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Abstract

Engineered Two-Dimensional Nanomaterials for
Advanced Opto-electronic Applications

Ghidewon Arefe

Two dimensional (2D) materials have unique properties that make
them exciting candidates for various optical and electronic applica-
tions. Materials such as graphene and transition metal dichalcogenides
(TMDCs) have been intensively studied recently with researchers rac-
ing to show advances in 2D device performance while developing a bet-
ter understanding of the material properties. Despite recent advances,
there are still signibcant roadblocks facing the use of 2D materials for
real-world applications. The ability to make reliable, low-resistance
electrical contact to TMDCs such as molybdeum disulbde (Mogzhas
been a challenge that many researchers have sought to overcome with
novel solutions. The work laid out in this dissertation uses novel tech-
niques for addressing these issues through the use of improved device
fabrication and with a clean, and potentially scalable doping method
to tune 2D material properties.

A high-performance beld-elect transistor (FET) was fabricated us-
ing a new device platform that combined graphene leads with dielectric
encapsulation leading to the highest reported value for electron mobil-
ity in MoS,. Device fabrication techniques were also investigated and
a new, commercially available lithography tool (NanoFrazor) was used
to pattern contacts directly onto monolayer Mo$%. Through a series of
control experiments with conventional lithography, a clear improvement
in contact resistance was observed with the use of the NanoFrazor.
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Plasma-doping, a dry and clean process, was investigated as an
alternative to traditional wet-chemistry doping techniques. In addition
to developing doping parameters with a chlorine plasma treatment of
graphene, a series of experiments on doped graphene were conducted
to study its elect on optical properties. Whereas previous studies used
electrostatic gating to modify grapheneOs optical properties, this work
with plasma-doped graphene showed the ability to tune absorbence and
plasmon wavelength without the need for an applied bias opening the
door to the potential for low-power applications.

This work is a just small contribution to the larger body of research
in this beld but hopefully represents a meaningful step towards a greater
understanding of 2D materials and the realization of functional appli-
cations.
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Chapter 1

Introduction and Background

1.1 Introduction

Nano b from the Latin nanus meaning dwarf, has become a ubiqui-
tous prebx that implies advanced, cutting-edge technology, as iman-
otechnology While the potential for application of nanotechnology is
real and could revolutionize our world, aside from a few products, nan-
otechnology has remained largely in the laboratory. Engineering on the
nanoscale, where nano is the Sl prebx for one billionth (1)) has been
enabled by advances in technologies used in the microelectronics and
semiconductor industry and will be key to their continued success.

As can be surmised from the prebPxpanomaterials are materials
with a size dimension on the order of a nanometer. As shown in Figure
1.1 a single sheet of carbon atoms, also known gsphene arranged
in a honeycomb lattice, forms the basis for other forms of carbon nano-
materials. Zero-dimensional Buckyballs, one-dimensional carbon nan-
otubes and three-dimensional graphite can all be formed with graphene,
a two-dimensional material, as the foundation (see Fig. 1.1) [1].
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Figure 1.1: A single sheet of carbon atoms, graphene (top) is the basis
for various forms of nanomaterials including (bottom row, from left)
0D ObuckyballsO, 1D carbon nanotubes, and 3D graphite (which also
exists in macroscopic form) [1].

1.2 Two-dimensional materials

Two-dimensional (2D) materials are atomically thin materials that have
long been theorized but were not experimentally produced until 2004
with the observation of monocrystalline graphitic PIms of thickness of
a few atoms [2, 3]. In this early work, graphene produced with me-
chanical exfoliation was fabricated into a beld-elect transistor (FET)
as shown in Figure 1.2 [2]. Since then, the beld of research in 2D mate-
rials has been an interdisciplinary elort that has seen great strides in
understanding the fundamental properties of these materials [4].



Figure 1.2: Images of early graphitic PIm and devices fabricated by
Novoselov et al [2]. a) Optical image of large mulitlayer graphene 3ake
of thickness 3 nm on top of an oxidized Si wafer. b) Atomic force
microscope (AFM) image of 2 x 2 m are of Bake near its edge. Dark
brown is the SiG substrate surface, orange is 3 nm above substrate
surface. ¢) AFM image of single-layer graphene. d) Scanning electron
microscope (SEM) image of experimental device prepared from few-
layer graphene (FLG). e) Schematic view of device in (d).

Materials used for this research were obtained using either mechan-
ical exfoliation (details in Appendix A.1) or were grown using chemical
vapor deposition (CVD) as will be discussed in more detail in Chap-
ter 2. In addition to using multiple commercial suppliers for the bulk
crystals used for mechanical exfoliation, the CVD materials used for
this research was grown by collaborators at Columbia University (New
York, New York), Stevens Institute of Technology (Hoboken, New Jer-
sey), Army Research Lab (Adelphi, Maryland), Rice University (Hous-
ton, Texas), and the Massachusetts Institute of Technology (Cambrdge,
Massachusetts).



1.3 Challenges in 2D materials

Although there are signibcant barriers to producing 2D materials at a
scale and cost that could enable manufacturing, there are still funda-
mental technical challenges associated with 2D device performance. A
key challenge is making reliable, low-resistance contact to 2D materi-
als. Researchers spanning engineering and physical science disciplines,
both in academia and industry, have been investigating methods for
reducing electrical contact resistance to 2D materials with a signibcant
amount of elort focused on graphene and transition metal dichalco-
genides (TMDCs) such as molybdenum disulbde (MgSand tungsten
diselenide (WSeg). Figure 1.3 is a compilation of resistance values of
various 2D materials from literature [5] relative to a standard (dashed
line) for contact resistance established by the semiconductor industry.
While graphene is on the low-end of resistances reported in Figure 1.3,
the lack of a bandgap in graphene limits it use as a channel material for
applications where semiconductors are typically used. Semiconducing
TMDCs, such as Mo$, are ripe for improvement in contact resistance
and with some clever engineering are poised to overcome these chal-
lenges.

1.4 Engineering of 2D materials

Despite the plethora of challenges standing in the way of the realization
of applications based on 2D materials, the pursuit of solutions will
continue. As the research community continues to develop a stronger
understanding of the fundamental physics behind the properties of 2D
materials [4], the engineering of this novel class of materials has enabled
demonstrations of the viability of 2D materials such as grahpene and
TMDCs for various opto-electronic applications [6].



1.5 Characterization Techniques

Several characterization techniques were used in this study of 2D ma-
terials. These technigques were used to better understand the optical
and electronic properties as well as the chemical composition before
and after processing. The following are brief descriptions of some of
the key techniques used across this study.

1.5.1 Optical characterization

Of the various optical characterization techniques shown in Figure 1.4,
this study used methods that involve emission, rel3ection and trans-
mission of light. A time consuming component of working with 2D
materials is the identibcation of single-to-few layer 3akes by optical in-
spection. In fact, often the brst step in fabricating devices made from
2D materials is actually Pnding them. Despite having a thickness on
the order of atoms, 2D materials can be visually identiPed with bright-
Peld optical microscopy [2]. Images of various 2D Rakes taken with an
optical microscope are shown in Figure 1.5.

A form of optical emission used for characterization involvéd2aman
scattering, a process that occurs when a photon incident on a lattice
imparts (absorbs) energy in the form of a phonon and re-emerges as a
lower (higher) energy photon; a frequency shift known &S8tokes(anti-
Stokeg scattering. This scattering process provides information on the
structural and electronic properties of materials and has led Raman
spectroscopy to become a standard tool in 2D material research [8].
In addition to the information provided by Raman spectroscopy, it is
a relatively fast tool that is non-destructive and olers high resolution
measurements [9].

Raman spectra of pristine graphene shown in the top spectra of
Figure 1.6 highlights characteristic peaks used for identibcation. The



bottom spectra in Figure 1.6 shows additional ODO peaks associated with
defects in graphene. As will be shown in Chapter 4, the D peak will
also appear in doped graphene.

1.5.2 Electrical measurements

Electrical measurements are key to understanding the transport proper-
ties of 2D materials. A myriad of device applications are being pursued
with 2D materials but, one could argue, the most commonly fabricated
device structure using 2D materials is the beld elect transistor (FET).
While nothing is simple when it comes to 2D materials, the relatively
simple, and well understood, architecture of a FET makes it the ideal
test-bed for studying the properties of 2D materials. Starting with
ohmOs Law, the resistance (R) of a 2D material can be calculated if
the current and voltage across the device is known. With the dimen-
sions shown in Figure 1.7a, W, L, anddx which are channel width,
channel length, and oxide (or dielectric) thickness, respectively, the re-
sistivity, #, of the device, assuming a constant current from probe 1-4
(I'1.4) is given by:

‘ <

W
T (1.1)

1-4

Using a silicon backgate, when a voltage is applied to the backgate
of the FET, an electric beld is formed in the dielectric oxide layer
and serves to modulate the Fermi level (B in the device channel.
Information about the gate voltage (\4) and dieletric properties allows
for the calculation of the charge carrier concentratiom, of the device.
Knowing the capacitance, C, across the dielectric (typically Sipallows
for the calculation of the peld-elect mobility,! (e as shown in Equation
1.2. While! g gives a good approximation of mobility, it is usually an



overestimation (by a factor of 2) of the more accurate Hall mobility

(" han) Which is dependent on charge carrier concentratiomf as shown

in Equation 1.3. In order to determinen, a four terminal measurement

is required which allows for the resistance of the channel to be measured
independently of the contacts.

C1d 1dan)

HFE = Cav, ~ € dv, (1.2)
R 1

HHan = !La”;RHaII = e (1.3)

1.6 Thesis organization

This work is a summary of experimental work focused on the engineer-
ing of 2D mateirals for opto-electronic applications. While this thesis is
not an exhaustive document of all the experiments under taken on 2D
materials by the author, it has been shaped to focus on two methods
for engineering 2D materials. The Prst half of this thesis revolves on
the method of novel device fabrication to improve the performance of
2D material devices. Chapters 2 and 3 summarize elorts to improve
device performance in molybdenum disulbde (Mg@f a semiconducting
2D material which has shown promise for a variety of electronic applica-
tions due its band gap which is lacking in graphene [1, 6]. Early work on
MoS, focused on the construction of van der Waals (vdW) heterostruc-
tures with novel device architecture. This work led to record setting
values for electron mobility and provided a device platform which has
been replicated for other 2D materials [10].

Recent elorts have stepped back in terms of device architecture and
have looked at new tools for device fabrication. Chapter 3 highlights
the use of a new commercial tool for patterning contacts on 2D materi-
als with heated probe tip as an alternative to conventional lithography
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techniques. While this work is relatively new, early results are promis-
ing and are worth continued pursuit.

The second half of this thesis looks at the use of plasma chemistry
to modify optical and electronic properties of 2D materials. Chapter
4 highlights the use of plasma doping and the characterization of the
plasma process to dope 2D materials. Chapter 5 focuses on the optical
properties of graphene doped using a chlorine plasma process and high-
lights the ability to signibcantly modify rel3ectance and transmission in
graphene. Chapter 6 continues the story of chlorine plasma-treated
graphene but looks at the modibcation of plasmonic phenomena after
doping.

Chapter 7 provides a short synopsis of future experiments that will
continue on these topics outlined in this work. Many of these experi-
ments were planned but were not completed in time to include in this
thesis due in-operable or faulty lab equipment but plans were passed
on to new members of the Hone lab to continue these elorts.
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Figure 1.3: Resistance values of direct metal, top contacted 2D semi-
conductors. Compilation of contact resistance values from literature
as a function of sheet resistance for graphene, black phosphorus and
TMDCs. The dashed line represents a standard for resistance estab-
lished by industry. Plot from Allain, et al [5]
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Figure 1.4: Optical characterization techniques. Image adapted from
Semiconductor material and device characterizatiofv].

