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CHAPTER 1: INTRODUCTI ON

1.1 Motivation

The discovery of graphene in 2004, A.K. Geim and K.S. Novoselpyjumpstarted the field
of two-dimensional(2D) material researchl, 2]. Geim and Novoselov isolategraphenea
single 2D atomic layerof graphite and were able to fabricate fiekffect transistors (FETS) out
of it. Graphene was shown to have a unique dispersion relatioDieaxparicles. Trasport
measurement on graphemwievices sbwed high conductivity and roctemperature carrier
mobilitiesof up t015,000 criv''s [2] .

Despite graphenebos,theilackhof aedleetricalbandgap) a nater@alp e r t |
property essential for modern digital logic trestsrs, has been its Achilles heel. In modern
digital logic transistors, high carrier mobility isesired for fast operation andhegh current
ON/OFF ratio for effective switchingFortunately the research time invested in graphene has
established the gundworkto delve into theexpandingworld of layered 2Dayeredmaterials.

The recentrise of Mo$S, [3-5] a direct band gap analog of graphene, has made chsear
optimistic about possibilities of incorping 2D materials into modeway electronics.
Monolayer Mo$ is also an interesting optitp active material due its characteristic direct
energy gap and the existence of tightly bour@D@meV) baneedgeexcitong[3, 6].

Two-dimensionalmat eri al s are unique as they can be
sufacevolume ratio. The interface of 2D materials with the environment dherefore
significantly affectmaterial properties andevice performanceAs an examplegarly MoS
basedfield effect transistorhiave shown to have much lower mobility valueanthwhatis

predicted by theory7, 8]. The factors limiting mobility in Mog are not fully understood.



Additionally, the effects of interplay between free charge carriers @gitly bound MoS;-
excitons havelso not been explored.

In this thesiswe explore the effects of the environment electrical transporand optical
properties of monolayer M@SIn particular, we investigaténe roleof the underlyingsubstrate,
metalic contacts taVloS, and phononson intrinsic transportpropertiese.g. carriermobility) of
MoS,. We theninvestigatethe interplay between gateduced charge carriend excitons in
MoS, and discover the tunability of Me®ptical properties (absorption/photoluminescence).
Such #&rong electrorexciton interaction in MoS also opens up the possibility to study
interesting quasi particles like trions and biexcitons in a 2D sysWm.then thoroughly
investigate Forster resonanenergy transfe(FRET), a uniquely efficient longange optical
process between quantum dots and monolayer MdS8e discoverthat modest gatsduced
variation in the excitonic absorption of Mgpkad to large (~500%changes in the FRET rate

and allowsmodulation of quantum dot photoluminescence intensity.

1.2 Carbon allotropes

One of the most famous allotropes of carbodiasnond, where eaatarbon atom forms four
C-C bonds (bond length=1.5%)in a sp hybridized $ate (Fig. 1a,b). All four valence electrons
in the outer atomic sheldl are wused in the f«
electrons, diamond is an insulator with a large band gap of 5.47eV.

The second stable atomic arrangement of carbamsatgraphite,is a s hybridized state.
Eachcarbon forms three covalentC, 8 bonds ( Bpimthe xy panegidavingd . 4 2
perpendicular 2porbital (Fig. 1c). The por bi t al gi ves r i se-orhbitah a hi ¢

Graphene is a singkheetof sif hybridized carbon atoms that are packed in a honeycomb lattice



(Fig. 1d) that is 3.4 thick Multiple stacks of graphene form graphite. Therbital in graphene
makes it highly conductive whilethe€ bonds gi ves it ngthdfkeOQr e at
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 ¥pybridization. (b) Crystal structure of diamond (2 interpeatty
fcc lattices). (c) sphybridization. (d) 2D honeycomb structure of graphene. Graphite, a stack of
graphene. Carbonanotubes, a rolled up version of graphene or wrapped up into a OD buckyball. Figure

acquired from referenci9].

1.3 Grapheneband structure and itsfield effect
Modernday semiconductor electronic devices are based primarily on digital logic devices.

Such logic devices require readingdof st i nct voltage states which



or fal se n0o0. Current el ectroni c devi ces con:¢

several transistors. Such distinct voltage states are currently providglicby based metal
oxide-semiconductor FET (MOSFETRpilicon which has a bandgap of 1eV allows for large
ON/OFF ratios (between 1 10) required for switchingThe bandgap is an intrinsfzoperty
that governs thelectricaltransport and opticalharacteristicof any matrial. It plays a critical
role in device physics and directs the operation of semiconductor devices suchjasctions
and transistors.

A FET operatedy changingconductivity in theFET channel (Si) by an electsiield effect.

