the theoretical maximum room 

temperature value of over 400 cm2/Vs, or the more common value of 10-100 cm2/Vs 

attained for exfoliated mineralogical flakes [72], [73], [74]. Notably, the reported mobility 

of 3 cm2/Vs  was only achieved after capping with Al2O3, which has commonly been 

shown to improve device performance through the suppression of charge impurity and 

phonon scattering effects, as well as any influence that environmental adsorbates may 

have (typically p-type doping) [75], [76], [33], [77], [78]. Despite the low mobility of the 

films, they can still yield devices with respectable ION/IOFF ratios of 106. 

The mentioned grain boundaries inherent in these grown films have a particular 

relevance for implantation and annealing studies. Their precise impact is unclear, but 

their potential impact relates to the diffusion of the dopant atoms. Activation anneals are 

intended to provide the thermal energy to allow for dopant substitution. It’s conceivable 

that the grain boundaries could getter the dopants or even provide a pathway for 

speedy out-diffusion from the sample [79], [80], [81]. Either case could inhibit effective 

dopant activation.  
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Device Fabrication 

Lithography 

Lithography is common process for patterning designs on a semiconductor 

surface. Two types of lithography will be described here: masked photolithography 

(MP), maskless photolithography (MLP). The basic overall process is the same for each 

method, though important differences exist in the details. The general process involves 

depositing a polymer resist and exposing selected regions to UV light or an electron 

beam, and immersing the sample in a developer to remove unwanted resist regions 

(either exposed or unexposed areas, depending on the type of resist). This process 

leaves a pattern in the resist and prepares the sample for subsequent processes, such 

as metal deposition or etching. After a subsequent process, such as etching, the PR is 

simply dissolved, or “stripped”, away. Following a process such as metal deposition, the 

PR is also dissolved away but the solvent is potentially different than that used for 

simple PR stripping, and the process is generally referred to as “liftoff”; the metal on the 

developed region remains, while the metal on the undeveloped PR is “lifted off.” 

The first step in lithography is the deposition of a resist, often and generally 

referred to as photoresist (PR) even if the process isn’t optically based (such as with 

and electron beam lithography). PR is a polymer suspended in a solution. Deposition is 

performed by standard spin coating methods [82], where the substrate is held on a 

chuck via a vacuum, the PR solution is dropped on to the substrate, and the substrate is 

spun at a specified speed for a specified time. Importantly, prior to PR deposition it is 

common in lithography to apply a primer, such as hexamethyldisilazane, to improve 

adhesion between the PR and substrate. This step was avoided for the experiments 
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presented in this dissertation to prevent the primer from influencing the results, due to 

the 2DM’s ultra-thin channel and sensitivity to the environment. 

For optical lithography, two types of resists exist: positive and negative PR. With 

positive PR, exposure to UV light or an e-beam induces a breakdown in the PR polymer 

chains which makes the exposed region more soluble in the developer. Thus, with 

positive PR, the exposed region is removed by the developer. With negative PR, 

exposure induces crosslinking of the PR polymer chains, making that area less soluble 

in the developer. Thus, with negative PR, the exposed region remains and the 

unexposed region is dissolved upon immersion in the developer. This distinction is 

simple but important: certain processes are aided using a negative PR, but the 

laboratories where these experiments were conducted only had access to positive PR.  

Specifically, when the light interacts with the PR during exposure there is a 

decaying magnitude of exposure through the depth of the PR due to the absorption of 

light, necessitating a large enough intensity of incident light to ensure proper exposure 

through the depth of the PR. At the edge of the exposed region the intensity of light is 

not enough to expose through the entire depth of PR, which leads to a profile that 

slopes away from the incident beam. When exposing a pattern in positive PR the profile 

at the exposed edge results in a continuous surface along a path that crosses from 

exposed region to unexposed region. Exposure of negative PR results in a non-

continuous surface when traveling form the exposed to unexposed regions. This 

discontinuity is referred to as an undercut. For subsequent processes, such as etching 

an undercut might not be necessary, but for common lithographic processes such as 

metal deposition and liftoff, an undercut is critical. After metal deposition and during 



 

65 

liftoff, the continuous surface created by positive PR will result in a continuous metal 

surface and will introduce potential problems: the entire metal surface could remain 

after liftoff, or the entire metal film can be lifted off; both issues can ruin the patterns.  

Negative PR mitigates these issues with the undercut: the discontinuous surface 

ensures that the metal deposited into the developed PR region is unaffected by the 

liftoff od the metal that is on top of the undeveloped PR. Thus, negative PR is critical for 

liftoff. However, as mentioned, the laboratories used in the experiments presented here 

only have access to positive PR. The solution to this issue involves the use of a liftoff 

resist (LOR). The LOR is deposited on the sample surface prior to deposition of the PR, 

and it is largely unaffected during exposure. The LOR is dissolved in the developer so a 

slightly longer development time is required when using an LOR. Dissolution of the LOR 

occurs in a manner that creates an undercut and allows for the use of positive PR with 

liftoff processes.  

Masked and Maskless Photolithography 

While the overall process is similar, MP and MLP differ in their exposure steps. 

Both methods have their advantages and disadvantages. MP is a parallel process 

where the entire pattern is exposed at once, so it is fast but it requires a pre-made 

mask, which limits the flexibility of designs you can make. MLP is a serial process that 

“draws” the pattern as it exposes. The serial nature of MLP makes it slower than MP, 

but it allows for designing unique patterns, and relatively easily, so it is a more flexible 

process than MP. The flexibility of MLP makes it very useful when patterning devices on 

exfoliated MoS2 flakes, due to the random shape and size of flakes that result from 

exfoliation. On the other hand, grown MoS2 films don’t require uniquely shaped devices, 
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so MP is sufficient for making devices on grown films. An example of devices made on 

exfoliated MoS2 flakes using MLP is shown in Figure 4-2. 

Ion Implantation 

General 

Ion implantation is a process by which atomic species are incorporated into a 

substrate. It’s a widespread and mature technology that offers precision and flexibility. 

Common uses include selected-area doping or electrical isolation of a region by 

inducing a significant increase in local resistivity. More exotic use cases do exist, such 

as the Smart Cut process, which allows for the production of uniform thin films that are 

readily transferable to other substrates in a manner that would be difficult or impossible 

to replicate through other methods [83].  

Ion implantation employs an electric field to accelerate and guide an ionic 

species into the target substrate. The energy in the electric field imparts a kinetic energy 

(KE) to the ions based on the ion’s charge. The ions then transfer that KE to the atoms 

in the target substrate. The transfer of KE and slowing of the incoming ion occurs 

through two methods: nuclear and electron stopping. Nuclear stopping dominates at 

lower ion KE and it results from the binary collision between the ion and the target 

atom’s nucleus. Electron stopping dominates at higher implant energies and can 

potentially involve numerous processes, such as the promotion of a valence band 

electron into the conduction band or even ionization of the target atom, thus the 

electronic structure of the target atom will influence which mechanisms occur. With the 

low implant energies used for the experiments performed in this dissertation, nuclear 

stopping is expected to dominate. For clarity, unless otherwise stated, the implanted ion 
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will be referred to as ion regardless of its charge state throughout the course of its 

interactions. 

The probability for a binary collision between the ion and a substrate atom is 

related to a term called the cross section, , which can be thought of as an interaction 

area surrounding the substrate atom. As implant energy increases, so will the ion’s KE 

and velocity, resulting in less time for an ion-atom interaction to occur. Consequently, , 

and the chance for an ion-atom interaction, will decrease with increasing ion KE [84]. 

Sufficiently low ion KE can result in the ion reflecting from or absorbing to the 

target surface, which will result in minimal if any damage to the target. However, if the 

energy transferred from the ion to the target atom, T, exceeds the displacement 

threshold energy of the target atom, ED, then the target atom will recoil and be displaced 

from its lattice site. The displaced atom is then referred to as the primary knock-on atom 

(PKA). If T is less than ED, then the transferred energy will dissipate as heat that 

vibrates the target lattice.  

Displacement of an atom from its lattice site involves breaking the chemical 

bonds it shares with its neighbors; thus, it might be expected that ED is comparable to 

the sum of those bond energies (for example, 10-12 eV). However, ED can be more 

than double the sum of bond energies due to non-idealities that arise in the collision 

process, including but not limited to scattering of the PKA in directions other than that of 

least resistance. Optimal scattering directions will depend on the local arrangement of 

nearest neighbors to the PKA, hence ED can be influenced by the crystallographic 

orientation [85].  
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Energy and momentum are conserved during the ion-PKA collision, leading to a 

maximum possible transfer of energy, Tmax, that depends on the relative masses of the 

participating species. An expression for the non-relativistic Tmax is given in Equation 4-1, 

where m is the mass of the ion, M is the mass of the target atom, and KE is the energy 

of the incoming ion. 

 
𝑇𝑚𝑎𝑥 = 𝐸

𝑚𝑀

(𝑚 +𝑀)2
 

(4-1) 

From that, it’s possible to determine the minimum initial KE required for the ion to 

displace the target atom, as shown in Equation 4-2 [86]. 

 
𝐸𝑚𝑖𝑛 = 𝑇𝑚𝑎𝑥

(𝑚 +𝑀)2

𝑚𝑀
 

(4-2) 

A complex parade of events can occur following displacement of the PKA. If the 

collision occurred near the surface, there is a chance for the ion or the PKA to sputter 

from the substrate. Otherwise, they will continue traversing through the substrate’s 

lattice in a random path where they will inevitably interact with additional substrate 

atoms. Each interaction with a lattice atom provides a chance for that atom to vacate its 

lattice site and recoil on its own random path of interactions. In this manner, a cascade 

of collisions and recoils can unfold, with potential for significant damage to the 

substrate’s crystal lattice.  

Each interaction reduces the overall kinetic energy of the system. Eventually the 

energy will have spread out enough so that lattice atoms are no longer encouraged 

leave their site, and the cascade will stop. The concentration of implanted ions will come 

to rest in an approximate Gaussian profile as a function of depth into the target 
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substrate. The peak of this profile is termed the projected range, Rp, and the standard 

deviation is the straggle, R.  

The implanted ions at this point are sitting interstitially, but for them to contribute 

to doping they need to substitute, or “activate”, onto a lattice site. Such activation 

requires motion, not only of the implanted ions to a lattice site, but also of the lattice 

atoms from their lattice site. Thus, post-implantation anneals are required to “activate’” 

the dopants, with the added benefit of thermally repairing some of the implantation-

induced damage. Oftentimes, adequate motion will occur at approximately three-

quarters of the target’s melting point. Such high temperatures can lead to undesired 

diffusion of the implanted species deeper into the substrate. This can be avoided, or at 

least minimized, by employing rapid thermal processes that use a higher temperature 

for a shorter amount of time to minimize diffusion. 

The key process parameters for ion implantation are the species, the energy, and 

the dose. Species are chosen based on their n- or p-type doping ability, though inert 

noble gasses can be implanted to observe the damage effect of implantation without 

chemical doping. Common implant energies range from the tens of keV to MeV, and 

typical doses range from 1 x 1012 cm-2 to 1 x 1018 cm-2. Finally, key process parameters 

for the post-implantation anneal are the annealing temperature and time, as well as the 

annealing atmosphere.  

Detailed Applications for 2D Materials 

Implantation into bulk silicon is a well-known process. However, the same rules 

do not always apply for low-dimensional systems. For example, the cross section, and 

thus the probability, for a binary collision to occur between an ion and target atom was 
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said decrease with increasing ion energy. For bulk semiconductors, this means the ion 

will travel deeper into the substrate, but ultimately the ion will stop and its kinetic energy 

will be dissipated into the substrate. Thus, the substrate will still experience the full 

extent of damage that results from absorbing the larger kinetic energy, and damage will 

increase with implantation energy. This is not the case for 2D materials. Initially, the 

damage (in the form of sputter events) does increase with increasing implant energy. 

However, the increasing energy will eventually cause the cross section for a collision to 

decrease, at which point fewer collisions occur. At high energies, the implanted species 

will come to rest in the substrate underneath the 2D material, and the 2D material will 

experience less damage (fewer sputter events) as the implantation energy increases. 

Damage typically peaks for energies between 100-1000 eV, depending on the 

implantation species [87].  

This discrepancy between 2D and bulk material is observed when attempting to 

model and predict implantation. Bulk implantation is reliably modeled using software 

such as the Stopping Range of Ions in Matter (SRIM). However, SRIM assumes the 

target is amorphous and of a homogenous density. There is a Van der Waals gap 

between each sheet in a 2D material. This, combined with the aforementioned reduction 

in collision cross section with increasing implantation energy, leads SRIM to 

overestimate the number of implantation-induced defects by as much as four times. In 

some cases, such as for a carbon nanotube, tweaking the target density allowed SRIM 

to predict the correct number of defects, though that did not work for graphene [88]. It 

should be noted, despite these discrepancies with SRIM and 2D materials, SRIM has 

accurately predicted the projected range for implantation into carbon nanotubes [89]. 
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Regarding the cross section, for 3D materials it is commonly based on the cross 

section for Coulomb scattering between an electron and a nucleus that was developed 

by Mott in 1929 and later refined by McKinley and Feshback [90], [91]. It assumes the 

target atom is at rest. When fitted for graphene, it yielded a sharp onset of TD at 108 

keV, whereas experimental evidence on suspended graphene suggested a gradual 

onset beginning at 80 keV. However, the model was accurate after it was adjusted to 

account for graphene’s atomic vibrations. It was concluded that the vibrating atom could 

receive a higher maximum transferred energy than predicted in Equation 4-2, which 

resulted in the experimentally observed reduced TD. This example might be an 

especially distant outlier, since suspended graphene has been shown to have unique 

vibrational properties compared to non-suspended graphene, where contact with the 

substrate might inhibit vibrations [92]. Nevertheless, it does give hope to the notion that 

only a slight modification is needed to for standard 3D models to accurately describe 2D 

materials. 

