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CHAPTER 1: INTRODUCTION

1.1 Motivation

The discovery of graphene in 2004, by A.K. Geim and K.S. Novoselov, jumpstarted the field
of two-dimensional (2D) material research [1, 2]. Geim and Novoselov isolated graphene, a
single 2D atomic layer of graphite, and were able to fabricate field-effect transistors (FETS) out
of it. Graphene was shown to have a unique dispersion relation and Dirac particles. Transport
measurement on graphene devices showed high conductivity and room-temperature carrier
mobilities of up to 15,000 cm?V s *[2] .

Despite graphene’s rich electrical properties, the lack of an electrical band gap, a material
property essential for modern digital logic transistors, has been its Achilles heel. In modern
digital logic transistors, high carrier mobility is desired for fast operation and a high current
ON/OFF ratio for effective switching. Fortunately, the research time invested in graphene has
established the groundwork to delve into the expanding world of layered 2D layered materials.
The recent rise of MoS,, [3-5] a direct band gap analog of graphene, has made researchers
optimistic about possibilities of incorporating 2D materials into modern-day electronics.
Monolayer MoS; is also an interesting optically active material due its characteristic direct
energy gap and the existence of tightly bound (~800meV) band-edge excitons [3, 6].

Two-dimensional materials are unique as they can be considered all “surface” due to the high
surface-volume ratio. The interface of 2D materials with the environment can therefore
significantly affect material properties and device performance. As an example, early MoS,’
based field effect transistors have shown to have much lower mobility values than what is

predicted by theory [7, 8]. The factors limiting mobility in MoS, are not fully understood.



Additionally, the effects of interplay between free charge carriers and tightly bound MoS,-
excitons have also not been explored.

In this thesis we explore the effects of the environment on electrical transport and optical
properties of monolayer MoS.. In particular, we investigate the role of the underlying substrate,
metallic contacts to MoS, and phonons on intrinsic transport properties (e.g. carrier mobility) of
MoS,. We then investigate the interplay between gate-induced charge carriers and excitons in
MoS; and discover the tunability of MoS,-optical properties (absorption/photoluminescence).
Such strong electron-exciton interaction in MoS, also opens up the possibility to study
interesting quasi particles like trions and biexcitons in a 2D system. We then thoroughly
investigate Forster resonant energy transfer (FRET), a uniquely efficient long-range optical
process, between quantum dots and monolayer MoS,. We discover that modest gate-induced
variation in the excitonic absorption of MoS; lead to large (~500%) changes in the FRET rate

and allows modulation of quantum dot photoluminescence intensity.

1.2 Carbon allotropes

One of the most famous allotropes of carbon is diamond, where each carbon atom forms four
C-C bonds (bond length=1.54 A) in a sp® hybridized state (Fig. 1a,b). All four valence electrons
in the outer atomic shell are used in the formation of the o bonds. Since there are no free
electrons, diamond is an insulator with a large band gap of 5.47eV.

The second stable atomic arrangement of carbon atoms, graphite, is a sp? hybridized state.
Each carbon forms three covalent C-C, ¢ bonds (bond length 1.42 A) in the x-y plane leaving a
perpendicular 2p, orbital (Fig. 1c). The p, orbital gives rise to a highly delocalized m-orbital.

Graphene is a single sheet of sp? hybridized carbon atoms that are packed in a honeycomb lattice



(Fig. 1d) that is 3.4 A thick. Multiple stacks of graphene form graphite. The r-orbital in graphene
makes it highly conductive while the C-C bonds gives it it’s great mechanical strength. The 0D
allotrope of sp® hybridized C atoms is fullerenes while the 1D allotrope is carbon nanotubes that

can be viewed as a rolled up graphene sheet.

(a) (b)

Figure 1.1 (a) Schematic view of sp*hybridization. (b) Crystal structure of diamond (2 interpenetrating
fcc lattices). (c) sp? hybridization. (d) 2D honeycomb structure of graphene. Graphite, a stack of
graphene. Carbon nanotubes, a rolled up version of graphene or wrapped up into a 0D buckyball. Figure

acquired from reference [9].

1.3 Graphene band structure and its field effect
Modern-day semiconductor electronic devices are based primarily on digital logic devices.

Such logic devices require reading of distinct voltage states which corresponds to either true “1”



or false “0”. Current electronic devices consist of a large number of logic gates consisting of
several transistors. Such distinct voltage states are currently provided by silicon based metal-
oxide-semiconductor FET (MOSFET). Silicon which has a bandgap of 1leV allows for large
ONJ/OFF ratios (between 10*to 107) required for switching. The bandgap is an intrinsic property
that governs the electrical transport and optical characteristics of any material. It plays a critical
role in device physics and directs the operation of semiconductor devices such as p-n junctions
and transistors.

A FET operates by changing conductivity in the FET channel (Si) by an electric-field effect.
Size scaling of such devices allows for more complex integrated circuits and faster operation.
Current day processors can contain up to two billions MOSFETs. However, the understanding
within the semiconductor-based electronic community is that current MOSFETS are approaching
their scaling limit. New materials are therefore needed to replace Si.

Graphene is a semimetal and therefore has no band gap (Fig. 1.2a), [1, 2] Graphene shows a
linear dispersion relation near the K and K" points of its Brillioun zone where electrons behave
like massless Dirac fermions:

E (k) = hkvy,
where v = 10°m/s.

In a typical graphene-FET (Fig 1.2b), a single graphene crystal is exfoliated on top of 300nm
thick insulating SiO, on an n-type Si substrate that acts as a back gate. This sandwich of
graphene-SiO,-backgate can be viewed as a parallel plate capacitor, which has a capacitance of:

C = Q/Ng = goed/d
Here, Q = en,pA is the capacitor charge, Vyis the gate voltage, d = 300nm is thickness of SiO,

layer, ¢ = 3.7 (dielectric constant of SiO5), &,-8.85 x 10 **Fm™ (vacuum permittivity).



Therefore, the carrier density (n) induced by the filed effect is n = alj; wherea = ¢,¢/ed ~
101° ¢m?/V. So, by varying gate voltage between -100V and 100V, we can induce maximal
carrier densities around ~7 x 1012 cm?. An important parameter in FETs is the carrier mobility
(). It is defined as u = v/E = a/en, where v is a carrier drift velocity, E- applied electrical
field, o is conductivity and n is carrier density. Room temperature mobility for exfoliated flakes
is reported to be as high as 15,000 cm? /Vs. Mobility values can reach as high as 40,000 cm?/V's
by substrate engineering (boron nitride substrates).[2, 10]

In a graphene-FET (Fig.1.2b), by changing n, the current can be switched leading to an
ambipolar field effect (Fig 1.2c). Due to the gapless nature of graphene, at any V, the carrier
density is non-zero and the conductivity cannot be turned off. Inducing a band gap in graphene is
very difficult and requires either complex fabrication procedures or high voltage.[11, 12] The

lack of a bandgap in graphene essentially makes it unusable for logic applications.
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Figure 1.2 (a) Schematic view of the first Brillouin zone in the reciprocal latticeof graphene (b)
Schematic of a graphene-FET (b) Ambipolar field effect in graphene. Cones representing bandstructure
of graphene at the K point. Shaded region shows relative position of E; at different external gate voltage

(d) Quantum Hall effect for massless Dirac fermions in graphene. Figure acquired from reference [13]

Despite its limited use in FET operation, graphene is a nice platform to study correlated
electronic systems. Electrons in a 2D system like graphene under strong magnetic fields can
interact very strongly, seen in transport measurements of the Hall conductivity as quantum Hall

effect and fractional quantum Hall effect under high fields (Fig. 1.2d).



The semiconductor industry initially was very excited about graphene due to the high room
temperature mobility (i) in the material (~15,000 cm?/V's for graphene on SiO,). Even higher
mobilities can be achieved by suspending graphene to remove all external sources of electron
scattering. In such devices, ©=200,000 cm?/Vs have been reported at low temperatures [14].
Despite graphene being unsuitable for digital logic based devices it still holds a lot of promise for
transparent and flexible electronics. Transparent conductors are key components in electronic
products such as touch screen displays and e-paper. They also have uses in solar cell and light-
emitting diode applications. For such devices, a material with low sheet resistance and high
transmittance is required. Graphene fulfills all such requirements and has the added benefit of
being very durable and being able to withstand ~20% tensile strain without any degradation in
electrical quality [15]. With the advancement in growth and graphene production we may expect
to see ITO (Indium tin oxide), the most commonly used transparent conducting material, slowly

replaced by graphene from future devices.

1.4 Molybedum Disuflide (MoS,)

The rise of graphene has provided researchers in the field with tools and skills to pursue the
study of other layered 2D materials. One such material is MoS; which is the main subject of
research in this dissertation. MoS, comes from the family of layered transition-metal
dichalcogenide (MX;, M = Mo, W; X = S, Se, Te). The atomic strcutre of MoS; is a hexagonal
arrangement of Mo and S atoms layered on top of each other to form a trigonal prismatic
arrangement (Fig. 1.3a,b). The spacing between layers in a crystal is ~6.5 A. Bulk MoS; is an
indirect-gap semiconductor with a band gap of 1.29 eV. However, monolayer MoS; is a direct

band-gap semiconductor with a band gap of ~1.9eV also making it optically active in the visible



range (Fig.1.3c) [3, 4]. The band gap at the K-point is related to the d orbitals of the sandwiched
Mo atoms in the unit cell (S-Mo-S) which remains unchanged with layer thickness. The indirect
band gap at the I" point is related to the p, oribitals of the S atoms and decreases with an increase
in layer thickness hence even making bilayer-MoS; an indirect band gap material [3]. Similar to
graphene, the bandgap is also located at the K (K)-points. The band structure at the K-point in
MoS; is further modified due to strong spin-orbit interactions caused by the high atomic number
of the transition metal. This causes spin-splitting of the valence band at the K-point by ~150meV
(Fig. 1.3d). This splitting gives rise to the “A” and “B” excitonic photoluminescence/absorption
features discussed later.
Unlike graphene, the dispersion relation in MoS; is given by:
Er = h*mn/2m,e?,

here m, is the electron band mass given by m, = 0.35m,



(c)
Bulk MoS,

Figure 1.3 (a) Lattice structure of MoS, (b) A top view of the monolayer MoS, lattice, (¢) Band Structure
of bulk and monolayer-MoS, as calculated from density functional theory. Arrows indicate fundamental
bandgap (Indirect for bulk, direct for monolayer-MoS,). Figure acquired from reference [16] (d)
Bandstructure schematics of MoS, near K-point illustrating the origin of band-edge A- and B-excitons.
The existence of a band gap in MoS; significantly alters its field effect (Fig. 1.4). When the
Fermi level (Eg) lies in the band gap, there are no conduction electrons and there conductivity is
small. When Eg is shifted into the conduction band with an external gate voltage V4, MoS; starts
conducting as shown in Fig. 1.4. MoS,-FETs operate in the electron-doping regime and can be

switched off, unlike their graphene counterparts.



3L
el El--t--t
b %k
Tr K
0] P : 1 . : .
-40 0 40 80

Gate Voltage (V)

Figure 1.4 Field effect in MoS, with n-type channel with large ~10° ON/OFF ratios. Inset shows the

relative position of Ef at different Vg at the K-point.

The major setback in MoS,-FETs is their low room temperature mobility. Early two-
probe measurements of MoS, showed really low mobility ~3cm?/Vs in the material compared
to theoretically predicted values (Fig. 1.5) [7] The low values reported for MoS,-FETs motivated
us to carefully measure mobility in MoS; and to identify the major factors limiting it, which is

one of the main goals of this thesis.
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Figure 1.5 (a) Calculated mobility as a function of temperature for monolayer MoS,. Black curve
represents mobility vs temperature when scattering off of both acoustic and optical phonons is included.
Red curve represents mobility when optical phonons are quenched. Blue curve represents mobility when
only acoustic phonons are present. Figure acquired from reference [17](b) Comparing mobility and
ON/OFF ratio of TMDCs with other materials researched for unconventional electronics. Figure

acquired from reference [18].

1.5 Optics of MoS,

As discussed in the previous section, monolayer MoS; is a direct band gap semiconductor
(Fig. 1.3). When direct band gap semiconductors are excited by photons (iw > Ejg), an electron
can be excited into the conduction band leaving a hole in a valence band. The recombination of
this electron-hole pair can lead to light emission from the material with energy corresponding to
Eg. However, in 2D systems such as MoS;, low dielectric screening, 2D-confinement and high
effective carrier mass lead to strong electron-electron interactions and emergence of tightly

bound excitons. Excitons in MoS, are purely 2D in nature, and their binding energies can be
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determined by solving a 2D Hydrogen-like Schrddinger equation. Confinement effects in 2D-

systems lead to energy levels,[19]

Ey =-—3— forn =1234..

(n—3)
Here, n (integer) is the principle quantum number.

The effective Bohr’s radius and Rydberg are:

e e?

aAgp—-—> = .
B=je2 ' "X T 2eqp

We see that the ground-state exciton has a binding energy of 4R, Using e = 3.4 and the
effective Bohr radius ag ~1nm, we estimate a ground-state binding energy of ~800meV. This
high binding exciton energy in monolayer MoS; means that the excitons are stable even at room
temperatures (k,T=25meV). We therefore expect optical absorption and emission spectra of

MoS; to be strongly modified by excitonic effects.

1.6 Photoluminescence and absorption of MoS,

Optical transitions in MoS; can be probed using absorption or photoluminescence (PL)
spectroscopies. The PL in bilayer and bulk MoS; is significantly lower compared to monolayer
samples as there is a crossover from indirect to direct band gap material (Fig. 1.6b).[3, 4] This
crossover from direct-indirect band gap produces large disparity in the quantum efficiency

between bilayer and monolayer MoS; (Fig. 1.6b).
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Figure 1.6 (a) Optical microscopy image of monolayer MoS, on SiO,/Si. Scale bar is 10um (b)
Corresponding photoluminescence image. (c) Bandstructure of monolayer MoS, around the K-point.
Valence band is split by ~200meV due to strong orbit interaction (d) Absorption spectra of
MoS, dominated by A, B-excitonic peaks (e) Photoluminescence spectra of MoS, dominated by A peak,

the ground state of MoS,.

In monolayer MoS,, the dominant optical transitions “A”(~1.9¢V) and “B” (~2.1eV)
correspond to excitonic transitions between the valence band split by spin-orbit interaction and
the conductance band (Fig. 1.6¢) [3, 4, 20]. These features can be seen in the absorption spectra
in Fig. 1.6d. The photoluminescence spectrum (Fig. 1.6e) matches the lower absorption peak “A”

(1.9eV) attributing the PL in monolayers to recombination across the direct band gap.
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OUTLINE OF THE DOCUMENT

As stated in the motivation section, the primary goal of this thesis is to investigate the
environmental factors that govern electrical and optical properties of 2D materials. This thesis
has been organized to address this goal through a series of electrochemical, transport and opto-

electronic measurements in 2D material: graphene and MoS..

In chapter 2, we examine the use of graphene as an atomically thin protective coating of an
underlying metallic substrate. We investigate how films of graphene can be used to decouple
underlying metallic substrates from the environment to passivate corrosion. In testing this, we
employed electrochemical impedance spectroscopy (EIS), Tafel and X-ray photoelectron
spectroscopy (XPS) analysis to quantify protection against corrosion and to identify its

mechanism. These results are published in ACS Nano [21].

In chapter 3, we investigate carrier scattering mechanisms in monolayer MoS, through
transport measurements in field effect transistors. We fabricate multi probe MoS; devices to
study temperature dependent transport and extract carrier density and Hall-mobility at
temperature range 300K-2K. We identify mobility-limiting factors in the material and attribute it
to phonon scattering at temperature >100K and defect scattering at low temperature (<100K).
We then demonstrate the detrimental role of contacts in such devices and a carrier density
induced metal-insulator transition in MoS,. We present techniques to engineer the MoS;
substrate with the hope of increasing mobility and demonstrate a dual-gated device geometry that

increases carrier mobility in MoS;.
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In chapter 4, we investigate electrical modulation of optical properties of monolayer MoS:.
We explore the photoluminescence of single layer MoS, while electrically gating the material.
We demonstrate that we can modulate PL in MoS; by ~100 times and absorption by 50%. We
attribute this modulation to phase space filling effect. We also present an alternate explanation of
the PL field effect due to trion (charged exctitons) formation in the material. This result is

published in Solid State Communication [20].