Size scaling of sucheavices allows for more complex integrated circuits and faster operation.
Current day processors can contain up to two billions MOSFETs. However, the andieigt
within the semiconductebbased electronic community is that current MOSFETS are approaching
their scaling limit. New materials are therefore needed to replace Si.

Graphene is a semimetal and ttiere has no band gap (Fig.2a),[1, 2] Graphene shows a
linear dispersion relation near the K and K" poimitéts Brillioun zonewhere éectrons behave
like massless Dirac fermions:

00 Ko,
0Mi Y paidi.

In a typical graphen€ET (Fig 1.2v), a single graphene crystal is exfoliated on top of 300nm
thick insulating SiQ on an n-type Si substrate that acts as a bagelte. This sandwich of
grapheneSiO,-backgate can be viewed as a parallel plate capacitor, which has a capacitance of

C=Q/NV= A/ d
Here 0 ‘G 0 is the capacitor charg¥yis the gate voltagel = 300nm is thickness of SjO

layer, U= 3.7 (dielectric constant of Si) (- 8.85 x 10 *Fm™* (vacuumpermittivity).



Therefore, the carrier densi) induced by thdiled effectis¢ | ¢ wherg - -TQQ
p 1 @ GTw. So, by varying gate voltage betwedr®0V and 100V, we can induce maximal
carrier densities arounck p 1t ® G . An important parameter in FETs is therier mobility
(. It is defined a® 0OFYO ,TQ¢& wherel is a carrier drift velocityO- applied electrical
field, , is conductivity an& is carrier densityRoom temperature mobility for exfoliated flakes
is reported to be as high as 15,(® & Fw i Mobility values can reach as high as 40,0 & ¥ i
by substrate engineeringaronnitride substrateq)2, 10|

In a gapheneFET (Fig.1.2b), by changing, the current can be switched leading to an
ambipolar field effect (Fig 1.2cDue to the gapless nature of grapheaeanyo the carrier
density is nofzero and the conductivity cannot be turned loifiucing aband gap in graphene is
very difficult and requires either complex fabrication procedures or high vgltdgé2] The

lack of a bandgap in graphene essentially méakasusable for logic applications.
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Figure 1.2 (a) Schematic view of the first Brillouin zone in the reciprocal latficgraphene(b)
Schematic of a graphesi€ET (b) Ambipolar field effect in graphen€ones representingandstru¢ure
of grapheneat the K point Shaded region shows relative position paEdifferentexternal gate voltage

(d) QuantunHall effect for massledsirac fermions in graphene. Figure acquired from referejic#

Despite its limited use in FET operatiographeneis a nice platform to study correlated
electonic systems. Electrons in a 2D system like graphene under strong magnetic fields can
interact very stronglyseen intransport measurements of the Hall conductivitgaasntum Hall

effect and fractional quantum Hall effect under high figklg. 1.2d).



The semiconductandustry initially wasvery excited about graphene due to the high room
temperature mobilityl() in the materia~15,0000 & Fco ifor graphene on Si). Even higher
mobilities can be achieved by suspending graphene to removetathadxsources of electron
scattering. In such deviceg=200,000c & 7o ihave been reported at low temperaturb4.

Despite graphene being unsuitabledaital 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 apdper. They also have uses in solar cell and-light
emitting diode applications. For such devicasnaterial 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 stitiaut any degradation in
electrical quality15]. With the advancemeim growth and graphene production way expect

to see ITO Ihdium tin oxide), the most commonly usednsparent conducting materialowly

replacedoy graphendrom 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 ,Md®h is the main subject of
research in this dissertatiorMoS, comes from the family of layered transitiometal
dichalcogenideNIX,, M = Mo, W; X = S, Se, Te)The atomic strcutre dfloS; is ahexagonal
arrangement of Mo and S atoms layered on top of each other to form a Itnysnaatic
arrangement (Figl.3a,b). The spacing between layers in a crystat6s5 A . Bulk MoS; is an
indirectgap semiconductor with a band gap of 1.29 eV. Howewenolayer Mo$is a direct

bandgap semiconductor with a band gap of ~1.9eV also making it opticallyeantthe visible



range (Fig.1.8) [3, 4]. The band gapt the kpoint is related to the d orbitals of the sandwiched
Mo atoms in the unit cell (Mo-S) which remains unchanged with layer thickness. The indirect
band gap at thé point is related to thp, oribitals of the S atoms and decreases with an increase
in layer thicknessience evemaking bilayefMoS, an indirect band gap materid]. Similar to
graphenethe bandgap is also located at the(lK')-points. The band structure at the-gointin
Mo$S; is furthermodified due tostrong spirorbit interactioncaused by the high atomic number
of the transition metallhis causs spin-splitting ofthe valence bandt the kpointby ~150meV
(Fig. 1.3d). This splitting gives rise to the A 0  a negcitofidbotoluminescendabsorption
features discussed later.