Figure 1.5: Optical images of mechanically exfoliated a) Mé)
graphene and c) WSg Based on the visual contrast of these images,
single-to-few layer Mo$ and graphene are identibable. The W3&ake
in (c) is on the order 50+ nm. Images courtesy of Nathan Finney.
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Figure 1.6: Raman spectra of pristine (top) and defected (bottom)
graphene [9]

Figure 1.7: a) Schematic of beld elect transistor for electrical transport
measurements. b) Typical Hall bar structure device conbguration.
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Chapter 2

High mobility monolayer
MoS >

2.1 Introduction

Molybdenum disulphide (MoS) has attracted a lot of attention as a
two-dimensional (2D) material with the potential for future electronic
applications [11D13]. Previously studied for its low friction properties
and use as a dry lubricant [14], the electronic and optical properties of
MoS, have made it an attractive complement to graphene for various
applications [15]. Whereas the more popular graphene is a gapless 2D
material, monolayer Mo$ has a direct bandgap of 1.88 eV [11, 16, 17]
the opens up the potential for uses in microelectronics. This bandgap
provides an advantage over silicon as it minimizes the potential for
source-to-drain tunneling that exists at the scaling limit of transistors
[15]. The size of the band gap in MoSdecreases inversely with the
number of layers to a bulk value of 1.29 eV [11] and, due to quantum
conbPnement, shifts from direct gap in monolayer form to an indirect
gap in bulk [11, 18].

Despite the excitement around Mo§g as with any 2D material, the
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electrical and optical properties of Mog are strongly alected by im-
purities and its dielectric environment [12, 18D20], hindering the study
of its intrinsic physics and limiting the design of devices based on such
two-dimensional materials. In particular, the theoretical upper bound
of the electron mobility of monolayer (1L) Mo$ is predicted to range
from several tens to a few thousands at room temperature and exceed
10° cm? V1! st at low temperature depending on the dielectric environ-
ment, impurity density, and charge carrier density [21D23]. In contrast,
experimentally measured 1L Mog devices on silicon dioxide (Si§)
substrates have exhibited a room-temperature two-terminal beld-elect
mobility ranging from 0.1 to 55 cnt V-1s? [12, 24, 25]. This value in-
creases to 1560 cimV-'s?t with encapsulation by high-k dielectric ma-
terials [12, 18] due to a more elective screening of charged impurities
[22]. Owing to the presence of large contact resistance from the metal-
MoS, Schottky barrier, however, these two-terminal measurements un-
derestimate the true channel mobility [13, 26, 27]. Multi-terminal Hall
mobility measurements [18, 28] still show a mobility substantially below
theoretical limits, particularly at low temperature, with best reported
values of 174 crh Vst at 4 K for 1L [18] and 250 cm V-!s! and
375 cnt Vist at 5 K for 1L and 2L devices, respectively [28]. Typi-
cally, these thin samples exhibit a crossover to non-metallic behaviour
at carrier densities below 1 x 18 cm? [18, 28, 29] or at smaller car-
rier densities by the engineering of local defect states and improved
interfacial quality [30]. The scattering and disorder that lead to this
non-metallic behaviour can arise from multiple origins, such as lattice
defects, charged impurities in the substrates and surface adsorbates,
and it has been di"cult to identify their separate contributions [12, 17,
18, 21, 28, 29, 31, 32].

We have previously demonstrated that the encapsulation of graphene
within hexagonal boron nitride (hBN) reduces scattering from substrate
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phonons and charged impurities, resulting in band transport behaviour
that is near the ideal acoustic phonon limit at room temperature and
ballistic over more than 15! m at low temperature [33]. These results
were realized using a novel technique to create one-dimensional edge
contacts to graphene exposed by plasma-etching an hBN/graphene/hBN
stack. Such an approach has not yet proved elective with M@S How-
ever, recent reports that graphene can create a high-quality electrical
contact with MoS, [17, 34] motivated a hybrid scheme, in which the
channel Mo$ and multiple graphene leads are encapsulated in hBN
and the stack is etched to form graphene-metal edge contacts. This
new scheme is distinct from previous approaches in that the entire
MoS, channel is fully encapsulated and protected by hBN to achieve
multi-terminal graphene contacts without any contamination from the
device fabrication process.

This new scheme was employed for a comprehensive study on the
transport properties of 1-6 layer Mog devices [10]. However, for this
chapter, the focus will be on a monolayer system and will highlight ad-
vances in engineering MgSmonolayers grown from chemical precursors
and the the novel techniques developed to fabricate high-performance
devices.

2.2 Growth and characterization of CVD
MoS >

Although much work has been done with mechanically exfoliated MgS
[10, 12, 18, 19, 35, 36], this form of producing 2D materials is not scale-
able for manufacturing purposes. Chemical vapor deposition (CVD) is
an epitaxial growth technique that is commonly used for integrated
circuit device fabrication [37]. CVD is a technique that is commonly
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used to grow silicon bIlms for the microelectronics industry however
interest in 2D materials has pushed researchers to develop methods for
growing materials such as graphene and Mg%ia epitaxial methods
[38D41].

Solid molybdenum trioxide (MoO3) and sulfur precursors were
used to grow Mo$ monolayers, however, in contrast to previous ef-
forts [39], the MoS used in these experiments were not grown with
the use of a nucleation seed [41]. Silicon substrates with a top layer
of silicon dioxide (oxide thickness varied from 90 to 300 nm) (S(5i)
to be used as growth substrates were thoroughly cleaned with solvents
followed by annealing with forming gas. Growth substrates were then
placed in a 2-inch diameter quartz tube inside a CVD furnace. Inside
the quartz tube, below the growth substrates, was a crucible containing
the solid precursors (14 mg of Mo®with 120 mg of S). With nitro-
gen Rowing through the furnace at atmospheric pressure, growth occurs
over several hours over a temperature range of 105-70Gith specibc
ramp and cool down intervals [41].

After growth, optical microscopy and photoluminescence (PL) were
used to characterize the size and quality of the single crystal CVD MgS
Bakes as well provide conbPrmation of the number of layers. Brightbeld
microscope images in Figure 2.1a, b show the large scale size of the
single-crystal Mo$ grown by CVD. The PL spectra in Figure 2.1c
provides conbrmation of single-layer growth and reveals a peak corre-
sponding to the band-gap of monolayer MaSof approximately 1.9 eV.

In addition to the high quality of MoS, crystals produced, this growth
technique has resulted in CVD Mog monolayers with transport prop-
erties that are on par with those produced by mechanical exfoliation[10,
41].
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Figure 2.1: a) Brightbeld microscope image image CVD Mg$§rown
on Si0,. b) Large area, single-crystal CVD Mg. ¢) Photoluminescene
spectra of CVD Mo$S provides conbrmation of single layer growth.
inset: Optical microscope image of CVD MoSon PDMS stamp prior
to transfer. Scale bar: 1 m. a, b from [41], c from [10]

2.3 CVD MoS , heterostructure and de-
vice fabrication

Based on the enhancement of electron mobility observed in graphene
with the use of a hexagonal boron nitride (hBN) substrate [42] and
hBN encapsulation [33], in order to fabricate a high-performance CVD
MoS, device, the atomicallly Rat hBN was chosen for a substrate.

In order to use CVD MoS in a heterostructure device, the Prst
step was to remove it from the growth substrate in order to stack it
in the desired conbguration. Common methods of transferring CVD
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water

i) MoS, growth i) Polymer coating iii) Water intercalation
solvem
iv) Align/transfer to v) Dissolve polymer ) Heterostructure completed

substrate

Figure 2.2: i) CVD MoS, grown directly onto a SiQ/Si substrate. ii)
Sample coated with the transfer polymer (e.g cellulose acetate butyrate
(CAB)). iii) Water is used to intercalate between the transfer polymer
and substrate. The transfer polymer is peeled o! of substrate with
MoS, Rake(s) attached to its underside. iv) Mog3ake, still attached

to polymer PIm, is aligned with and transferred onto hBN Rake on
device substrate. v) Sample is immersed in solvent (e.g. acetone) to
dissolve polymer. vi) After polymer is removed and sample dried with
N, gas, MoS/hBN sample is ready for device fabrication. Transfer
process based on techniques developed by Schneider et al [43].

grown materials, such as graphene, involve the use of reactive chemi-
cals to etch away the substrate [38]. While the use of etching based
transfer methods have been successfully used to fabricate high perfor-
mance devices using CVD graphene on silicon dioxide substrates [40],
this method of transfer does not allow for the careful alignment of lay-
ers into a heterostructure conbguration. Instead, this work focused
on using a wedging transfer technique whereby CVD Me&ould be
carefully removed from the growth substrate and then deliberately and
carefully aligned before transferring it to the desired hBN substrate
as shown schematically in Figure 2.2. The wedging transfer method
is based on earlier work where Schneider et al [43] investigated meth-
ods for transferring nanostructures (e.g. 2D RRakes, carbon nanotubes,
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guantum dots, etc). The basis for this transfer method operates on the
intercalation of water between the hydrophobic layer of MoSand the
hydrophilic growth substrate, SiQ. In order to selectively pick up the
desired Mo$ monolayer, the entire surface (MoSand Si0,) is coated
with a hydrophobic polymer that serves as the transfer agent [43].

The transfer occurs through the intercalation of a layer of water
between a hydrophilic substrate and a hydrophobic nanostructure (for
example, graphene Rakes, carbon nanotubes, metallic nanostructures,
guantum dots, etc.) locked within a hydrophobic polymer thin bIm.
For this work, the polymer transfer blm used was cellulose acetate
butyrate (CAB). As a result, the PIm entrapping the nanostructure
is lifted o! and Roats at the air-water interface. The nanostructure can
subsequently be deposited onto a target substrate by the removal of
the water and the dissolution of the polymeric PIm.

Once the CVD Mo$S monolayer is deposited on the bottom hBN
substrate, the next step was to transfer the few-layer graphene Rakes to
be used for electrodes. Mechanically exfoliated graphene was deposited
onto polydimethylsiloxane (PDMS) stamps using Scotch tape. Us-
ing a micromanipulator aligned under an optical microscope, few-layer
graphene Rakes were aligned with and transfered onto the M&®BN
layers. After multiple transfers of graphene to debne the Mg8hannel
region, using the same PDMS transfer method, a top layer of multilayer
hBN was transferred onto the stack resulting in a complete heterostruc-
ture stack. Step-by-step details of the device fabrication process from
stacking to bnal electrode metal deposition are outlined in Appendix
A.2. An exploded view of the completed heterostructure in Figure
2.3a shows the individual components of the stack and reveals how the
graphene leads make contact with both the MagSchannel and metal
electrodes (Fig. 2.3a inset). While an optical microscope image of the
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completed device looks fairly simple (Fig. 2.3)b, high resolution trans-
mission electron microscopy (TEM) of the deviceOs cross-section reveals
pristine interfaces as well as individual atomic layers of the heterostruc-
ture after stacking (Fig. 2.3c).

Figure 2.3:  From Cui et al [10]. a) Exploded view of MoShet-
erostructue device and close up look of one dimensional edge contact
between metal and graphene electrode. b) Optical microscope image of
completed hBN-encapsulated MoSheterostructure. c¢) High-resolution
cross-sectional TEM image of heterostructure with false-color close-up
showing individual layers (TEM image of cross-section and false-color
close-up courtesy of Pinshane Huang).