Additional differences between 2D and 3D materials that may influence ion 

implantation regard the high surface-to-volume ratio inherent to 2D materials. For 

implantations normal to the surface, the implantation energy that produced the most 

defects was in the 100-1000 eV range. Such low energies will focus the ion stopping, 

and therefore the most damage, into the near-surface region. This could lead to an 

enhanced sputtering yield. This could be particularly relevant for the experiments 

described later in this dissertation, as they employed implantations normal to the 

surface and implantation energies within that range. Additionally, the high surface-to-

volume ratio combined with the enhanced diffusion pathways of the Van der Waals 
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gaps could have implications on post-implantation anneals, especially when annealing 

in an H2S atmosphere. S diffusion through the gap was modeled to have a low energy 

barrier of only 0.08 eV, allowing S to easily reach subsurface implantation-induced 

sulfur vacancies [93]. 
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Figure 4-1.  Macroscopic picture of a Si/ SiO2 susbtrate on which MoS2 has been 

mechanically exfoliated. The flakes are only microns in size but large groups 
of them are visible as the smudges on the substrate. Photo courtesy of 
author. 

 

 
Figure 4-2.  Optical image of devices patterned on a MoS2 flake. The flake is the blue 

part and it is approximately 13 µm long. The gold parts are metal contacts. 
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CHAPTER 5 
Cl AND Ar IMPLANTS INTO NATURAL MoS2 

A wide range of doping methods exist for MoS2, but few are ready for industry. 

Ion implantation is a well-known and common doping method that has largely been 

avoided in MoS2 due to concerns over the fragility and surface sensitivity of thin 2D 

films. This chapter encompasses the initial efforts into observing the effect of ion 

implantation on MoS2. Analyses were performed on the chemical and structural effects 

of implantation on MoS2, followed by electrical characterizations.  

Implants were performed in three manners: into the channel of a pre-made 

device, into the contact-region during device fabrication, and through the metal contacts 

of a pre-made device while protecting the channel. Prior to the experiments, little was 

known about the appropriate implantation parameters, with the three most important 

being the species, energy, and dose. As is common with ion implantation experiments, 

two different types of implantation species were employed: an inert species, to observe 

the effect of damage alone; and a species intended to chemically dope the material, in 

this case n-doping. The implantation doses were varied over three orders of magnitude 

to identify effective dose regimes. Low implant energies were employed to ensure 

implantation into the thin MoS2 film and not the underlying substrate. However, for the 

through-contact implants, a much higher energy was required to penetrate the metal 

contact. No activation anneals were performed.  

Ion Implantation 

Species 

Outside of substitutional doping during MoS2 film growth, relatively large and 

oftentimes complex molecules are typically used as dopants via a surface charge 
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transfer effect, however these molecules are unavailable for use in ion implantation [41], 

[40]. For non-molecular MoS2 dopant species that are available with ion implantation, 

chlorine has been reported to be an effective n-type dopant through an extended MoS2 

film soak in a chlorine-containing solution, thus it was chosen as the chemical dopant 

for these implantations [42]. It was unclear in the report whether the Cl was substituting 

a S site or whether it was intercalated between the MoS2 layers, but the n-type doping 

effect was clear. It could be speculated that the high electronegativity of Cl would 

prevent it from being a donor, however, aside from the reported experimental evidence, 

models predict that the Cl-Mo bond will in fact result in Cl donating an electron to the Mo 

d orbitals [94]. 

Noble gases are typically used for observing the damage effect of implantation 

due to their chemical inertness, specifically the noble gas nearest in mass to the chosen 

chemical dopant species to avoid any influence that appreciably different atomic 

masses and sizes may have on the collision interaction between sample and implanted 

ion. Thus, argon was chosen as the inert species to observe the damage effect.  

Implant Energy 

The Stopping and Range of Ions in Matter (SRIM) Monte Carlo software 

simulation package is a powerful tool for understanding and revealing important 

parameters of ion implantation experiments. However, SRIM simulations are not 

optimized for a 2D such as MoS2, where the Van Der Waals gap inherent to layered 

materials introduces an additional and unaccounted for complexity [95]. SRIM has been 

shown to over-estimate implant damage for implants into 2D materials, though it has 

also accurately predicted the projected range [88], [89]. Additionally, secondary ion 

mass spectroscopy (SIMS) was used to determine the implanted dose profile for the PIII 
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of phosphorous into MoS2, albeit for high implant energies and for MoS2 films thicker 

than typically used for making device. The SIMS results confirmed the SRIM as 

reasonable estimates for projected ranges into MoS2 [54].  

Aside for the through-contact implantations, SRIM calculations were performed to 

aim for a projected range of 9 Å, or approximately the middle to upper region of the 

second MoS2 layer to ensure near-surface implantation, keeping the few-layer nature of 

MoS2 in mind. This resulted in an implantation energy of 200 eV for Cl, with similar 

results for Ar. Notably, the straggle, or standard deviation of the projected range, for that 

implant energy and species is 8 Å, nearly equivalent to the projected range. MoS2 

layers are ~7 Å thick, so these SRIM calculations suggest the bulk of the implanted 

dose will lay within the first two MoS2 layers. For the through-contact implantations, with 

Ni contacts 8 nm thick, a higher energy of 18 keV was used to aim for a projected range 

near the contact/ MoS2 interface.  Implantations are typically performed at angles 

slightly off axis from the sample’s surface normal, such as 7˚ off axis, to prevent 

channeling of the implanted ion which may lead to inaccurate projected ranges [96]. 

However, the low energy implantations were performed at normal incidence due to the 

low amount of channeling at would be expected at such low energies. 

Dose 

When choosing an implantation dose, it’s important to consider that the 2H phase 

MoS2 employed here has a surface atomic density of ~2.32 x 1015 cm-2. A dose similar 

to that was chosen for the high end of the dose range. Therefore, the implantation dose 

matrix was chosen to consist of 1 x 1013, 1 x 1014, and 1 x 1015 cm-2. The resulting peak 

concentrations are approximately 2.5 x 1019, 2.5 x 1020, and 2.5 x 1021 cm-3. The 

concentration profile with depth for the 1 x 1013 cm-2 dose is shown in Figure 5-1. 
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Material Characterization: Methods and Results 

To explore the effect of ion implantation on the structure and local chemical 

environment of MoS2, XPS and STM/STS were performed on bulk mineralogical 

samples that were implanted with the noted array of Cl doses, using the low implant 

energy of 200 eV.  The size of the bulk samples (multiple mm in length, width, and 

thickness) provides multiple benefits over exfoliated flakes (typically nm thick and 

<dozens of µm2 in area) when performing these characterization techniques. First, it 

ensures the samples are larger than the XPS spots size, which is typically 200µm2, to 

avoid the XPS spot size overlapping the substrate or any fabricated features and 

generating unwanted signals; for example, the binding energy of the tantalum 4d core 

peak can overlap the Mo 3d core peak, so avoiding generation of the tantalum signal, 

say from TaN alignment marks patterned over a substrate, is critical to attaining 

sensible results [44]. Second, these characterization methods require the sample to be 

grounded, either to prevent charge buildup in XPS or to ensure a conductive pathway 

for tunneling current in STM; this is easily accomplished with large bulk samples, where 

the reasonably large clamps that hold the sample to the sample holder are often used 

as electrical grounds, as opposed to small exfoliated flakes which would require 

additional and unnecessarily complex lithography steps to ensure an electrical ground. 

Lastly, and perhaps most importantly for the individual running the characterization 

techniques, bulk material affords a large surface at which to aim. Not every XPS or STM 

tool is equipped with high magnification cameras for precisely directing the probe. 

Additionally, STM typically has a relatively small scan window, on the order of 4 µm2 at 

the maximum. It would be impractical to try and locate an exfoliated flake on a substrate 

given these constraints. 
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XPS Results 

XPS characterizations were performed by Xueying Zhao in collaboration with Dr. 

Scott Perry at the University of Florida. Figure 5-2A shows the Mo 3d and S 2p core 

peaks for implanted samples as well as for pristine MoS2. All peaks were aligned to the 

C 1s peak to avoid any issues of charging. Increasing Cl doses induced core peak shifts 

to lower binding energies (BEs), as shown in Figure 5-2B, which is indicative of p-type 

doping of MoS2 rather than the predicted n-type doping from Cl [97]. The shift in BE is 

consistent with previous reports of preferential sputtering of sulfur atoms from MoS2 by 

Ar+ bombardment [47], [98]. Reports noted the similar effect that would be expected 

when depositing Mo on the MoS2 surface, and concluded that Mo-clusters form during 

irradiation-induced S-loss. Electrons transfer from the MoS2 to the Mo to balance the 

Fermi levels, and an overall p-type shift is detected in XPS. The effect can occur even 

when Mo-Mo is below the detectable limit in XPS [99], [100], [101]. Relative to the 

pristine sample, the shift in BE for the 1 x 1013 cm-2 dose was nearly negligible, while 

the shift in the 1 x 1014 cm-2 dose was a small but measurable ~0.1 eV. The shift for the 

1 x 1015 cm-2 dose, however, was much large at ~0.7 eV. In addition, the 1 x 1015 cm-2 

dosed sample exhibits a MoOx peak, indicating activation of Mo sites where oxidation 

can occur following implantation. This finding is notable; while the lack of detected 

oxidation for the lower dosed samples might be a result of the detection limit for XPS, it 

also indicates that significant oxidation does not occur for the lower dosed samples.  

Angle-resolved XPS (ARXPS) was also performed to observe the presence of 

implanted Cl as a function of depth within the sample. The implanted species was only 

detected for the highest dosed sample, which can likely be attributed to the detection 

limit of XPS (typically within 0.1-1%) being unable to detect the Cl in the two lower 
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dosed samples, rather than a lack of implanted Cl for the lower doses. As such, all 

ARXPS results will only refer to the highest dosed sample, 1 x 1015 cm-2. The take-off-

angle (TOA) is referenced from surface normal, so higher angles provide a more 

glancing angle and are consequently more surface sensitive, while lower angles probe 

deeper into the samples. Take off angles were taken from a range of 55 degrees, where 

~90% of the signal originates from with a depth of ~2.3 nm into the sample, and 85 

degrees, where ~95% of the signal originates from a depth of ~0.45 nm. The chlorine 

signal held nearly steady with a 2-3 atomic percentage within the depths probed, with 

the higher end of that range being detected in the more surface levels, within ~1.0 nm of 

the surface (Figure 5-3). In addition to detecting the presence of Cl, significant amounts 

of oxygen were also detected in levels increasing from ~25 to ~42 elemental percentage 

as the probed depth focuses increasingly toward the surface. Regarding the potential 

sputtering and loss of S that may result from the implantation, the S:Mo ratio remains at 

a near constant ~1.5:1 throughout the depths probed (Figure 5-4). This indicates a loss 

of sulfur, however not as great as potentially expected given that the typical S:Mo ratio 

can be less than the 2:1 expected from stoichiometry due to the presence of S 

vacancies[102]. Reports of Ar irradiation at 500 eV showed considerable loss of S, 

ascertained through the S:Mo ratio calculated using the area under the S and Mo XPS 

peaks[47]. Interestingly, a S:Mo ration of 1.5:1 was only observed for doses exceeding 

1 x 1016 cm-2, an order of magnitude higher than the dose reported in this chapter.  

However, the reported 1.5:1 S:Mo ratio was for Ar irradiated samples that where not 

exposed to air after implantation, and the samples reported in this chapter were. 

Additionally, the S:Mo ratio in the report was set to 2:1 for the pristine sample and the 
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inherent S vacancies were not accounted for. Accounting for the native S vacancies 

would shift their S:Mo ratios to align with lower irradiated doses, closer to those 

employed in these experiments. 

STM/STS Results 

STM/STS characterizations were performed by Xueying Zhao in collaboration 

with Dr. Scott Perry at the University of Florida. To start, STM scans were performed on 

samples as a function of implantation dose (Figure 5-5). Clearly, the surface becomes 

increasingly disordered with increasing dose due to damage from the implantation. In 

fact, atomic resolution of the MoS2 lattice was not achievable for implanted doses 

beyond 1x1013 cm-2, indicating the high severity of damage and lattice disruption for the 

higher doses. Surface-averaged STS scans were performed by attaining I-V curves at 

16 nearby locations and averaging the results, and an increasingly metallic 

characteristic, in the form of a reduced bandgap, was observed with increasing dose 

(Figure 5-6). Additional occupied energy states are created near or within the valence 

band maximum that result in the bandgap reduction. That result is despite both the high 

damage and oxidation observed for the higher doses (with the oxidation only observed 

in the core level XPS peaks for the 1x1015 cm-2 dosed sample).  