In chapter 5, we investigate optical properties of hybrid MoS,/fluorescent quantum dot
system. We study Forster resonant energy transfer (FRET) between highly fluorescent CdSSe
graded-alloy QDs and monolayer MoS, and demonstrate electrical tunability of that FRET. We
demonstrate ~75% tunability of QD photoluminescence intensity in ionically gated hybrid
MoS,/quantum dots (QDs) FETs via FRET modulation. This result is published in Nano Letters

[22].

In chapter 6, we highlight the future research prospects for TMDC materials. We discuss
some ongoing projects where we investigate new approaches towards tailoring the optical
properties of TMDCs. We first explore the effects of vertical electric fields on the bandgap and
hence the optical properties of TMDCs. We also examine the electron-exciton interaction in

highly doped (>10"*cm™) TMDCs.

In the Appendix, we detail fabrication (exfoliation, growth, transfer) and characterization

techniques (Raman spectroscopy) used to make high-quality graphene and MoS; devices. Details

15



on operating closed cycle He-cryostat are also included in the Appendix. Finally, we detail

techniques developed to make hybrid QD/MoS; devices.

16



CHAPTER 2: GRAPHENE AS AN ANTICORROSIVE COATING

In this chapter we discuss our results published in ACS Nano, “Graphene: Corrosion-
Inhibiting Coating’[21]. We investigate how films of graphene can be used to decouple
underlying metallic substrates from the environment to passivate corrosion. In testing this, we
employed cyclic voltammetry, electrochemical impedance spectroscopy (EIS), Tafel and X-ray
photoelectron spectroscopies (XPS) analysis to quantify protection against corrosion and its
mechanism.

2.1 Introduction

Metal corrosion costs the US industries more than $200 billion dollars annually.
Corrosion can lead to serious device degradation. Not only can it cause electronic parts to
malfunction, it can also seriously affect the strength and structure in large scale devices.
Corrosion can be inhibited or controlled by introducing a stable protective layer between a metal
and a corrosive environment. Current research on protective coatings is primarily focused on
using inert metals, conductive polymers and even thiol-based monolayers [23, 24]. However,
these protective coatings have their limitations. Thiolated SAMs can only be assembled on
coinage metals (gold and copper) and do not withstand high temperature (~100°C). Polymeric
coatings, although very effective, are thick and can alter the physical properties of the underlying

material.

2.2 Graphene: thinnest corrosion inhibiting coating

Graphene possesses a unique combination of properties that are ideal for corrosion-
inhibiting coating in applications such as microelectronic components and implantable devices.

Graphene is chemically inert, stable in ambient atmosphere up to 400°C. Both single-layer and
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multilayer films are exceptionally transparent (>90% transmittance for 4-layered films),[25]
which means the films do not perturb the optical properties of the underlying metal. Several
studies have demonstrated that graphene can effectively decouple the surface under it from the
environment. First, Bunch et al. have shown the single graphene films are impermeable to gas
molecules. Second, Chen et al. have demonstrated that graphene can inhibit oxidation of the
underlying copper metal [26, 27]. For this study we investigated the corrosion-protection
properties of graphene coatings on two prototypical metals — nickel and copper. These metals are
chosen as they are technologically relevant, readily corrode in aqueous environments, and
because graphene films can either be grown or mechanically transferred onto them. We
fabricated seven different kinds of samples to study the effect of graphene coatings on corrosion.
First, to obtain baseline corrosion rates, we studied bare copper samples (Cu) and bare nickel
samples (Ni). Second, we obtained samples with graphene grown on either copper (Gr/Cu) or
nickel (Gr/Ni). Finally, we studied devices where CVD grown graphene on copper was
mechanically transferred onto a surface of a different metal — initially pristine nickel. We use
electrochemical techniques such as Tafel analysis [15] to measure corrosion rates and
electrochemical impedance spectroscopy (EIS) to elucidate the pathways of corrosion reactions

[28].
2.3 Electrochemical measurement setup

All electrochemical measurements were performed in a polytetrafluoroethylene (PTFE)
three-electrode cell. A platinum wire was used as a counter electrode, an Ag/AgCl (Gamry
Instruments Part No. 930-29) was used as a reference electrode, and the sample of interest was
used as the working electrode. The Cu and Gr/Cu foils were laterally mounted in the cell

exposing a sample area of 0.4 cm? (Fig. 2.1a Inset). The sample foils are typically 1 x lcm
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squares. They are clasped onto a 0.4 cm? opening on the PTFE cell that houses the electrolyte.
An O-ring is used to make a seal between the electrolyte and the outside space. Copper tape is
attached to the sample foil to make electrical contact. Once the sample is mounted onto the
electrode cell, it is filled with 0.1 M NaSO, electrolyte. A Pt counter electrode and Ag/AgCl
reference electrode are immersed into the electrolyte. Schematic of a PTFE sample holder is

shown in Fig. 2.1.
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Figure 2.1 (a) Gr/Cu sample prepared via chemical vapor deposition, and its Raman spectrum exhibiting
characteristic G and 2D peaks. Inset representing schematic of foils mounted onto PTFE 3-electrode cell
where copper tape(1) is attached to the sample and 0.4cm? of active area (2) is exposed to the NaSO,

electrolyte.
2.4 Cyclic Voltammetry (CV) of Gr/Cu samples

Our first goal is to elucidate the impact of using graphene as a protective layer on the
chemical reactions involved in a corrosion process via cyclic voltammetry. In the case of bare Cu

samples, we expect the corrosion process to be comprised of anodic oxidation that creates
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soluble Cu?* ions and cathodic reduction reactions that consume the electrons released from the

anodic reaction. [29]
Cu— Cu?*" + 2e” (Anodic Reaction)
0O, + 2H,0 + 4" — 40H" (Cathodic Reduction of O,) [23]

These two reactions complement each other so that impeding one of them slows the

overall corrosion process.

For bare Cu devices, CV measurements provide signatures compatible with these
reactions. First, Fig. 2.2a shows that in the positive sweep, bare Cu exhibits a cathodic current
that decreases as the potential is made less negative, followed by an anodic peak at -150 mV (vs.
Ag/AgCI) that we attribute to the formation of adsorbed species on the copper surface. This
adsorbed species are then subsequently dissolved as shown by quartz crystal microbalance
(QCM) and a rotating ring-disk electrode (RRDE) experiments. In the negative sweep, the CV
shows additional electrodissolution of copper (200 to 80 mV) that is influenced by the high
concentration of H* ions near the surface characteristic in Na,SO, media. The CV also shows
three cathodic peaks at 0, -250, and -550 mV that we attributed to the electroredution of copper
ions, the reduction of Cu*? to Cu** species, and the reduction of Cu** to metallic Cu. To confirm
the relation of these peaks to the cathodic reduction of oxygen, we collected the CVs under low
oxygen concentration conditions (which was achieved by bubbling N gas through the electrolyte

for 10 min) and observed their significant suppression.
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Figure 2.2 (a) Cyclic Voltammetry measurements (electrolyte is 0.1M Na,SO,) in the potential window -
700 to 200 mV for bare Cu and Gr/Cu samples. Blue line corresponds to the measurement with nitrogen
bubbled through the solution. (b) XPS core level spectrum of Cu (Ambient), Cu (100mV) and Cu(Sputter
Cleaned), region (i) displaying shoulder due to CuO, region (ii) peaks due to Cu,O/Metallic Cu (c) SEM

images of Cu and Gr/Cu sample before and after CV scan.

In contrast, the Gr/Cu samples do not feature any peaks at negative potentials and exhibit
dramatically lower current at positive potentials (red curve in Fig. 2a). This provides the first
indication that a graphene monolayer exhibits a much lower affinity towards oxygen reduction
and forms a barrier between the solution and the copper surface and provides the first evidence

that graphene indeed provides corrosion protection.

Three techniques indicate there is little to no oxide layer formation in the bare copper and
graphene-protected copper. First, the CVs do not exhibit anodization maxima associated with the
formation of a stable oxide layer [29]. Second, Pourbaix diagrams indicate that upon application
of positive potentials to the copper electrode in a NaSO.(aq) electrolyte (pH ~7), soluble Cu®*

ions are produced rather than a stable CuO layer. Finally, the XPS analysis suggests only trace
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amounts of oxide on the copper surface. Fig. 2b shows results from XPS characterization of i) a
Cu sample that has been kept in the ambient atmosphere for over a week, ii) a Cu sample that
have been taken to +100mV potential in Na,SQO, iii) a sputter-cleaned Cu surface which is free
of all oxides (Fig. 2.2b). The XPS core-level Cu2p spectrum of sputter-cleaned Cu exhibits a
very sharp peak that indicates the lack of copper oxides. In contrast, the copper peak (932 eV) is
broadened both in the sample that was kept in the ambient atmosphere and in the samples that
was kept at +100mV in the electrolyte. This broadening is likely caused by the Cu,O peak (due
to the formation of native copper oxide) that is very similar in peak position and FWHM to that
of clean Cu metal. However, since the broadening is smaller for the electrochemically-processed
sample compared to the sample kept at ambient conditions, we once again conclude that the

oxide layer are not formed electrochemically.

SEM images provide additional information about the nature of corrosion in Gr/Cu
devices (Fig. 2.2c). While the entire surface of the bare Cu sample is damaged after exposure to
positive potentials (200 mV from the open circuit potential (OCP)) in the electrolytes, in Gr/Cu
samples the surface degrades at isolated areas, while leaving most of the sample surface
undamaged (Fig. 2c). As graphene does not corrode in the potential window used in our
experiment, we expect that these changes occur at regions of the copper surface that is not
covered by graphene, i.e. at cracks in the graphene film. This graphene protection mechanism is

later verified using electrochemical impedance spectroscopy.
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2.5 Tafel and corrosion rate calculation

An electrochemical reaction under kinetic control obeys the Butler-Volmer equation,
which relates the exponential dependence of current to the deviation of voltage from the open
circuit potential (OCP) value [30]. The OCP is where the rates of the anodic and cathodic

processes are balanced. The Tafel equation describes the behavior of an isolated reaction.

E—-Ep
e(2-3 5

I:IO

Where, | is the current resulting from the reaction, I, is reaction dependent constant called the
exchange current, E is the electrode potential, E, is the equilibrium potential (constant for a given

reaction), S is the reaction Tafel constant

In the case of a corrosion system, we have two differing reactions: anodic and cathodic.
Corrosion occurs at a rate determined by equilibrium between opposing electrochemical
reactions. The anodic reaction releases electrons into the metal while the cathodic reaction
reduces O, and removes electrons from the metal. In the case of Cu we have the following

reactions:

e Cu— Cu®* + 2e (Anodic Reaction)
e O, +2H,0 +4e” — 40H" (Cathodic Reduction of O,)

The Butler-Volmer equation then takes the form:

E-Eoc E-Eoc
.3
Ba )-e( Bc )

(2.3
I'=1p+1c=lcor (e

Where, lcorr = the corrosion current in amps, E is the electrode potential, Eoc is the open circuit

potential in volts, Saisthe anodic Beta Tafel constant, S is the cathodic Betal Tafel constant.
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Potentiostatically measuring the dependence and plotting the logarithm of the current
density (i) vs. the electrode potential (V), makes it possible to extract the reaction kinetic
parameters, such as the corrosion rate (CR). The OCPs for Cu samples were found to be around -
100 mV while for Gr/Cu it was ~-75mV. The cathodic/anodic branches were obtained by
sweeping the voltage -150 mV/150 mV from the OCP using scan rates of 0.005mV/s. We then
obtain the linear fit using a minimum square error to the Butler-Volmer equation excluding the
part of the curve at large overpotentials (over £ 200 mV) and obtain lc from the point of

intersection (Fig. 2.1). Finally, the corrosion rate is given by:

Ieorr XK XEW
pPA

CR =

Here, the corrosion rate constant K=1.288x10° milli-inches/amp-cm-year. The equivalent

weight EW=31.7 g for Cu (29 g for Ni), the material density p = 8.94 g/cm® for Cu (8.90 g/cm®

for Ni), and the sample area A= 0.4 cm?.
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Figure 2.3 (a) Tafel plots of Cu and Gr/Cu samples. Best fits are represented by dotted lines. Inset:
Raman spectrum of the Gr/Cu sample after completing Tafel analysis displays small defect-related “D”
peaks. (b) Corrosion rates of Cu and Gr/Cu samples extracted from Tafel plots. (¢) Corrosion rate of Ni

and Graphene transferred onto Ni substrate.

Interestingly, Raman spectra taken on graphene samples after electrochemical
measurements indicate near-pristine and only lightly damaged graphene. For samples taken to
positive potentials, we find that graphene is still intact, while a small defect-related D-peak at
~1350 cm™* appears in some of the samples (Fig. 2.3a, Inset)." This change in the Raman spectra
suggests graphene does not exhibit appreciable corrosion at the potentials employed in the

experiment.

For bare metal samples we obtained the rates of 5.76 x 102+ 1.9 x 10™*m/s for Cu, and
2.99 x 10™+ 4.0 x 10> m/s for Ni. Graphene grown via CVD was found to significantly slow
down corrosion. For Gr/Cu samples the corrosion rate was 7.85 x 10" + 3.5 x 10 m/s, a
reduction of ~7 times compared to the bare sample, and for Gr/Ni — 1.71 x 10> m/s, a reduction
of ~20 times was observed. We have similarly extracted the corrosion rates for samples where
the graphene films grown on copper were mechanically transferred onto a target nickel substrate.
We have found that a single layer graphene transferred onto nickel does not reduce the corrosion
rate of nickel significantly. This is likely a result of tears and rips in the graphene film that may
result during its transfer onto the Ni substrate. However, for the case where two or four layers of
graphene are transferred onto nickel sequentially, the corrosion rate decreased to 1.83 x 10 m/s
and to 7.62 x 10™ m/s respectively. The latter value represents a four-fold reduction of the

corrosion rate for bare nickel. All calculated corrosion rates are given in table 2.1.
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Table: 2.1

Bare Corrosion Rate | CVD Grown | Corrosion Graphene Corrosion
Samples (m/s) Samples Rate (m/s) Transfer Samples | Rate (m/s)
Cu 5.76E-13 Gr/Cu 7.85E-14 2Gr/Ni 1.83E-14
Ni 2.99E-13 Gr/Ni 1.71E-15 AGr/NI 7.62E-15

2.6 Electrochemical Impedance Spectroscopy (EIS) and modeling corrosion pathways

EIS is a very useful tool to elucidate the mechanism of corrosion protection by graphene.
In EIS, a small sinusoidal perturbation is applied to the sample under examination and the
impedance modulus |Z| is recorded as a function of frequency w. Fig. 2.4a shows a Bode
magnitude plot (log |Z| vs. log w) for Gr/SiO, (blue squares), Gr/Cu (red), and Cu (black)

samples. The observed behaviors can be understood by fitting the data to simple equivalent

circuit models shown in Figure 2.4b, c.
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Figure 2.4 (a) Bode Magnitude plots of Gr/SiO,, Cu and Gr/Cu samples (solid symbols). Best fits to the
equivalent circuit models are solid lines. (b) Equivalent circuit model used in modeling Gr/SiO, devices.

(c) Equivalent circuit model for Cu and Gr/Cu devices.

Here we look at the impedance behavior of bare Cu and Gr/SiO; as the two extremes of a
spectrum. A pure metal for the first and a perfectly protected surface for the later. Understanding
the behavior of the two should give us an understanding of Gr/Cu. From the Bode plots we can
see that the Gr/Cu surface exhibits an intermediate behavior consistent with the behavior of a
graphene-protected metal with minor defects. At high frequencies, the surface exhibits
conductivity similar to that of conductive metal. At intermediate frequencies, the surface favors
the collection of charges in a similar way as graphene surface does it since its capacitive
behavior resembles to that of Gr/SiO,. And at low frequencies, the surface exhibits a charge
transfer behavior indicative of copper degradation. The increased value of Rcr at low frequencies

in comparison with the corresponding Rcr° for Cu samples indicates that only the fraction of the
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copper that is not covered by graphene is able to participate in the process of corrosion. Our data
indicate that corrosion occurs in the cracks of graphene, but the efficiency of the corrosion
inhibition may be greatly enhanced by developing protocols to grow highly uniform and large-
grain graphene and by performing high fidelity mechanical transfer of graphene onto various

metallic surfaces. Values extracted from the EIS data are shown in table 2.2:

Table 2.2:

C (F/cm2) | R¢t (ohm*cm2) Rsor (Ohms*cm2)

Cu 4.59E-05 2.95E+03 4.51E+01
Gr/Cu 9.38E-06 1.01E+04 3.75E+01
Gr/SiO2 | 3.78E-06 | N/a 4.39E+02

We can also estimate the fractional area of the uncoated regions via A ~ Ret/ Rer, which
gives us a value A~0.29, which is much larger than the estimations from optical microscopy
images (A<0.05). We propose that corrosion is initiated at the defects of the graphene film,
followed by electrolyte permeation under the graphene surfaces, leading to a larger apparent

corroded area.