2.4 Electrical transport measurements

In order to understand the electrical properties of MoS electrical
transport measurements were conducted. A key metric is the contact
resistance, R, given by the relation:
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Rc = Rop ! R4P|_) (2.1)

N

where Rp is two-probe resistance, kb is four-probe resistancel. is the
two-probe length of the device channel antis the four-probe length.
The calculated contact resistance as a function of temperature and
back gate voltage is shown in Figure 2.4. Due to the increase of the
MoS, band gap with decreasing thickness from few-layers to monolayer
[11], it is more di"cult to form Ohmic contact, or, in other words,
achieve a lower Schottky barrier, with thinner Mo$ [44]. In this regard,
graphene has been proved to be one of potential candidates as electrode
for MoS, [35, 45]. A large gate-tunability of Fermi energy of graphene
enables us to move grapheneOs Fermi level close to conduction band of
MoS, by increasing back gate voltage, resulting in reliable and stable
Ohmic contact even for monolayer Mo§ as shown in Figure 2.4. At
reasonably high charge carrier concentration, contact resistance from
approximately 0.7 k#!'m to 10 k # ! m can be reliably achieved across
all samples at low temperature.

The Schottky barrier height of the graphite-contacted device was
determined using the 2D thermionic emission relation [35]:

gt " Y aves ?

- 3/2
lg = AT ““exp KaT exp SkaT

(2.2)

where L, A, T, kg, $, "g, and V4 are drain current, the elective
Richardson constant, temperature, the Boltzmann constant, electronic
charge, the Schottky barrier height, and source-drain bias (50 mV),
respectively. Here,$ is an ideality factor, which is related to the
tunneling e'ect contribution under high charge carrier concentration
and at low temperature. To estimate the Schottky barrier height of
graphene-MoS2 with dilerent back gate voltage (V;), we employed
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Figure 2.4: Data published in Cui et al [10]. a) Contact resistance
as a function of back-gate voltage (y;) and temperature for and b)
Arrehnius plot for Schottky barrier height extraction of monolayer CVD
MoS, device encapsulated with hBN.

the Arrhenius plot, In(14/T ¥?) as a function of (1/kgT) as shown in
Figure 2.4b. From the slope of the Arrhenius plot, it is possible to
extract the Schottky barrier heights for dilerent MoS, thickness. Here,
we assume the ideality factor as 2$ < 20 and we check the avail-
ability of ideality factor from the Ohmic behavior in a 2-probe output
curve at low temperature. Figure 2.5 exhibits the calculated Schottky
barrier heights in hBN-encapsulated MogSdevices with varying thick-
nesses of MoS Large modulation of grapheneOs Fermi energy allows
for the high tunability of the Schottky barrier height in graphene-Mo$
contact, resulting in the small Schottky barrier height with relatively
high V4. The Schottky barrier height becomes close to zero aty,y of
approximately 80 V even for monolayer Mo§ which enable us to form
the Ohmic contact at very low temperature.
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Figure 2.5: Data published in Cui et al [10]. Gate-voltage-tunability
of the Schottky barrier (" g) height in graphene-Mo$ contacts, shown
for MoS, devices of varying thickness (1-4 layer). As the gate voltage
increases," g is reduced by the modulation of the graphene contactOs
Fermi level (see inset). The Schottky barrier height reduces to approx-
imately O at su"ciently high gate voltage.

2.5 Hall Elect measurements

The Hall Elect is a phenomena where the presence of a magnetic beld
in material induces the formation of a transverse current [46]. This
phenomena is important in the characterization of 2D materials as it
provides an accurate measurement of the charge carrier concentration
and mobility.

In an hBN-encapsulated Mo$ device, the Hall voltage and Hall
mobility was measured with a standard lock-in technique. By applying
a current across the device at a bxed backgate voltage while sweeping
the magnetic bpeld B), the total charge carrier concentration,n, of
MoS; is obtained from:

(2.3)
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where e and (dB/dR,y) are electron charge and magnetic-Peld-dependence
of Hall resistance. Withn known, the Hall mobility can be estimated
with:

HHan = ne (2.4)

where $is conductivity. From this relation, with n of 1.1 x 1% cm?,
the hBN-encapsulated, CVD-grown, monolayer MgSdevice has a Hall
mobility of approximately 1,000 cnt V! s2. This mobility is the highest
reported value for monolayer Mogand highlights the key role that hBN
encapsulation plays in revealing the intrinsic properties of 2D materials
once they are protected from the environment.

2.6 Conclusion

Novel techniques have been developed to fabricate Van der Waals het-
erostructures. Mo$% produced with CVD have been shown to be of
high quality and have benebted from recent advances in growth tech-
niques. The use of hBN encapsulation allowed for the measurement of
near-intrinsic electrical transport of Mo$ and the achievement of high-
mobility in device performance. The use of graphene contacts played
a key role in allowing for tunable electrical contacts that allowed for
Ohmic contacts even at low temperatures.

This device platform also enabled a deeper investigation into magne-
totransport where the observation ofShubnikov de Haas oscillations
MoS, was made possible with hBN encapsulation. Additional details on
magnetotransport measurements on these devices has been published
in Cui et al. [10]. The advancements and Pndings of this study [10]
have been benebpcial to the beld of 2D material research and have pro-
liferated throughout the research community [47D49]. Despite the use

23



of CVD-grown Mo$S for this investigation, challenges remain in scaling
this technology but this provides a strong foundation for future im-
provements towards the actualization of 2D-material-based electronic
devices.
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Chapter 3

Thermal Scanning Probe
Lithography

3.1 Introduction

Making direct metal electrical contact to two-dimensional (2D) transi-
tion metal dichalcogenides (TMDCSs) has proven to be one of the great-
est challenges in the pPeld of 2D electronics [10, 50]. The formation of
a large Schottky barrier between metal contacts and semiconducting
2D materials has limited the ability to investigate novel physics and
hindered the development of advanced opto-electronic applications. As
will be discussed in Chapter 4, various methods of doping 2D materi-
als have been investigated to overcome this obstacle. While the use of
doping has proven to reveal unique properties, there are still methods
for engineering electrical contacts to 2D TMDCs that can result in re-
duced contact resistance. This chapter highlights a novel lithographic
technique for patterning contacts on 2D materials which have resulted
in one of the lower reported values for Schottky barrier and total re-
sistance based on two-probe measurements with direct-metal contact
single-layer molybdenum dioxide (Mo§ produced via chemical vapor
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deposition (CVD) growth.
- Electron beam lithography (EBL) and optical lithography (OL) are
two techniques that have enabled advances in nanofabrication. Both
techniqgues use masks with a desired pattern and use a beam source
(electron beam ranging in energy from 30 keV to 100 keV for EBL and
an optical light source, typically ultraviotlet, for OL) for patterning.
EBL and OL have proven to be powerful tools that have their bene-
bts (scalability, reliability, adaptation by semiconductor industry, etc),
however, below 30 nm, even the higher resolution EBL starts to hit
limitations due to proximity elects. With EBL, at small scale size (ap-
proximately 30 nm), the proximity elect causes patterns to be written
larger than desired due to the interaction between the electron beam
writing the pattern and the substrate and resist of the subject [51].
While EBL and OL continues to be widely used in 2D material
research, advances in scanning probe technologies such as atomic force
microscopy (AFM) and scanning tunnelling microscopy (STM) has led
to the use of tip-based lithography for patterning nanomaterials as a
cleaner alternative without the potential for damage due to high energy
electron beams.

3.2 Thermal Scanning Probe Lithography

While STM and AFM are well known techniques for characterizing
and manipulating materials on the nanoscale [52D54], thermal scanning
probe lithography (tSPL) is a relatively new technique that has been
investigated to pattern thin PlIms. TSPL is a subtractive patterning
process where a heated AFM tip is used to pattern features in a poly-
mer coated sample. The origin of tSPL stems from thdillipede Project

at IBM (Zurich, Switzerland) from the early 1990s where an AFM tip
was used for the writing of topographic features, which could then also
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be read by the tip as a potential method of data storage [53]. Ulti-
mately, this technology did not come to market due to the superiorty
of Bash memorydeveloped by Toshiba in the 1980s. Regardless, tSPL
technology has now emerged as a potential lithographic technique for
2D materials.

b Electrostatic Resistive
- actuation tip heater

NanoFrazor cantilever

(SEM image) (aRam
Silicon tip with radius Topography sensor  |jjyrg-sharp tip
of 2 nm (TEM image)

Figure 3.1: a) Scanning electron micorscope (SEM) image of NanoFra-
zor probe; inset: transmission electron microscope (TEM) image of
NanoFrazor tip. b) Diagram of NanoFrazor probe and tip showing com-

ponents that are key to tSPL process (images courtesy of SwissLitho

AQ).

Sample preparation

Prior to coating MoS, with resist for patterning, all samples were
placed in a closed petri dish with a few drops of Bis(trimethylsilyl)amine
(CgH19NSI,, commonly known as hexamethyldisilazane, or HMDS) for
90 seconds to promote polymer adhesion immediately before coating.
While the samples are kept dry and not immersed or directly in contact
with HMDS, the vapor produced by HMDS enhances surface wetting
in order to promote polymer adhesion onto 2D 3akes on silicon sub-
strates. Samples are exposed to HMDS in order to chemically bond
its Si atom to the oxygen of oxidized surfaces. This results in the re-
lease of ammonia (NK) and allows the methyl groups of the HMDS
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to fragment and form a hydrophobic surface. This ultimately improves
surface wetting and enhances adhesion of polymers used as a resist for
lithography (Microchemicals.com).

In order to pattern electrical contacts using tSPL, a bilayer resist
is used (Fig. 3.2a). The brst layer is a solution of purpolymethyl
glutarimide (PMGI) (Sigma-Aldrich, St. Louis, Missouri) which is spin-
coated on the sample surface at a speed of 2000 rpm for 35 seconds
and cured in air on a hotplate at 200 C for 1 minute. After curing
PMGI, the second layer, polyphthalaldehyde (PPA) (Sigma-Aldrich), a
solution of 1.3 wt % in Anisole (Sigma-Aldrich), is spin-coated at 3000
rom for 35 seconds followed by curing in air on a hotplate at 90C
for 3 minutes. These spin-coating parameters result in a PMGI layer
thickness of 210 nm and a 20 nm thick PPA layer which were conbPrmed
by a Bruker AFM (Billerica, Massachusetts).

Patterning with tSPL is conducted with a NanoFrazor Explore by
SwissLitho AG (Zdrich, Switzerland), a commercial tSPL tool. The
NanoFrazor uses a heated probe to locally heat a surface with nanoscale
resolution. For these experiments, the probe tip is set to a temperature
of at least 1000' C using a resistive heating element with an applied
writing force voltage of at least 9 V and a writing depth of 20 nm.
This depth allows for pattering exclusively in the top PPA layer by
ablating the polymer as the tip is brought into contact. This process is
extremely fast and happens on the order of is (Fig. 3.2b). A single
pixel is on the order of 50 nm however, for larger features (up to 100
I'm by 100! m) a stitching function is used. Once the PPA layer has
been patterned, the underlying PMGI layer which is still protecting
the 2D material is now exposed. In order to pattern the 2D material
through the PMGI with PPA acting as a mask at this stage, samples
are then immersed in a solution of tetramethylammonium hydroxide
(TMHA) in deionized (DI) water (0.17 mol/L) for approximately 6-7
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minutes followed by a gentle rinse in DI water for 30 seconds and then
in isopropyl alcohol for 30 seconds. After rinsing, excess water and
solvents are removed by gently blowing the samples with dry nitrogen
(N,). This chemical etching step removes the exposed PMGI layer
leaving behind the desired exposure pattern with an undercut that is
critical to making metal contact to the sample (Fig. 3.2c). Metal
contacts can then be deposited directly onto the chip; metal deposited
onto remaining PPA layers will be removed during lifto! whereas the
metal deposited into the exposed areas will remain and form electrical
contacts (Fig. 3.2d) to the 2D material.