The high damage with higher doses precludes those samples from consideration 

when using STM to observe individual defects produced with implantation. Thus, the 

1x1013 cm-2 dosed sample was used for identifying defects. Four features were 

observed, shown for a negative sample bias in Figure 5-7A, where the figure’s contrast 

is such that darker regions indicate a higher tunneling current with respect to the 

brighter spots. The four features are: 1, pristine MoS2; 2, a dark spot; 3, a dark spot 

surrounded by a bright halo; and 4, a bright spot. The I-V curves shown in Figure 5-7B 
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indicate enhanced tunneling current for Features 2 and 3, and reduced tunneling current 

for Feature 4, both with respect to Feature 1, the pristine MoS2. The change in current is 

less pronounced for positive biases but is noticeable and reproducible for the negative 

biases. Since positive biases probe unoccupied states and negative biases probe 

occupied states, this implies the defects only have significant effect on the occupied 

states, observable with the affected tunneling current. Thus, Features 2 and 3 represent 

sites with increased number of occupied states, while Feature 4 represents a site of 

decreased occupied electronic states.  

Ion implantation will not only implant an interstitial defect but will also damage the 

lattice, thus identifying the observed features requires parsing the two effects. Reports 

have shown that sulfur vacancies and Ar irradiation-induced damage sites can have 

enhanced tunneling current, so Feature 2 can be attributed to a surface damage site 

[103]. The reduced current in Feature 4 could also be due to a subsurface defect, and 

has been attributed to a missing MoS2 layer [102]. The final feature, Feature 3, contains 

elements of both Features 2 and 4, and indicates a charged site that pulls charge from 

the surrounding region, screens that area, and reduces the current. Similar features 

have been observed in both irradiated and non-irradiated MoS2, and were attributed to 

defects that ionize a site, after which the electronegative S pulls that charge in, and 

screens the surrounding area. However, they typically see an increased current at 

positive biases, which was not observed here [104], [105]. Interestingly, other reports 

have attributed it not to S, but to Mo, and a metallic Mo-cluster that results from multiple 

local S vacancies [102]. XPS results supported that report, where reduced S was 

detected in areas where those defects occurred in higher concentrations. 
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Implanted MoS2 Devices: Fabrication and Results 

Device Fabrication 

Naturally occurring MoS2, purchased from SPI, was mechanically exfoliated onto 

300 nm SiO2 on Si substrates. Flakes of appropriate thickness were identified based on 

their optical contrast, with few-layer thick flakes (~5-15 layers) being targeted due to 

their reported higher on currents when compared to mono- or many-layered flakes [68], 

[9]. All devices were fabricated using a conventional maskless photolithography process 

flow. While Ti contacts have been shown to produce relatively good contacts to MoS2, 

the contacts in this experiment were chosen to be Ni/Au (30/90 nm) due to titanium’s 

tendency to getter the implant species, chlorine [42]. To avoid confusion, nickel was the 

metal in contact with the MoS2, while the gold was deposited on top of the nickel. 

For the channel-implanted devices (Figure 5-8A), the electrical properties were 

measured after device fabrication, then the samples were implanted (the metal contacts 

prevented the contact-area from the implantation), and the electrical properties were 

measured again. This allowed for a direct before- and after-implantation comparison. 

For the contact-region implanted devices (Figure 5-8B), implantation was performed 

after lithographic patterning and photoresist development, but before metal contact 

deposition. This allowed for the 800 nm of deposited photoresist to protect the channel 

from implantation. However, it did not allow for a direct before- and after-implantation 

comparison for a single device, so all comparisons are made for devices with similar 

channel lengths and flake thicknesses. An example of the process flow for fabrication of 

the contact-region implanted samples is provided in Figure 5-9. For the through-contact 

implantations, the implantations were performed after both lithographic patterning and 

metal deposition (8 nm of Ni), but before metal lift-off. This allowed for both the metal 
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and photoresist to protect the channel, though, like the contact-region implants, this 

process flow does not allow for a before-and-after implantation comparison. Following 

through-contact implantation and prior to lift-off, additional metal was deposited on the 

samples to ensure the contact thickness was equal to that of the other implanted 

samples (30/90 nm, Ni/Au). Unless otherwise stated, no anneals were performed on 

any of the devices. Measurements were performed in air, and no device gating or 

transfer characteristics were investigated. 

Electrical Results 

Channel implantations 

Output current for pre-devices was observed to decrease after implantation of Cl 

into the channel. An example is shown in Figure 5-10, where the 1 x 1013 cm-2 dose 

implant yielded a nearly 5x decrease in output current (from 1.9 µA to 0.4 µA), which 

was a typical result for that dose. The higher doses yielded similar results but in greater 

magnitude, with the reduction in current exceeding 100x. With such a reduction in 

current observed after channel implantation, argon was not investigated as a species for 

channel implantation. 

Contact-region implantations 

Prior to implantation, devices on few-layer MoS2 flakes typically produced a non-

linear IDS-VDS response (Figure 5-11), representative of Schottky behavior at the metal/ 

MoS2 interface. In contrast, linear IDS-VDS output characteristics were observed following 

contact-region implantation (Figure 5-11). Comparing devices for the 1 x 1013 cm-2 dose 

implants to an unimplanted device of equivalent channel length (LChannel = 1 µm), the 

output current increased by 4x for the Cl implantation, from 1.08 µA/µm to 4.32 µA/µm 

at VDS = 1 V. The 1 x 1013 cm-2 Ar dosed sample also yielded an increase in current 
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over the unimplanted sample, though it was an increase of only 1.8x (1.08 µA/µm to 

1.95 µA/µm at VDS = 1 V), less than half that of the Cl implant.  

Like the 1 x 1013 cm-2 dose, the 1 x 1014 cm-2 Cl dose for the contact-region 

implantations yielded linear IDS-VDS curves. However, this implant resulted in a decrease 

in current when compared to both the 1 x 1013 cm-2 Cl dose (6.75x reduction) and the 

unimplanted sample (1.5x reduction). The 1 x 1014 cm-2 Ar doses into the contact-

region, however, produced less reliable results. The output characteristics displayed a 

variety of linear, non-linear, and non-conducting IDS-VDS curves. For a device yielding 

linear output characteristics, a current of 0.52 µA/µm was observed (VDS = 1 V, channel 

length = 1 µm), which is close to the 0.64 µA/µm observed for the 1 x 1014 cm-2 Cl 

dosed sample. The results are close for dose and species, and conclusion cannot be 

drawn between their effect. 

The 1 x 1015 cm-2 dosed samples for both Cl and Ar produced highly resistive 

devices likely due to the damage observed in STM or surface oxidation observed in 

XPS. The samples were excluded from further analysis. 

Through-contact implantations 

For all doses, a massive reduction in current was observed for devices after 

receiving the through-contact implant. For unimplanted MoS2 devices, current are 

typically in the single digit µA range, within the voltage ranges used. After through-

contact implantation of the 1 x 1013 cm-2 dose, the current dropped nearly two orders of 

magnitude, into the tens of nA range. A similar result was attained for the 1 x 1014 cm-2 

dose, however the 1 x 1015 cm-2 dose yielded an additional order of magnitude 

decrease in device current. 
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Discussion 

The decrease in core peak binding energy observed with increasing dose in the 

XPS data is typically indicative of p-type doping, in contrast to the expected n-type 

doping of the Cl dopant [54], [42]. However, no activation was observed in the results so 

no n-type shift would be expected. Halogens attached to organic chains on the surface 

of MoS2 have shown a p-type doping affect, likely pulling charge away due to their high 

electronegativity [106]. MoS2 is well known to be naturally n-type, so a compensating p-

doping, whether from implant damage or unactivated Cl, would explain the reduction in 

current observed with the channel implantations. However, if that were true, then a 

sizable difference between Cl and Ar implants would exist, and that was not observed.  

Literature has reported the formation of sulfur vacancies and other defects upon 

ion bombardment, and models have correlated an increase in density of sulfur 

vacancies with an increase in current through a metal/MoS2 interface [103], [102] A p-

type shift in XPS peaks was also observed after irradiation of MoS2 with Ar and was 

believed to be due to local S-loss that results in Mo-like clusters [47], [100]. STM and 

STS results here show defects with increased occupied states – more states near or in 

the valence band. These states are filled by pulling charge from the surrounding area, 

which would have the p-type effect observed in XPS. This suggests that localized 

defects induced by implantation create an altered metal/MoS2 interface that yields a 

reduction in the Schottky barrier and linearizes the output characteristics.  

MoS2 has anisotropic resistance for current flow, with respect to in-plane (x-y) 

and out-of-plane (z) flow directions [107]. This implies that damage to the structure 

(from implants) would have an anisotropic effect: enhancing current from the contact 

into the MoS2, while reducing channel mobility for in-plane current flow. The out-of-
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plane improved the current behavior, observed in the STS tunneling current and 

contact-region implants. However, the two observations differed on how they trend with 

dose. This implies that nano-scale results cannot always be extrapolated into micron-

scale results in situations like this, where large amounts of induced defects exist, and 

many are contacted by the micron-scale. Ultimately, for devices, the device-scale is 

more relevant, and it favored lower implanted doses. The highest dose was clearly 

destructive, though the difference in lower doses was close. Additional samples are 

required for drawing a conclusion between the effect of dose and species on contact-

region implants.  

Summary 

200 eV Cl and Ar implantations of MoS2 were studied. Angle-resolved XPS 

detected Cl within the first few MoS2 layers and confirmed implantation. No dopant 

activation was observed. Results were solely due to implant damage, and that damage 

increased with implanted dose. The low-dose implant (1 x 1013 cm-2) was optimal for 

imaging and characterizing individual damage sites with STM. At the higher implanted 

doses, structural order in the MoS2 surface was lost. 

Implant damage had an anisotropic effect: it degraded in-plane current (x-y) but 

enhanced out-of-plane current (z). The effect follows from the inherent anisotropic 

transport properties of layered materials like MoS2. At the micron-scale, the out-of-plane 

effect resulted in linear I-V behavior for two-terminal devices, rather than the non-linear 

behavior common for unimplanted devices. At the atomic-scale, the out-of-plane effect 

resulted in enhanced tunneling current as damage was increased. Results from devices 

favored the lower implanted doses, which implies a limit to the practical application of 

inducing damage in MoS2. The in-plane effect resulted in higher channel resistance, 
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and reduced device performance. The detrimental in-plane effect will limit the 

application of ion impanation on MoS2 unless a method can be developed for repairing 

the implant damage. 
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Figure 5-1.  Concentration profile for 1 x 1013 cm-2 dose, 200 eV Cl implant into MoS2. 

 

 
Figure 5-2.  XPS analysis of the pristine and implanted bulk MoS2. A) Core electron 

binding energy peaks. B) Shift in binding energy with dose. Data courtesy of 
Xueying Zhao. 
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Figure 5-3.  Element concentrations at the surface for the 1 x 1015 cm-2 dose implant. 
ARXPS data. Data courtesy of Xueying Zhao. 

 

 

Figure 5-4.  Element ratios at the surface for the 1 x 1015 cm-2 dose implant. ARXPS 
data. Data courtesy of Xueying Zhao.  
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Figure 5-5.  STM images for implanted samples. Image window is 50 x 50 nm2 for A, B, 

C, and 10 x 10 nm2 for D. A) 1 x 1013 cm-2 dose. B) 1 x 1014 cm-2 dose. C) 1 x 
1015 cm-2 dose. D) Magnified image for the 1 x 1013 cm-2 dose showing that 
atomic resolution is still acheivable, though only for that dose. Data courtesy 
of Xueying Zhao. 
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Figure 5-6.  Surfaced-averaged STS scans with dose. Visualizes the average density of 

states across a localized surface. Implantation adds states and results in a 
reduction in the bandgap. As the dose increased, so did the reduciton in the 
badngap. Data courtesy of Xueying Zhao. 

 

 
Figure 5-7.  CITS performed on the MoS2 surface after an implantation of Cl at 200 eV, 

1 x 1013 cm-2. Displays I-V characeristics at individual surface locations. Point 
1 is the undamaged surface, Points 2-4 are defects. Note that the image 
contrast: a darker colors represents a larger current. Data courtesy of 
Xueying Zhao.  
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Figure 5-8.  A depiction of two of the types of implants performed. A) Channel implants. 

B) Contact region implants. 

 

 
 
Figure 5-9.  Optical microscope images depicting the process flow for contact region 

implanted samples. A) Photolithographic patterning was used to define the 
device channels, then implantation was performed, with the photoresist 
protecting the channel during implantation. B) The device after implantation 
and completed fabrication. Photos courtesy of author.  
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Figure 5-10.  Output characteristics before and after implanting the channel with a 1 x 

1013 cm-2 dose of Cl (Sample A), and a typical high-resistance result after 
implanting the channel with 1 x 1014 cm-2 dose of Cl (Sample B). A nearly 5x 
reduction in current is observed after implantation of the channel with a 1 x 
1013 cm-2 dose of Cl (Sample A). 

 

 
 
Figure 5-11.  Output characteristics for the contact-region implanted samples. Cl and Ar 

implants. The 1 x 1013 cm-2 dose increases the current while the 1 x 1014 cm-2 
doses reduces it. Cl implants yield higher currents than Ar implants for both 
doses. 
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CHAPTER 6 
Cl AND Ar IMPLANTS AND ANNEALS ON GROWN MoS2 FILMS 

The previous chapter identified an anisotropic effect of implant damage on MoS2. 