2.7 Conclusion and Future Work

In this research project, we were able to demonstrate that graphene layers can serve as a
corrosion inhibiting coatings. The efficiency of corrosion inhibition can be greatly enhanced by
developing protocols to grow highly uniform and large-grain graphene and by performing high
fidelity mechanical transfer of graphene onto various metallic surfaces. More viable solution for

depositing thin films of graphene on any arbitrary substrates is needed. For this purpose
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graphene oxide (GO) dispersed in solution worth exploring since it can be directly spun coated
or even printed using a conventional inkjet printer onto any arbitrary substrate. The GO can then
be reduced using a green approach using aluminum powder or endophytic microorganisms
present in the carrot root which act as reducing agents.[31, 32] This method allows for the
deposition of large area sheets on top of substrates needing passivation without going through the

process of polymer assisted transfer methods.
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CHAPTER 3: IMPROVING CARRIER MOBILITY AND IDENTIFYING SCATTERING

MECHANISMS IN MoS;

3.1 Introduction

The understanding within the semiconductor-based electronic community is that current
MOSFETSs are approaching their scaling limit and new materials are required to replace Si. High
mobility and atomic thickness of 2D materials make them good alternatives to Si. Since the lack
of a sizeable bandgap, a key requirement for transistor operation, rendered graphene ineffective,
single layer MoS, with its thermal and chemical stability and intrinsic bandgap (1.8eV) started to
emerge as a possible alternative for transistor devices [4]. However, early reported mobility
values (~3c¢m?/Vs) of MoS; are lower even compared to mobility of Si (<1000 cm?/Vs).

In this chapter, we fabricate high quality MoS,-FETS to investigate mobility limiting factors
in MoS; and explore approaches to mitigate scattering. Mobility limiting factors can be intrinsic
(defects in the crystal) or extrinsic (substrate related scattering and metal contact effects). Our
primary focus is to investigate the role of extrinsic scattering mechanisms in MoS; devices. We
study the role of contact resistance (arising from metal-semiconductor interface), electron-
phonon interactions and substrate impurities (Coulomb scattering) on electron mobility. We then

investigate approaches to increase mobility in MoS; via substrate and dielectric engineering.

3.2 Field Effect and Hall mobility in MoS;
We fabricated two-probe MoS,-FETSs similar to the very first devices studied by Novoselov
et al. [7]. Electrical transport measurements of a representative backgated, two-probe

MoS; device is shown in Fig. 3.1. The conductance is varied by applying a backgate (Vg) using a
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Keithley 2400 sourcemeter. The current is increased in the MoS; channel as Vy is increased and
can be completely turned off by applying a negative V.

The field effect mobility can be expressed as prz = (L/WC,)(dR™"/dV,) where LW,
and R are the length, width and resistance of the device, respectively and Cg~116 aFum % is the
geometrical capacitance between MoS; and the silicon back gate. The resistance (R) is calculated
by taking the slope of the linear regime of the current () vs. Vg plots. For the device in Fig. 3.1,
the ure was calculated to be 8.22 cm?/Vs. The room temperature mobility was comparable to
values reported by Novoselov et al. [7]. As discussed in chapter 1, these mobility values are

much smaller compared to theoretically predicted values [17].
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Figure 3.1 (a) Optical image of a two-probe MoS,-FET with Au-contacts. (b) Source-drain current vs. Vg

of MoS, FET. Inset: linear Isp vs. Vgp for various Vg values.

As previously mentioned, scattering in MoS; devices can be caused by the following:
1. Metal contacts in MoS,-FETS can scatter carriers before they reach MoS,
2. Phonons in MoS; can scatter charge carriers inside the channel.

3. Carriers can be scattered by defects in MoS; or impurities in the substrate.
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Unfortunately, two-probe measurement cannot be used to distinguish between different
scattering mechanisms. To overcome this limitation we employ multi probe Hall bar shaped
samples. We can study the first two mechanisms by studying multi-probe MoS; devices at low
temperatures. From four-probe longitudinal resistance (Rxx), we can extract the contribution due
to contacts (Rc) and also accurately measure the Hall mobility unai. From temperature-dependent
measurements of Ry, we can extract scattering contribution due to phonons. Finally, carrier
density dependent mobility measurements can inform us about charge impurity scattering from

the substrates.

3.3 Fabrication of high quality MoS, Hall-bar devices

By studying devices on different substrates, we can investigate substrate induced scattering.
We fabricated multi-probe MoS, devices by patterning large (~300pm?) flakes into a Hall bar
geometry and carried out low temperature measurement in a closed cycle He-cryostat (details in
Appendix: A7). Large MoS; flakes were first located on Si wafers with 300nm of thermal oxide
on top. Once large flakes are identified and verified using Raman microscopy (Appendix:A2), a
Hall bar shape is patterned on top of the flake using e-beam lithography (A6 496 PMMA is used
as resist) (Fig. 3.2a). After developing in 3:1 MIBK:IPA for 1 minute, the resist around the Hall
shape is removed. This allows us to pattern an arbitrary MoS; flake into a well-defined geometry
with known dimensions, helping us to accurately measure resistance of the device. Parts of MoS,
not covered by PMMA are removed (Fig. 3.2b) using a O, plasma etch (parameters: 30sccm,
120V, 5s). The PMMA was then removed using acetone leaving a well-defined MoS; flake with

known dimensions. Another step of e-beam lithography was used to define and evaporate metal
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contacts (50nm thick Au) to the MoS;. To increase device quality we did not use chrome

adhesion layer.

Figure 3.2 (a) Large MoS; flake after patterning a PMMA Hall bar (Scale Bar is 10um) (b) PMMA/MoS,
flake after O, plasma etch. (c) After PMMA removal using acetone. (d) Final MoS, device with Cr/Au

metal contacts. Resistivity (e) Finished multiprobe MoS,-FET on SiO,/Si substrate.

In a typical measurement, current I, is sent between leads 1 and 4 (Figure 3.2d) while
recording voltage V,, between leads 2 and 3 and V,,, between leads 3 and 5.

Steps to measure Hall mobility are as follows:

e The channel resistance is determined as R, = Vi /I,

e Sheet resistivity pxx = Ry, (W/L) is calculated where W is width of the device and

L is the distance between lead 1 and 4

. . v
e Contact resistance is found R; = Ry_prope — Ryx = % — R,y
DS

e Magnetic field is applied and the Hall resistance is given by R,,, = V., /I
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e The carrier density n = B/eR,, = Bl/eV,, ,where B is the applied field.

e Finally, Hall mobility ., ., = 1/enpy,.
3.4 Temperature dependent Hall-mobility

Figure 3.3a shows Hall voltage V,,, vs. magnetic field (B) for different Vg at 4K. Figure
3.3b shows carrier densities n at different Vy values. Figure 3.3c shows the Hall mobility pyq;; as
a function of Vg at 4K and shows that the mobility increases with carrier density (n). In our high
quality multi-probe FETSs at 4K, we recorded pz,;;= 500 cm?/Vs for monolayer devices which is
orders of magnitudes higher than uzz = 8.22 cm?/Vs measured at similar temperatures for two-

probe devices. This was the highest mobility reported in literature at the time of our

measurements[5].
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Figure 3.3 (a) Hall voltage V,, versus magnetic field B for various values of Vg measured at T=2K (b)
Carrier density (calculated from Hall measurements) vs V,. The capacitance calculated from slope of
carrier density (n) vs Vg gives us Cg = 105 aFum™?. (c) Hall Mobility vs V, at different temperature’s (d)

Field effect mobility vs V, at various temperatures.

3.5 Mobility limiting factors
Values for py,; measured in our devices are much higher than uz; from two-probe devices
(Fig. 3.3 c,d). To explain this, we separately analyzed effects of metal contacts and phonon

scattering on carrier mobility of MoS..

I.  Contact Resistance

As shown in the previous section, we can extract both sample resistance (Ryx) and contact
resistance (R.) through a combination of Hall and two-probe measurements. The sample
resistance and contact resistance are plotted in Fig. 3.4 for various temperatures. We can see that
the contact resistance is orders of magnitude higher than the sample resistance. In two-probe
measurements, the total resistance is dominated by R.. This high R; values is likely caused by the
formation of a Schottky barrier at the Au/MoS; interface. This arises due to the difference in
work function between Au (~5.1eV) and MoS, (~4eV) [33-35]. We conclude that the Au
contacts are not ideal for electron injection into two-probe MoS, devices. We also notice that R,
can be tuned with Vy which is indicative of gate modulation of the Schottky barrier height at

Au/MoS; junction.
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Fig 3.4 Sample and contact resistance vs. V, at various temperatures. Dotted lines are contact resistance

values. Solid lines are sample resistance from Hall measurements

Il.  Phonons in MoS;

Figure 3.3 illustrates dependence of mobility on temperature. The observed decrease of
carrier mobility with increasing temperature (T) is due to electron-phonons scattering in
MoS,.This is a clear indication of phonon limited transport. Theoretical calculations predict that
scattering due to homopolar out-of-plane (~50meV) and polar optical (~48meV) phonons is
dominant at temperatures T>100K [8]. It has been shown that in the temperature range 100K-
300K the optical phonon limited mobility can be fitted to u~T” where y~1.7 is predicted for
monolayers MoS; [8]. It is predicted that homopolar out-of-plane mode can be quenched in top-
gated samples leading to a decrease in the exponent to y =1.52 [8]. Our experimentally measured

Hall mobility follows power law dependence with y~/7.09 for temperatures T>100K (Fig. 3.5).
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Jariwala et al.[36] have also shown y values for uncapsulated MoS,-FETs to be a lot lower. This
variation in y value may be due to variation of the crystalline quality of MoS; used in various

studies and may indicate that better theory is needed.
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Fig 3.5 ppaL Vs temperature plotted in log scale. Phonon limited mobility (>100K) modelled using p~T7,
y=1.09.
3.6 Metal to Insulator (MIT) Transition in MoS;

In addition to previously considered scattering mechanisms in MoS;, we found an
interesting crossover in the conductivity p,., vs. V, data at different temperatures (Fig. 3.6). For
V;<40V, MoS; behaves as an insulator and its conductivity increases with temperature. At high n
(V;>40V), MoS, displays band-like transport and conductivity decreases with temperature. This
type of carrier density n induced transition has been observed in materials with localized states.
Studies have shown that sulfur vacancies create localized gap states in MoS,. At low n, transport
in MoS; takes place by hoping via defect-induced localized states. This short range disorder is

the most likely source of dominant scattering mechanism at low temperatures.
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The loffe-Regel criterion for disordered systems predicts a metal to insulator transition in
. h .
a 2D semiconductor when kgde ~1, where kp = ,/2nn,p, and [, = 1/Znnwz"; Is mean free

path of electrons [37, 38]. The 2D system becomes metallic if ke 4e >>1 and insulating if kg 4, <<1.
In fact at V=40V, n = 3x10"™?, pyay = 50cm?/Vs, 1,~1.5nm, kgL, = 0.6 which is very close to
the loffe-Regel criterion hence showing the disordered nature of our MoS, system at low n.
During the course of our study, Kis et al. [38] demonstrated a similar metal-insulator transition

for top gated MoS; devices.
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Fig 3.6 Conductivity as a function of V at different temperatures showing metal-insulator transition in

monolayer MoS,.

3.7 MoS; substrate engineering towards increasing mobility
All discussed MoS,-FETs have been prepared on SiO,/Si substrates. Electrons propagating in

MoS; are also expected to scatter off of charged impurities in underlying SiO, substrates, similar
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to the well-studied case of graphene [14, 24]. Our experimental results (Fig. 3.4) show hints of
this. At low temperatures (4K), mobility shows a strong dependence on carrier density. We see
that the mobility values go up with Vg at low temperatures (4K). At these temperatures we do not
expect phonons to contribute to scattering. An increase in mobility at high carrier densities is
indicative of screening of coulomb fields of charge impurity on SiO, by conduction electrons.
Substrate engineering has been shown to alleviate effects of charge impurity scattering from
SiO,. Recent work has shown that transferring graphene on hexagonal Boron Nitride (BN)
substrates can drastically enhance graphene electrical properties [39, 40]. BN is known to be
atomically flat and chemically inert meaning there are not many charge impurities and dangling
bonds on the surface. Using a transfer technique (Details in Appendix: A6), we transfer MoS,
onto high quality BN flakes to make MoS,/BN devices. By initially comparing simple two-probe

MoS; devices on SiO; and on BN we can see differences in device characteristic (Fig. 3.7a,b)
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Figure 3.7 (a) Field effect in MoS,/SiO, devices (b) Field effect in MoS,/BN devices

First, MoS, device on SiO, have a significantly higher threshold voltage (~40V) at room

temperature compared to devices on BN (Fig. 3.7b). Second, temperature dependent
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measurements reveal that MoS, on SiO; is in an insulator as discussed in section 3.6 while MoS;
on top of BN devices exhibit metallic behavior and is more conductive at low temperatures (4K).
Finally, the room temperature field effect mobility of MoS,/BN is slightly higher (~11cm?/Vs)
compared to MoS,/SiO, (~8cm?/Vs).

To get a clearer understanding of MoS,/BN devices, we fabricated large area Hall-bar shaped
devices (Fig. 3.8). The MoS; flake is highlighted with a white dotted line for clarity. Following
the transfer procedure, Cr/Au (2nm/90nm) contacts were deposited using a combination of e-
beam lithography and thermal deposition. An electrically contacted MoS,/BN device is shown in
Fig. 3.8b along with its photoluminescence image taken using a conventional fluorescence
microscope setup. Unfortunately, electrical characterization of such large MoS,/BN device was
not possible due to the lack of good electrical contact across the large MoS; channel (Fig. 3.8c).
To check the integrity of the MoS; flake on BN we looked at both photoluminescence spectra
and Raman spectra of the MoS,. The PL spectrum of MoS; on BN clearly has a smaller FWHM
compared to MoS; on SiO,. This may indicate reduced disorder in this sample. Unfortunately,
Raman spectra of MoS, on BN are very weak compared to MoS; on SiO,. This leads us to
believe that there can be structural damage of MoS; during the transfer process. It is therefore

essential to study the interface between MoS, and BN.
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Figure 3.8 (a) Optical image of MoS,/BN device. MoS, highlighted with white dotted line. (b) Electrical
transport in MoS,/BN device with Cr/Au contacts. Inset: photoluminescence image of contacted MoS,
flake (c) Current vs. V, characteristic of MoS,/BN device (d) Photoluminescence spectra of 2 different

MoS,/BN devices and MoS,/SiO, devices (€) Raman spectra of MoS,/BN and MoS,/SiO, devices.

Atomic force microscopy (tapping mode) was used to study the interface of large area
MoS,/BN devices. AFM of as pre-prepared MoS,/BN devices reveals a high density of >20nm
bubbles between MoS; and BN (Fig. 3.9). Unlike previously reported papers that show graphene
conforming nicely to BN, it seems that MoS; transfer is little bit more restricted. We looked into
trying different annealing recipes in an Ar/H, (flowrate: 100/10SCCM) environment to decrease
the density of the bubbles and possibly migrate the bubbles to the edge of the MoS, flake. The
results of the annealing are shown in Fig. 3.9. Annealing our MoS,/BN samples at 300°C for 2
hours does seem to agglomerate widely spaced bubbles into more concentrated structures (Fig.

3.9b). However, >20nm tall bubbles are still present and we believe that their presence is the
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major reasons for failure of our MoS,/BN devices. Annealing at higher temperatures (450°C)
does seem to remove a majority of the bubbles but leads to deteriorate MoS,. Degradation of
MoS, at temperatures >300°C is also observed for MoS,/SiO, devices. Such devices have
degraded electrical quality (bad gate response and low current levels). This highlights the need to
develop transfer recipes (different transfer polymers, pre-annealing/treating of BN flakes) to
fabricate MoS,/BN substrates, and to understand the mechanism of bubble formation. With these

improvements, carrier mobility of MoS;in MoS;/BN can be further improved.