Metal deposition is performed using an AJA (Scituate, Massachusetts)
Orion 8E e-beam evaporator (Pressure: £0Torr; evaporation rate: 1
Angstrom/s). Finally, metal/resist lift-o! is performed by dipping sam-
ples in hot (100' C) Microchem Remover PG (Newton, Massachusetts),
a proprietary resist remover, for a few hours, then rinsing in isopropyl
alcohol and drying with nitrogen (N;). Three devices, one on CVD
1L MoS; and two on exfoliated 1L Mo$ Rakes, are presented in this
paper by using t-SPL. They have been fabricated using di'erent met-
als: chrome/gold (Cr/Au) for CVD MoS; (10 nm/20 nm, as shown
in Figure 2c-d), palladium/gold (Pd/Au) (10 nm/10 nm, as shown in
Figure 2a-b), and aluminum/gold (Al/Au) (10 nm/10 nm, as shown in
Figure 4a-c)for exfoliated Mo%. EBL devices with Pd/Au (10 nm/10
nm, as shown in Figure S2) are fabricated using convential lithography
procedures as a control.

3.3 tSPL patterned electrical contact

As a brst attempt at using tSPL to pattern electrical contacts on 2D
materials, exfoliated multilayer MoS was prepared on a Si@ wafer.
Electrical contacts were designed and patterned by tSPL as described

29



a - b
- material i ﬁ

C. d metal
-‘z--

Figure 3.2: Nanofrazor patterning process for electrical contact to 2D
materials. a. 2D material on SiQ/Si wafer coated with PMGI and
PPA. b. Heated tip used to write pattern in PPA layer. c. Undercut
in PMGI layer produced by immersing exposed regions with developer.
d. Metal deposited into exposed regions form electrical contact.

in Section 3.2 and shown in Figure 3.2. After patterning a two-probe
electrical contact conbguration, metal was deposited using an AJA In-
ternational (Scituate, MA) Orion 8E evaporator where 10 nm of chrome
and 10 nm of gold were deposited, in sequence. After deposition, the
device was immersed in Microchem Remover PG (Newton, MA), a com-
mercially available resist remover comprised of 99% N-methyl pyrro-
lidinone, to remove the excess resist and metal layer leaving behind
well-dePned electrodes (Fig. 3.3.)

Two-probe electrical measurements were conducted using a Keith-
ley (Cleveland, OH) model 2400 Multimeter for the back gate voltage
source, a Yokogawa (Tokyo, Japan) GS200 DC voltage source to apply
a bias across the electrodes, and an Agilent (Santa Clara, CA) model
34401A multimeter to measure output. With an applied bias of +10 mV
across the 10 m channel, resistance on the order of 10&vas observed
at room temperature (Fig. ??. While this is a two probe measurement
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Figure 3.3: Optical microscope image of exfoliated multilayer M@S
with metal contacts patterned with tSPL. The channel length (distance
between the electrodes) in this device is 10n.

that is not able to distinguish between channel and contact elects, this
value of resistance for Mogis on the lower end of values reported in
literature as discussed earlier in Section 1.3 (Fig. 1.3).

As shown in Figures?? and 3.5, a metal-to-insulator (MIT) tran-
sition is observed at gate voltage of approximately -90 V [18]. This
transition manifests itself as a crossing-over between conductance ver-
sus gate voltage curves acquired at dilerent temperatures, indicating
two dilerent regimes [5].

With this Prst successful test of using tSPL to pattern electrical
contacts on 2D materials, further studies were conducted with compar-
isons to typical lithography methods and an investigation on the elect
of Fermi level pinning.

3.4 EBL vs tSPL comparison

In order to investigate the quality of electrical contact made using tSPL,
devices were fabricated to compare traditional electron beam lithog-
raphy (EBL) with tSPL. For this experiment, monolayer CVD Mo$S;
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Figure 3.4: Transfer curve of multilayer exfoliated Mogdevice with
tSPL patterned metal contacts with an applied bias of +10 mV. Shown
with y-axis on a log scale (lef t) and linear scale (right).

supplied by 2DLayer (Raleigh, North Carolina) was purchased. With a
single batch of Mo$ monolayers grown on Si@'Si, the wafer was split
and two devices were patterned; one with EBL, the other with tSPL.

The sample patterned with EBL was spin coated with polymethyl-
methacrylate (PMMA) 950A6 at 2500 rpm and cured at 180C for 5
minutes. Using a Nanobeam (Cambridge, United Kingdom) NB4 EBL
system, a series of electrodes were patterned into the PMMA resist
which was subsequently developed in MIBK:IPA (1:3) for 70 seconds
opening up exposed areas of Me® make electrical contact. After de-
velopment, the sample was gently dried with nitrogen to remove excess
developer. The device patterned by tSPL was prepared as described in
Section 3.2 and shown in Figure 3.3.

After patterning the devices, metal contacts consisting of chromium
and gold were deposited with an Angstrom Engineering (Kitchener,
Ontario) EvoVac electron beam deposition system. The Prst metal
layer, used for both adhesion to the substrate and as the contact metal
to MoS, was 10 nm of chromium and the second layer was 10 nm of
gold. Deposition took place at a pressure of approximately 10rorr as
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Figure 3.5: Estimated Peld-elect mobility of exfoliated multilayer
MoS; based on two-probe measurements as a function of temperature.
With decreasing temperature, the beld elect mobility increases due
to fewer scattering losses due to thermal elects. Mobility appears to
peak around 100 K below which it decreases due to scattering losses
due to non-thermal contributions (charge impurities, substrate elects,
phonons).

lower pressures typically result in better (i.e. lower resistance) contacts
to 2D materials [33].

Given the clear distinction in conductivity and threshold voltage
shown in Figure 3.6, despite holding the MgSgrowth and metal depo-
sition as constants, it is evident that the use of tSPL to pattern elec-
trodes on 2D materials is worthy of further investigation as a means of
improving electrical contact.
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Figure 3.6: Left: Optical image of MoZ2 device after tSPL patterning.
Center: Non-contact AFM image. Right: KPFM image.
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Figure 3.7: Left: Optical image of Mo2 device after tSPL patterning.
Center: Non-contact AFM image. Right: KPFM image.

3.5 Metal workfunction

After showing a clear improvement in contact resistance by using tSPL
patterned contacts instead of the traditional EBL method, the elect of
contact metal on contact resistance was investigated to see if this im-
provement is consistent regardless of metal workfunction. Two-probe
FET devices were prepared using exfoliated Mg®nonolayers and the
number of layers was conbrmed by Raman spectroscopy and photolu-
minescence [35]]. The metals chosen for this study were aluminum (4.08
eV), platinum (6.35 eV) and palladium (5.22eV) [55]. From Figure 3.8,
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adapted from Liu et al [55], aluminum provides access to the conduc-
tion band of MoS;, while both platinum and palladium are in the band
gap yet near the valence band edge. Due to this alignment, aluminum
is predicted to result in n-type behavior since its work function is ac-
cessible by the conduction band of Mg$SPd and Pt should in theory
allow access to the valence band of Mg$esulting in p-type transport.
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Figure 3.8: Contact metal workfunctions relative to TMDC band dia-
grams. Adapted from [55]

Devices were patterned with either EBL or tSPL as described in
Section 3.2 with a pair of one of each lithography type in each metal
deposition. However, due to the use of mechanically exfoliated MoS
for this experiment, Rakes were soaked for 2 hours in acetone to remove
residue from the Scotch brand tape (3M, Saint Paul, MN) and then
gently rinsed in isopropy! alcohol and dried with nitrogen.

Two probe measurements were conducted at Sungkyunkwan Uni-
versity (SKKU) in a vacuum probe station. At room temperature with
an applied bias of 0.1 V, the current output is larger for devices pat-
terned with tSPL with both Pt and Pd contacts as shown in Figures
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3.11 and 3.10. This is also true with Al contacts but only at su"ciently
high gate voltage is this improvement apparent (Fig. 3.9).

10° 10°
107} e P
10°} 10°f
T/ -3 107}
WA 107}
B :-I.,' 1I:|-1Ir
107} ‘-i_. vV, =01V 1077} vV, =01V
1z 1F% —— Nanofrazor iy Nanofrazor
10 " =i 107"} 717
1(]-13 I i .ebl " L 10-11 . | , 5 N L
€0 30 0 30 60 60 -30 0 30 80
V. (V) V. (V)

Al
I Nanofrazor

[}

0
v, v v, v)

Figure 3.9: Two-probe measurement data for MeSlevices with alu-
minum (Al) contacts. Clockwise from top left: Transfer curve while
sweeping the gate voltage up; Transfer curve while sweeping the gate
voltage up and down; Output curves of EBL patterned device with
Al contacts at various gate voltages (from -60 to +60 V); and Output
curves of Nanofrazor (tSPL) patterned device with Al contacts from
-60 to 60 V. While the current output is slightly higher for EBL pat-
terned contacts, the tSPL (Nanofrazor) patterned contacts shows far
less hysteresis indicating the possibility of a cleaner contact interface.
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3.6 Local doping with nanolithography

The ability to locally dope 2D materials on the nanoscale has been re-
alized with thermochemical nanolithographic (TCNL) doping. In this
process, a heated AFM tip is brought directly into contact with a ma-
terial and scanned over the area to be doped. As will be discussed
in Chapter 4, there are several methods for doping 2D materials, all
with various benebts and challenges, however, TCNL provides the po-
tential for customized doping patterns that could enable unique device
architectures. This work highlights early attempts at locally doping 2D
MoS, with what appears to be a promising technique.

The operational basis for TCNL is similar to tSPL as discussed in
Section 3.2. Whereas tSPL used a heated tip to ablate polymer resist to
form a pattern, with TCNL, the AFM tip is operated in contact mode
and locally heats the material as it scans the surface. In addition to
chemically modifying the material in the presence of dopant molecules,
the TCNL process cleans the surface of any particulates and residue as
has been previously discovered with contact mode AFM [56, 57]. This
unitentional Ocleaning® of the 2D Rake is shown in the AFM image
shown in Figure 3.12a which shows a build-up of residue just outside
the region scanned with the probe tip (highlighted in green).

During the doping process, the MoSsample was exposed to hy-
drochloric (HCL) acid vapor which reacts with the regions of the 3ake
that are scanned with the heated tip to induce chlorine-doping. Fig-
ure 3.12b shows a Kelvin probe force microscopy (KPFM) image of this
same [3ake where a contrast in surface potential of approximately 0.08V
is observed between regions of the doped and undoped M&3ake.

After local doping with TCNL, a series of two-terminal devices
were fabricated on this exfoliated monolayer MgS3ake. Raman spec-
troscopy was used to conbrm the exfoliated Rake was a single layer of
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MoS, prior to doping (Fig. 3.12c), and multi-terminal contacts were
fabricated with EBL patterning and chrome and gold contacts as shown
in Figure 3.12d after doping.

Figure 3.13 shows output curves of the TCNL chlorine-doped mono-
layer MoS, device shown in Figure 3.12. Clockwise from top left: Un-
doped channel and one doped contact between contacts 1-2; undoped
channel and one doped contact between contacts 6-5, undoped control
device between contacts 3-4; and doped channel and doped contacts
between contacts 6-3. While the control device (3-4), shown in the
bottom right, appears to have Ohmic contact, the output curves for
the other 3 variations of doping (either contact or channel with dop-
ing) shows signs of rectibcation and only turns on with positive applied
source-drain voltage. Data was collected with Pxed back gate voltages
of 20 (black) 40 (red) and 60 (green) V.

3.7 Conclusion

Nanolithographic patterning and local doping using tSPL and TCNL
have been shown to be viable techniques for nanodevice fabrication.
The use of tSPL to pattern two-probe FETs in a controlled experiment
against similar devices patterend with EBL resulted in clear reduction
in device resistance with tSPL.

TCNL shows promise as a technique for locally modifying 2D ma-
terial properties but much work is to be done. Future elorts on this
technique needs to focus on process optimization and repeatability. A
device architecture of interest is the realization of an in-plane P-N junc-
tion whereby TCNL could locally dope half of a channel.