Unlike graphenethe dispersion relatioim MoS; is given by,

o k" dch G,

hereda is the electron band mass givena 1@ &



(c) (d) (e)
Bulk MoS, Mono-MoS,

0.2 1 .

=

Figure 1.3(a) Latticestructure of Mo$ (b) A top view of the monolay®&to$ lattice, (¢) Band Structure
of bulk and monolayeoS as calculated frondensity functional theory. Arrows indicate fundamental
bandgap (Indirect for bulk, direct for monolay®loS). Figure acquired from referencglq (d)
Bandstructure schematics of Matear K-point illustrating the origin of bangdgeA- and Bexcitors.

The existence of a band gap in Maggnificantly alters its field effect (Fidl..4). When the
Fermi level(Er) lies in the band gap, there are no conduction electrons andccturetectivity is
small WhenEg is shifted into the conduction band with an external gategeV,, MoS; starts
conducting as shown in Fig.4L.MoS,-FETs operate in the electraloping regime and can be

switched off unlike their graphene counterparts.
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Figure 14 Field effect in Mogwith ntype channel with large ~2@N/OFF ratios. Inset shows the

relative position of Eat different Vg at the foint.

The major setback in MESETs istheir low room temperature mobility. Early two
probe measurements of MpShowed really low mobility 3ca Fw {in the material compared
to theoretically predicted values (Fily5) [7] The low values reported fd10S,-FETsmotivated
us to carefully measure mobility in Mg&ndto identify the major factors limitingt, 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 olager Mo$%. Black curve
represents mobility vs temperature wisgattering off oboth acoustic and optical phonoissincluded

Red curve represents mobility when optical phonons are quenched. Blue curve represents mobility when
only acoustic phonons arpresent. Figure acquired from referenf#7](b) Comparing mobility and
ON/OFF ratio of TMDCs with other materials researched for unconventional electronics. Figure

acquired from referencil§].

1.50ptics of M0oS,

As discussed in the previous section, monolayer M®8& direct band gap semiconducto
(Fig. 1.3).Whendirect band gap semiconductors are exditggphotons kK ¥ ), afEelectron
can be excited into the conduction band leaving a hole in a valence band. The recombination of
this electon-hole pair can lead to light emission from the material with gneogresponding to
Ey. However, in 2D systems such as MpBw dielectric screening2D-confinementand high
effective carrier mass lead &irong electrofelectron interactionand emergence of tigh

bound excitonsExcitons in Mo$ are purely 2D in nature, and their binding energies can be

11



determined by solvim a 2D Hydrogenlike Schrodinger equation.ddfinement effects in 2D

systemdead to energy leveld,9]

(0] '—_,foré:1,2,3,4é

Here ¢ (integer)is the principle quantum number
The dfective Boh® sadius and Rydberg are:
ke

W Y  —

We see that the groursdate exciton has a ldimg energy o#R Using- o8& and the
effective Bohr radiusd ~1nm, we estimate a growsthte binding energy of ~800meV. i$h
high binding exciton energy in monolaydoS, means thathe excitonsare stable even at room
temperaturesk{T=25me\). We therefore expeabptical absorption and emission spectra of

MoS; to be strongly modified bgxcitonic effects

1.6 Photoluminescence and absorption of MoS

Optical transitions in MogScan be probed usingbsorptionor photoluminescence (PL)
spectrosopies. The PL in bilayer and bulk MgB significantly lower compared to monolayer
samplesas there is a crossover from indirect to direct band gap materiall(6tig.[3, 4] This
crossoverfrom directindirect band gapproduces large disparity ithe quantum efficiency

betweerbilayer and monolayer Mo%Fig. 1.6b).
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Figure 16 (a) Optical microscop image of moalayer Mo$ on SiQ/Si. Scale baris 10um (b)

Correspondingphotoluminescence image. (c) Bandstructure of monolayer, Masind the Kpoint.