(@ Pre-anneal | (b) 300°C

Figure 3.9 AFM scan of MoS,/BN devices before and after Ar/H, annealing at various temperatures (a)
Pre-annealed MoS,/BN devices (b) After annealing in Ar/H, at 300°C (c-d) After annealing in Ar/H, at

450°C.
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3.8 Dual gated MoS; devices to suppress Coulomb scattering

In the previous section we have shown that low-temperature mobility of MoS; is dominated
by Coulomb scattering off of charge impurities on SiO,. There can also be charged
impurities/residues absorbed on the MoS,during the fabrication process which can act as
scattering sites. Previous works on graphene have shown that it is possible to screen the effects
of such scattering by placing the graphene in an environment with a high static dielectric
constant [25]. Here we engineer the dielectric environment of MoS; by transferring BN (k~4)
onto a MoS,/SiO, device. We also deposit a top electrode onto the BN/M0S2/SiO; device in
order to dual-gate MoS,. This device geometry has the added benefit of allowing us to further
decrease contact resistance (Rc) by reaching higher carrier densities (Fig. 3.5) and also protecting
the MoS; from environmental absorbates.

We fabricated high quality multi-probe monolayer MoS; devices (Fig. 3.10a). We then used
the PDMS/polymer assisted transfer technique to transfer thin (5-10nm) of BN on top of the
device (3.10b). We finally patterned and deposited a Cr/Au top electrode across device channel
(Fig. 3.10c). A schematic of the dual gated device is shown in Fig. 3.10d. The carrier density in
this device can be controlled by either Si backgate or Au top gate (Fig. 3.10e). Using dual gating
we were able to reach very high carrier densities (~2x10*3*cm™) and mobility ~100cm?/Vs (Fig.
3.10f). However, a direct comparison with MoS; on Si devices revealed that mobility in the
former devices at similar carrier densities is actually lower. Hence, the direct effect of dielectric
screening due to BN was not observed. Our BN top gated samples most probably suffer from the
same interlayer bubbles shown in the previous section. This highlights the need to improve
transfer techniques to carefully study such 2D-heterostructures and effects of dielectric screening

of Coulomb scattering.
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Figure 3.10 (a) Multi-probe MoS,/SiO, devices. (b)After transferring thin ~7nm BN on top of MoS; and
Au electrodes. (c) After Cr/Au (2nm/80nm) top-gate deposition (d) Device schematic (e) Current versus

V, for dual gated MoS; devices. (f) Mobility vs carrier density for dual gated devices.

3.9 Conclusion and Future Work

In this chapter we described a systematic method to study temperature dependent transport in

monolayer MoS,. We demonstrated the following:

e Contact effects account for most of the resistance in two-probe measurements if two
probe MoS, devices. Hence, Hall effect measurements are essential for studying
electronic properties of MoS,. Once contact resistance was isolated, we achieved
mobility ~500cm?/V/s, the highest reported value at the time of measurement.

e Attemperatures >100K , scattering is dominated by phonons in MoS,.
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e At low temperatures, scattering is dominated by Coulomb scattering, likely due to charge

impurities on SiO,.

We also demonstrated two approaches towards improving MoS,-FETs: 1) substrate
engineering and 2) dielectric engineering via BN top gates. While these approaches are
promising, better transfer protocols need to be developed to make high-quality hybrid devices.
Hexagonal boron nitride substrates are promising alternatives as substrates and top gate dielectric
materials. However, to fully utilize the advantages of BN (low surface roughness, low density of
surface impurity states), the interface between MoS, and BN needs to be free of any bubbles or
defects.

Future development of MoS; electronic devices requires a careful study of scattering effects
due to intrinsic defects. Recent STM studies have shown multilayer MoS; to have S vacancies
[11]. A careful study of defects via STEM/STM and transport can guide growth techniques of
TMDCs for future electronics. As an example, we examined defect density in synthesized
MoSe, and MoS, from molybdenite using high resolution transmission electron microscopy (Fig.
3.11). We clearly observed that chemically synthesized MoSe; has a larger number of sulfur
vacancies compared to naturally occurring MoS,. Such studies should be carried out prior to

making devices for transport studies.
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Figure 3.11 (a) Z-contrast STEM image of synthesizes MoSe,. Bright spots are Se,. Red squares highlight

area of synthesized MoSe, with high number of Se defects (b) STEM image of MoS,, Bright spots are Mo

atoms.
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CHAPTER 4: ELECTRICAL CONTROL OF OPTICAL PROPERTIES OF

MONOLAYER MoS;

In this chapter we discuss the results published in Solid State Comm., Newaz, Prasai et
al., “Electrical control of optical properties of monolayer MoS, ”[20]. We investigate electrical
gating of photoluminescence and optical absorption in monolayer MoS, configured in a FET
geometry and study the interplay between charge carriers and excitons in MoS,. We demonstrate
hundredfold increase in PL intensity and ~50% increase in MoS; absorption after gating MoS..
We attribute this to the interaction of excitons in MoS, with free charge carriers via phase space

filling effect.

4.1 Introduction

Materials with electrically controllable optical properties find uses in diverse applications
ranging from electro-optical modulators to display screens. Unfortunately, the optical constants
of most bulk semiconducting materials do not vary significantly with electric field. In the case of
silicon, for instance, the variation in refractive index with gate voltage is smaller than 0.01%,
limiting the footprint and the modulation depth of electro-optical modulators [41]. While larger
electro-optical response has been demonstrated in other semiconductors, such as germanium and
gallium arsenide, integration of these materials with silicon CMQOS fabrication may prove
difficult[42, 43]. In graphene, the most widely studied 2D material, changes in optical absorption
larger than 100% produced by the electric field effect has been used to demonstrate nanoscale
electro-optical modulators in the infrared range [44]. However, the lack of a band gap in

graphene makes its uses at visible frequencies unfeasible.
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As discussed in chapter 1, MoS; in its monolayer form is direct band gap semiconductor
and is optically active. MoS; has an optical bandgap ~1.9eV modified by tightly bound excitons.
In this section we optically investigate MoS,-FETs and study how charge carriers induced via

electrostatic gating interact with excitons in this system (Fig. 4.1 a,b,c)

(a)

Mos,

Figure 4.1 (a) Schematic of MoS,-FET device (b) Optical image of MoS,-FET used for our studies (c)
Fluorescence image of the same device collected using a conventional fluorescence microscopy setup

with a 605-615nm bandpass filter and green light (530-590 nm) excitation.

4.2 PL modulation in MoS,-FETs

In the previous chapter we reported modulation of electrical conductivity in MoS; FETs
using backgating. Here, we study changes in PL intensity of MoS; as a function of the carrier
density n through backgate (Vg). All PL measurements were done using laser excitation with
1uW power at the wavelength 532nm. With changing Vy we notice drastic changes in PL
intensity. In the range of gate voltages between +50 V and -50 V, the maximum PL intensity
changes by more than factor of ~100 for a representative device in Fig. 4.2a. We see a
hundredfold change in the PL intensity. Fluorescence image of the same device while changing

Vg also shows the intensity of the monolayer flake changing. This process is completely
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reversible as evident when looking at a series of fluorescence images while sweeping the gate
voltage back and forth several times. This also rules out defect induced changes in the PL
intensity. To better understand the origin of PL modulation we also study how absorption of

MoS; changes with gate.
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Figure 4.2 (a) PL spectra of monolayer MoS; at different Vg. Inset: Band Structure of monolayer MoS,

(b) Photoluminescence image of MoS,-FET at various V.

4.3 Absorption Modulation in MoS,-FETS

In general, PL intensity can be described as:

k.
I ~aho)xn~oalhe)—19
o~ o(ho)xn~ o )k 1

rad nonrad

Where, a(hiw) is the absorption coefficient at the excitation wavelength 1=532 nm (2.33 eV), 7
the luminescence quantum yield (number of photoexcited carriers per absorbed photon), ka4 and
Knonrad are respectively the rates of radiative and non-radiative transitions of photoexcited

carriers[45].
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It has been observed that an electrostatically induced shift of the Fermi energy in graphene
affects the absorption a(fiw) at the excitation wavelength [46]. We conducted a differential
reflectivity measurement to check if a similar phenomenon caused change in the absorption
coefficient a(%iw) in monolayer MoS;. Differential reflectivity at wavelengths corresponding to
“A” and “B” peaks decreases with decreasing Vg (~50% change). At the same time, we observed

no changes in diff. ref. at ~532nm, the wavelength of excitation in PL experiments.

0.4
\,\ E
S
& 0.2
<
0.0 A B

16 18 20 22 24
Photon Energy (eV)

Figure 4.3 Differential reflectivity (4R/R) measurement in monolayer MoS, Green arrow used to

highlights the laser excitation energy (2.33 eV) used to record PL.

This result is expected in the measured gate voltage range AVy=100V. In this range of Vj,
field effect should produce variation in the carrier density An=CgAVy/le~7x10" cm™. This
change in the carrier density translates into a shift of the Fermi energy by z#°n/m, ~ 60 meV,

where me~0.3mq is the effective electron mass in single layer MoS,. This shift is small compared
to the difference between fluorescence (1.85 eV) and excitation (2.33 eV) energies. Therefore, an

electrostatically induced shift of the Fermi energy cannot account for the change in absorbance.
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4.4 Elucidating mechanism of PL/Absorption modulation

We ascribe the observed modulation in photoluminescence and absorption to the phase
space filling effect (PSF). In PSF, increase in carrier density due to field effect can make part of
the phase space unavailable for exciton formation due to Pauli exclusion [47]. This in turn,
causes a reduction in the exciton oscillator strength and a corresponding decrease of PL intensity
and excitonic absorption. A simple estimate predicts that the PL intensity will be halved at the
critical density of conduction electrons n = 2/ma2 ~ 6 x 10?2 cm™2, where a, ~ 1nm is an
effect Bohr radius for an exciton. At this density (called “Mott density”) electron-electron
distance is equal to the exciton diameter. While this density is an order of magnitude larger than
the variation of the carrier density An ~ 7 x 102 cm™2 in our experiment, it is possible that this
deviation is caused either by inaccuracies in the estimated exciton radius stemming from
uncertainty in the dielectric constant of MoS, (for a monolayer MoS,, the effective dielectric
constant could be affected by either the underlying substrate or by the impurities on the surface
of MoS;). This phase space filling mechanism is consistent with what is observed in the bilayer
case where the excitons and conduction electrons and excitons occupy different regions of the
phase space. In the bilayer case the one-particle states that contribute to the formation of “A” and
“B” excitons have momenta near the K-point while the conduction electrons reside away from

the K-point. (Inset Fig. 4.4c)
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Figure 4.4 (a) Electrical characterization of monolayer MoS2 FETSs. (a) Source drain current lsvs. gate
voltage V at applied source drain bias V=50 mV. Inset shows the position of the Eg at V, =-40V and
+40V. At +40V free carriers occupy phase space decreasing osciallator strength of excitons forming at
the K-point (b) The intensity of photoluminescence vs. V for the same device. The excitation wavelength
was 2.33 eV, power ~ 1 uW, and the beam spot size ~ I um. (c) PL spectra of a bilayer MoS,-FET device
recorded at gate voltages -50V,- 0V, 50V under 50 pW laser excitation power. Spectra at different Vg are
unchanged. The inset shows the band structure of bilayer MoS,. Along with “A” and “B” transitions,

momentum-violating transition “I” across indirect band gap of bilayer MoS, is indicated.

52



4.5 Power dependent PL modulation in MoS;

At 532nm, laser with power P=1 - 8
g .
uW was used as an excitation source in the i 6
T
s
experiments reported previously. In Gl -
& 4
subsequent experiments, we discovered = . .
o)
- [ ]
that the magnitude of PL modulation (PL. % 2 o
T
sov/PLusov) depends dramatically on the &
0 : ‘ .
0.0 0.1 0.2 0.3 0.4

power of the illumination. In most devices,
1/(Power)”1/2

PL modulation follows a 1/v/P dependence Figure 4.5 Magnitude of PL modulation (PL.
sov/PLssov) Vs 1/v/Laser Power.

(Fig. 4.5). We believe that this modulation

can be ascribed to additional photoexcited carriers that are created at higher laser powers. Similar

to conduction carriers, the presence of photoexcited carriers can lead to PL quenching.

4.6 Trions in MoS;

Two independent studies of gate independent PL of MoS; were published simultaneously
with our work [48, 49]. They presented an alternate explanation to the observed change in optical
properties of MoS; with electrical gating. By doing low temperature measurements PL they were
able to spectrally identify signatures of tightly bound negative trions, quasiparticles composed of
two electrons and a hole. These quasiparticles were shown to possess a binding energy (20-30
meV) and can only be identified at low temperatures. In the experiments of Heinz et al. and Ross
et al., the “A” exciton peak evolves into two resonances as the MoS, sample is electron doped
(Vg>0V) (Fig. 4.6a). A lower energy resonance (A") is observed, which is attributed to trions. The

reduction of PL intensity at high Vg at room temperature can be associated with transfer of the

spectral weight from the “A” to broad “A™ exciton (Fig. 4.6 a,b). The trion peak is however
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broad and weaker due to thermal dissociation at room temperature. At low temperatures, the
gated-induced trion peak intensity is comparable to the neutral excitons Fig. 4.6 c,d [49].

Overall, it is likely that this mechanism works in conjunction with previously discussed Pauli

blocking.
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Figure 4.6 (a) Photoluminescence spectra of MoS, at different Vg. Both neutral (A) and trion (A)
features are identified. (b) Dependence on gate voltage of the drain—source current (right) and the

integrated photoluminescence intensity of the A and A features and their total contribution (left).
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Adopted from reference [48] (c) Photoluminescence color plot of MoSe, at different Vg. With large
electron (hole) doping, negatively (positively) charged excitons dominate the spectrum. (d) Illustration of

quasi-particle trion formation with n and p doping. Adopted from reference [49].

4.7 Conclusion and Future Work

In summary, we investigated the interactions of tightly bound excitons with conduction
electrons in monolayer MoS,. We demonstrated electrical modulation of the optical excitonic
absorption and PL in a MoS, FET and attributed it to the phase space filling effect. Simultaneous
work highlighted the effect of charged trions strong electron-exciton interaction coupled with
controllable optical spin provides a platform to further study interesting excitonic physics. We
intend to explore electron-exciton interaction at very high carrier densities >10*3cm? which
cannot be achieved with current SiO,/Si backgates. In this regime, we intent to investigate
complex many body states such as biexcitons and bound excitons. One can also explore the
effect of varying the dielectric environment on exciton binding energy. Finally, we envision the
use of monolayer TMDCs in bioimaging. The strong effects of external doping on excitonic
PL/absorption in MoS; and other monolayer TMDCs could be used for direct visualization of
changes in electrical field induced by a biological system positioned on top of monolayer

TMDCs.
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CHAPTER 5: ELECTRICAL CONTROL OF NEAR-FIELD ENERGY TRANSFER

BETWEEN QUANTUM DOTS AND MONOLAYER MoS;

In this chapter we discuss the results published in Nano Letters, “Electrical control of
near-Field Energy Transfer between Quantum Dots and Two-dimensional Semiconductors ”’[22].
This is a continuation of our work discussed in Chapter 4. In this study we investigate how a sub-
monolayer of 0-dimensional quantum dots (QDs) interacts with a 2D-semiconductor MoS,. We
demonstrate efficient nonradiative Forster resonant energy transfer (FRET) from QDs into MoS;
and prove that modest gate-induced variation in the excitonic absorption of MoS; leads to large
changes in the FRET rate. This allows for up to ~75% electrical modulation of QD

photoluminescence intensity.