The next step in this investigation is two-fold: (1) An investigation
into the surface properties of the contact region after lithography will
conducted to determine if the Mo$ is being unintentionally doped or
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if remaining residue is playing a role in the dilerent electrical proper-
ties observed in Figure 3.6 between tSPL and EBL patterned devices.
(2) Electrical transport studies with four-point probe and Hall elect
measurements will be conducted to isolate true contact resistance and
determine the level of doping in the Mo&
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Figure 3.10: Two-probe measurement data for MgSlevices with pal-
ladium (Pd) contacts. Clockwise from top left: Transfer curve while
sweeping the gate voltage up; Transfer curve while sweeping the gate
voltage up and down; Output curves of EBL patterned device with
Pd contacts at various gate voltages (from -60 to +60 V); and Output
curves of Nanofrazor (tSPL) patterned device with Pd contacts from
-60 to 60 V. In addition to having a higher current output then the EBL
patterned devices, the Nanofrazor (tSPL) patterned device appears to
have an Ohmic contact.
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Figure 3.11: Two-probe measurement data for MgSlevices with plat-
inum (Pt) contacts. Clockwise from top left: Transfer curve while
sweeping the gate voltage up; Transfer curve while sweeping the gate
voltage up and down; Output curves of EBL patterned device with
Pt contacts at various gate voltages (from -60 to +60 V); and Output
curves of Nanofrazor (tSPL) patterned device with Pd contacts from
-60 to 60 V. In this comparison, the Nanofrazor (tSPL) patterned de-
vice had current output 100x greater at +60 \j; as compared to the
EBL patterned device with the same Pt contact metal.
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Figure 3.12: a) AFM and b) KPFM images of exfoliated MogSused for
TCNL doping. Doped region highlighted in green. As TCNL operates
in contact mode, note residue accumulation at edges of doped region
in AFM image. c)Single layer of Mog conbPrmed with Raman spectra.
d) Optical microscope image of bnal device.
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Figure 3.13: Output curves of TCNL chlorine-doped monolayer M@S
shown in Figure 3.12. Clockwise from top left: Undoped channel and
one doped contact between contacts 1-2; undoped channel and one
doped contact between contacts 6-5, undoped control device between
contacts 3-4; and doped channel and doped contacts between contacts
6-3. While the control device (3-4), shown in the bottom right, appears
to have Ohmic contact, the output curves for the other 3 variations of
doping (either contact or channel with doping) shows signs of rectibca-
tion and only turns on with positive applied source-drain voltage. Data
was collected with bxed back gate voltages of 20 (black) 40 (red) and

60 (green) V.
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Chapter 4

Plasma Doped 2D materials

4.1 Introduction

Despite the inherent properties of two-dimensional (2D) materials, the
ability to further tune the optical and electrical properties of this class
of materials will be key to seeing applications come to fruition. As
with traditional semiconductor technology, doping processes are used
to intentionally add positive charge carriers (holes) or negative charge
carriers (electrons) to a material in order to modify optical and elec-
tronic properties for a specibc purpose.

There are several methods for intentionally doping 2D materials
which include solvent-based chemical doping [58, 59], in-situ doping
during growth [48, 60, 61], and plasma based doping processes [62]. In
addition to the new thermochemical nanolithography doping technique
discussed in Section 3.6, one of the more novel studies on the doping of
2D materials were based on the chemical reaction of graphene with hy-
drogen atoms present in hydrogen silsesquioxane (HSQ), a commercially
available resist that is used in the fabrication of devices. When exposed
to an electron beam during lithography (see Section 3.1), the hydrogen
in HSQ that is coating graphene ends up reacting and forming bonds
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with the graphene. Following a subsequent thermal annealing process,
hydrogen would detach leaving Odehydrogenated® graphene that would
subsequently react with oxygen resulting in hole doping [63].

Of the doping techniques available for 2D materials, plasma doping
shows promise as it is a clean and dry process that relies on a stan-
dard tool commonly used in the semiconductor industry. This chapter
provides an overview of plasma processing with a discussion on the
background on earlier studies on plasma-doped 2D materials and the
use of inductively coupled plasma (ICP) systems to dope graphene and
transition metal dichalcogenides (TMDCs). The subsequent results and
characterization of these doped 2D materials will also be presented.

4.2 Plasma processing

Plasma, known as the fourth state of matter, is an ionized gas. Prime
examples of a plasma in nature are the Aurora Borealis (shown in Fig.
4.1) and Australius (Northern and Southern Lights). These brilliant
light shows in the night sky start with the ejection of electrons from
the sun, also known as solar wind, which then travel through the earths
magnetosphere. Since charged particles tend to follow electric peld
lines, solar wind electrons are driven towards the earths ionosphere and
in turn create a charged negative layer. An opposing positive charged
layer will form allowing for charged particle acceleration and subsequent
light emission.

Engineers have harnessed plasmas in the laboratory for everything
from complex satellite propulsion systems to simple Buorescent light
bulbs. One Peld heavily reliant on plasma processing is the semicon-
ductor industry where plasma systems are used to selectively etch bne
features on the order of nanometers. This dry etching process can be
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Figure 4.1: Aurora Borealis (Northern lights), a naturally occurring
example of a plasma, as seen from Goodsell Observatory at Carleton
College in Northbeld, Minnesota. Photo by Drew Weitz.

purely chemicalif the gas species generated in the plasma are responsi-
ble for the desired removal of material, or, the etching can kghysicalif
material is removed due to ion bombardment [64]. Commercial plasma
systems typically employ a combination of chemical and physical etch-
ing, a process known aseactive ion etching(RIE).

An inductively coupled plasma (ICP) process operates by coupling
energy from a radio frequency (RF) source (typically operating at 13.56
MHz) to an ionized gas. In addition achieving higher etch rates due to
a higher ion density (18' cm?®), etch probles from ICP etching tends to
be more isotropic than in the more reactive RIE systems.

As shown in Figure 4.2, separate controls for the RF (table power)
source and ICP (coil power) source provides the ability to tune ion
energy and ion density, respectively. This tunability allows for the
ability to run a plasma process with minimal damage to a 2D material
sample due to ion bombardment. The plasma generated in an ICP
system is typically centralized immediately above the sample stage as
shown in Figure 4.2,meaning the risk of damage to the 2D Rake lattice
by ion bombardment is high and plasma conditions like power, gas 3ow,
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and pressure must be carefully selected to minimze damage.

COIL
GAS POWER
1 -®
@ -
® o
ot o
© o
e ®
GAS
[a=—= S ]
. 1
™)
PUMPS TABLE
POWER

Figure 4.2: Cross-sectional diagram of inductively coupled plasma
(ICP) system. (image courtesy of Oxford Instruments).

4.3 Plasma doped graphene

Given the ubiquity of plasma processing in the semiconductor industry,
it was only natural that scientists would attempt to use plasma to
intentionally dope 2D materials. Despite grapheneOs unique electrical
properties, itOs lack of a band-gap makes it an ideal candidate to start
the study of plasma-based doping of 2D materials.

Early attempts at using plasma to dope graphene looked at modify-
ing its optical properties with the use of an oxygen plasma resulting in
bright photoluminescene that is otherwise not observed due to the lack
of a bandgap [65]. The use of hydrogen plasmas were also investigated
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and resulted in turning the highly conductive graphene into its hydro-
genated derivative,graphane which is an insulator [66]. Attempts at
intentionally electron (n-type) doping graphene used ammonia (N
plasma where carbon atoms were substituted by NH radicals formed
from the dissociation of NH [67].

Several groups have looked at the use of hydrogen plasma to dope
graphene. Results have ranged from looking at the basic elects of
hydrogen plasma on graphene [68], to observing the emergence of pro-
nounced negative magnetoresistance [69], as well as enhanced photore-
sponse [70]. Additionally, the use of Buorine and chlorine plasma have
been investigated as methods for doping graphene. In a controlled ex-
periment where exfoliated graphene samples were doped with ,(TF,,
and H, plasmas, the chlorine plasma treatment showed promise as the
most controllable method [62]. A signibcant challenge in all the afore-
mentioned plasma processes for doping graphene, or other 2D materials,
is the potential for damage to the material.

By using Raman spectroscopy to study the disorder introduced into
graphene with plasma doping, Wu et al showed that chlorine plasma
treatments exhibited slower kinetics and introduced less disorder than
hydrogen or Buorine treatments [62]. The unique nature of graphene
chlorination was further bolstered by theoretical calculations and ex-
perimental veribcation showing high coverage of chlorine atoms on
graphene [71, 72].

The ability to dope graphene with chlorine plasma with minimal
damage was also observed with the brst successful case of doping graphene
with a chlorine plasma while still retaining high mobility was by Zhang
et al [73]. Using a electron cyclotron resonance (ECR) downstream
plasma system, graphene was exposed to ionized chlorine atoms in the
plasma with minimal disorder introduced by bombardment.

One advantage of using an ECR plasma system is having a sample
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stage that is downstream from the region of plasma generation allowing
the opportunity to dope samples via plasma treatment while minimizing
direct bombardment of energetic ions and thus minimizing damage to
the graphene.

Since downstream chlorine plasma etchers are not readily available,
this work focused on using the Oxford (Cambridge, United Kingdom)
model Plasmalab 100 ICP etcher, a readily available plasma system
found in most clean room facilities at institutions across the U.S. This
work used this same model of plasma etcher at Columbia University
(New York, New York), Brookhaven National Lab Center for Func-
tional Nanomaterials (Upton, New York), Army Research Lab (Adel-
phi, Maryland), and City University of New York - Advanced Science
Research Center (New York, New York).

In order to determine the plasma conditions needed to dope graphene,
a parametric study was conducted using CVD graphene grown in a sin-
gle batch and treated with various plasma conditions. Given the en-
ergetic and destructive nature of plasma processing, especially with an
ICP system where the sample stage is directly immersed in the plasma
region, several runs were conducted to prst establish a set of conditions
that minimized RF and ICP power but still allowed for the striking of a
plasma. Once that was achieved, several CVD graphene samples were
treated with various chlorine plasma conditions and studied with Ra-
man spectroscopy to narrow down a set of parameters where the power
was su“ciently low to minimize destruction of the graphene while still
doping it with chlorine atoms. Details on this ICP calibration for dop-
ing are provided in Appendix A.4.
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sample| time (s) | Cl, Bow (sccm)| P (mTorr) | RF (W) | ICP (W)

12 5 80 20 8 10

13 5 100 25 8 10

14 10 80 40 8 10

A 20 80 20 8 10
Table 4.1: Plasma parameters for developing conditions to dope

graphene with an Oxford ICP plasma etcher. Only data points of suc-
cessful, i.e. not destroyed, doping samples are shown. The RF and
ICP power settings were established by determining the lowest power
settings for the ICP etcher that would still result in successful plasma
strike.

4.4 Raman spectroscopy of doped graphene

After establishing a range of operational parameters for the ICP, con-
ditions were Pne tuned to establish the ability to dope graphene with
minimal damage. As seen in Table A.1, settings for time, gas 3ow, and
pressure were varied while plasma power conditions were pbxed based on
values established during calibration (see Appendix A.4). In order to
verify the success of the plasma conditions developed for doping, after
visual observation with microscopy to make sure the graphene was not
etched away completely, Raman spectroscopy was used to determine
the amount of disorder introduced during doping.

As shown in Figure 4.3, sample 12 maintained characteristic Raman
peaks before and after doping. In addition to the shifts observed for
the G and GO (or 2D) peaks, the D peak, which is indicative of the
amount of disorder in graphene, is relatively small. As the sample was
grown with CVD, some disorder and the presence of a D peak before
plasma treatment was expected due to the growth or transfer process
as is shown in Figure 4.3.