Device behavior on MoS2 involves both the in-plane and out-of-plane currents, which 

makes it susceptible to defects that change those responses. Knowledge of that 

anisotropic behavior can make it a tool to be used, while ignorance of that relationship 

can leave the properties of the device up to chance. If ion implantation is to progress as 

a doping method for MoS2, then the anisotropic behavior of the implant damage must 

be better understood, including how the damage effects the MoS2, how the damage 

effects a device when it’s in the channel, and how the damage effects a device when it’s 

in the contact region. This chapter seeks to better understand those relationships by 

separating the in-plane and out-of-plane responses, by observing how undamaged, 

damaged, and annealed material affect those responses, for both the contact-region 

and the channel. This can be accomplished with proper sample set and analysis. TLM 

will provide RS and RC, and insight into the in-plane and out-of-plane response. The 

sample set includes an unimplanted, unannealed control sample, contact-region 

implants, implants into the entire film prior to device fabrication, and anneals of the 

entire-film implants. These samples provide a range of undamaged, damaged, and 

annealed device areas. Additionally, another major issue is addressed that, if left 

unresolved, could prevent the widespread adoption of 2D materials: the use of grown 

films rather than exfoliated mineralogical flakes as the active material in electronic 

circuits.  
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Implantations  

For the contact region implants, the same implant energy, doses, and species 

from the previous chapter were used: implant species Cl and Ar, an implant energy of 

200 eV, and doses of 1 x 1013, 1 x 1014, and 1 x 1015 cm-2. For the samples that 

received an implantation into the entire film, 200 eV implants were also used but the 

doses were lowered to 5 x 1012 and 1 x 1013 cm-2 due to the high material damage 

(Figure 5-5) and reduced device current (Figure 5-10) that was observed with high 

doses in the previous chapter. Due to limitations in the supply of grown films, only Cl 

was used for the entire-film implantations; no inert implant species were employed. 

Anneals 

Post-implantation anneals have dual effect: to repair damage induced by 

implantation, and to provide the energy for the implanted dopant (which sits interstitially 

after implantation) to substitute onto the crystal lattice where it becomes “active”, or 

capable of contributing its carrier. Activation annealing temperatures can be quite high, 

from 800˚C to over 1000˚C, as they need to provide enough energy and motion for an 

atom to leave its lattice site so substitution can occur. The growth method for the MoS2 

films employed in this experiment involved a 1000˚C anneal in an H2S atmosphere, 

hence those conditions were used here [69]. For the film growth process, the 1000˚C 

H2S anneal is actually a second anneal, with the first being at 800˚C for 30 minutes. The 

1000˚C was found to promote grain growth, observed by a sharpening of spots in 

electron diffraction patterns, thus it was chosen to help repair any damage, such as 

sulfur vacancies, that may originate from implantation. The H2S overpressure may also 

help minimize oxidation from any residual oxygen remaining in the annealing chamber. 

Oxidation of MoS2 can occur at as low as 330˚C in air, with decomposition occurring 
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above 400˚C [108].  Additionally, upon heating above 1300 K, the MoS2 surface 

reconstructs into Mo2S3, though XRD results indicate that the bulk of the material 

remains 2H-MoS2 [109]. The Mo2S3 phase is formed by the loss of one S atom per 

Mo2S4 unit, which results in a higher specific density for the Mo2S3, relative to MoS2, 

and contracts the Mo2S3 layer. Sulfur loss from within the bulk is thought to be 

kinetically limited by the surrounding layers and the contracted layer, causing the bulk to 

remain MoS2. The annealing temperature of 1000˚C is still below that phase-

reconstruction temperature, but only by 26˚C; the H2S overpressure may help to limit 

the surface S loss that encourages the Mo2S3 reconstruction. 

However, after high temperature H2S there is typically a yellow sulfur powder 

deposited on the chamber walls, which induces a large population of hydrogen that has 

freed from the H2S. The high temperature and free hydrogen could lead to a reaction 

with the SiO2 substrates, forming H2O that could then oxidize the MoS2 [110]. Thus, the 

annealing time was reduced to 5 minutes, down from the 20 minutes used in the growth 

process, to minimize unwanted MoS2 oxidation or disruption of the SiO2 substrate. 

Contact-region Implantations 

Device Fabrication and Implantation 

The grown MoS2 films were first lithographically patterned with TLM arrays, as 

described in Chapter 3 and shown in Figure 3-4. Device widths of 150, 200 and 300 µm 

were used. The channel lengths varied from 2-25 µm and were measured in an optical 

microscope after device fabrication. As in the previous chapter, the samples were 

implanted after lithographic pattern exposure and before contact metal deposition and 

liftoff; this ensured the channel was protected from the implantation by photoresist. After 

implantation, the metal contacts (Ni/Au) were deposited and liftoff was performed. Poor 
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adhesion was observed between the MoS2 film and metal contacts, which resulted in 

the failed fabrication of numerous devices. This necessitated comparison between 

devices of different widths in order to gather enough data points for TLM. Unfortunately, 

the poor adhesion issue was so prominent for the Ar 1 x 1013 cm-2 dosed sample that no 

useable measurements were achievable and that entire data set was disregarded. 

After device fabrication, the samples were capped with 30 nm of Al2O3 to improve 

device performance, to protect the channels from environmental adsorbates, and to 

prevent oxidation for any anneals attempted after device fabrication.  

Electrical Results 

Like with the MoS2 flakes, devices on the grown films yielded slightly non-linear 

output curves, which is indicative of a barrier for carrier transport at the MoS2 /Contact 

interface. Again, like the flakes, contact-region implants induced defects that enhanced 

the out-of-plane current flow and linearized the output curves (Figure 6-1)  

TLM results for the unimplanted films are shown in Figure 6-2. The TLM line-fits 

possess R2 values as low as 0.79, which introduces error into the predicted values. The 

y-intercept, and therefore the RC, is particularly sensitive to the error. Regression 

analysis on the line-fit provides the standard error of the estimate. TLM and error 

analysis are described in Chapter 3. For the control sample, the result is an of RC of 

0.56 ± 2.1 MΩ-µm and RS of 4.6 ± 0.9 MΩ-µm. The error in RC is ~4x bigger than the 

estimated value of RC, so there is very little certainty on the value of RC in the result. 

The error can mask results of the experiment. The estimated value is also 30x bigger 

than the reported value of 18 kΩ-µm for Ni contacts (the same metal used here) on 

exfoliated mineralogical flakes with no applied gate bias [111]. The significantly higher 

Rc on the grown films could be due to several possibilities, including but not limited to 
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the inherent grain boundaries within the film, residues or contamination leftover from the 

post-growth film transfer process, degradation of the film after lithographic processing 

(Figure 6-3), or the poor adhesion between the film and the contact metal. 

For the implanted species, the Ar implants will be considered initially to first 

understand the damage effect (Figure 6-2). The immediate observation is the large 

increase in measured resistances for the 1 x 1014 cm-2 implant, as well as the increased 

error for the higher measured resistance. The result was a 1.3 - 18x increase in RC 

(0.56 ± 2.1 to 9.89 ± 3.5 MΩ-µm). However, for the higher dose of 1 x 1015 cm-2, the 

measured resistances dropped back down again (0.73 ± 3.5 MΩ-µm), to within error of 

the control.  

For the Cl implants (Figure 6-4), a similar trend as with Ar emerged, where the 

resistances for the 1 x 1014 cm-2 dosed sample are much higher than the control 

sample, while the higher dose of 1 x 1015 cm-2 returned the resistances to near the 

unimplanted value. This time the 1 x 1015 cm-2 dosed sample was joined by the 1 x 1013 

cm-2 dosed sample, with results within error of the unimplanted sample. The RC values 

are displayed in Figure 6-5.  

Furthermore, after performing the TLM measurements, the devices were 

annealed at 350˚C for ten minutes in air, with hopes that the Al2O3 cap would prevent 

MoS2 oxidation. This resulted in a 1-2x increase in current for all implanted samples, but 

a 1-2x decrease in current for the unimplanted samples (Figure 6-6).  While this is an 

improvement for the implanted samples, the results must be discarded due to post-

anneal sample degradations that were observed, which make it impossible to parse 

those effects from that of the implantation. The degradation is shown in Figure 6-7. 
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Bubbles appeared in the Al2O3 caps, which likely originated from a pressure buildup of 

remnant hydrogen leftover from the ALD process (H2O was the oxygen precursor), 

which was trapped under the cap. This bubbling distorted the cap and likewise the 

dielectric environment above the MoS2 device channel, which could have influenced the 

electrical results. Additionally, a different kind of bubbling also appeared on the Ni/Au 

contacts, due to well-known interactions between those metals even at low 

temperatures [112], [113]. Therefore, in future experiments, anneals should be avoided 

following device fabrication, unless non-reactive contact metals are used, or if the 

source of oxygen in the ALD process is switched from H2O to an oxygen plasma, which 

eliminates H from the process. 

Entire-film Implantations 

Process 

After the films were grown and implanted, some were set aside for H2S annealing 

and some were set aside for device fabrication. After annealing, devices were 

subsequently lithographically fabricated on those samples as well. Ni/Au contacts were 

used for all devices. After device fabrication, all devices were also capped with 30 nm 

Al2O3. For material characterization, XPS was performed at all stages. Finally, SIMS 

was performed on the samples to observe the depth profile of the implanted species 

and to observe any effect of the anneal on that depth profile. 

XPS Results 

XPS characterizations were performed by Xueying Zhao in collaboration with Dr. 

Scott Perry at the University of Florida. Figure 6-8 shows the Mo 3d core peak binding 

energies for the unimplanted sample, and the 5 x 1013 cm-2 dosed sample before and 

after the anneal; this data is representative for the higher dosed sample as well. All XPS 
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peaks were aligned to the Si 2p peak in SiO2 of 103.5 eV. As was seen with Cl implants 

into exfoliated flakes (Figure 5-2), the film implantations experienced a slight (0.1 eV) 

decrease in binding energy (Figure 6-9). After annealing, the implanted films 

experienced a BE reduction of 0.35 eV.  

Electrical Results 

TLM and error analysis are described in Chapter 3. The TLM plots are shown in 

Figure 6-10, with the resulting RC and RS values summarized in Figure 6-11. The 

annealed samples were not included in the plot. Annealing resulted in a 1.5-3 order of 

magnitude increase in the resistances. That brings them up from the MΩ-µm range, 

which was already very high, and into the GΩ-µm range. They will be addressed in the 

Discussions section. 

For the unannealed samples, the unimplanted sample has an RC of 0.56 ± 2.1 

MΩ-µm and an RS of 4.6 ± 0.9 MΩ-µm MΩ/sq. The 5 x 1012 cm-2 dose has a 3.2 - 4.6x 

lower RS (1.16 ± 0.7 MΩ/sq), but a Rc (4.6 ± 0.9 MΩ-µm) within error of the unimplanted 

sample. The 1 x 1013 cm-2 dose increased RC by 1.44 - 16x (4.0 ± 0.03 MΩ-µm), given 

the large error of the control, and RS by nearly 2.2 - 3.1x (12.1 ± 0.08 MΩ/sq). 

SIMS Results 

SIMS characterizations were performed by Mikhail Klimov at the University of 

Central Florida. Dynamic SIMS was performed on the implanted films before and after 

annealing, as shown in Figure 6-12. There is no standard sample for calibrating the 

concentration of Cl in MoS2, so only the relative counts from the same species can be 

compared between samples. The data indicates considerable diffusion of the implanted 

Cl dopant from the MoS2 and into the SiO2 substrate at the high temperature anneals.   
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Discussion 

Devices 

In general, the line fits for the TLM data are poor, with R2 values sometimes in 

the 0.70-0.9 range. There is a significant amount of variation, and the standard error is 

often larger than the predicted value. This places most results within error of the 

unimplanted sample. It’s unclear if the variation is inherent to the grown material, to 

MoS2 itself, or as a result of the processing. In addition to any possible variation in the 

material, TLM assumes equal doping across the entire semiconductor, so the doping in 

the channel- and contact-regions should ideally be equal. When implanting into the 

contact-region only, the intent is to dope that specific location, which may introduce 

error into the TLM line fits for the contact-region implants. However, large variability and 

poor TLM line fits were also observed for the entire-film implants, where doping should 

be equal in the channel and under the contact.  

The group who grew the films performed experiments to observe the effect that 

different top and bottom dielectrics would have on the transport properties of devices 

made on their films. Changing the dielectric environment surrounding a device would be 

expected to screen charges differently, which would have an impact on the mobility of 

carriers flowing through the channel [114]. However, the resulting mobility values were 

all within the margin of error, regardless of the dielectric. The result was attributed to a 

variety of different scattering mechanisms inherent to defects in the film, which 

overpowered the impact of the dielectric [115]. That report supports the argument that 

the variability in our TLM data arises from the material itself.  

For the contact-region implants, the 1 x 1014 cm-2 dose clearly yields higher 

resistances for both Cl and Ar implantations. However, both the lower and higher doses 
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produce resistances that are within the error of the unimplanted sample, meaning any 

experimental effect on them cannot be detected. There have been reports showing 

drastic changes in MoS2 based only on irradiated dose. The MoS2 changed from 

semiconducting, to insulating, to metallic, and to insulating again as the dose increased 

and the damage evolved. However, this was for helium implants at much higher 

energies (30 keV) and much higher doses (1 x 1014 – 1x1018 cm-2) than were employed 

in these experiments [116]. It’s unclear why the resistances for the mid-dose implant are 

so high.  