5.1 Introduction

Nanoscale optical emitters — such as semiconductor quantum dots (QDs) or fluorophores
- are strongly affected by their environment. An optical excitation in a nanoemitter can be
transferred into the environment non-radiatively via processes such as charge transfer and Forster
resonant energy transfer (FRET). Among these processes, FRET is a uniquely efficient long-
range optical process.[50] Electrical control of FRET is desirable for potential applications of
nanoemitters. To enable such control, materials with optical properties that respond to electric
field are required. As discussed in chapter 4, due to the atomic thickness of MoS,, its optical
parameters can be controlled via electrostatic gating.[20, 46, 48, 49] We therefore expect that by

placing a nanoemitter onto a 2D material like MoS,, it may be possible to electrically control
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FRET pathway between the two systems. In this chapter, we investigate near-field energy
transfer between core-shell CdSSe QDs and 2-D semiconductor (2DSC), monolayer MoS,.
5.2 Forster Resonant Energy Transfer (FRET) between MoS; and QDs

To explore near-field energy transfer between QDs and 2D-semiconductors (2DSCs)
MoS, it is important to understand the conditions under which this type of transfer is expected.
In general, FRET between two systems depends on their separation distance and the overlap
between their absorption and emission spectra. The Fermi golden rule yields the following

estimate for the FRET rate between 0D systems [50-52]:
N
kFRET(OD—OD)"’lEl f ea(Df WDA*dA.
0

Here |1§|2 is the square of electric field created by a QD dipole at the position of the other QD,
f(A) is the normalized emission spectrum of the donor QD as a function of wavelength A, and

£4(2) is the acceptor molar extinction coefficient. Since dipole field decays with distance as =3,

|E|2 is proportional to r~°. For the case of FRET between a 0D and a 2D system, we can
formally split a 2D material into a 2D array of point-like absorbers and then integrate
krrerop—opy OVer 2D material area. If the 2D material is located in 0XY plane and a QD is

elevated above that plane by distance d, the distance r between QD and the point on the plane

can be written as r = \/d? + x? + y2. Then integration over area yields:

dxdy
kFRET(OD—ZD)"’ ]d(Area)kFRET(OD—OD)N J

Area Area\/d2 +x2 +y2

Replacing absorptivity ,(A) by 2D absorption coefficient a(4) and performing simple

_ J weA Df (DA*dA.
0

integration over area we obtain a simplified expression:

[ee]

1
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In this expression f(4) is the normalized emission of QDs, a(A) isthe absorption
coefficient for a 2DSC as a function of wavelength A, and d is the distance between QDs and a
2DSC. The peculiar d* dependence of kpggr is a characteristic of near-field coupling between
excitations in 0D and 2D systems.[50, 52] Equation (1) indicates that in order to observe large
krrer. the following conditions must be satisfied: (i) The optical absorption of the 2DSC must be
sizable at the QD emission wavelength. (ii) A QD/2DSC separation d must be small. (iii) The
lifetime of an exciton in QDs, 7,p, must be longer than the inverse rate of energy transfer,
krder. When this condition is fulfilled, an exciton in a QD lives long enough to transfer its

energy into a 2DSC.
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Figure 5.1 (a) Absorption spectra of monolayer MoS, at two different doping levels. Inset:
bandstructure of MoS, near its K-point. (b) PL spectra of monolayer MoS, at two different doping
levels. Inset: time-resolved PL due to A-excitons in MoS,. (c) PL spectrum of CdSSe QDs. Inset: time-

resolved PL of excitons in QDs.
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We can now select the appropriate materials to observe and explore FRET between QDs
and 2DSCs. From the diverse group of 2DSCs (e.g.: MoS,, WSe;, WS;), we chose monolayer
MoS;, a direct band gap semiconductor that is well studied, readily available, and optically
active in the visible range.[3, 53] The absorption spectrum of MoS; (Fig. 5.1a) is dominated by
two strong excitonic PL peaks at 1.88eV (A) and 2.05eV (B). These features are due to
absorption of light by tightly bound band-edge A- and B-excitons[54-57] residing at the K-point
of the Brillouin zone (Fig 5.1a, inset). The energy separation between the excitons is due to
strong spin-orbit interaction[57] that splits the valence band of MoS;. The photoluminescence
spectrum of MoS; is dominated by A-excitons, the lowest excited state (Fig. 5.1b). With
increased electron doping, both absorption (Fig. 5.1a, dashed line) and photoluminescence (Fig.
5.1b, dashed line) of MoS; are strongly reduced for energies corresponding to A- and B-peaks.
As discussed in Chapter 4, this strong electro-optical effect is related to the interaction between
excitons and free charge carriers in MoS,. Doping-induced reduction of absorption is attributed
to a combination of phase-space filling effect (blocking of low-momentum states that are needed
for exciton formation) and screening of electron-hole interactions by free carriers.[58, 59]
Additionally, doping allows the formation of charged excitons (trions), [48, 49] that become the
new lowest-energy excitonic state and hence modify the PL spectrum.

We chose compositionally graded alloy core-shell CdSSe QDs[60] as the emission
source. The QDs were synthesized to emit at ~2.02eV (Fig. 5.1c), very close to the B-peak in the
absorption spectrum of MoS, (Fig. 5.1a). Additionally, CdSSe QDs are bright (quantum yield
~50%) and have lifetimes ~3ns (Fig. 5.1c, Inset). This is much longer than the ~8ps lifetime of
excitons in MoS; (Fig. 5.1b, Inset; see “Methods” for measurement details). This ensures that

FRET will be directed from QDs to MoS; [61, 62]. Due to the spectral separation between the PL
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peaks of QDs and MoS,, their spectra can be analyzed independently in hybrid structures.
Having selected the appropriate materials to observe FRET, we developed fabrication techniques
(details in appendix: A8-11) to make hybrid QD/MoS, devices where MoS; is electrically

contacted and its optical properties can be tuned electrostatically.

(a) PL (b)
Vg Excitation
//Z-Top gate
(= =X=X~ (=X=K=X=
Au MoS,
Sio,

Figure 5.2 (a) Device schematic of electrolyte gated QD/MoS; hybrid. Optical and photoluminescence

images of an electrically contacted QD/MoS, device.

5.3 Experimental evidence of FRET

Prior to studying electrically connected QD/MoS, devices it is natural to first examine
ungated (Vy=0) QD/MoS; devices. Such an ungated QD/MoS; sample along with its optical and
PL image is shown in Fig. 5.3a. Both the PL image and PL spectra (Fig. 5.3 a,b) indicate strong
suppression of photoluminescence for the QDs that are close to MoS,. To quantify this effect, we
introduce the quenching factor Q = Iop/Igp/mos, - Here Igp/mos, i the height of the QD
photoluminescence peak at 2.02eV for the hybrid QD/MoS; device (acquired at a point marked
red in Fig. 3a), and lgp is the height of the same peak from QDs away from MoS; (acquired at a
point marked black in Fig. 5.3a). We calculate Q (0V)~4.8 from the data shown in Fig. 5.4b. We

also observed that the lifetimes of QDs reduce by a similar amount due to the presence of MoS,,
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Top/Ton/mos,~ 4.4 (Fig. 5.3b, Inset). At the same time, the position of the PL peak due to QDs

remained virtually unchanged at about ~2.02eV (Fig. 5.3b). This indicates that the QDs are not

chemically or mechanically perturbed by MoS..
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Figure 5.3 (a) Ungated MoS,/QD device along with its optical (left) and photoluminescence (right)
images. PL image was recorded using a band-pass filter (605nm-615nm) only transmitting QD emission.
(b) PL spectra and time-resolved PL (Inset) of QD/MoS, hybrid (red) and of bare QD film (black). The
spectra were recorded from the same device shown in Fig. 3a at positions marked by red and black

circles. The schematic on the right illustrates FRET between a QD and MoS,.

The quenched PL and decreased lifetimes indicate the opening of an additional non-
radiative relaxation channel for the QDs next to MoS,. We attribute this pathway to FRET.
Strong spectral overlap between the emission spectrum of QDs and B-peak in absorption of
MoS; coupled with very small QD/MoS; separation should, according to Eq. (1), lead to large
Krerer. Prior experiments on similar QDs next to 2D systems (graphene, MoS;) arrived at a

similar conclusion [63, 64].
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The QD/MoS, FRET rate was estimated from measured suppression of QD
photoluminescence and lifetimes. The intensity of QD photoluminescence depends on radiative
(k,) and non-radiative (k,, krrer ) decay rates:

ky

Iop~——— = k,Top,
Pkt kO

kr
kr + knr + kFRET

lop/mos,™ = krTQD/MoSZ- (2)

In these equations, the lifetime of a QD is expressed as an inverse of the sum of radiative
and non-radiative rates, and k,. is assumed to be unaffected by the environment. Equation (2)
confirms that near-equal suppression of QD lifetime and PL intensity observed in our
experiments is an expected consequence of FRET. From the measured PL quenching Q~4.8,
using equation (2) we determined kpgzr = (Q — 1) /7op~(1.1 £ 0.2) X 10°s~*. Importantly,
this rate corresponds to lifetime ~1ns, shorter than the intrinsic QD lifetime of ~3ns. From
measured Q and assuming separation distance between QD-core and MoS; ~3.5nm (Fig 2b,

inset), we evaluate FRET radius Ro~5nm.

5.4 Electrical modulation of FRET

Finally, we examined gate-induced modification of the optical properties of QD/MoS,
devices. To enable such a study, we used fabrication described in the appendix A8-11. An
optically transparent solid electrolyte was then deposited onto MoS; (Fig 5.2a). This
configuration allows us to vary the carrier density inside MoS, while being able to perform
optical measurements. It is also important to note that electric field is near-absent at the location
of QDs and cannot affect their photoluminescence directly [65]. Although very high carrier

densities, n~10"* cm™, can be reached with electrolyte gates,[66] our devices require much
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smaller densities, n~10" cm, and efficiently operate at low gate voltages (-2V<Vy<2V).
Overall, we fabricated and measured 4 devices including the representative device shown in Fig.
5.4a.

With increased electron doping (positive V), we observed a well-known suppression of
the PL peak [20, 48] due to MoS; at 1.88eV as discussed earlier (Fig. 5.1a). On the other hand,
photoluminescence of QDs at ~2.02eV strongly increases with Vg (Fig. 5.4). In our best device,
we observed up to ~75% modulation of the QD photoluminescence intensity for V between -2V
and 2V. This effect is reproducible for all measured devices and is stable over multiple sweeps of
Vq (Fig. 5.4, Inset).

We attribute the modulation of PL to gate-induced modulation of the FRET rate Keger.
Indeed, as discussed above, optical absorption a(1) of MoS; is strongly changing with Vy at
2.05eV, the energy corresponding to QD emission (Fig. 1c). According to equation (1), changes

in a(A) should lead to modulation of the FRET rate, and hence QD PL intensity.
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Figure 5.4 PL spectra of a QD/MoS, device at different V. Inset: QD photoluminescence intensity vs. V,

during a back-and-forth sweep between +2V and -2V.

5.5 FRET modulation and MoS; absorption

Our next goal is to understand the relationship between FRET modulation and MoS;
absorption. We devised a simple model relating near-field FRET rate and quenching factor to
far-field absorption of MoS,. The normalized emission spectrum of an individual QD centered at
wavelength A is narrow compared to the relatively broad absorption features of MoS, [67]. In this

situation, equation (1) can be simplified to

1
kFRETNFa(/L Vg)

Combining this with equation (2), we obtain the following expression for the quenching

factor Q:
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T
Q (/L Vg) = L =1+ TQDkFRET =1+ A(Z(/l, Vg) (3)
ToDp/Mos,

Here A~%D is a proportionality constant relating the quenching factor to absorption of
MoS,. From experimentally measured Q(Vy=0)~5 (Fig. 5.4) and a(V4=0)~5% (Fig. 5.1) at
A=610nm (QD emission peak), we find A = (Q(0) — 1)/a(0)~80. The large value of A
translates to large electrical modulation of PL of the QDs. To check the validity of our model, we
created a Q(a) parametric plot from experimentally acquired values of Q and a. A QD/MoS;
device (Fig. 5.5) was used for measurements of the quenching factor Q vs. V4. However,
absorption of the MoS; layer, ay,s,, could not be determined in the same device due to the
strong background absorption of the QDs. For that reason, a separate MoS,-only device without
QDs was used for ay,s, vs. Vg measurements. In a separate measurement on a device without a
QD layer, we used confocal transmission microscopy to record gate-induced transmittance
modulation of MoS.

The absorption spectrum of MoS, could not be obtained directly from standard
differential reflectivity measurements for our electrolyte gated MoS, samples. This is due to the
non-uniformity of the solid electrolyte layer. Instead, we used confocal transmission microscopy
to determine transmittance modulation of gated MoS, devices on transparent glass substrates
(Fig. 5.5a). Experimentally (Fig. 5.5a), a broad (~1mm) light beam from a fiber-coupled halogen
light source was used to illuminate our sample. Light passed through the sample was collected
through a 40X objective and was further magnified ~10 times and focused on a screen with a
~0.5mm diameter pinhole. A magnified image of the device was projected on the screen. The

pinhole was adjusted to block the light from the rest of the sample while transmitting light that
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passes through MoS,. The spectrum of the transmitted light as a function of gate voltage was

recorded using Shamrock 303i spectrometer.
Transmittance modulation is defined as M = (I(hw, V) — 1(hw, OV))/I(ha), ov),

where I(hw, V) is the intensity of light transmitted through MoS at photon energy /w and gate
voltage V. Transmittance modulation is closely related to absorption modulation. We can rewrite
the definition of M as
I(hw, V) I(hw, OV)

Iy (hw) Iy (hw)

I(hw, OV)
I, (hw)

M =

Here Io(iw) is the intensity of the incident light. Since I(7iw, V,)/Io(hw) =1 — a(hw, V), we

get:

3 a(iw, OV) — a(ha), Vg)
a 1 — a(hw, 0V)

Since MoS; absorption is small (~5%) in our wavelength region, M = a(iw, 0V) — a(ha), Vg)
or a(fw, V,) = a(hw, V; = 0V) — M(hw, V). Therefore, we can estimate a(w, V) from
measured M and a(%w, V, = 0V)~5% obtained from an unbiased MoS; flake before deposition

of solid electrolyte.
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Figure 5.5 (a) Schematic of measurement set up for transmission microscopy. (b) Transmittance

modulation of MoS, The dip at ~1.8eV is likely related to charged exciton absorption.

Within our gating range we observe only ~2% modulation of MoS; transmittance at

~2.05eV (Fig. 5.5b), much smaller than ~75% modulation in QD photoluminescence (Fig. 5.4).

The measured Q(a) along with the prediction of equation (3) (dashed line) are plotted in Fig.
5.6a. The agreement between the experimental data for (Vg>0) and our model confirms that the
observed modulation of QD photoluminescence is a consequence of electrical modulation of
FRET. However, interpretation of Qo) data is complicated by the difference of the intrinsic
doping levels of MoS; between QD/MoS; and MoS,-only devices. Indeed, at V;=0 we observed
reduced PL due to MoS; (peak at ~1.9eV) in QD/MoS; as compared to MoS,-only devices (Fig.
5.6b). Since PL of MoS, can be used as a proxy for free carrier density, this observation suggests
that the intrinsic doping level of MoS; in MoS,-only devices is lower than that of MoS; in
QD/MoS; devices. Moreover, the observation of near-absent absorption modulation for MoS; in
MoS,-only devices (Fig. 5.5b) for V4<0 (as compared to strong absorption modulation for V>0)
suggests that the density of free carriers in that device approaches ~0 at Vy=0 (Fig. 5.4c). In

contrast, robust changes of MoS; and QD photoluminescence in QD/MoS; devices (Fig. 5.4) hint
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that the density of free carriers is changing throughout our gating range and the Fermi level
always stays within the conduction band. In Fig.5.6¢c, we illustrated the proposed Fermi level
positioning between MoS; and QD/MoS; devices due to difference in intrinsic doping levels.
Because of the difference in the intrinsic doping levels, we have to be careful in relating
the experimentally measured a,s, to the analysis of QD/MoS, devices. For V>0, the Fermi
level of MoS; in both MoS,-only and QD/MoS, devices is in the conduction band and the
absorption of MoS; in both devices changes similarly. On the other hand, when V<0, the Fermi
level of MoS; in MoS;-only devices is shifted below the conduction band edge. In that case, the
density of free carriers and hence a,,,s, are nearly Vg-independent (Fig. 5.6). At the same time,
the absorption of MoS; in QD/MoS; devices strongly changes with Vg. This means a,sg, in

QD/MoS; and MoS;-only devices are only close when Vy>0.
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Figure 5.6 (a) O(a) plot including the data for 0<Vy<0. (b) Photoluminescence spectra of two different
MoS,-only devices without QDs, and of two different QD/MoS; devices. (c) Proposed Fermi level (Ef)

positioning of MoS, in MoS,-only and QD/MoS; devices.
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5.6 Elucidating Mechanism of QD PL Modulation

We confirmed that mechanisms other than FRET are not responsible for observed
changes in PL in our devices. In principle, charge transfer between QDs and MoS; can also lead
to non-radiative relaxation [68-70]. For our experiments we intentionally chose core-shell QDs
with strong electron-hole pair confinement and long ligands [71]. Charge transfer in such core-
shell QDs is likely inefficient or absent [72]. To further exclude the contribution of charge
transfer, we fabricated devices with a spacer layer (5-15nm of SiO,) inserted between QDs and
MoS,. Despite large MoS,/QD separation, we observed significant quenching in PL of QDs atop
of MoS; (Fig. 5.7¢). Such quenching can only be attributed to long-range FRET, as short-range
charge transfer should be fully suppressed in spacer devices [73]. It is also feasible that dielectric
screening due to MoS; could affect the intensity of QD photoluminescence. To exclude this
possibility, we fabricated devices where hBN, an optically transparent insulator, is transferred
onto QDs instead of MoS; (Fig. 5.8d). While hBN has a dielectric constant € ~ 4—7, [74] similar
to that of monolayer MoS,,[75] we did not observe any spectral changes or quenching for QDs in
hBN/QD devices. This confirms that the QDs are not affected by dielectric screening due to
neighboring materials. This also rules out the possibility of mechanical or chemical changes to

the QD layer during the transfer procedure.
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Figure 5.7 (a) Device schematic for MoS,/spacer/QD device. (b) Raman spectra of MoS; before (black)
and after (red) SiO, spacer deposition. (c) QD quenching factor vs. spacer thickness. Inset: PL spectra of
QD and QD/MoS; for 15nm spacer device. (d) Photoluminescence spectra for QDs covered by hBN (blue

and green curves) and QDs away from hBN (black and red curves). Inset: schematic of a hBN/QD device.