In order to quantify doping levels in graphene, previous elorts have
developed a correlation between charge carrier concentration based on
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Figure 4.3: Clockwise from top left: top left) Raman specta of CVD
graphene before (black) and after (red) chlorine plasma treatment using
conditions listed in Table A.1. Top right) Graphene D-peak near 1350
cm! is present before doping but does not increase signbcantly after
plasma treatmetn. Bottom row) the GO (or 2D) and G peak of graphene
is shifted after doping.

transport measurements and corresponding shifts in Raman spectra
[74]. The data points (black dots) shown in the Raman spectra in
Figure 4.4 represent experimentally measured values (from [74]) which
deviate from, but still follow the trends of, the solid blue lines which
represent the theoretically predicted relationship from Pisana et al [75].

From the Raman spectra of the G-peak position of graphene Sample
12 (Figure 4.3), a peak shift of approximately 10 crh from 1590 to
1600 cmt, was observed after chlorine plasma doping (conditions listed
in Table A.1). In addition to showing that the initial condition of this
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Figure 4.4: Left (right): Raman spectra of the G-peak (2D-peak) posi-
tion for graphene as a function of doping. Black points are experimen-
tally measured values from Das et al, solid blue lines are theoretical
trends [75]. Figures adapted from Das et al [74].

sample was slightly doped, using the relationship between the position
of the G-peak and Fermi energy in Figure 4.4, the Fermi energy of this
sample increased from approximately 0.2 eV to 0.57 eV after chlorine
plasma treatment indicating successful positive (hole) doping.

4.5 XPS of doped graphene

X-ray photoelectron spectroscopy (XPS) is a characterization technique
that probes the surface properties of solids and provides quantitative
information on elemental composition. For chlorinated graphene, XPS
can be used to identify the presence of chlorine-carbon bonding as well
as determination of chlorine coverage on graphene [72]. The operation
of XPS is based on thephotoelectric elect whereby a photon incident
on a material causes the removal of an electron from the surface. XPS
is considered a low-energy phenomena as it uses photon sources such as
x-ray and ultraviolet photons as opposed to higher energy phenomena
like Compton scatteringwhich uses a gamma ray photon source.

In this XPS investigation of chlorinated graphene, a CVD graphene
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sample was transferred onto a SiOsubstrate and treated with a chlo-
rine plasma using an ICP etcher as described in Section 4.2. XPS mea-
surements were conducted at the SLAC National Accelerator Labora-
tory (Menlo Park, California). Samples were measured in an ultra-high
vacuum (approximately 13 Torr) chamber with a wiggler source on
the 10-1 beamline of the Stanford Synchrotron Radiation Lightrource
(SSRL).

In Figure 4.5, carbon (C) 1s (left) and chlorine (Cl) 2p (right) peaks
are plotted for both pristine graphene (black line) and after Cl treat-
ment (red line). From the C 1s spectra, it is evident that the CVD
graphene sample was oxidized in its initial state prior to doping (black
line). A change in the C 1s spectra is observed after doping (red line),
however, it is hard to resolve C-Cl bonding due to the oxidized state of
the graphene prior to doping. In the Cl 2p spectra, the appearance of
a peak around 201 eV is indicative of the presence of chlorine on the
surface of the graphene. The Cl 2p peak is actually comprised of peaks
at 200.6 eV (2p2) and 202.2 eV (2p,») neither of which is present in
the pristine graphene sample. Unfortunately, samples used in this mea-
surement were slighlty oxidized, however, the presence of C-Cl bonds
are still observable indicating successful chlorination of graphene using
an Oxford ICP plasma etcher.

4.6 Plasma doped TMDCs

Monolayers of molybdenum disulbde (Ma@$ and tungsten diselenide
(WSe;) were grown directly onto a silicon dioxide (SiQ) substrates
using a chemical vapor deposition (CVD) process and subsequently
doped using a plasma process similar to the work done by Kim et al
[76]. In this earlier study, monolayers of Mog were prepared on SiQ
substrates using mechanical exfoliation and treated with both chlorine
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Figure 4.5: XPS spectra of chlorinated graphne. Left: C-1s spectra
shows oxidation of graphene in initial state. Right: Cl-2p peak around
201 eV is actually a split peak comprised of 3p at 200.6 eV and
2P, at 202.2 eV. Measurements performed at SLAC, plots courtesy of
Theanne Schiros (FIT/Columbia).

(Cl,) and hydrogen (H) plasma. This group observed an enhancement
of photoluminescence (PL) with C} treatment resulting in p-type dop-
ing and n-type doping with subsequent K plasma treatment. For this
thesis, a similar experiment was conducted using an Oxford Plasmalab
ICP 100 plasma etcher was used to treat these TMDCs with a £l
plasma for the prst time on CVD grown Mo& monolayers to see if a
similar enhancement in PL occurred as observed by Kim et al [76] as
well as to what elect this plasma chemistry would have on an intrinsi-
cally p-type TMDC in WSe;.

Starting with previously establised ICP plasma conditions for TMDCs
[76], samples were treated with a Glplasma with the following con-
ditions: 80 sccm CJ Bowrate, 20 mTorr, 5 Wke, and 100 Wcp for 24
seconds.
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sample | time (s) | Cl, Bow (sccm)| P (mTorr) | RF (W) | ICP (W)
MoS;-1 14 80 20 5 100
Mo$;-3 14 80 25 5 25
WSe,-2 21 80 20 5 100

Table 4.2: Plasma parameters for doping CVD TMDCs based on con-
ditions established by Kim et al. This table only shows TMDC samples
that were successfully (i.e. not destroyed) treated with a €lplasma.
[76].

4.7 Optical spectroscopy of doped TMDCs

After treating CVD TMDCs with a chlorine plasma process, Raman
spectroscopy and photoluminescence spectroscopy was conducted to
characterize the doped materials. The Raman active modes in TMDCs,
shown in Figure 4.6 only show minimal if any peak shift, unlike the
shifts observed in graphene (see Fig. 4.3).

Using a Renishaw inVia micro-Raman with the following conditions:
laser wavelength = 532nm edge, grating = 2400 I/mm, 0.09 mW laser
power (1 percent power at 100X magnibcation), 30 second exposure,
and 3 accumulations, the resulting Raman spectra for Mg shown in
Figure 4.6 and for WSe in Figure 4.7. For both TMDCs, a negligible
shift in Raman peaks is observed between the pristine (black line) and
Cl, plasma treated (red line) samples shown in Figures 4.6 and 4.7.

Despite the negligble changes in the Raman spectra, signibcant
changes are observed in PL spectra taken on these same TMDC sam-
ples as shown in Figure 4.6 for the doped Me®%nd Figure 4.7 for the
doped WSe. After Cl, plasma doping, the Mo$ PL spectra decreases
by 3X wheras the WSe PL spectra increases by a factor of 3X. In
addition to verifying the quenching of PL signal observed by Kim et
al [76] in MoS, this work shows this technique works for CVD grown
materials and provides new insight on Gldoping of p-type materials
like WSe,.
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Figure 4.6: Left: Optical image of CVD Mo$, right: Raman spectra
for pristine and Cl, plasma-treated CVD Mo$ monolayer. CVD Mo$S
samples provided by Robert Burke (ARL)

4.8 Electrical transport of doped 2D ma-
terials

In addition to evaluating doped 2D materials with various spectroscopic
techniques to understand the elect of doping, samples were prepared
and doped with chlorine plasma for electrical transport measurements.
The goal of this portion of the larger study was to see if a 2D material
could survive plasma doping as a functional electrical device.

For this experiment, graphene was mechanically exfoliated onto
SiO, substrates and a monolayer was identiPed using optical microscopy
(see left image in Fig. 4.10). A beld-e'ect device was fabricated on the
graphene using conventional electron-beam lithography (EBL) to pat-
tern electrodes and electron beam deposition to deposit gold contacts
with chrome adhesive layer between the graphene and gold. A plot
showing 2-probe resistance as a function of gate voltage for a mono-
layer graphene device before (solid line) and after (dashed line),Cl
plasma doping is shown on the right in Figure 4.10. Since this mea-
surement took place in air, the applied back gate voltage was limited to
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Figure 4.7: Left: Optical image of CVD WSeg, right: Raman spec-
tra for pristine and Cl, plasma-treated CVD WSg monolayer. CVD
WSe, samples provided by Kyung Kang and Eui-Hyeok Yang (Stevens
Institute of Technology).

a range of -60 to +60 V to minimize the potential for dielectric break-
down. While the initial, undoped, sample shows a charge neutrality
point (CNP), or Dirac point, of approximately +10 V, indicating mild,
p-type doping, the CNP shifts dramatically after the CVD graphene de-
vice has been treated with a Gl plasma. For ideal, intrinsic graphene,
the CNP would appear at 0 V as shown in Figure 4.9. Shifts to the
left of the CNP (negative gate voltage) indicate n-type doping and to
the right of the CNP indicate p-type toping. Given the limitation of
back gate voltage, the CNP for the doped graphene sample is not ob-
served in the plot shown in Figure 4.10 however it is clearly well above
+60 V indicating signibcant p-type doping and the ability to treat a
fully functional device with a plasma doping process without killing the
device.

Given the successful doping of a CVD graphene device, the next
step was to try a similar process with a CVD Mogdevice. CVD Mo$S
grown at Army Research Laboratory (Adelphi, Maryland) was made
into a device using EBL and deposition similar to the process described
above for graphene (shown in Fig. 4.11, left side). The only successful
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Figure 4.8: Photoluminescence spectra of TMDCs before (black) and
after (red) Cl, plasma-treatment. Left: CVD WSe monolayer. Right:
CVD MoS; monolayer. Despite identical doping conditions as described
in Section 4.6 with identical plasma treatment conditions

2-probe measurement of this CVD MosSdevice does not provide a clear
indication of doping but is noteable for a decrease in the current output
after doping as shown in the transfer curve in Figure 4.11.

4.9 Conclusion

Plasma processing has been shown as a method for doping 2D materi-
als. The use of plasma etchers to dope materials leverages a technology
that is readily available in most clean room facilities. As 2D materials
continue to be studied by researchers eager to exploit their novel prop-
erties for various applications, understanding how to dope materials
such as graphene and TMDCs with a controllable method will be key
to realizing applications.

In this series of experiments, graphene, MgS&nd WSe samples
were prepared and doped with a chlorine plasma process. These exper-
iments are a continuation of the work by Schiros, Zhang et al [72, 73]
and are the basis for the optical measurements presented in Chapters
5 and 6.
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Figure 4.9: Peak resistivity of graphene, also refered to as the charge-
neutrality-point (CNP). Dirac cones shown (from left-to-righ) for p-
doped, intrinsic, and n-doped graphene. Note position of the Fermi
level (Er) in the valence band, at CNP, and conduction band, respec-
tively. Image from Geim et al [1].

The preliminary electrical transport results presented in Section 4.8
conbrmed the ability to signibcatnly p-dope graphene using an ICP
plasma etcher as was previously shown with an RIE/ECR etcher by
Zhang et al [73]. Future elorts will attempt to boost both conductiv-
ity and mobility of graphene with the construction of FETs on hBN
substrates and subsequent treatment with a chlorine plasma.
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Figure 4.11: Left: Optical image of CVD Mo$ monolayer device with
gold electrodes. Right: Two-probe DC measurement of device before
(black) and after (red) doping with a chlorine plasma treatment.
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Chapter 5

Chlorinated graphene
spectroscopy

5.1 Introduction

The underlying physics that govern the optical properties of graphene
reveal a unique material with the potential for revolutionary advances in
opto-electronic applications [77D82]. The most obvious unique optical
property of graphene is its strong optical absorbance of approximately
2.3 percent [78, 83D86] despite being only a single atom in thickness. It
was this optical property in particular which led to the earliest observa-
tions of mechanically exfoliated graphene using an optical microscope
[2, 3].

While graphene is widely heralded for its mechanical strength and
electrical properties [87], the lack of a band-gap requires graphene
to be doped in order to reveal the novel physics governing its opti-
cal characteristics. While many studies have used electrostatic gat-
ing to electively dope graphene [49, 78, 84], in this study, graphene
was doped using a chlorine plasma process. The novel physics behind
doped graphene were further investigated using optical spectroscopy
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techniques.