The contact-region implants linearized the I-V behavior, which is a positive result 

for the defect-riddled films. It shows that, despite the high concentration of native 

defects, the defects induced by the implant behave like they do on natural MoS2. The 

defects are not consumed by other defects, and their effect is not drowned out. Thus, 

it’s still possible to have a degree of control over the film’s properties, despite the 

dominance of the native defects. However, effects from the linearized I-V behavior did 

not translate into a measurable change in RC or RS, for the low- and high-dosed 

implants. So, the contact-region implants had an effect in one area, but not in another. 

The result could be from the variation in the films, though it could also imply that 

contact-region implants are not capable of showing the full effect of an implant, or any 

general doping method. If so, they are of limited use for doping experiments, other than 

for showing linearization of I-V behavior occurred. 

Implants into the entire film show a more consistent trend. The lower dosed 

sample has a lower RS than the control, even when accounting for error. However, RC is 

within the error. The higher dose shows a clear increase in resistances over the 
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unimplanted and the lower-dosed sample. The increase in RS from the control to the 

higher dosed sample is nearly equal to the reduction in RS from the control to the lower 

dosed sample. It’s difficult to discount the results of the lower dose without also 

discounting the results from the higher dosed sample. Given the harmful result from the 

in-plane effect of implant damage that was observed in the previous chapter, it’s difficult 

to believe that an implant would reduce the RS, though it may suggest a damage 

transition where the in-plane effect of damage is beneficial. A larger population size is 

required to make a conclusion. Regardless of that possible beneficial transition in 

implanted dose and induced damage, the results show that the damage induced 

between the two implanted doses is the transition where harmful damage occurs to the 

in-plane and out-of-plane properties of MoS2.  

Comparing the 1 x 1013 cm-2 dosed samples of the two implants, the contact-

region implant shows little effect, while the entire-film implant shows a strong effect. If 

anything, they would be expected to have similar RC values, since the contact-region 

was implanted in both cases. If the result is not due to random variation, then it implies 

that the increased resistance of the channel (in entire-film implant) is also felt in the RC 

approximations. The opposite can occur, doping the channel can give a perceived 

reduction in RC by reducing the barrier at the channel/contact-region interface [39]. The 

effect is possible then, that the contact region was similarly damaged in both cases, but 

the higher resistance in the channel for the entire film implant leads to a “false” increase 

in RC.  

Anneals 

. The SIMS data indicates that the dopant is effectively absent from the film after 

the anneal, yet the anneal induces orders of magnitude increases in the resistances, 



 

104 

even for the unimplanted sample. The films are grown at the temperature, so 

theoretically the anneal should not damage them. The XPS data shows a modest p-type 

shift of in binding energy of 0.35 eV, indicative of p-type doping. 

The issue lies in the substrate. The films are grown on Al2O3 and transferred to 

SiO2, the SiO2 never sees the anneals. When designing the anneals for these 

experiments, concerns were raised over free hydrogen from the H2S reacting with the 

SiO2 and eventually oxidizing the MoS2. This led to a reduction of H2S annealing time 

from 20 minutes (the growth time) to 5 minutes. Initial fears of MoS2 oxidation were put 

to rest when the post-annealed Mo 3d core peak showed no oxidation in XPS. However, 

looking at the XPS data again indicates that there was indeed a reaction, but not with 

Mo. The O 1s peak (Figure 6-13) and the Si 2p peak (Figure 6-14) both show strong 

enhancements in intensity, only after the H2S anneal. Whereas other peaks, like the Mo 

3d peak in Figure 6-15, did not show such enhancements after the H2S anneal. It’s 

unclear the exact reaction or reactions that occurred but both the XPS data and 

electrical results cannot be trusted after annealing at 1000˚C for 5 minutes in H2S.  

Summary 

The experiment studied the effects of implant damage and repair on the electrical 

properties of grown MoS2 films. A post-implantation anneal was performed for damage 

repair. The films contained a high concentration of native defects due to their growth 

process, which resulted in highly resistive and highly variable material. The variability 

added significant error into the results and made precise effect of the experiments 

unclear. Despite the native defects, the defects induced from contact-region implants 

behaved like they did in natural MoS2: by enhancing out-of-plane current and linearizing 

device I-V behavior. However, the enhanced out-of-plane current did not translate into 
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an improved RC. For the implants performed into the whole film, the implant damage 

was not significant enough to impair the in-plane and out-of-plane electrical properties 

until the implanted dose reached 1 x 1013 cm-2, at which point RC and Rs increased. 

Attempts to repair that damage revealed that the chosen annealing temperature 

(1000˚C) was too high: the implanted species diffused out of the sample and a 

SiO2/H2O reaction degraded the film. The prospect of damage repair and dopant 

activation in MoS2 remained undetermined.   
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Figure 6-1.  Output curves before and after a contact-region Cl implant of 1 x 1013 cm-2. 

Nonlinear I-V response typically observed before implantation. Linear I-V 
response observed after contact-region implants. 

 

 
 
Figure 6-2.  TLM data for unimplanted film and Ar implants, with 1x1014 and 1x1015 cm-2 

dose.   
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Figure 6-3.  Optical image of grown MoS2 film showing film degradation after 

processing. A) Before processing. B) After processing. Photos courtesy of 
author.   
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Figure 6-4.  TLM data for unimplanted film and Cl implants, with1x1013, 1x1014, and 

1x1015 cm-2 dose.  

 

 
 
Figure 6-5.  RC and RS data for implanted grown MoS2 films. The error bars represent 

the accuracy of the TLM line-fits in Figures 6-2 and 6-4, and the standard 
error of the estimate for that fit.  
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Figure 6-6.  Impact on the total resistance of devices after annealing for 350˚C for 15 

minutes. The anneals were performed after the devices were fabricated. 

 

 
 
Figure 6-7.  Degradation of devices and Al2O3 cap following 15 minute, 350˚C anneal. 

The anneals were performed after the devices were fabricated. Photo 
courtesy of author.  
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Figure 6-8.  Mo 3d core electron binding energy peaks for the Cl, 5 x 1012 cm-2 dosed 

sample, before and after annealing. Data is representative of the 1 x 1013 cm-2 
dosed sample as well. Data courtesy of Xueying Zhao. 

 
 
Figure 6-9.  Mo 3d5/2 binding energy shift after implant and anneal for both Cl 

implantations doses, and for an unimplanted grown MoS2 film. Data courtesy 
of Xueying Zhao. 

  



 

111 

 
 
Figure 6-10.  TLM data for films implanted with Cl at doses of 5 x 1012 cm-2 and 1 x 1013 

cm-2, before and after annealing in H2S at 1000˚C for 5 minutes.  

 

 
 
Figure 6-11.  Sheet and contact resistance values extracted from TLM, before annealing 

in H2S at 1000˚C for 5 minutes. The error bars represent the accuracy of the 
TLM line-fit in Figure 6-10, and the standard error of the estimate for that fit.  
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Figure 6-12.  SIMS data tracking cocnetration of Cl and Mo with depth. For a grown 

MoS2 film implanted with a 1 x 1013 cm-2 dose of Cl, before and after a 5 
minute H2S anneal at 1000˚C. Cl has diffused from the MoS2 into the 
substrate following the anneal. Data courtesy of Mikhail Klimov. 

 

 
 
Figure 6-13.  XPS spectra for O 1s binding energy. Oxygen peak intensity drastically 

increases following H2S, 1000˚C, 5 minutes anneal. Data courtesy of Xueying 
Zhao.  
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Figure 6-14.  XPS spectra for S1 2p binding energy. Si peak intensity increases 

significantly following H2S, 1000˚C, 5 minutes anneal. Data courtesy of 
Xueying Zhao. 

 
 
Figure 6-15.  XPS spectra for Mo 3d binding energies. Mo signal dose not increase 

following H2S, 1000˚C, 5 minutes anneal, unlike for Si and O signals. Data 
courtesy of Xueying Zhao. 
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CHAPTER 7 
P, As, Ar, Kr IMPLANTS AND ANNEALS OF GROWN MoS2 FILMS 

The previous chapter left multiple questions unanswered. Specifically, 

appropriate dopant species for implantation were not identified, and post-implantation 

activation anneals were yet to be refined. The works in this chapter address those 

issues, with one noteworthy difference from the previous chapter: the switch from a n-

type to a p-type dopant species. Additionally, only entire film implantations were 

performed. A focus was placed on post-implantation anneals, which were performed in 

a H2S atmosphere over a broad temperature range. Raman and PL spectra were 

gathered throughout the process to observe MoS2’s physical response to the damaging 

and healing processes. Additionally, transfer characteristics of MoS2 devices were 

measured and analyzed. 

Implantations and Anneals 

The full experimental matrix is shown in Figure 7-1. The supply of grown MoS2 

films was limited, thus the full experimental parameters were not applied to every 

implanted species. Additionally, sample 7 in Figure 7-1 was lost during processing, but it 

remains in the sample matrix to show the full breadth of the intended experiment. 

Implant Energy and Dose 

The implantation energy was kept consistent with that of the previous chapters, 

200 eV. Based on the high damage observed for the high dose channel implants into 

MoS2 flakes (Figure 5-5), the doses employed in this chapter were kept to a narrower 

range of 1 x 1013, 5 x 1013, and 1 x 1014 cm-2. 
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Dopant Selection 

MoS2 is intrinsically n-type, but the CMOS technology requires both n-type and p-

type transistors, and p-n junctions are important building blocks for numerous devices. 

Numerous potential solutions to this include using separate gates to electrostatically 

induce n- and p-type regions, using exotic device designs such electric double layer 

transistors, using two different TMDCs with different intrinsic doping types, or by 

selectively doping the MoS2 [117], [118], [119]. It’s worthwhile to explore all avenues, 

thus, a method for producing p-type or even ambipolar MoS2 is a relevant pursuit.  

Plasma immersion ion implantation (PIII) experiments have successfully p-doped 

MoS2, in the form of ambipolar behavior, by using phosphorous as the dopant species 

[54]. In the studies, a bias was applied to MoS2 during exposure to a phosphine plasma. 

The bias attracts ionized species and promotes implantation [120]. Three sample biases 

were used: 0 V, 1kV, and 2kV. Notably, only the 0 V PIII phosphorous exposure 

produced ambipolar behavior in MoS2, while the higher sample biases and doses 

yielded devices that could not be modulated by an applied gate bias. Exposing MoS2 to 

a plasma (SF6, CHF3, CF4, O2) with no applied sample bias was reported to have a 

significant effect in the form of p-doping or film etching, depending on the plasma 

species and exposure dose [121], [122]. The PIII report also observed film etching, 

approximately 3-4 nm for the highest energy (2 kV) exposure, though no value was 

reported for the other sample biases. 

. The PIII exposure conditions were reported as a function of simultaneous 

increases in both implant energy and dose, so it’s impossible to separate the effect of 

each and determine whether it’s the implant energy or dose that inhibits modulation. 

This is an important considerations because high implantation doses (>1 x 1013 cm-2) 
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into MoS2 have been correlated with surface damage and degradation of device output 

characteristics [123]. 

Models have predicted P to be favorable in two criteria that are critical for 

effective dopants: a low ionization energy and an energetic preference for moving to the 

optimal lattice site. That is, the ionization energy for a dopant should be within a few kT 

(also known as the thermal energy, ~26 meV at room temperature) of the nearest 

energy band or the dopant will not effectively contribute carriers at room temperature. 

Phosphorous in MoS2 has been predicted to have an ionization energy of ~100 eV, or 

just under 4kT [94]. Additionally, a dopant can have different doping effects depending 

on its location in the lattice, for example whether it’s substitutional or adsorbed on the 

2D MoS2 surface. It’s important that the formation energy for dopant substitution vs. 

adsorption favors the site where the intended doping will occur. Indeed that is the case 

for P, as models predict a more favorable formation energy for substitution onto S sites 

rather than for surface adsorption [94]. This contrasts with Cl, where the formation 

energies for adsorption and substitution are less disparate, implying less of an energetic 

drive for the intended substitution. However, substitution for Cl was still favored over 

adsorption, though in this sense the models suggest that P may be a more effective 

dopant than Cl.  

The successful p doping with phosphorous in PIII and the predicted efficacy of P 

as a dopant provide solid motivation for choosing P as the dopant for the following ion 

implantation experiments. Likewise, argon is the corresponding dopant for observing the 

damage effect. In addition to these species, models also predict arsenic to produce 

electronic states even closer to the valence band than phosphorous, hence As could be 
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a more effective p-type dopant than P [124]. The corresponding noble gas for exploring 

the damage effect relative to As is krypton. Thus, As and Kr were utilized in addition to 

P and Ar. 