5.7 Spectral Selectivity of FRET

To further check possible contribution of charge transfer to QD photoluminescence
modulation in QD/MoS,, two additional types of devices were fabricated. In the first type of
device Fig. 5.8a we used CdSSe QD with the emission peak at ~2.2eV (away from the excitonic
absorption peak of MoS;) to make hybrid QD/MoS; devices. In the second type of device Fig.
5.8b, same QDs as discussed in previous sections (emission peak at 2.02eV) were used, but

MoS, was substituted by monolayer graphene. In both devices, optical absorption of the 2D
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material was constant at relevant QD emission energies. PL spectra were recorded while varying
the gate voltage V for both QD/MoS; and QD/graphene devices (Fig. 5.8a,b). In both cases, we
observed no changes in the PL at the emission wavelength of the QDs (2.2 eV in (a) and 2.02eV
in (b)). This further indicates that electrical modulation of the PL for the QDs is due to changes

in excitonic absorption of MoS; and not just due to changes in its carrier density.
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Figure 5.8 (a) QD/MoS; gated device with QDs in resonance with MoS, B-peak (b) QD/graphene device
with same QDs highlighting how QD PL is not affected by change in carrier density of 2D material on

top

We conducted additional experiments to demnonstrate that QDs can be modulated with
spectral selectively. Below, we present the experimental evidence that green QDs (2.4eV) can be
selectively modulated by using 2D semiconductor WS, (A-peak: 2.0eV, B-peak: 2.4eV)[76]. We
find that the photoluminescence intensity of the QDs is only modulated when their emission
spectrum overlaps with the peak in excitonic absorption of a 2D semiconductor. The PL of green
QDs is modulated when they are underneath WS, (Fig. 5.9a) but not underneath MoS, (Fig.

5.9h).
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Figure 5.9 (a) Green QD/WS, gated device showing modulation of green QDs which are in resonance

with WS,B B-peak (b) Same QDs are not modulated by MoS,

5.8 Conclusion and future work

In summary, we demonstrated electrical control of the near-field energy transfer between QDs
and 2D semiconductors (MoS,, WS;). We found that it is related to modulation of excitonic
absorption of 2D semiconductors, and achieved ~75% modulation of QD photoluminescence in
the visible range. It is instructive to compare our approach to other existing schemes to control
photoluminescence of QDs via electrical signals. Some of the existing schemes utilize
electrochemical injection of charge carriers into QDs,[69, 70] electron-hole dissociation under
applied electric fields,[77] or controlled Stark shifts [78]. In all of these schemes, electrical fields
are applied directly to the QDs. In our approach the electric field changes the parameters of a 2D
semiconductor and is absent at the location of QDs.[65] We do not expect electrochemical
modification of QDs. The operating principle of our scheme — electrical control over the
QD/2DSC FRET rate — can be extended to other nanoemitters. Finally, QDs emitting at different
wavelengths over the visible and IR ranges can be modulated by choosing 2D semiconductors

with varied bandgaps (e.g.: WSe,, WS,, MoSe).
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We envision several potential improvements in our system. FRET efficiency, and hence the
efficiency of PL modulation, can be increased by reducing the distance between QDs and 2DSCs
(equations (1) and (3)). This can be achieved by either reducing QD shell-size or by shortening
QD ligands. Additionally, 2DSCs could be gated more efficiently using ultrathin gate dielectrics.
The advances in CVD growth[79, 80] of 2DSCs could lead to inexpensive fabrication of large-
scale QD/2DSC hybrids. Overall, QD/2DSCs hybrids could be used as efficient and electrically
tunable light sources operating anywhere in the visible to IR spectral range. Potential
applications for such devices range from solid-state lighting and high-resolution passive (“e-

ink™) displays to biosensors.
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CHAPTER 6: FUTURE DIRECTIONS AND CONCLUSION

6.1 Thesis summary

In this thesis, we demonstrated the potential uses of MoS;in both electronic and
optoelectronic devices. We investigated the extrinsic scattering mechanism in n-type MoS; field
effect transistors (FET) and explained the clarified role of electrical contacts and phonons to
carrier mobility. We also investigated device structures to reduce scattering from impurities from
the substrate. These findings may help in designing better MoS,-FETs to complement current
CMOS-based technology. With advancement in growth techniques, we could imagine the
development and integration of future electronics completely based on 2D materials (channel:
MoS; contacts: graphene, dielectric: boron nitride).

We investigated the interaction of free charge carriers interact with excitons in MoS,. We
demonstrated strong tunability of the optical properties (absorption/photoluminescence) of MoS,.
We also examined near-field energy transfer between MoS, and quantum dots for possible
hybrid optoelectronic applications. We demonstrated the ability to tune the rate of energy
transfer between QDs and electrostatically gated MoS,. We showed this effect to applicable to
any nano-emitters which are in resonance with the excitonic features of monolayer TMDCs.

In the remaining part of this thesis, we discuss ongoing projects to study new approaches
towards tailoring the optical properties of TMDCs and exploring new phenomenon in these
materials.

6.2 Future directions: bandgap engineering in MoS, via vertical electrical fields

Multiple research groups have explored the use of TMDC materials for number of

materials efficient photodetectors and electroluminescent devices [81-84]. Unfortunately, the

limited TMDC family (MX;, M = Mo, W; X =S, Se, Te) only allows access to limited number
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of absorption bands values throughout the visible spectrum. Bandgap engineering via
perpendicular electric fields could prove to be a very critical step towards tailoring the optical
properties of TMDCs and making devices operating in the near and mid-IR range. This could
also lead towards making photodetectors with desirable wavelength sensitivity. The Shockley-
Queisser theory give predictions that semiconductors with a direct band gap near ~1.3eV and
high mobility can lead to more efficient photovoltaics (Fig. 6.1a) [18]. Monolayer-TMDCs falls
just above the Shockley-Queisser limit (Fig. 6.1a). Bandgap engineering can open up the
possibility of using TMDCs for highly efficient photovoltaic devices. Bandgap engineering could
enable multi-junction semiconductor devices with varying bandgaps to absorb a large party of
the solar spectrum (Fig. 6.1b). Concept devices based on straining TMDCs have been proposed
to recognize broad spectrum solar energy funnels [85, 86] (Fig. 6.1c).

It is therefore desirable to have a tunable bandgap that would allow for flexibility in
device applications and optimization. Fortunately, the band gaps in TMDCs have the added
benefit of being strongly tunable. For example, the bandgap of 2D semiconductors have been
shown to be dependent on applied mechanical strain [85]. In this chapter, we investigate a
different approach to control the bandgap of TMDCs — by applying perpendicular electrical field.
Such an approach has been shown to work for bilayer graphene [12]. In that case, an electric
field normal to the sheet of graphene breaks the inversion symmetry and opens up a bandgap up
to 250meV [87]. Similarly, a perpendicular electric field applied to bilayer MoS; can redistribute
charge density in the bilayers to the atomic planes and also delocalizes them within the planes
[88] causing a decrease in the bandgap. Several theoretical studies have demonstrated that a
similar approach can be used to modify the bandgap in TMDCs from optical energies (~2eV) all

the way to zero [88, 89].
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Figure 6.1 (a) Band gap versus mobility for various materials used in current photovoltaic technologies.

Semiconductors with high mobility and bandgap near Shockley-Quessier limit (1.3eV) are desired for

more efficient photovoltaic devices. TMDC compare favorably to other materials. Bandgap engineering

of TMDCs could further enhance the performance of solar cells based on TMDCs. Figure acquired from

reference [18] (b) Schematic for multi-junction semiconductor solar cell designed to absorb larger part

of the solar spectrum. Such device structures can potentially be achieved by using TMDCs with graded

bandgaps. Figure acquired from reference [90] (c) Schematic of strain engineered MoS, device allowing

capture of photons of different energies and guidance of concentrated charge carriers towards contacts.

Figure acquired from reference [86] Bandgap versus applied electric field for bilayer TMDCs. Figure

acquired from reference [87]
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6.3 Towards bandgap engineering in MoS,: device geometries

In this section we present details of our ongoing approach to engineer the bandgap in
bilayer MoS,. Our goal is to explore various device geometries which would allow us to probe
changes in MoS; bandgap vs. applying a perpendicular field. In a typical device, bilayer MoS; is
sandwiched between two parallel electrodes. Electric field is applied between the two electrodes
and allowing us to probe changes in the bandgap by measuring the photoluminescence spectra of
MoS; versus applied field. For this device structure to work, one of the two-parallel electrodes
needs to be transparent to optically excite and measure changes in of the photoluminescence
spectrum of bilayer MoS,. We also have to ensure that the two parallel electrodes do not come
into contact. For this reason we encapsulate bilayer-MoS, between boron nitride flakes using
transfer techniques described in Appendix:A6. MoS, sandwiched between Boron Nitride would
then be transferred onto Au electrodes. Finally, a transparent electrode would be deposited atop
the Au/BN/MoS,/BN structure (Fig. 7.2d). Due to the high breakdown voltage of BN, we expect
to reach fields as high as 1V/nm for ~10nm thick BN[91]. According to theoretical calculations,
this could lead to ~500meV changes in the bandgap of bilayer MoS, [88](Fig. 6.1d).

The next challenge is to incorporate a transparent top electrode into our device structure.
We first explored using indium tin oxide (ITO) due to its high conductance, good adhesion to
substrates and high transmittance across relevant frequencies (1.5-4eV). We explored the
transmittance of 50nm ITO films prepared through e-beam deposition [92]. We realized that ITO
films prepared through such techniques are initially amorphous and fairly opaque. Annealing in
ambient conditions changes amorphous ITO into a crystalline structure and increases its
transmittance. The transmittance spectra of such prepared films before and after annealing are

shown in Fig. 6.2a. Unfortunately, we later had difficulties trying to make Au electrical contacts
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to ITO and realized the Au/ITO interface deteriorates severely during the ITO annealing step
(Fig. 7.2b). Due to the complications with Au/ITO interface we are also exploring alternative
transparent top gates. Thin layers of graphene are ideal as a top electrode since for optical
energies >0.5eV graphene has a near constant absorbance (~2.3%) [93, 94]. We are currently

developing transfer techniques to make multi-layer heterostructures to realize devices shown in

Fig. 6.2d.
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Figure 6.2 (a) Transmittance of 50nm ITO films prepared through e-beam evaporation. (b) Au/bilayer
MoS,/BN/ITO devices. Optical image highlights damaged ITO at Au/ITO interface. (c) Transmittance of
graphene. Figure acquired from reference [94] (d) Proposed device schematic for applying vertical

electrical fields through bilayer MoS; using graphene as a top transparent electrode.
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6.4 Many body effects in TMDCs at high carrier density

As discussed in chapter 4, tightly bound excitons in MoS, strongly interact with gate-
induced charge carriers. These strong interactions modify photoluminescence and absorption
properties of monolayer TMDCs. Optical spectroscopy (photoluminescence/absorption) of
monolayer TMDCS can therefore be used as an efficient tool to comprehensively study many-
body phenomena such as trions, bound excitons and biexcitons. Electrostatic gating has already
been used to demonstrate the formation of trions in monolayer TMDCs [48, 49]. However, the
maximum carrier density achievable in such devices is limited due to the breakdown of SiO, at
high fields. Here, we explore what happens to excitons/trions in TMDCs at very high charge
carrier densities (>10"*cm™) induced through ionic gating.

Previous studies of trions in TMDC have reported binding energies to be ~20meV. Low
temperature is therefore required to spectrally identify trions. We chose to study monolayer WS,

based FETs due to the stability of trions in this material at room temperature. The trion binding

energy ~30meV (~ Xy,(eV) - X~ (eV), Fig. 6.3a) in our Si backgated WS,-FETs is clearly
distinguishable at room temperatures. We observe drastic changes in the PL spectra (Fig. 6.3b,c)
at high carrier densities induced using solid electrolyte gating. We observe the emergence of a
third peak below the trion peak at 1.95eV (labeled X2, shaded region in Fig. 6.3b,c). This X® peak
shifts as far as ~200meV below the neutral exciton (Fig. 6.3d).

At the first glance this peak may be caused by defect-bound states previously observed in
thermally annealed or a-particle irradiated devices [95]. Optically excited excitons are then
bound to such defects and recombine radiatively at emission energies lower than the band-to-

band optical transition energy. However, we can rule out since the X® peak disappears upon
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reversing the polarity of gate voltage. Therefore, no defects were created during the gating
process.

What is the origin of this peak? We are currently carrying out sensitive low temperature
spectroscopies to identify its origins. We suspect that it may be associated with a novel many

body state of MoS;. It could be due to formation of electron-hole droplets, a liquid phase of

excitons, which have been observed for high exciton densities in Si and Ge [26].
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Figure 6.3 (a) PL spectra of monolayer WS, vs. backgate. X, denotes the peak due to neutral band edge

excitons while X denotes due to negatively charged trion peak. (b) PL spectra of ionically gated
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monolayer WS, device. The evolution of the X into a new quasi state X® is evident (c) PL spectra of
ionically gated monolayer WS, device plotted in log scale to elucidate the evolution of X® at energies
lower than trion peak <1.95eV. (d) Peak position vs. gate voltage (upon electrolyte gating). Peak

positions acquired using Gaussian fits. All data taken at room temperature.

6.5 Conclusion

The findings presented in this thesis work are crucial for design and implementation of
optoelectronic devices based on TMDCs. It is vital to identify scattering mechanisms in TMDC
devices to probe the intrinsic electronic properties and realize device potential of this material.
Similarly, understanding electron-exciton interaction is vital for understanding exciton physics in
2D systems and designing optoelectronic devices based on monolayer-TMDCs.

The major challenge for TMDC-based optoelectronic devices is to devise techniques to
enhance light absorption and increase fluorescence quantum yields to compete with conventional
semiconductors [16, 18]. Advancement in growth and high quality sample preparations could

also expedite the use of TMDC in flexible electronics.
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APPENDIX

Fabrication and Characterization

Al. Mechanical Exfoliation

In the exfoliation process, a small piece of HOPG is placed on a piece of scotch tape. The
piece is then folded onto itself and ripped apart to separate layers in HOPG. This is done several
times until thin layers are formed uniformly across the tape. Finally, the tape is placed on top of a
SiO,/Si and a pair of Teflon tweezers is used to gently push down the flakes onto the SiO,
surface. Upon slow removal of the tape, monolayer flakes are dispersed randomly across the
substrate. It is essential to have the right thickness of SiO, to be able to locate the monolayer
flakes. Several studies have been conducted using Fresnel theory to maximize the contrast
between the thin flakes of graphene and the underlying oxide layer.[96] Studies have shown that
300nm is a good oxide thickness to maximize contrast between the monolayer and the substrate.
Similarly, single layers of MoS, can be extracted from the mineral Molybdenite as shown in Fig.

Ala, b, c.