5.2 Electronic structure of graphene

In order to understand the optical properties of graphene, it is necessary
to brst provide an explanation of the electronic structure which governs
the optical response. As shown in Figure 5.1a, the hexagonal lattice of
graphene, with carbon atoms at each vertex, relies on%ponding to
form this stable structure, where points A and B. Due to the degeneracy
that arises from these inequivalent points (K and KO in momentum
space, as shown in Figure 5.1b), a linear energy-momentum dispersion
arises b referred to as the Dirac cones. Trigonal warping elects away
from the two inequivalent points (K and KO) are shown in the electronic
dispersion with a saddle-point singularity at M in Figure 5.1c along with
the equi-energy contour lines of the upper (conduction) band (from Mak
et al [84]).

5.3 Optical properties of graphene

The optical transitions that take place within the Dirac cone of graphene
depends on the spectral range under investigation. In the far infrared
(IR) range, intra band transitions take place, and in the mid- to near-IR
range,inter band optical transitions dominate which is the focus of this
investigation. Interband transitions are direct optical transitions be-
tween the valence and conduction bands in graphene. From Mak, Heinz
et al [84] Owithin the tight-binding model, the optical sheet conductiv-
ity from interband transitions can be readily calculated. For pristine
graphene at zero temperature, the optical conductivity in the linear dis-
persion regime of graphene is found to be independent of frequency. The
associated OuniversalO conductance of graphene is determined solely by
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Figure 5.1: Electronic structure of graphene. (a) Hexagonal lattice of
graphene made up of 6 carbon atoms. Points A and B mark inequiv-
alent points referred to as K and KO in (b). (outlined in red) with
corresponding orbital overlap. Image courtesy of Mak et al [84].

fundamental constants and assumes the value $(&) = ' €?/2h (cite)
This conductivity corresponds to an absorbance of &)=(4"'/c) $(&)
='(" 229%

In order to experimentally determine the change in absorbance in
chlorine plasma doped graphene, absorbance must be determined from
reRectance and transmission measurements by

Re.. ! R 4
O = 9 s p
R R, n2! 1

(5.1)

where A is absorbanceRy.s is the rel3ectance of graphene on a sub-
strate, Rs is the reRectance of the substrate, ands is the refraction
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index of the substrate. A similar relation holds for transmission mea-

surements by
Tges ! Ts _ A 2

Ts ng+1
whereT 4,5 is the transmission of graphene on a substrate afid, is the

%:

(5.2)

transmission of the substrate.

The optical conductivity of graphene is calculated by

02 lig42E g1 2"
"(& T)= — tanh —=—F 4 tanh =—_=—F
&T)= 25 anh — 5 AN T keT

(5.3)

5.4 Sample preparation

Since the signal-to-noise ratio of Fourier Transform Infrared (FTIR)
measurements is proportional to the measurement spot size (e.g. larger
signal-to-noise ratio with a larger spot size), elort was taken to use large
graphene monolayer samples for this experiment. For this reason, only
CVD graphene samples were prepared as this provided a repeatable
way to produce multiple graphene monolayer samples with dimensions
on the order of 50! m.

Monolayer sheets of graphene were grown by chemical vapor depo-
sition (CVD) onto copper foil and transferred onto silicon dioxide SiQ
substrates as well as sapphire (AD3) substrates using a previously de-
veloped novel dry-transfer method [40, 87] discussed in Appendix A.3.
For this experiment, CVD graphene was prepared on both SjCand
sapphire (ALO3) substrates to enable both relRetivity and transmission
measurements. As with previous studies, graphene was characterized
with Raman spectroscopy before and after €lplasma doping.

Samples were doped using a chlorine plasma process as described
in Section 4.3 using an Oxford ICP plasma etcher. Samples prepared
on SiO, were all grown in the same batch and split into four individual
samples: two for doping (A,B), and two as controls (C,D). The sample
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prepared on AbO; was measured as a control and then re-measured
after chlorine plasma treatment. Plasma conditions to treat these sam-

ples are listed in Table 5.1.

sample| time (s) | Cl, Bow (sccm)| P (mTorr) | RF (W) | ICP (W)
A 20 80 20 8 10
B 10 80 10 8 10
C - - - - -
D - - - - -
J 20 80 20 8 10

Table 5.1: Chlorine plasma parameters to dope CVD graphene with an
Oxford ICP etcher. Samples A-D were prepared on Sj@or ref3ectivity
measurements and C and D were not doped in order to use them as
controls. The reR3ectivity and transmission of sample J, on sapphire,
was measured before and after £plasma treatment.

5.5 Results

FTIR was used to experimentally determine absorbance by measuring
relectance and transmission. FTIR operates based on the use of a
monochromatic light source incident on a solid sample (also works for
some gases and liquids) and measuring the amount of light absorbed
before and after passing through the sample at distinct wavelengths
across a desired range.

After CVD graphene samples were prepared, samples were char-
acteized with both Raman and FTIR spectroscopy before and after
chlorine plasma treatment to develop an understanding of how the op-
tical properties of graphene would change with doping. While Raman
spectroscopic results of chlorine plasma treated graphene were investi-
gated in Section 4.4, it was important to measure Raman spectra in this
experiment in order to develop a correlation of shifts in Raman peaks

due to doping with changes in optical properties like refRectivity. Figure
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5.2 shows the Raman spectra for Samples A and B that were treated
with dilerent plasma conditions as listed in Table 5.1. Of particular
note is the signibcant increase in the D-peak (approximately 1350 ¢in
after chlorine plasma treatment in Sample B (Figure 5.2b). Sample B
was exposed to plasma for a shorter duration (10 seconds) compared
to Sample A (20 seconds), however, the chamber pressure was much
lower (10 versus 20 mTorr) for Sample B. While not quantibed, the
lower chamber pressure during chlorine plasma treatment appears to
increase the occurrence of ion bombardment on the sample leading to
more disorder in graphene as shown by the large increase in the D-peak.

5.5.1 Relectance

ReRectance measurements were performed at room temperature in an
optical cryostat under vacuum in order to minimize the oxidation of
the sampel over time. Since the graphene samples were on a rel3ective
substrate, rel3ectance of graphene was normalized with respect to the
the rel3ectance of the Si@substrate. In Figure 5.3 the normalized re-
Bectance of graphene is plotted as a function of incident photon energy.
As the photon energy moves from the mid-to-near IR range, an increase
in rel3ectance was observed for CVD graphene samples treated by chlo-
rine plasma (Samples A, B). When measured at 0.1 eV, the re3ectance
of the doped samples is approximately 4 percent larger than the control.
While this number may seem small, compared to similar measurements
in literature, this is a signibcant change in ref3enctance. Previous work
used electrostatic gating of graphene on a Si(3i whereby a voltage
was applied to the Si substrate to increase the number of charge carries
in graphene [77, 88]. For example, in work by Li et al [88], 71 V was ap-
plied to the SiO,/Si backgate of a graphene sample in order achieve an
increase in rel3ectance of approximately 3 percent. While this voltage

66



is well within the dielectric breakdown voltage of high quality SiQ/Si
substrates, it is still a substational energy input that would could limit
the performance of future applications. This comparison points to an
advantage of chlorine-plasma doped graphene samples should they be
pursued for opto-electronic applications.

5.5.2 Transmission

Samples for transmission measurements were prepared on optically
transparent sapphire substrates and measurements were performed across
a higher range of photon energy as compared to the re3ectance mea-
surements. As shown in Figure 5.4b and c, both the ref3ectance and
transmission is higher for G plasma doped CVD graphene on sapphire
substrates. Whereas the biggest increase (approximately 1 percent) in
ref3ectivity, as shown in Figure 5.4b, takes place at lower photon energy
(around 0.4 eV), the largest increase in transmission (of approximately
0.25 percent), as shown in Figure 5.4c, occurs at the higher end of the
photon energy spectrum (around 1 eV). These dilerences are shown in
Figure 5.4d. These are signifant changes in optical properties due to
doping as compared to previous results shown in [11, 77, 84].

5.6 Conclusions

A novel method for doping graphene with a Gl plasma process has
been shown to modify its optical properties. Based on the development
of a process for doping graphene with an ICP plasma etcher discussed
in detail in Chapter 4, this work turned towards developing an under-
standing of the optical properties of chlorine doped graphene.
Whereas previous elorts used electrostatic gating [77, 88] to ob-
serve an increase in ref3ectivity with doping, the work outlined in this
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chapter revealed a larger increase in rel3ectivity in graphene via chlo-
rine plasma doping. The ability to achieve similar levels of modibcation
of the optical properties of graphene but without an applied bias may
have a signibcant impact on the use of graphene for opto-electornic
applications. In particular, the use of graphene for optical switches or
anti-ref3ective coatings could benebt from this ability to modify rel3ec-
tivity without the need for an active input. This unique method pro-
vides a template for doped graphene devices that are able to operate
at lower gate voltages opening the door for low-power opto-electronic
applications.
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Figure 5.2: a,b) Raman spectra of CVD graphene sample A and B
before (black) and after (red) chlorine plasma treatment. c,d) G-peak

and e,f) GO (2D) peak of CVD graphene before/after doping with peaks
normalized to show positional shift.
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Chapter 6

Plasmonic phenomena in
chlorinated graphene

6.1 Introduction

The collective oscillations of electron clouds in a conductive material
are known asplasmons The Peld ofplasmonics a specialization within
the realm of nanophotonics, is concerned with the interaction between
photons at electrons in a conductive material [89]. At the nanoscale,
plasmons are essentially conPned electromagnetic Peld systems that are
on the same order of, or smaller than, the wavelength of light.
Signibcant research on surface plasmons, the electromagnetic waves
coupled to charge excitations at the surface of a metal, has been geared
towards potential applications as varied as optical biosensing, quantum
information processing, and optical nanoantennas to just name a few
[90]. While metals are widely available for use for plasmonic systems,
the lack of tunability and large Ohmic losses limit their applicability.
As an alternative, graphene has garnered recent interest as a unique
plasmonic material, not only for its mechanical strength and electronic
properties but, as was discussed in Chpater 5, also for its unique optical
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properties. This chapter builds upon previous experiments that focused
on the doping of graphene with a chlorine (G) plasma process and the
investigation of its modibed optical properties after doping.

6.2 Graphene plasmons

The ability to tune the optical and electronic properties of graphene
make it an ideal focus for a study on plasmonic material. As discussed
in chapters 4 and 5, the optical properties of graphene can be reliably
tuned with various doping processes. Signibcant work on graphene
plasmons has been performed using electrostatic doping [90, 91] as well
as with iron-chloride (FeCk) intercalation doping [92]. This work con-
tinues the use of G plasma doping to modify the optical properties of
graphene and is the prst known study of plasmons in this system.

While the tunability of optical properties is in itself an ideal prop-
erty of graphene, for the study of graphene plasmons, it is advantageous
to work with highly doped material as that pushes plasmon wavelengths
into the infrared (IR) range as it scales with the fourth root of the Fermi
energy (E) [92]. For this reason, this study on graphene plasmons fo-
cuses on doped systems using IR spectroscopy techniques.

6.3 Infrared nano-imaging

In order to probe the plasmonic properties of graphene, apertureless
or scattering-type scanning near-pbeld optical microscope (SNOM) was
used to access high momentum plasmons. With a spatial resolution on
the order of 20 nm that is also independent of light source wavelength,
scattering-type SNOM is highly capable technique that operates across
visible, infrared, and microwave frequencies [93].

The key to the wavelength-independent resolution of scattering-type
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SNOM is the optical beld enhancement at the apex of a sharp, laser
illuminated metal tip scanning the sample surface. The sharp tip, with
an incident light source, launches circular surface plasmons in the sam-
ple under measurement in all directions while simultaneously detecting
the near Peld plasmonic singal under it [91]. This creates an complex
interference pattern between the plasmons moving through the sample
and their rel3ection at the sample edges (as shown in Figure 6.2a).