Anneals 

The results from the previous chapter indicated that 1000˚C was too high for 

post-implantation anneals in H2S due to two reasons: diffusion of the dopant (Cl) from 

the MoS2 and into the substrate (Figure 6-12), and a reaction between H2S and the 

oxide that negatively affected the films. However, activation typically requires high 

temperatures; there may exist only a small window between dopant activation and 

dopant out-diffusion with MoS2. Again looking at the success of the phosphorous PIII 

report for guidance, they utilized a low temperature post-exposure anneal of 300˚C for 

15 minutes in a nitrogen ambient [54]. The report claimed activation of P based on the 

XPS P 2p3/2 core peak binding energy (BE) of 133.4 eV closely matching that of P in 

MoP. However, this appears to be a dubious claim. Both their reference and their 

reference’s reference specifically do not attribute the P peak near 133.4 to P in MoP, 

rather they clearly attribute it to phosphorous oxides, such as PO4
3- or P2O5. The P peak 

arising from MoP is ascribed to a peak doublet that occurs at 130.1 and 129.2 eV, 

neither of which were reported after PIII [125], [126]. So, the P peak observed after PIII 

appears to be from a phosphorous oxide and not come from an interaction with Mo, 

however that does not preclude P substitution. The PIII report does not indicate which 

dose they used for detecting P in XPS. With Cl implants into flakes, Cl was only 

detected in XPS for high doses that also caused significant lattice damage that 

promoted Mo oxidation [123]. It’s possible that the PIII report also utilized a high dose in 

order to detect the P in XPS, which could have caused extensive damage and 
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oxidation. That oxidation may have been avoided for the lower energy, lower dosed 

samples, which were the exact samples that yielded the ambipolar MoS2 behavior. 

Regardless of the issues with the PIII XPS data, the 300˚C anneal did have a 

benefit after PIII. Raman spectra indicated a considerable increase in the FWHM of both 

MoS2 Raman peaks after PIII, which is indicative of lattice damage. Annealing returned 

the FWHM to nearly their pre-exposure values. Thus, with or without dopant activation, 

the anneal repaired much of the implantation damage. 

With that knowledge, and remembering that 1000˚C anneals lead to out-diffusion 

of the implanted species, 15 minute anneals at temperatures of 300˚C and 800˚C were 

chosen for these experiments. Additionally, H2S was again chosen for the annealing 

ambient in an attempt to further repair implantation damage and prevent any sulfur loss 

that might occur at elevated temperatures [127].  

Device Fabrication and Results 

To start, grown films were implanted and annealed. Following that, devices were 

patterned on the films using standard photolithography processes with Ni/Pd contact 

stacks. The devices had widths varying from 80 µm to 300 µm. The channel length was 

8 µm. First examining the damage effect of Argon implantations in Figure 7-2, the low 

dose of 1 x 1013 cm-2 reduced the device’s on-state current by approximately 2.5 orders 

of magnitude. A respectable ION/IOFF ratio of nearly 5 orders of magnitude was 

maintained. However, increasing the implantation dose to 1 x 1014 cm-2 resulted in a 

loss of device modulation. Moving on to P implants, it would be expected that P follows 

Ar with respect to dose, and indeed that is the case, as shown in Figure 7-3. A dose of 1 

x 1013 cm-2 reduces the on current by multiple orders of magnitude while larger doses 

inhibit device modulation. In the case of P, the on current for the 1 x 1013 cm-2 dosed 
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sample is reduced by four orders of magnitude, compared to the two orders of 

magnitude from Ar implants, and the ION/IOFF ratio is reduced from five to three after 

implantation.  

Figure 7-4 shows that with each successive anneal, from 300˚C to 800˚C, the on 

current is increased by approximately one order of magnitude. Mobility values were 

extracted from the transfer curves of multiple devices using Equation 3-1, and were 

averaged around a point on the transfer curve to account for error in the IDS/VG slope 

(Figure 7-5). The error bars represent the standard error of the mean from those data 

sets, as described in Chapter 3. The results indicate a reduction of 4 orders of 

magnitude following the 1 x 1013 cm-2 implant. Each successive post-implantation 

anneal yielded orders of magnitude increases in the mobility. However, even after the 

highest reasonable anneal, the mobility after implantation is still two orders of 

magnitude lower than that of the control sample. The 2D carrier concentrations (taken at 

a backgate value of VG = VT + 20 V, and using Equation 3-2) were all found to hover a 

value of 4.6 x 1012 cm-2 (Figure 7-5). No correlative affect was observed for implant or 

anneal. The As and Kr implants mimicked those of P and Ar, though the highest 

annealing temperature sample for As was lost during handling, before a measurement 

could be made. Their results are not shown. 

Material Characterization Techniques and Results 

Material characterizations were performed to observe and understand the 

structural damage that might occur from implantation, and the repair that might occur 

after post-implantation anneals. STM is a powerful tool for those purposes, however the 

inherently defective surface of the as-grown film would likely render any implantation-
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induced defects to be indistinguishable from the native defects. Thus, Raman and 

photoluminescence studies were performed.  

Raman Results 

Figure 7-6 shows representative spectra for various P implanted samples.  The 

FWHM for the A1g and E2g Raman peaks (Figure 7-7) show an increase in FWHM with 

increasing implantation dose. Broadening of the Raman peak can be attributed to lattice 

defects resulting from the implantation [128]. Annealing is shown to improve the FWHM, 

with the 800˚C anneal returning the value approximately to that of the unimplanted 

control sample.  

Photoluminescence Results 

The PL data for the lower doses retains the signature peaks, however the data 

shows a loss of the peak for the higher dose of 1 x 1014 cm-2, for both implant species, 

indicating severe structural damage (Figure 7-8). For lower doses, the PL peak FWHM 

is improved with annealing, like the Raman Data (Figure 7-9). The 300˚C anneal 

improves the PL yield, while the 800˚C produces a narrower PL peak. 

Discussion 

The films were easily damaged by the implantation. This has been reported 

before. A study that irradiated natural and grown MoS2 found that the S-loss occurred 

more rapidly in the grown film than in the natural material. Native defects within the films 

can allow for easier defect formation, though that effect will vary across growth 

methods, due to the different defects that dominate different methods [100], [129], [130], 

[71].  

Implantation induced a defect that lowered mobility. The defect was repaired with 

annealing, but not fully. The defect did not compensate carriers. The lack of carrier 
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compensation for implanted films has been reported [100].Polycrystalline MoS2 films did 

not experience the same peak BE shifts in XPS that the natural material did, believed to 

be due to the native defects in the films acting like the implanted damage. 

The electrical results indicate that implantation doses higher than 1 x 1013 cm-2 

are unfit for doping, due to the structural damage and loss of device modulation. For the 

1 x 1013 cm-2 dosed sample, modulation remains after implantation, but while annealing 

does repair the damage induced by implantation (indicated by the improved Raman and 

PL FWHM following anneals), the ION remains an order of magnitude lower than those 

of unimplanted devices. Additionally, the transfer curve for every device was found to be 

n-type; no p-type devices were created, in contrast to the P implants with PIII. However, 

the with PIII, ambipolar behavior was only observed for the 0V implants, while our 

implants were performed at 200 eV. This suggests that even at accelerating voltages 

that are ultra-low compared to typical implantations in bulk semiconductors, the damage 

created by implantation is too much to overcome even with annealing in H2S.  

There are two possibilities for why the on-current is so low even after the Raman 

FWHM has return: implantation-induced defects remain after annealing, or the p-type 

dopant (whether adsorbed or activated) compensates the natural n-type behavior of the 

MoS2. The 2D carrier densities showed little difference between each other (Figure 7-5) 

so the doping effect is not expected. The effect is only observed on the mobility. 

It is also likely that the grown film itself has significant impacts on the damage 

and repair process. The film is textured, with grain boundaries that are terminated by S 

and S2 antibonding sites [71]. Studies have shown anomalous pathways for vacancy 

formation that can drastically lower or alter their formation energies, for grown films with 
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defects [131]. The grain boundaries play an important role in these pathways, as do 

vacancies, which would be created during implantation. It’s possible that the 

implantation damage combined with the anneal altered the overall defect character in 

the films, though additional simulations would need to be performed to determine the 

effect of an implantation on those pathways. The grown material may not be the ideal 

material for studying a doping method that is inherently damaging, or one that relies on 

the diffusion of the dopant. For example, grain boundaries could getter the dopants and 

prevent their diffusion to an active lattice site. 

Summary 

The experiment studied damage, repair, and dopant activation for implants on 

grown MoS2 films. Samples were compared to unimplanted, unannealed devices on 

grown MoS2 films. The grown films were highly vulnerable to implant damage, in 

agreement with reports [100]. Implant damage reduced ION by 103 –105x and broadened 

the Raman peak FWHM. Damage and structural disorder from the high-dose implant (1 

x 1014 cm-2) was significant: films no longer produced the characteristic PL peaks for 

MoS2, and devices would not modulate under an applied gate voltage. In contrast, the 

reduced damage from the low-dose implant (1 x 1013 cm-2) yielded functioning devices 

with an ION/IOFF of 103 – 105. The defects created from the low-dose implant affected 

carrier mobility, which decreased in parallel with ION, but the defects did not compensate 

carriers. Annealing was beneficial but was unable to fully repair the implant damage: ION 

and µ remained 10x lower than the control, following the highest temperature anneal. 

The origin of the remaining defect was not identified, and its relation to the high 

concentration of native defects in grown films was not determined. No dopant activation 

was observed. Damage dominated the results.  
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Figure 7-1.  Experimental design matrix. Succintly enumerates the implantations and 
anneals that were performed. Sample 7, with the red X, was destroyed during 
processing so there are no results for that condition. 

 

 
 
Figure 7-2.  Transfer curves for MoS2 films implanted with Ar at 500 eV, and at doses of 

1 x 1013 and 1 x 1014 cm-2. Compared against an unimplanted, unannealed 
control sample.  
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Figure 7-3.  Transfer curves for MoS2 films implanted with P at 500 eV, and at doses of 
1 x 1013, 5 x 1013, and 1 x 1014 cm-2. Compared against an unimplanted, 
unannealed control sample. 

 

 
 
Figure 7-4.  Transfer curves for MoS2 films implanted with P at 500 eV, and at a dose of 

1 x 1013 cm-2, and annealed in H2S for 15 minutes at 300˚C, 550˚C, and 
800˚C. Compared against an unimplanted, unannealed control sample. 
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Figure 7-5.  Mobilities and 2D carrier densities for implanted and annealed films. Values 

were extracted from the transfer curves of multiple devices. The error bars 
represent the standard error of the mean of those data sets. 
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Figure 7-6.  Raman spectra for MoS2 films implanted at 200 eV with the listed species 

and dose, and annealed in H2S for 15 minutes at the listed temperature.  
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Figure 7-7.  FWHM of Raman peaks for MoS2 films implanted at 200 eV with the listed 

species and dose, and annealed in H2S for 15 minutes at the listed 
temperature. 
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Figure 7-8.  Photoluminescence data for MoS2 films implanted at 200 eV, with the listed 

species and dose 

 

 
 

Figure 7-9.  Photoluminescence data for implanted and annealed MoS2 films. 
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CHAPTER 8 
F AND P IMPLANTS AND ANNEALS OF NATURAL MoS2 

The previous chapter made progress by employing characterization techniques 

to correlate a cause and effect. Raman and PL measurements showed that a higher 

implanted dose leads to increased structural disorder of the MoS2, as was initially 

shown with STM in Chapter 5. Annealing in a H2S ambient was also seen to reduce the 

structural disorder. Meanwhile, characterization of fabricated electrical devices indicated 

that the material’s electrical properties follow that of its structural, as would be expected.  

However, ion implantation is a process that at its basic level involves, and ideally 

controls, the creation and repair of defects. This makes ion implantation experiments 

particularly susceptible to effects from pre-existing defects. Consequently, the inherent 

defective nature of the grown films used in the previous chapter may have masked or 

exaggerated aspects of the experiment. For example, it’s unclear how the low grain size 

(~10-100 nm in diameter) and high concentration of grain boundaries influenced dopant 

activation or the reduction in disorder during the post-implantation anneals [69]. Trends 

in the results were certainly clear for the grown films, but atomically resolving and 

parsing the high concentration of native defects from the experimentally-induced defects 

was not feasible through accessible tools. Thus, the fundamental material reasons that 

drove the observable trends could not be identified. This chapter seeks to eliminate 

those concerns by using pristine, exfoliated MoS2, which will always have a 

concentration of native defects but typically at much lower levels than grown films, as 

can be seen with the reduced mobility in devices fabricated on grown films, [115], [132]. 

Reducing the added variable of the pre-existing defects may provide a clearer picture of 

the phenomena at play and may help answer questions regarding the types of defects 
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formed by implantation, the evolution of the defects with annealing, and the role of the 

implanted species throughout the anneals.  

The dose for these experiments was limited to 1 x 1013 cm-2, at an energy of 500 

eV. Both an n-type (fluorine) and a p-type (phosphorous) dopant species were used. 

Post-implantation anneals were performed in an H2S atmosphere. Implanted exfoliated 

flakes were used to fabricate and characterize devices, while bulk material was used to 

probe the atomic surface through conductive AFM (CAFM).  

Implantations and Anneals 

In line with experiments performed in the previous chapters, phosphorous was 

used as the p-type dopant species. However, the previously used n-type dopant, 

chlorine, was unavailable due to limitations with the ion implanter tool. Fluorine was thus 

chosen as the n-type dopant.  