Figure Al (a) Molybdenite (b) Exfoliation of MoS, on Scotch tape. (d) Monolayer MoS, on Sio,/Si
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A2. Raman Characterization

Raman spectroscopy is a non-destructive useful tool that can provide detailed structural
and electronic information regarding 2D materials. It measures the energy shift of incident laser
photons due to inelastic scattering with phonon vibrations in material’s lattice. Raman
spectroscopy is currently the common standard used by different groups to compare the quality
of graphene.[97-99]

The Raman spectra of graphene and graphite are shown in Fig. A2b. Two characteristic
peaks are observed at ~1580cm™ (G) and ~2700cm™ (2D). There is also a D peak at ~1350cm™,
which is not visible in the figure. The D peak arises due to the carbon ring breathing mode (Fig.
A2.a) and is activated due to defects in the graphene lattice. The 2D peak in graphene comes
from two phonons with opposite momentum in the highest optical branch near the K point. This
2D peak is very sensitive to the number of graphene layers as can be seen in Fig. A2c. The 2D
peak of graphene is considerably different than that of graphite and is about four times stronger
than the G peak. This sensitivity and the shape of the 2D peak can be used to distinguish between
single, bi-, and multi-layer graphene. Once the number of layers is higher than 5, the 2D peak

resembles that of bulk graphite.
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Similarly, using Raman spectroscopy, we can also probe in-plane and out-of-plane
phonon modes in MoS,. These modes in MoS, show thickness dependence and the two modes
start separating from one another in frequency with increasing layer number (Fig. A3b). Single-
layer MoS, displays a strong in-plane vibrational mode ~384 cm™ corresponding to the in-plane

E',, mode and an out-of-plane A;qat~404 cm™ (Fig. A3a) [100, 101].

1 3 A 380 400 420
29 19 Raman Shift (cm™)

Figure A3 (a) In-plane phonon mode. (b) Out-of-plane phonon mode. (¢) Raman spectra of MoS, of

various thicknesses.
A3. Chemical Vapor Deposition Growth
)} Monolayer graphene growth

We grow graphene on copper (Cu) using the well-established recipes that yield high-
quality, predominantly single layer graphene [102, 103]. 25 um thick Cu foils are cut into small
strips and placed inside a fused silica tube and heated using a hot wall furnace. The Cu foil is
first heated at 1000°C under a 2 sccm flow of hydrogen while being simultaneously evacuated
and filled. This is done to remove any contaminants and native oxide from the Cu surface. The

pressure at the time of annealing is maintained close to 25 mTorr. Then 35 sccm of CH4 (g) is
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introduced along with the 2sccm of H;, for 30 minutes (pressure maintained at ~250 mTorr), after
which the furnace is slowly cooled to room temperature. A schematic of the growth system is
shown in Fig. Ada. The growth process involves the decomposition of CH, over a copper
substrate at 1000°C. Pre-treatment (annealing in H,) of the Cu foil is deemed essential to remove
native oxides such as CuO and Cu,O which affects the catalytic activity as well as increases Cu
grain size. This facilitates graphene growth. Effects of growth time on graphene nucleation are
shown on Fig. A5 b,c,d.[103] After the growth procedure, we obtain a monolayer film of
graphene on both sides of the Cu foil (Gr/Cu). The growth process is self-limiting and the film is

predominantly monolayer.

b)

Vacuum

Quartz Tube Pump

—

Figure A4 (a) Schematic of CVD Growth System. Mass flow controller is used to control gas flow while a
vacuum pump is used to evacuate the quartz tube (b) CVD Furnace with 25um thick Cu foils placed

inside Quartz tube prior to growth.

One significant difference between the graphene produced through CVD growth and the
one obtained through mechanical exfoliation is that CVD graphene is a polycrystalline material.
The properties of polycrystalline materials are dependent on the size and structure of the grain

boundaries. The crystallinity significantly influences the properties of a 2D material such as
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graphene. A lot of recent work suggests that the deposition parameters have little effect on the

electrical and physical properties of as-grown graphene on Cu.

1000 C, CH‘/HZ

pv
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bqunda

Figure A5 (a) Schematic showing the 3 stages of graphene growth on Cu. (Cu with native oxide-
nucleation of graphene islands — enlargement of graphene flakes). Scanning electron microscopy images
of graphene on Cu for different growth times (b=1min, c=2.5min, d=10min). (b) Circles represent the
nucleation site and graphene domain (c) Continuous graphene layer and blue circle representing small

overlap causing bilayer formation. Figure acquired from reference [103].

i) 3D graphene growth

Recently developed [104] three-dimensional graphene foams (3DGFs) have been used in
various applications such as battery technology[87] and electrochemical sensing[105]. In
collaboration with the Hak-Joon Sun biomedical engineering group at Vanderbilt University, we
studied 3DGFs as cell culture substrates for mesenchymal stem cells [106]. For such experiments
we fabricated free-standing graphene foams through chemical vapor deposition under ambient
pressure. Graphene was grown on a 3D nickel scaffold, allowing for the growth of an

interconnected scaffold of 3D graphene according to a previous protocol [104]. Ni foams with a

86



thickness of 1.2 mm and 320 gm 2 areal density were purchased from Alantum Advanced
Technology Materials (Shanghai, China). The nickel foams were cut into small pieces and placed
inside a 25 mm quartz tube for growth. The foam was initially annealed at 1000°C under 500
sccm of Ar and 100 sccm of H, to remove any contaminants. After annealing, 7 sccm of CH4
was introduced for 5 min which decomposes the CH,4 and deposits carbon atoms on the Ni foam.
After growth, Raman microscopy was used to verify the growth of multilayer graphene on the Ni
foams. Ni was removed by FeCl; etching: a drop of PMMA (A7) was placed on top of the
freshly grown graphene/Ni hybrid structure and heated on a hotplate at 90 °C for 5 min. PMMA
provided physical support and stops the graphene layers from collapsing onto themselves upon
Ni etching. After Ni was etched, PMMA was removed in an acetone bath. GFs were

characterized by SEM, EDX and Raman spectroscopy (Fig. A6).
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Figure A6 (a) SEM image of multilayer graphene/Ni scaffolds. Image taken right after growth (b) SEM
image of free-standing graphene foam after Ni etching (c) Raman spectra of graphene foams, Inset: EDX
of graphene foams on SiO,/Si substrates reveal that no Ni is detected and scaffolds are completely made

out of interconnected graphene layers.
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iii) Monolayer MoS; growth

Recent demand for large area monolayers of MoS; has also led researchers to synthesizing
large area MoS, with CVD [80, 107]. Lin et al. have developed a recipe that allowed them to use
MoO3 powder and Sulfur powder as precursors to grow MoS; directly on SiO,/Si substrates
pretreated by a spin coating of reduced graphene oxide (rGO). The rGO acts as a nucleation site
and helps to form the MoS, seeds for the growth of MoS; films. In the growth process a SiO,/Si
substrate along with the precursors are placed inside the reaction chamber and heated at 650°C in
a nitrogen environment. At this elevated temperature, the MoOgis reduced by the sulfur to form
volatile suboxide MoOs., which diffuses into the substrate, and then reacts further with the
sulfur vapor to form MoS,. Fig. A7b depicts the nature of the nucleation growth on top of

rGO/SiO2/Si substrate. Fig. A7c shows a photoluminescence image of as grown monolayer CVD

MoS,.
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Figure A7 (a) CVD growth schematic of MoS,. MoOz; and S precursors are placed in a ceramic boat
along with the target rGO treated SiO2/Si substrates. Figure acquired from reference [80] (b) Optical

images of MoS; layers grown on SiO,/Si substrates. (c) PL image of same CVD grown MoS,,
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A4. Polymer assisted transfer of 2D materials:

After growth the graphene/Cu foils are transferred onto arbitrary substrates using a
PMMA mediated transfer technique[108]. The graphene/Cu foil is cut into 1cm x 1cm squares.
Thermal release tape (Nitto Denko Revalpha, Semicorp.com, item no. 3198) is attached to the
back of the graphene/Cu foil to provide rigidity so that the coil does not crumple during the
transfer process. PMMA (A7, 950) is spun on top of the Graphene/Cu foils at 4000 RPM for 45
secs and heated at 100°C to bake the release the underlying thermal release tape (Fig. A8 a-c). At
this point we have a PMMA/graphene/Cu sandwich structure. Cu is then etched using Cu etchant
(FeCls, type CE100, Transene) for ~1 hour. The PMMA/graphene stack is now fished out and
placed in several DI-water baths for 15 minutes each until all FeClzis washed off. The
PMMA/graphene membrane is fished out onto a desired substrate. The sample is left in air to dry
out any water droplets that might be trapped at the interface of the substrate and
PMMA/graphene film. Once all the water is dried out, a drop of PMMA A4.5 is dropcast on top
of the PMMA/graphene film. This aids in slow release of the A7 film from the graphene. Finally,

PMMA is removed by placing the sample in a large beaker of Acetone for >3hours.
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Figure A8 Schematic illustration of PMMA assisted wet transfer of CVD monolayer graphene. (a)-(c):
CVD grown on Cu foil, by spinning on PMMA support deposition of thermal release tape. (d)
PMMA/graphene/Cu foil in FeClz; bath () PMMA/graphene and partially etched underlying Cu in FeCl;
(f) Following several DI water baths PMMA/graphene transferred onto SiO,/Si substrate (g) Large area

CVD monolayer graphene on SiO, following removal of PMMA in acetone.

A5. Suspending Monolayer Flakes and Films:

Due to the atomic thickness of both graphene and MoS,, many researchers have
demonstrated that the substrate can have a dominant role on electrical [10, 14] and optical
properties of the 2D materials. Through STM and electrical measurements it has been shown that

there is a significant amount of charge impurities on SiO, [109]. In fact it has been shown that by
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etching away the underlying substrate and suspending graphene, its electron mobility can be
significantly enhanced [14]. We developed several techniques to suspend graphene and MoS; to
probe intrinsic material properties free of substrate effects. These techniques are highlighted

below:

i. Dry transfer technique

We used this technique to suspend CVD graphene over an array of trenches. Using optical
lithography we defined an array of holes 5um in diameter. We used a combination of BOE etch
and RIE in order to fabricate an array of deep trenches on SiO,/Si substrates. We first coated the
Si0,/Si substrate with ~50nm of Cr. This assists in making deep straight edge walls during the Si
etching process. Photolithography was done on AZ5214 photoresist that was developed using
TMAMH. After developing, the holes in the Cr layer were etched by immersing it in Cr etch
(chromium etchant 1020, transene) for 10s. The 300nm of SiO, was etched in HF buffered oxide
etch (J.T.Baker 50:1) for 20 mins and then rinsed in DI water. Finally, the silicon layer was
etched using a fluorine gas based dry RIE process. The photoresist was dissolved in acetone and
the remaining Cr layer was etched away for 5 min and thoroughly rinsed in DI-water. In the next
step we transferred CVD-grown graphene on top of such trenches. The procedure is very similar
to the wet transfer highlighted in the previous section. However, in this process a thin (50nm)
membrane of PMMA (950, A2) is spun (4000 RPM, 45s) onto graphene/Cu films. The Cu foil
was etched away as described earlier. Once the PMMA/graphene is transferred onto our array of
trenches, the PMMA is removed through annealing at 300°C for 2 hours.[110] The results are
shown in Fig. A9 b, c. SEM images clearly show an array of four holes where 3 of them are
covered with monolayer CVD graphene. A magnified SEM image of such a membrane shows

monolayer graphene suspended over a Spum hole.
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Figure A9 (a) Transfer of thin PMMA/graphene membrane onto an array of trenches on SiO,/Si (b)

Schematic of graphene film suspended across an array of trenches (c) SEM image of as prepared array of

graphene membranes (d) Magnified SEM image of a suspended graphene membrane.

ii. BOE and Critical Point Drying (CPD)

In the process discussed above, graphene was transferred onto pre-prepared trenches. In this
process suspension of graphene or MoS, was accomplished by first exfoliating monolayers of
either MoS; or graphene from their bulk counterparts (Molybdenite or Graphite). The exfoliated
monolayers were then clamped onto the SiO, by patterning metal electrodes using e-beam
lithography followed by thermal evaporation of Cr (2nm)/Au (90nm). The suspension of the
monolayer is accomplished by etching away ~200nm of the underlying SiO,. The sample is
placed in 50:1 BOE for 18 min followed by several rinses in deionized (DI) water baths for 5
min each. Now that the underlying substrate is etched away, the next step is to dry the sample
without damaging the suspending monolayer flake/film. If we just take the sample out of water
and allow it to dry in air then surface tension of the water would rip apart the now suspended
flake. The presence of water molecules can also have detrimental effects in transport
measurements. To preserve our suspended flake we have to take advantage of the continuity of
state known as the critical point where there is no physical difference between the gaseous and
liquid state, reducing surface tension to zero. Unfortunately the critical point of water is ~374°C

and 229 bar which is inconvenient and can damage devices. To overcome this problem, we used
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critical point drying in CO,. However, CO, has its own disadvantage and is not miscible with
water. It is miscible with fluids like ethanol, acetone or IPA. So in order to critical point dry
(CPD) the suspended samples, water must be replaced by the exchange fluid (isopropyl alcohol
in our case). This dehydration is done gradually by transferring the suspended device into
beakers with different concentrations of IPA and water (from IPA:Water — 20:80, 40:60, 60:40,
80:20, 0:100). Now the sample immersed in IPA can be placed into the CPD tool. The steps to

using the CPD tool are as follows:

1. Turn on water cooler and set temp to 5-10°C.

2. Put suspended sample immersed in IPA into CPD sample holder and into CPD
chamber.

3. Close all valves and slowly open CO, valve and crack open vent valve. Fill chamber
with CO,. (If you wait too long to do this step all the solvent will run out of the
sample holder and your sample will dry out).

4. Now you need to replace all the solvent in the CPD with CO, so that the suspended
flake does not collapse. This is done by leaving CO, valve and the bottom vent valve
open. Watch the liquid level in the CPD chamber window to ensure that the sample is
always submerged.

5. After venting the sample for 5 minutes close all valves and let the sample sit in liquid
CO, for 30mins. Repeat the above step to ensure all IPA is displaced from inside the
CPD chamber.

6. Now you need to take the CPD chamber to the critical point. This is done by first
turning off the CO, and ramping up the temperature to 40°C.

7. Wait until the CPD chamber reaches 40°C and slowly vent now-gaseous CO..
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We use SEM to confirm that the monolayers are indeed suspended. Samples fabricated
through this technique are shown in Fig. A10d and f. In Fig. A10d we can see monolayer
MoS; being suspended across Ti/Au electrodes. Such suspended devices allowed us to remove
detrimental substrate effects and experimentally measure the MoS; band gap and exciton binding
energies [54]. The CPD technique can also be used to make graphene membranes as shown in
Fig. A10e. A PMMA assisted technique can be used to first transfer graphene onto a pinhole. At
the final step, when removing the PMMA with acetone, we follow our CPD technique to ensure

that the membrane does not get collapse during the drying process.

a (b) " ; (c)
@ BQE =20 mins i. DI-Water
| IPA Exchange
SiO; .2 ii. CPD

Monolayer MoS,

2.5um

Figure A10 Schematic illustration of fabrication process for electrically contacted suspended MoS,
flakes (a) Hlustration of Cr(2nm)/Au(90nm) contacted MoS, device. (b) Schematic of etching underlying
SiO, in BOE bath (c) Ilustration of suspended monolayer device after DI-water/IPA exchange and CPD
process (d) SEM of as prepared suspended monolayer MoS, device () SEM of graphene membrane on

AU/SiN pinhole prepared through wet PMMA transfer followed by CPD.
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iii. Polymer free transfer technique for TEM/STEM samples

In previous sections, all transfer techniques relied on PMMA-mediated transfer. The polymer
mediated transfer required many wet chemical steps to clean the monolayer samples. For
electron microscopy (TEM, STEM)[109] studies it is essential to develop a polymer-free

technique to ensure that the flakes of 2D materials are unperturbed and clean.