In addition to this versatility, the use of a scattering-type SNOM
also enables the ability to perform infrared nano-imaging of graphene as
produced without the need for intricate periodic structures [91]. Scat-
tering amplitude and surface topography is measured simultaneously
by pseudoheterodyne interferometric detection [93, 94].

6.4 Sample preparation

Monolayer graphene samples were prepared using two methods: me-
chanical exfoliation and chemical vapor deposition (CVD) growth, as
previously described in Chapter 4. After graphene samples were pro-
duced and transferred onto SigJSi substrates, chlorination was per-
formed with a Plasma Quest (Hook, England, UK) model 145 electron
cyclotron resonance reactive ion etcher (ECR/RIE). The ECR power
and dc bias in the chamber were carefully optimized to Pnely control
the chlorination parameters. Before each run, oxygen plasma was ac-
tivated to clean the chamber for 10 min. Then the desired chlorine
plasma recipe was run for another 10 min to properly condition the
chamber, before treating the real samples with plasma. During the
chlorine plasma treatment of both CVD and exfoliated graphene sam-
ples, both the pressure and Row rate of chlorine gas were kept at con-
stant values of 20 m Torr, and 80 sccm, respectively, with ECR power
at 100W, a DC bias of 12V, and a substrate temperature of 30 C.
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Both before and after chlorine plasma treatment, Raman spectra of
graphene was collected using a Renishaw (Wotton-under-Edge, United
Kingdom) inVia confocal microscope with a 532 nm wavelength laser
source. In addition to using Raman spectroscopy to identifty single
layers of exfoliated graphene [8, 95, 96], this technique also provides

information on graphene doping [62, 67, 74, 96] as previously discussed
in detail in Chapter 4.
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Figure 6.1: a) Optical microscope image of CVD graphene, scale bar is
20!'m. b) Optical microscope image of exfoliated graphene, scale bar
is 20!'m. ¢) Raman spectra of CVD graphene sample before (black)
and after (red) chlorine plasma doping treatment. d) Raman spectra

of exfoliated graphene sample before/after (black/red) chlorine plasma
treatment.

Figure 6.1 shows optical microscope images of (a) CVD and (b)
exfoliated graphene samples used for plasmon measurements. Raman
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spectra in Figure 6.1 (c), and (d) show spectra for CVD graphene sam-
ple and exfoliated graphene sample, respectively, both before (black
line) and after (red line) after chlorine plasma treatment. While theD
peak (near 1350 cm either appears or increases in amplitude after dop-
ing, the characteristic peaks of graphene near 1600 ¢r(G peak) and
near 2650 crit (GO, or, 2D peak) persist after doping. In cases where
plasma power is too high and the graphene ethces away during chlo-
rine plasma treatment, both the G and 2D peaks become signibcantly
reduced in amplitude or disappear completely [62].

6.5 Results

Graphene plasmons were directly probed using IR nano-imaging with
a CO, laser source operating at a wavelength ¢fzx = 10.5 ! m™ or 950
cml. Inthis regime, the surface optical phonon from the graphene/substrate
interacation does not alect the surface plasmons [91, 94].

Figure 6.2 b,d show AFM and scanning plasmon images, respec-
tively, of a CVD graphene sample treated chlorine plasma.

The initial doping of graphene samples varied between those grown
with CVD and those prepared by mechanical exfoliation, resulting in
various responses to chlorine plasma treatment.

Sample )p, initial (nm) )p, doped (nm) *) (nm)
CVD-A 290 410 +120
Exfol. 2b 230 300 +70
Exfol. 3 0 310 +310

Table 6.1: Plasmon wavelengths for CVD and exfoliated graphene sam-
ples before (initial) and after (doped) chlorine plasma treatment.
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Figure 6.2: a) Diagram of IR nano-imaging experiment. b) AFM im-
age of CVD graphene sample. c¢) Cross-sectional linecut of plasmon
relative intensity before (black) and after (red) chlorine plasma doping
treatment. d) Scanning plasmon image of CVD graphene sample, red
line represents linecut for data plotted in (c).

6.6 Conclusions

Plasmon measurements of chlorine plasma treated graphene samples
were conducted with IR nano-imaging. Previous attempts to measure
plasmons in doped graphene were conducted with electrostatic gating
[91], ferroelectric substrates [97], and solvent-based chemical treatments
[92] to modify the charge carrier concentration and plasmon properties.
As shown in this chapter, the use of chlorine plasma to dope graphene
has lead to the observation of large increases in plasmon wavelength.
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Chapter 7

Future Work

7.1 Proposed experiments

The results outlined in previous chapters is the culmination of several
years of often frustrating experiments. Despite those challenges, there
is still more work to be done, in particular with thermal scanning probe
lithography (tSPL) and chlorine plasma doping. While the work laid
out in this thesis will be tightened up for future publication, these pro-
posed experiments have already been shared with colleagues to enable
them to continue this work.

7.2 Proposed tSPL experiments

As discussed in Chapter 3, tSPL is a novel technique for patterning
contacts on 2D materials. While this work is a good brst attempt at
fabricating devices usign tSPL, more work needs to be done to verify
the quality of the electrical contacts. In particular, at the four-point
probe measurements must be taken to get a true idea of the contact
resistance in devices patterned with tSPL. At the time of this writing,
valiant attempts were being made to measure four-point resistance in
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devices with contacts patterned using tSPL, however, due to faulty
wiring in the cryostat used for this measurement, reliable data was not
collected.

In addition to further electrical characterization, a careful study of
the chemical composition of contacts patterned with tSPL will be re-
quired to understand why contacts seem to perform better with this
novel patterning technique. Some work using time-of-Right secondary
ion mass spectroscopy (ToF-SIMS) was started with collaborators at
the National Physical Laboratory (NPL) in Teddington, England to
study the interface of 2D heterostructures. NPLOs Surface and Nanoanal-
ysis Group has a high resolution ToF-SIMS system that | proposed we
use to study the chemical composition of regions of 2D materials pat-
terened with both tSPL and tradition electron beam lithography. This
comparison will reveal dilerences in chemical composition due to the
di'erences in pattering processes. | believe this will be a value tool to
properly evaluate tSPL as a fabrication technique for 2D materials.

7.3 Proposed Cl , plasma doping experi-
ments

The Cl, plasma doping work in this thesis has built upon the novel
Pndings of Schiros, Zhang et al [72, 73] and added an understanding of
the optical properties of chlorine-plasma doped graphene. Of particular
interest is continuing this work is with electrical transport character-
ization of chlorinated graphene with hexagonal boron nitride (hBN)
substrate and encapsulation. As discussed in Section 4.8, a graphene
Peld elect transistor (FET) treated with Cl, plasma was successfully
p-doped as indicated by a signbcant shift in the Dirac peak (see Fig.
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4.10. While this early work only showed 2-probe results, our collabo-
rators at MIT, Zhang, et al, have shown that this plasma treatment
process of graphene also increases conductivity by a factor of approxi-
mately 2X [73]. Earlier work done by Dean et al which shows a boost in
mobility of graphene with the use of hBN [42] leads us to believe that it
might be possible to both increase (or at least maintain) conductivity
in highly doped graphene with high mobility by combining the use of
Cl, plasma treatment with an hBN substrate.

There are a myriad of other experiments | had hoped to condcut
with Cl, plasma doped materials including using this technique with
graphene waveguides. Following from the work of Phare et al [98],
electro-optic graphene modulators have the potential to be used for
high speed applications. Typically, graphene in these systems need to
be electrostatically doped with an applied gate voltage to modify its
optical properties. As discussed in Chapter 5, the observed increase in
grapheneQs transparency after,Gilasma treatment (see Fig. 5.4 indi-
cates that this technique could lead to a higher-e"ciency in graphene
electro-optic modulators.

My hope is that the work carried laid out in this thesis and the
continuation of these elorts by colleagues in the future will lead to
the eventual application of 2D materials for advanced opto-electronic
applications.
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Appendix A

Supplementary Information

A.1 Mechanical exfoliation

Two dimensional (2D) materials can be produced witmechanical exfo-
liation ; a Otop-downO method for producing nanoscale materials from
macroscopic quantities. Starting with a bulk crystal, 2D layers are
peeled o! using an adhesive bPIm, in most cases, Scotch brand (3M, Saint
Paul, MN) tape. After repeated peeling of layers from the bulk crystal,
Rakes are transferred onto a substrate, typically SKQ via the appli-
cation of heat or direct rubbing. Figure A.1 shows the steps involved
with mechanical exfoliation. A detailed description of this process is
highlighted in work by Huag et al [99].

A.2 Heterostructure fabrication

A high-mobility, CVD-grown, monolayer MoS device was fabricated
with few-layer graphene leads and hBN encapsulation. Figure A.2 out-
lines the step-by-step process of device fabrication from stacking to
electrode deposition.
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Figure A.1: a) Bulk crystal exfoliated onto Scotch tape b) Si@wafer
treated with an oxygen plasma prior to the transfer of Rakes onto the
substrate c) Scotch tape with exfoliated Rakes is brought into contact
with plasma-treated wafer and placed on a hotplate at 100 C for 3-
5 minutes d) After cooling, tape is peeled o! substrate with Rakes
transferred onto SiQ e) macroscopic view of Rakes exfoliated onto wafer
f) 100X magnibcation of few-layer graphene on wafer. Images from
Huang et al [99].

A.3 CVD graphene transfer

Graphene grown directly onto think copper foil is coated with a layer
of polymethylmethacrylate (PMMA) and placed into a petri dish of
ammonium persulfate (APS-100, commercial vendor name), a copper
etchant, which dissolves the copper foil over a period of hours leaving a
PIm of PMMA coated graphene Roating on the surface. After multiple
rinses in dionized water, the graphene is scooped onto a substrate and
gently dried with nitrogen. Finally, the PMMA layer is removed by
annealing at 350 C in in forming gas (5% Hin Ar)
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A.4 ICP doping condition calibration

In order to develop conditions to for doping graphene with a chlorine
(Cl,) plasma, several plasma runs were conducted to determine appro-
priate plasma conditions. Table A.1 highlights some of the conditions
tested to determine doping conditions. Since each plasma system has
itOs own unique quirks, these plasma conditions are a good starting

point for attempting to replicate this doping process.

sample| time (s) | Cl, Bow (sccm)| P (mTorr) | RF (W) | ICP (W)

4 5 20 5 8 10

5 10 20 5 4 6

6 15 20 5 8 20

7 5 80 20 8 10

8 10 80 20 8 10

9 5 20 5 8 20

10 5 20 5 8 40

11 5 20 5 20 10
Table A.1: Plasma parameters for developing conditions to dope

graphene with an Oxford ICP plasma etcher.
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Figure A.2: a) Device fabrication process: (i) Bottom-hBN Rake exfo-
liated onto a SiO2/Si substrate. (i) MoS2 on hBN. MoS2 was trans-
ferred onto bottom-hBN. (iii-vi) Four graphene Rakes on hBN/MoS2
stack. Four graphene Rakes were sequentially transferred onto the
stack around the perimeter of the MoS2 channel. (vii) Top-hBN on
graphene/MoS2/hBN stack. Top-hBN was transferred on top of the
stack for encapsulation. (viii) Patterning of PMMA into Hall bar ge-
ometry. PMMA layer in the stack was patterned by e-beam lithography
into a Hall bar conbguration. (ix) Dry etching of the stack. The stack
is etched using PMMA as an etch mask. (x) Formation of metal leads.
Metal leads are fabricated by e-beam lithography and deposition of
metals. Scale bar. 50 m. b) Cross-section STEM image of the stack
(from top to bottom: hBN (8 nm), MoS2 (3L), hBN (19 nm)). Scale
bar: 50 nm. STEM image courtesy of Pinshane Huang [10].
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