Like Cl, F has an additional valence electron when compared to S, giving F the 

potential to be an n-type dopant in MoS2. Fluorine been modeled to have a favorable 

formation energy of -5 eV for substituting onto an S vacancy, and to be an n-type 

dopant that creates energy states below the conduction band, near where the Fermi 

level is pinned at the metal/MoS2 interface [129], [124]. Additionally, other models 

suggest that F in an MoSF alloy will donate its electron so readily that it will drive the 

Fermi level into the conduction band [133]. However, fluorine’s efficacy as a dopant 

remains to be experimentally reported, and the high electronegativity of fluorine might 

imply it is less willing to donate an electron. This has been somewhat corroborated 

experimentally [106]. However, in that case the F atoms were present as ligands on a 

long chain attached to the MoS2 surface, and they were not chemically bonded with the 

Mo, as would happen with substitutional doping. Additionally, the p-type effect was 



 

131 

observed as only a minimal compensation of the native n-type 2D carrier density 

reducing it from 9 x 1011 cm-2 to 7 x 1011 cm-2. However, chlorine also has a high 

electronegativity and it has been shown to be an effective n-type dopant in MoS2, so F 

may indeed be an electron donor in MoS2 [42]. 

Due to an additional limitation of the implant tool, the implant energy was 

increased from 200 eV, as used in the previous chapters, to 500 eV. SRIM results 

suggest a projected range of 2.1 nm and 1.8 nm, for F and P, respectively. No inert 

species were implanted. Only a single dose was used, 1 x 1013 cm-2. Following 

implantation, H2S anneals were performed at temperatures of 300˚C, 550˚C, and 800˚C 

for 15 minutes prior to device fabrication (the 550˚C annealed sample was only used for 

structural characterization). A control sample did not receive any implantation or anneal. 

Device Fabrication and Electrical Results 

Flakes of MoS2 were mechanically exfoliated onto Si/SiO2 (25 nm) substrates. 

Flakes ~10 layers thick were identified under an optical microscope based on matching 

their optical contrast (see Chapter 3) to that of flakes whose thickness had previously 

been determined with AFM. The flakes were first implanted and then annealed. Devices 

were patterned onto the flakes using masked optical lithography, by aligning features on 

the mask to desired flakes. The features were large contact pads separated by a 5 µm 

channel. The resulting transfer curves are presented in Figures 8-1 and 8-2 with IDS in a 

log and linear scale, respectively. The control sample exhibited an excellent ION/IOFF of 

9.2 x 107 (Figure 8-3). The as-implanted, 300˚C, and 800˚C ION/IOFF ratios for the P 

implant were 2 x 106, 3 x 107 and 1 x 107. For the F implant they were 2.8 x 106, .6 x 

107, and 6.1 x 106. A pattern emerged for both species: the unannealed sample has the 
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lowest ION/IOFF, the 300˚C annealed sample has the highest ION/IOFF, and the 800˚C 

sample is in between the other two.  

A clear trend is present when comparing the on-currents in each device (Figure 

8-4). For this comparison, VG for all devices was taken to the same overdrive voltage, 

arbitrarily chosen as 7 V. That is, IDS is taken along the transfer curve at the point where 

VG is 7 V above the threshold voltage. This ensures each sample is under similar 

electrostatic effects and allows for fair comparisons to be made between devices. The 

values were averaged around that point on the transfer curve to account for error in the 

IDS/VG slope. The error bars represent the standard error of the mean from those data 

sets. The control sample has the highest on-current (4.55 µA/µm), and both 

implantation species follow the same trend. Implantation reduces the on-current, to 0.63 

µA/µm for P, and to 0.19 µA/µm for F, which are reductions of 7x and 23.5x relative to 

the control sample. For the 300˚C anneal, the on-current for the P implant increased to 

1.73 µA/µm, and the on-current for F increased to 0.63 µA/µm. The 800˚C anneal 

increased the on-current for the P implant to 2.13 µA/µm, and to 1.4 µA/µm for the F 

implant. Thus, each anneal improved the on-current by a factor of 1-3, though even 

after the 800˚C anneal, the highest on-current is less than half that of the control sample 

(2.13 µA/µm, for the P implant, compared to 4.55 µA/µm for the control). The P-

implanted material always yielded higher on-currents compared with the F implants. 

 Equation 3-1 and Equation 3-2 were utilized to extract the field effect mobility, µ, 

and 2D doping density, n2D (Figure 8-5). Effects of the contact were not removed in this 

analysis, so this is the extrinsic mobility and is a low estimate. The values were 

extracted at VG = VT + 7, like in the comparison of ION, and were averaged from multiple 
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points around that point to account for error in the VT and IDS/VG slope calculations, as 

described in Chapter 3.  

The trend for mobility is the same as that of the on-currents: implanting reduces 

the value and annealing improves it, but never back to that of the control sample (17.35 

cm2/Vs). The µ values for the as-implanted, 300˚C annealed, and 800˚C annealed 

samples for the P implants were 2.75, 7.81, and 11.19 cm2/Vs, and for the F implants 

were 0.88, 3.32, 7.39 cm2/Vs. Like the on currents, mobility was always higher for the P 

implants. Thus, the mobility is initially reduced by ~7x and ~17x following the P and F 

implants, and it remains 1.5x and 2.2x lower for the P and F implants after the 800˚C 

anneal, when compared to the pristine material. The n2D values for the implanted and 

annealed samples fluctuate from 6.05 to 6.68 x 1012 cm-2 and do not appear to follow a 

trend. For comparison, n2D for the control sample is 9.10 x 1012 cm-2; n2D was reduced 

by ~30% on average following implantation.  

Surface Analysis: Conductive AFM 

The topological and electrical properties of the MoS2 surface were probed with 

conductive AFM (CAFM) in constant-force mode. CAFM characterizations were 

performed by Xueying Zhao in collaboration with Dr. Scott Perry at the University of 

Florida. Images were taken on pristine material, on implanted material, and after each 

anneal. Conductive AFM is similar to STM. However, with CAFM, the AFM tip is 

pressing on the surface while applying a constant force, whereas the STM tip tunnels 

current through a gap. The CAFM tip scans the surface and applies a voltage. Any 

changes in the electrical properties will be recorded, but the tip will not toward or away 

from the sample, like in STM, because the force that the tip applies to the sample is 
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held constant. This allows for simultaneous measurements of the electrical and 

topological properties of a region with high resolution.  

Pristine MoS2 (Figure 8-6) was found to contain defect-free regions as well as 

regions with defect concentrations of 9 x 1010 cm-2. The defects are observed as regions 

of darker contrast where a reduced current was measured. The lack of visible defects in 

Figure 8-6A does not suggest there are no defects in the nearby area, it only means 

defects exist in concentrations lower than are visible within the length scales of the 

image frame. The 80 x 80 nm2 area in Figure 8-6A places an upper limit of 1.5 x 1010 

cm-2 for the defect concentration in that area, which is within an order of magnitude of 

the defect concentration observed in Figure 8-6B. Local variations in the concentration 

of surface defects is expected and commonly reported for MoS2 [132], [134]. 

Figure 8-7 reveals images of the MoS2 surface after implantation with a 1 x 1013 

cm-2 dose of F at 500 eV. There is a clear emergence of defects when compared to the 

pristine sample image in Figure 8-6A. The implant defects have a density of ~1.5 x 1012 

cm-2, or approximately one order of magnitude lower than the implanted dose, and 

approximately 1.5 orders of magnitude higher than the native defects (9 x 1010 cm-2) 

seen in Figure 8-6B. Notably, the defects in Figure 8-6B and Figure 8-7 are of 

demonstrably different sizes: the average diameter of the native defects in Figure 8-6B 

is approximately 15 nm, while the implant defects in Figure 8-7 are roughly 2-3 nm in 

average diameter. 

Figure 8-8 is a high-resolution image of the MoS2 surface after implantation and 

the lowest temperature anneal: 300˚C for 15 minutes in H2S. It is a simultaneous 

capture of the surface topology (Figure 8-8A) and electrical topology (Figure 8-8B) of 
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the same area. The result was consistent across the sample and across every sample 

imaged. The figure highlights an important aspect observed among defects for every 

implant and anneal condition in this experiment.  

The topologies of Figures 8-8A and 8-8B are from the same area but do not 

correlate: the surface topology in Figure 8-8A is flat, while Figure 8-8B shows a non-

uniform electrical topology with peaks and valleys. A minor topological defect in Figure 

8-8A could not induce the electronic response observed in Figure 8-8B. Thus, for the 

implantation parameters used in this experiment, the defects induced by implantation 

can influence the local electrical environment of the surface, but the defects are located 

in the subsurface region and do not disrupt the local structural order at the surface. 

Similar results have been found for CAFM studies on defects in pristine MoS2 surfaces 

that received no implantation or other treatment [104]. Models have predicted that the S 

atom on the bottom of the tri-layer sheet will sputter more easily than the S on the top, 

due to the rigid structure below the top S holding it in place, which could partially explain 

the observations in Figure 8-8 [129].   

Figures 8-9, 8-10, and 8-11 portray the evolution of defects throughout the 

experimental annealing range. Attempts to quantify any observed damage repair could 

include methods such as counting the number of defects, extracting a density, and 

comparing it to the as-implanted value of ~1.5 x 1012 cm-2 extracted from Figure 8-7, as 

well as to the native value of 1010 cm-2 from Figure 8-6. However, the images of 

annealed samples do not provide a clear path for that method. The annealed samples 

contain defects, but not discrete defects that are easily counted when imaged through 

CAFM, unlike the defects observed after implantation and before annealing (Figure 8-7). 
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Comparing the images qualitatively, the defects almost appear to coalesce or 

agglomerate with increasing annealing temperature, as opposed to healing in a manner 

that would return the surface back to the uniformity observed prior to implantation 

(Figure 8-6A). This potential defect agglomeration or enhancement is highlighted by 

comparing the pristine, as-implanted, and 800˚C annealed samples side by side. This is 

provided for convenience in Figure 8-12. Additionally, Figure 8-13 reveals a larger 

surface area than the previous images to provide a more macroscopic view of the 

surface following the highest temperature anneal used in this study (800˚C).  

With a lack of discretely countable defects after annealing, the surface defect 

environment was quantified based on image contrast. The image analysis software 

ImageJ was used to reduce image contrast to black and white. The process involves 

choosing a threshold contrast value in the initial image. After processing, all contrast 

values above or below the threshold were split into black or white. The threshold value 

was manually set, which could introduce a source of human error. The threshold value 

was chosen to best fit the dark area of a defect, and to exclude the contrast gradient 

surrounding defects. 

Figure 8-14. compares the total perimeter of the defects with the total area of 

defects (represented as a percentage of the total area). Defect perimeter is seen to 

decrease with annealing temperature, while total defect area is seen to increase. If the 

defects were combining to reduce their interfacial energy with the pristine material, then 

the perimeter would decrease while the area remained constant. In the case of these 

implanted and annealed samples, the total defect perimeter decreases but the total 

defect area increases, implying additional reactions are dominating the defect evolution.  
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Discussion 

Irradiation has been shown to remove S, and lead to the creation of Mo-clusters, 

which compensate charge. This could explain some initial reduction in 2D carrier 

density following implantation [99], [100]. However, annealing at high temperatures 

would expect to repair that damage. MoS2 is grown at 800˚C from Mo and H2S [69]. The 

result points to a different defect, but it does not rule out the Mo-cluster as source for 

the continued carrier compensation. 

Numerous factors influence defects and their behavior in a system like this, 

which throws this system beyond the bounds of many modeled predictions. Three 

factors contribute significantly. 

First, the material has been implanted and it contains a higher density of defects 

(~1012 cm-2) than MoS2 typically does (~1011 cm-2). Defects have been shown to reduce 

the barrier of diffusion for other nearby defects, for example, the energy barrier for S 

vacancy (VS) diffusion will reduce from 2.4 to 0.8 eV in the presence of a nearby 

vacancy [135]. Defects have also been shown to lower the formation energy (Ef) of 

other defects. Models indicate that nearby VS can have a 0.05-0.2 eV advantage for 

forming a line, and for chains longer than eight vacancies, a double vacancy is 

favorable [135]. The double line would occur with one line on top and one line on bottom 

of the Mo, on opposite sides. Other models have shown that when a Mo vacancy forms 

(VMo), the system will want to remove three sulfur atoms and relax into a MoS3 vacancy 

(VMoS3) [136]. 

Second, it’s a S-rich environment, with the H2S atmosphere. This influences the 

chemical potential of S, s, which is directly relatable to the Ef of defects in the system. 
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This will drive down Ef for some defects, but raise it for others. For example, Ef for an S 

sitting on a Mo site (SMo) reduces to 1.9 eV at the S-rich limit, down from 9 eV at the S-

poor limit [93]. The sulfur interstitial defect (Si) has lowest Ef for the S-rich environment, 

at ~1.1 eV [131]. Si diffusion through the gap has a low barrier of only 0.08 eV, so in a 

H2S anneal there could be a high density of fast moving Si [93] 

Third, it’s an anneal and high temperatures are involved. Atoms will have more 

energy than what many models have accounted for. Combined with the other two 

factors, species will be able to diffuse more often, and defects will be created more 

often.  

The three factors will feed off each other. Some defects will not recover. If a Mo 

atom vacates is lattice (Ef = 3 eV at the S-Rich limit), and diffuses out of the system, it 

will not be repaired by the H2S anneal. 

Additionally, it should be noted that the observed defect evolution with anneals is 

different from reports and from experimental observations. In previous experiments not 

reported here, MoS2 samples were implanted with a 200 eV, 1 x 1013 cm-2 dose of Cl 

and were scanned with STM. The system was heated to 550˚C for 5 minutes in the 

STM chamber (10-10 torr), allowed to return to room temperature, and imaged again. 