Here, we discuss a method [27] to directly transfer large area CVVD grown graphene onto Au
200M holey carbon (1.2/1.3pum diameter) quantifoil TEM grids purchased from SPI (SEM image
of Quantifoil TEM Grid, Fig. Alla). This technique relies on using surface tension and
evaporation to pull graphene/Cu into contact with the quantifoil TEM grid. The quantifoil TEM
grid is placed directly onto a graphene/Cu with the holey carbon mesh directly in contact with
the graphene. Best transfer is achieved when both the TEM grid and graphene/Cu foil are not
crumpled ensuring good physical contact. A drop of IPA is drop cast on top of the TEM grid and
left to evaporate (Fig. Allb-e). Once the IPA dries the monolayer of graphene on top of the Cu
foil will attach itself to the holey carbon mesh. At this point, the TEM grid should not be moved
or perturbed since this can cause the holey carbon mesh to rip. The TEM grid/foil is then placed
on a hot plate at 200°C for 15 min, followed by FeCl; for 1~3 hours as necessary. Once the Cu is
completely etched away, the monolayer of graphene remains attached to the TEM grid. The
TEM Grid is placed in 10% HCI acid bath for 2 h then transferred over to a DI water bath. The
sample is carefully fished out using self-closing TEM tweezers. The TEM grid should not be
allowed to touch any lab surface. While it held with self-closing tweezers, 2-3 drops of IPA is
gently placed on the TEM grid to clean it one final time. The sample is left to dry in air. A
brightfield TEM image of a monolayer graphene film is shown in Fig. A11f. The TEM grid is

then carefully stored in a TEM grid holder. This approach can also be used to pick up exfoliated
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flakes on SiO,/Si (Fig. A1l g-i). This process is a little trickier since it requires one to align the

TEM grid over an exfoliated flake. This can be done under a microscope prior to the drop-

casting IPA. Alignment has to be done in such a way so that the Au mesh on the TEM Grid does

not cover the flake to be picked up. It is also useful to record an optical image of the TEM grid

once the IPA has dried to assist in finding the flake later under a TEM/STEM microscope.

Similar to the previous procedure, once the IPA has dried, the sandwich structure

(TEM/flake/SiO;) should be baked at 200°C for 15 min to aid in adhesion. Finally, the

underlying oxide can be etched away using BOE. The cleaning procedure is the same as earlier.

SEM image of flakes picked up onto Quantifoil TEM grids through such a technique is shown in

Fig. A1l i.
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Figure A1l Schematic of transferring monolayer graphene film onto TEM grids (a) SEM image of a Au

Quantifoil TEM grid with holey carbon mesh (b) Illustration of how to place the quntifoil on top of
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graphene/Cu foil. The holey carbon mesh should be in contact with the graphene film (c) A drop of IPA is
placed on top of the TEM grid to bring the graphene film into contact with the holey carbon mesh (d)
Sample after IPA has dried (e) Quantifoil TEM grid with a film of graphene following Cu etch and
HCI/DI water baths (f) Brightfield TEM image of graphene film suspended across holey carbon mesh. (g)
Technique used to pick up individual flakes from SiO,/Si substrates (h) Ilustration of Quantifoil TEM
grid with an individual monolayer flake (i) SEM image of a monolayer MoS, flake picked up onto a
Quantifoil TEM grid. White dashed lines shows outline of flake on holey carbon mesh. Inset: same

monolayer MoS; flakes on SiO,/Si substrates prior to pickup

AG6. Transfer of 2D material transfer using PDMS stamping

Traditionally heterostructures are typically created by advanced growth techniques such
as molecular beam epitaxy. The ability to create artificially stacked 2D vertical- heterostructures
with a clean interface can enable exploration of new material properties and potential
applications. In our lab, we adopted a transfer technique from the work Zormer et al. [111]. This
technique is based on directly stamping a 2D crystal on top of a desired target material. A

standard procedure to transfer monolayer MoS; onto target BN flakes is given below:

i Preparation of transfer slide:

A transparent transfer slide is made by placing a 1.2mm thick square piece of 20:1
polydimethylsiloxane (PDMS) on the end of a plain microscopic glass slide (Fig. Al2a). The
PDMS serves as a cushion during the transfer process and allows us to apply some pressure in
case the target substrate and 2D crystal do not come into complete physical contact. Next we
must add a layer of sacrificial polymer layer on top of the PDMS onto which we can exfoliate
our 2D material. We use Elvacite 2550 acrylic resin dissolved in MIBK (7.5gm/50mL) as the

sacrificial polymer layer. This polymer has a fairly low glass transition temperature (~36°C)
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which means it can be easily melted onto the target substrate during the transfer process.
Unfortunately the Elvacite polymer does not adhere well to the PDMS which causes problems
during exfoliation. For this reason, we place a strip of transparent Scotch tape across the PDMS
surface (Fig. A12b). The Elvacite is then spun at 3000rpm for 1 minute to yield ~1um films top
of the PDMS/Scotch tape structure. We then use standard exfoliation to deposit MoS; crystals on
top of the polymer. Extra care must be taken during the exfoliation process since the polymer
film is flimsy and can easily rip if either too much force is used during exfoliation or if the
exfoliation tape is ripped off too fast. Flakes of MoS, can be easily identified and later verified
using Raman microscopy (Inset: Fig. A12c). Small markers can be placed around the region with

the monolayer flake to later assist in locating the flake.

il. Transfer of 2D flakes

The target substrates with BN flakes were first cleaned using acetone and IPA. They are then
annealed at ~250°C to remove any contaminants on the surface. The substrate with BN flakes is
placed on a heated stage as shown schematically in Fig. A12d. The heated stage comprised of
two heater cartridges and a thermocouple to monitor temperature. Our transparent glass slide
with the MoS; flake is inverted and placed directly above the target using a custom built
micromanipulator stage. This configuration (Fig. A12f) allows us to align the MoS, and target
BN substrate under a confocal microscope. Once aligned, MoS, and BN target are brought into
contact at room temperature and heated to 120°C. The PDMS/polymer layer is then mechanically
separated from the MoS,/QD stack at 80°C which detaches polymer/flake onto the target
substrate. To remove the polymer residues, the device was soaked in acetone for ~ 1 hour and
rinsed in IPA. An optical image of monolayer MoS; flake transferred on BN is shown in Fig.

1.14g. This technique can be used to transfer different 2D materials like graphene onto
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plasmonic Au electrododes and even on SiN TEM grids with array of holes. If transferring solely
onto Au electrodes, pre-cleaning the target substrate in piranha solution (1:3 H,0,:H,SO,) for 1
hour followed by O, plasma treatment (30s) significantly increases adhesion and yield of

transfer.

(d) Transparent Glass slide (e)

PDMS ‘ @ - ’,‘ d .
Copolymer e 1 J’?"/(‘:'r" !‘.i 1 <\
lh-BN l : st b WL
AN . ; 3 L Glass Slide_J
Z Heated Stage

Heated Stage

MosS,/SiN TEM

Figure A12 (a)-(c) Transfer slide preparation steps (a) Placement of 20:1 PDMS square on the end of
microscope glass slide (b) Pasting transparent Scotch tape on top of PDMS/glass slide (c) After
mechanical exfoliation on ~1um thick Elvacite polymer/Scotch Tape/PDMS/glass slide. Monolayer flake
is located roughly between four dots. Inset: Optical image of monolayer MoS, exfoliated on transfer slide
(d) Schematic of transfer onto BN flakes sitting on SiO,/Si substrate (e) Photo of heated stage used during
transfer. Heated stage is fitted with two cartridge heaters and a thermocouple. Target substrates are

placed facing up on center of heated stage (f) Full picture of a custom built transfer stage sitting under a
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microscope (g) Optical image of MoS, from (c) transferred onto BN flake using stamping procedure (h)
Optical image of MoS,/graphene heterostructure (i) Bilayer MoS, transferred on plasmonic device (j)

MoS; selectively transferred over SiN membrane with holes for TEM measurement.

AT7. He-cryostat for low temperature measurements:

All low temperature measurements presented in this thesis were done using a closed cycle He-
cryostat from Cryogenic Limited. Such cryocoolers along with a variable temperature insert
(VTI) allows us to cool our samples to low temperatures ~4K without the use of expensive liquid
helium. Schematic diagram of VTI cooling circuit is given below (Fig. A13). Such closed cycle
cryostat work by first compressing room temperature helium. The compressed helium is then
cooled by expansion. The gas passes to the second stage of the cryo-cooler where it is cooled
below 4.2K and condenses in the helium pot. Liquid helium then is passed through a needle
valve and enters the main sample space. The helium is pumped back to the helium gas dump.
The sample is inserted through an airlock inside a specifically designed vacuum probe. The
outside of the probe is in contact with the VTI gas stream and the sample is cooled via a copper-

link. The heat exchanger at the bottom of the VTI transfers heat to the sample.
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Figure A13 Schematic of VTI cooling circuit
i System cooldown

In order to cool down the cryostat, the vacuum chamber (outer jacket) should be pumped out
using a turbo pump capable of reaching base pressure below 10™ mbar using preferably a short
pumping line at least 25mm in diameter. This should be done overnight. The vacuum chamber

can be accessed through the vacuum pumping port (Fig. Al14)
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Figure Al4 (a) Turbo pump used to pump outer jacket (b) Configuration of rotary and scroll pump

connected to VTI circuit
ii. Flushing VTI circuit:

The next step is to ensure that the He circuit is clean. Even a small amount of
contamination in the cooling circuit can clog the needle valve and hinder He flow necessary for
cooldown. This is done by evacuating the VTI from both ends (Fig 3.5b). The rotary pump
evacuates from the inlet end through the dump(1) while the the scroll pump evacuates from the
top of the VTI(3). The scroll and rotary pump should be connected as shown in Fig 3.5b.

1) Remove the sample and close the gate valve.

2) Open the needle valve

3) Check that V12 is open (This is the valve attached to the Helium dump).

4) Open V13 to atmosphere and allow the gas from the dump to escape. (V13 is the valve

that connects the exhaust of the scroll pump to atmosphere).
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5) Disconnect the pumping line from the air lock assembly. Connect this diffusion pump
line to the flange behind V13.

6) Turn on the rotary pump.

7) Close the valve V16. This valve V16 bypasses the Scroll pump. V16 is connected from
the front of the scroll pump to the pipe that goes to the He dump. V16 is closed so that
the VTI circuit from the needle will be pumped by the scroll pump.

8) Open V11 and start the scroll pump(This is valve that is connected between the VTI

circuit line and the scroll pump)

Once the VTI circuit has been pumped out for >6 hours, the needle valve can be closed. The
scroll pump can also be closed. The He reservoir should be filled to 0.25 bar using the rotary
pump and the gate valve. After this switch on flow of water to cool the compressor and ensure
flow. We can then switch on the compressor and monitor the 1% stage temperature sensor. If the
cryo-cooler is operating normally the temperature should drop at the rate of 5K/min. Once the 1%
stage reaches 40K and 2" stage reachers 4K the scroll pump can be turned on. The needle valve
can now be opened to ~20mbar to cool the sample space through the VTI heat exchanger.
Samples are mounted using the gate valve. First the sample space needs to be flushed with He
several times using the rotary pump. Once the sample space has been flushed, it should be filled

with 200mbar of He. The gate valve can now be opened and sample rod can be lowered.

A8. CdSSe QD Fabrication:
This one-pot synthetic procedure is based on a method published recently by Harrison et
al.[60] First, 1 mmol CdO (0.128 g), 1.3 mL oleic acid (HOA), and 20 mL 1-octadecene (ODE)

were heated to 100°C under vacuum for 10 minutes, and subsequently purged with Ar. The
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temperature was increased to 260°C and the conversion of red CdO to colorless Cd-oleate was
monitored to completion, after which the reaction temperature was reduced to 220°C. Solutions
of S:Tributyl phosphate (0.75 M) and Se:Tributyl phosphate (0.75 M) in ODE were prepared
separately and 0.8 mL aliquots of each were pulled into the same syringe. The S/Se aliquot was
swiftly injected into the Cd-oleate flask at 220°C and the reaction was allowed to proceed for
2hrs. The nanocrystals were cooled and precipitated with a 3:1 mixture of butanol and ethanol,
resuspended in toluene, and precipitated twice more with pure ethanol. After being finally

suspended in toluene, the nanocrystals were passed through a 0.45um filter and stored.

A9. QD Layer Fabrication:

To overcome the challenge of physically bringing QDs and a 2DSC in close proximity, we
developed a flexible approach to fabricate of uniform monolayer films of QDs. First, we used
chemical self-assembly to deposit a uniform layer of QDs onto a SiO, substrate (Fig 5.2a). Then
the SiO, substrate functionalized with (3-Mercaptopropyl) trimethoxysilane was submerged into
a solution of oleic acid-ligated CdSSe QDs (Fig 5.2a).[112] The exposed thiol groups displace
the oleic acid surface ligands and bind the QDs to the substrate.[113] Sub-monolayer films of
CdSSe prepared through this method are shown in Fig. A15b. Photoluminescence image shows a
uniform layer of QDs across a large area. With AFM we determined that the thickness of the QD
film is ~7nm (Fig. A15b, Inset). This thickness is consistent with a sub-monolayer film of QDs
that are ~5nm in diameter and have 1-2nm long oleic acid ligands.[71] Photoluminescence
imaging indicates that as-fabricated QD films remain bright and are very uniform (Fig. A15b).

Moreover, the position and the width of the PL peak for the QD film (Fig A15c, red line) do not
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differ significantly from that of same QDs in solution (Fig Al5c, black dotted line). This

suggests that the
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Figure A15 (a) Schematic illustration of functionalization of SiO,/Si substrates followed by self assembly
of CdSSe QDs (b) PL image of a QD film. A striation made on the film is evident as a dark strip. Inset:
AFM height profile of the film obtained along the white dashed line in (b). (c) Normalized PL spectra of a

QD film on SiO, and of the same QDs in solution.
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A.10 Electrically contacted QD/MoS; Layer Fabrication:

Cr/Au (2nm/30nm) electrodes were deposited on SiO; substrates. The substrates were then
cleaned in a piranha solution (1:3 H20,:H,SQO,) for 1 hour, made hydrophilic through O, plasma
treatment (30s), and functionalized in 1mM solution of (3-Mercaptopropyl) trimethoxysilane in
hexane for 10 min. Functionalized substrates were washed in a hexane bath for 1 min, rinsed in
isopropanol, and blow-dried. To assemble a uniform film of QDs, functionalized substrates were
placed into 5mg/ml solution of CdSSe for 30mins and rinsed gently afterwards with toluene. To
transfer MoS, onto QDs, we followed the recipe developed by Zomer et al. [111] discussed in
chapter 1. We spun Elvacite polymer (~1um thick) onto PDMS/clear Scotch tape sandwich
structure. The structure was baked at 90°C for 5mins. Monolayer MoS, was exfoliated onto
Elvacite and verified using optical microscopy and Raman spectroscopy. MoS, was aligned with
Au electrodes, brought into contact with QD films and baked at 120°C. The PDMS/polymer
layer was then mechanically separated from the MoS,/QD stack. To remove the polymer
residues, the MoS,/QD stack was soaked in acetone for 15 min. Finally, we created the solid
electrolyte gate by placing a drop of CsClO4 salt in poly(ethylene) oxide (PEO) matrix dissolved
in acetonitrile and drying it for 2hrs at room temperature. A second gate electrode close to MoS;

was used to contact the solid electrolyte.

All. Polymer-electrolyte ionic gating

In MoS,-FETs fabricated on SiO,/Si devices, the highest achievable carrier densities are
~7 x 102cm?2. This is limited by the voltage one can apply before the dielectric breaks down.
Factors limiting mobility and resistivity can be significantly different at high n as observed in
graphene[114, 115]. In fact, a transition into a superconductive phase in multilayer MoS, has

been observed at high n through electrolyte gating[116]. It is therefore of great interest to study
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transport at high n. To overcome the obstacle posed by breakdown of SiO, dielectric, we can
take advantage of an electrochemical concept called an electric double layer (EDL) that is

formed when a conductive material is immersed in an electrolyte.

(a) (b)

~

C=8.8fF/um?

— 444+
eece [EO
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Figure A16 (a) Schematic of polymer electrolyte gating in a typical Graphene/MoS, FET. EDL ~1nm. (b)

Measured Carrier density n in a graphene-FET. Measured capacitance ~ 1pFem?

Practically, we realize EDL gating by dissolving a salt like CsClO4 in conductive
poly(ethylene) and drop casting it onto MoS,-FETs.[117] When we apply positive bias to the
polymer electrolyte, Li* and ClO, ions can percolate within the matrix and form an EDL with
the metal electrode as shown in Fig Al6a. We verified the capacitance value to be ~1puFem™
using a Hall shaped graphene-FET, Fig Al16b. This system now allows us to look at electrical

transport at high n.
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