The process was repeated for 750˚C. The images reveled no major changes after 

annealing, and the defect density ranged from 4.2, to 3.4, to 2.7 x 1012 cm-2 throughout 

the anneals, which are similar to the density seen in the as-implanted sample in this 

experiment (1.5 x 1012, Figure 5-7). Reports have also irradiated MoS2 with Ar at 1 keV, 

heated them, and imaged them with STM [137]. The samples were imaged at room 

temperature, heated to 600˚C and imaged at temperature, heated to 800˚C and 



 

139 

measured at temperature again. The samples were then allowed to return to room 

temperature, and were measured again. The defect density was not reported, but a 

count of the reported images before, during, and after the anneals reveals a density of 

1.7 - 3.4 x 1011 cm-2 for a dose of 1 x 1012 cm-2. The defect density to dose ratio (~0.1) is 

roughly similar to that observed in these experiments (1.5 x 1012 cm-2 defect density and 

1 x 1013 cm-2 dose, Figure 8-7). The only reported effect from the anneal was a 

reduction in the defect diameter at high temperatures, but it was not retained when the 

sample returned to room temperature. For both room temperature images, the defects 

were 6-8 nm in diameter, and they were 2-4 nm for both high temperature 

measurements, implying a reversible relaxation of the defect edge. That relaxed edge 

may provide for a reaction site at the high temperatures. 

The major difference between those experiments (which saw no damage 

evolution) and these experiments (which saw damage evolution) was the H2S 

atmosphere. The implant species were different, but Ar is relatively inert, and Cl would 

be expected to behave similarly to F, given their relation as highly electronegative 

halogens. The catalyst for damage evolution appears to be the H2S atmosphere. That 

result is counterintuitive, because synthetic MoS2 is often grown or later annealed in 

H2S, which results in improved crystallinity [69].  

As mentioned, an S-rich environment will shift defect Ef, while also introducing 

fast moving Si defects into the MoS2 gap [93], [93]. The implant damage occurred 

beneath the surface (Figure 8-8), so the mobile Si will have easier access to these sites. 

Si defects are not expected to be a dopant [138]. With the abundance of free S, S 
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vacancies are likely not the source for the damage evolution, but it does not rule out S 

from being an intermediary in the damage evolution. 

The electrical measurements on devices were shown to improve with anneal, 

despite the damage evolution. The electrical performance can be can be broken down 

into its mobility and carrier density components, both of which decreased after 

implantation. The carrier density fluctuated with no correlation to the anneal, while the 

mobility was clearly seen to improve with the anneal. This implies a difference in the 

origin of the responses. The implant creates a defect that is not repaired by the H2S 

anneal, and this defect compensates the intrinsic charge. A Mo vacancy (VMo) or 

vacancy complex would not be repaired by an H2S anneal, since H2S cannot supply the 

Mo. Models have predicted VMo to be a strong acceptor in bulk MoS2, with a stable 

charge state ranging from -1 to -3, so Mo would likely contribute to the reduction in n2D 

[93].  

Additional anneals and CAFM studies are necessary to further characterize the 

behavior. Modeling of the system will aid in identifying the interactions taking place. 

Summary 

Damage, repair, and dopant activation for implants on natural MoS2 was studied. 

CAFM observed the implant damage as dark areas with reduced conductivity, 2-3 nm in 

diameter, at a density ~10x lower than the implanted dose. The defects were located in 

the subsurface region: in CAFM, they were not physically located on the surface, but 

they were electrically felt at the surface. Results suggest multiple types of defects are 

induced by implantation. One defect that reduced mobility (up to 17x), and is partially, 

but not fully (66% of original), repaired by annealing up to 800˚C in H2S. And another 

defect that compensates carriers (by ~30%), and is unaffected by annealing up to 800˚C 
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in H2S. The initial carrier compensation is often attributed to S-loss and Mo-cluster 

formation. However, that would be expected to be repaired in H2S at 800˚C. Analysis of 

CAFM images found an increase in the total dark, defect area with increasing annealing 

temperature. The result suggests a surface that is damaged with annealing, however 

that conflicts with the improvement in mobility. Numerous defects are likely involved. 

The combination of high temperatures, a sulfur-rich atmosphere, and a defect-inducing 

process (ion implantation) complicates defect analysis. Additional experiments and 

CAFM analysis, aided by computer simulations, are required to identify the reactions 

within the complex, dynamic environment created in these experiments. No dopant 

activation was observed. Damage dominated the results. 

. 
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Figure 8-1.  Transfer curves for devices fabricated on exfoliated MoS2 flakes. Prior to 
device fabrication, the flakes were implanted with a 500 eV, 1 x 1013 cm-2 
dose of P or F, followed by 15-min post-implantation anneals in H2S. 

 

 
Figure 8-2.  A linear plot of the same data as Figure 8-1. Prior to device fabrication, the 

flakes were implanted with a 500 eV, 1 x 1013 cm-2 dose of P or F, followed by 
15-min post-implantation anneals in H2S
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Figure 8-3.  A comparison of ION/IOFF for the data in Figure 8-1. Prior to device 

fabrication, the flakes were implanted with a 500 eV, 1 x 1013 cm-2 dose of P 
or F, followed by 15-min post-implantation anneals in H2S. 

 

0 
 
Figure 8-4.  A comparison of ION for the data in Figure 8-1. Prior to device fabrication, 

the flakes were implanted with a 500 eV, 1 x 1013 cm-2 dose of P or F, 
followed by 15-min post-implantation anneals in H2S.
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Figure 8-5.  The extracted field effect mobility and 2D doping density for the data in 

Figure 8-1. Prior to device fabrication, the flakes were implanted with a 500 
eV, 1 x 1013 cm-2 dose of P or F, followed by 15-min post-implantation 
anneals in H2S. The data points were averaged over multiple nearby points 
along the transfer curve, to account for error in the approximation if the linear 
slope IDS/VG. The error bars represent the standard error of the mean of those 
data sets. 
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Figure 8-6.  CAFM scan of pristine MoS2 (no implant or anneal). A) an area with no 

defects, 80 nm x 80 nm, V = +1 V B) An area with dark (low-conductivity) 
defects, ~15 nm in diameter. Six defects at that scale yields a defect 
concentration of 9.3 x 1010 cm-2, 80 nm x 80 nm, V = 0.5 V. Data courtesy of 
Xueying Zhao. 
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Figure 8-7.  CAFM image of MoS2 after 500 eV, 1 x 1013 cm-2, F implant, and 15 minute, 

300˚C, H2S anneal. A) 80 nm x 80 nm, V = +1.5 V. B) 40 nm x 40 nm, V = 1.5 
V. Data courtesy of Xueying Zhao. 
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Figure 8-8.  CAFM image of MoS2 after 500 eV, 1 x 1013 cm-2, F implant, and 15 minute, 

300˚C, H2S anneal. A) Height image, 8 nm x 8 nm, V = +2.0 V. B)  Current 
image. 8 nm x 8 nm, V = +2.0 V. Data courtesy of Xueying Zhao. 
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Figure 8-9.  CAFM image of MoS2 after 500 eV, 1 x 1013 cm-2, F implant, and 15 minute, 

300˚C, H2S anneal. A) 80 nm x 80 nm, V = +2.0 V. B) 40 nm x 40 nm, V = 
+2.0 V. Data courtesy of Xueying Zhao. 

  



 

149 

 
 
Figure 8-10.  CAFM image of MoS2 after 500 eV, 1 x 1013 cm-2, F implant, and 15 

minute, 550˚C, H2S anneal. A) 80 nm x 80 nm, V = +2.5 V. B) 40 nm x 40 nm, 
V = +2.5 V. Data courtesy of Xueying Zhao. 
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Figure 8-11.  CAFM image of MoS2 after 500 eV, 1 x 1013 cm-2, F implant, and 15 

minute, 800˚C, H2S anneal. A) 80 nm x 80 nm, V = +0.8 V. B) 40 nm x 40 nm, 
V = +0.8 V. Data courtesy of Xueying Zhao. 
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Figure 8-12.  CAFM images of the MoS2 surface. Side by side comparisons of the 

sample extrema that highlights an apparent enhancement of the defects after 
annealing, rather than a repair. A) Unimplanted, unannealed MoS2. Region 
with no defects. B) Same material as in A), but in a region with defects 
present. C) As-implanted MoS2 surface - 500 eV, 1 x 1013 cm-2, fluorine. D) 
Implanted as in C, and annealed at 800˚C for 15 minutes in H2S. Data 
courtesy of Xueying Zhao. 
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Figure 8-13.  CAFM image of MoS2 after 500 eV, 1 x 1013 cm-2, F implant, and 15 

minute, 800˚C, H2S anneal. A) 400 nm x 400 nm, V = +1.0 V. B) 160 nm x 
160 nm, V = +1.0 V. Data courtesy of Xueying Zhao. 
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Figure 8-14.  Black and white casting of initial images, used for quantifying defects. 

Original images were CAFM images of MoS2 after 500 eV, 1 x 1013 cm-2, F 
implant, and 15 minute, H2S anneal. A) No anneal. B) 300˚C anneal. C) 
550˚anneal. D) 800˚C anneal. 
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Figure 8-15.  Analysis of black and white images in Figure 8-14 showing the total 

perimeter of defects and total percentage of defect area as a function of 
annealing temperature. The initial images covered an 80 x 80 nm2 area. 
Samples were implanted with a 500 eV, 1 x 1013 cm-2 dose of F. 
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Figure 8-16.  STM image of the MoS2 surface after a 200 eV, 1 x 1013 cm-2 Cl implant, 

with anneals in vacuum (10-10 torr). No major changes observed with anneal. 
A) before anneal. B) 550˚C, 5 minute anneal. C) 750˚C anneal. Data courtesy 
of Xueying Zhao. 
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CHAPTER 9 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

Ion implantation did not prove to be an effective doping method for MoS2, within 

the experimental parameters used. The low-energy 200 eV implants were not low 

enough and they damaged the MoS2. The damage dominated the effect of ion 

implantation in MoS2. Implanted MoS2 was never repaired to its pre-implanted ability. 

Dopant activation was never detected. Implant damage increased with implanted dose. 

Early experiments observed an anisotropic effect of implant damage. The out-of-

plane response seemed beneficial, however, it never yielded a significant increase in 

current or reduction in contact resistance at the device-scale. The in-plane effect was 

clearly detrimental, and was never overcome by anneals. Some induced defects were 

observed to impair mobility, and be partially repaired by H2S anneals at 800˚C. Other 

defects compensated carriers and were not repaired in H2S anneals up to 800˚C. The 

origin of the unrepaired defects is unclear. The initial carrier compensation is often 

attributed to S-loss and Mo-cluster formation. However, MoS2 is grown at the annealed 

temperature with Mo and H2S, so Mo-cluster would be expected to form MoS2 in the 

anneal.  

The defects could be of a type that is not repaired in H2S, such as a Mo vacancy. 

Or, the defect-repair process could require temperatures higher than 800˚C. Mo 

vacancies seem likely to be involved, however multiple defects are expected to 

contribute. Higher annealing temperatures cannot be explored for damage repair or 

dopant activation, due to the loss of the implanted species that was observed at 
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1000˚C. If it’s possible to repair damage and activate dopants without losing them, it 

would seem to occur at a narrow, precisely controlled thermal window.  

The nature of these experiments complicates defect analysis. Defects feed off 

each other. They can increase and decrease the energy of formation, or mobility of 

other defects. Ion implantation induces defects, and defect mobility. The sulfur rich 

atmosphere of the anneal will favor uncommon reactions. The high temperature within 

the anneal feeds the other behaviors. These situations create a dynamic environment 

that is difficult to predict, especially for grown films, which have additional native 

defects. 

These results find relevance for future 2DM electronics, even if the ion 

implantation didn’t work. In fact, it’s precisely because it didn’t work. The results 

highlight the sensitivity of MoS2 to irradiation. Other 2DMs likely behave similarly. This 

makes electronics made with 2DMs sensitive to phenomena such as single event 

upsets (SEU). In environments where irradiation can be expected, such as in the 

electronics or solar panels of a satellite or space craft, these results might preclude 

2DMs from participation. Electronics with 2DMs will likely require additional radiation 

hardening steps. 

Based on the results presented in this dissertation, and within the parameters of 

the presented experiments, ion implantation is not an effective method for doping MoS2. 

The experiments only succeeded in damaging MoS2, and partially repairing it. If ion 

implantation is ever going to succeed in effectively doping MoS2, priority number one is 

to develop a method for repairing the implant damage, or preventing it in the first place. 



 

158 

Future Work 

The anneals used in these experiments were for a relatively long time, 15 

minutes. Spike anneals may provide the thermal energy required to activate dopants 

while preventing them from diffusing out of the MoS2. It’s also possible that pre-treating 

the MoS2 in a manner that creates sulfur vacancies, prior to implantation, could 

encourage dopant substitution. Hydrogen plasma treatments have been used for similar 

results. Another unexplored option is lightly heating the sample during the implantation.  

Perhaps the most promising future approach is with lower energy implants, even 

0 eV “exposures”. The 0 eV exposures can occur in a plasma chamber, preferably a 

remote chamber to minimize damage to the MoS2. The plasma species will be ionized 

and will have a kinetic energy when they interact with the MoS2, but it will likely be at a 

much lower energy than the implantations. In this way, the process is essentially a soft 

deposition of the dopant. Even then, new annealing schemes will likely need to be 

explored to minimize the chance for dopant out-diffusion while enabling substitution.  
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