Valence bandis split by ~200meV due to strong orbit interaction (d) Absorption spectra of

MoS dominated by A, 8xcitonic peaks (e) Photoluminescence spectra of,Mo&inated byA peak,

the ground state of Mg@S

In monolayerMoS,,

t

he

d o mi

nant

optical

transit.i

correspond to excitonic transitions between the valence band split bgrbgimteraction and

the conductance band (Fib6c) [3, 4, 20]. These features can be seen in the absorption spectra

in Fig. 1.6d. The photoluminescence speatr(Fig. 1.6e )

(1.9eV) attributing the PL in monolayersrecombination across the direct band.gap

13

mat ches

t

h e

ower

on

ab



OUTLINE OF THE DOCUMENT

As stated in the motivation section, the primary goal of this thesis is to invesingate
environmental factors that govern electrical and optical properties of 2D materials. This thesis
has been organized &mldress this godahrough a series adlectrochemical, transport and opto

eledronic measurements in 2D material: graphene and;MoS

In chapter 2we examine the use of graphene as an atomically thin protective coating of an
underlying metallic substrate. We investigate how films of geaphcan be used to decouple
underlying metallic substrates from the environment to passivate corrosion. In testing this, we
employed electrochemical impedance spectroscopy (EIS), Tafel araly Xhotoelectron
spectroscopy (XPS) analysis to quantify pramcttagainst corrosion andb identify its

mechanismThese results aggublished inACS Nand?21].

In chapter 3, we imsstigate carrier scattering mechanisms in monolayer ;Mo®ugh
transport measurements in field effect transistors. We fabrioate probe MoS, devices to
study temperature dependent transport and extract carrier density andoHgily at
temperaturegange 300K2K. We identify mobilitylimiting factors in the material and attribute it
to phononscatteringat temperature >100K ardkfect scattering at low temperatyrel00K).
We then demonstrate the detrimental role of contactsuch devicesand a carier density
induced metainsulator transition iNMoS,. We present techniques to engindbe MoS;
substratavith the hope of increasingobility and demonstrate a dugéted device geomettlgat

increasesarrier mobility in Mo$.
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In chapter 4, we imsstigate electrical modulation of optical properties of monolayer,MoS
We explore the photoluminescence of single layer Malile electricaly gating the material.
We demonstrate that we can modulate PL in Mb$ ~100 times and absorptidny 50%. W\e
attributethis modulatiorto phase space filling effect. We also present an alternate explaogtion
the PL field effect due tdrion (charged exctitons) formation in the materibhis result is

published inSolid State Communicati¢a0].

In chapter 5 we investigateoptical properties of hybrid Mae8luorescent gantum dot
system We studyForster resonant energy transfer (FRET) between hitfndyescent CdSSe
gradedalloy QDs and monolayer MeSand demonstratelectrical tunabilityof that FRET. We
demonstrate ~75% tunability of QD photoluminescence intensitionically gatedhybrid
MoS,/quantum dots (QDs) FENsa FRET modulationThis result ispublished inNano Letters

[22].

In chapter 6, we highlight thieiture researchprospects fomfMDC materialsWe discuss
some ongoing projects where we investigate new approaches towards tailoring the optical
properties of TMDCs. We first explore theests of vertical electric fields on the bandgap and
hence the optical properties of TMDCs. Vallso examinethe electronexciton interactionn

highly doped(>10"%cmi?) TMDCs.

In the Appendix, we detail fabricatio(exfoliation, growth, transfednd chaacterization

techniqguegRamanspectroscopyusedto make highguality graphene and Mg@8evices Details

15



on operating closed cycle Heyostatare also included in théAppendix Finally, we detail

techniques developed to make hybrid QD/l¥ld8vices.
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CHAPTER 2: GRAPHENE AS AN ANTICORROSIVE COATING

In this chapter we discuss our results publisheA @S N aGnaphene:fiCorrosion
| nhi bi ti rf2ay]. Wroirvestigatg bow films of graphene can be used to decouple
underlying metallic substrates from the environment to passivate corrosion. In testing this, we
employed cyclic voltammetry, electrochemicalp@tdance spectroscopy (EIS), Tafel atwday
photoelectron spectroscopi€¢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.
Corrosioncan 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 protectivedaw@een a metal
and a corrosive environment. Current research on protective coatings is primarily focused on
using inert metals, conductive polymers and even -thagked monolayerg23, 24]. However,
these protective coatings levtheir 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 chemadly inert, stable in ambient atmosphere up to 400°C. Both siagkr and

17



multilayer films are exceptionally transparent (>90% transmittance dayeted films),25]

which means the films do not perturb the optical properties of the underetg. Several
studies have demonstrated that graphene can effectively decouple the surface under it from the
environment. First, Buncht al. have shown the single graphene films are impermeable to gas
molecules. Second, Chen et al. have demonstratédythphene can inhibit oxidation of the
underlying copper metal26, 27]. For this study we investigatetthe corrosiorprotection
properties of graphene coatings on two prototypical metaiskel and copper. These metals are
chosen as they are technologically relevant, readily corrode in aqueous environments, and
because graphene films can either be grawnmechanically 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). Secondve 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 nietaitially pristine nickel. We use
electochemical techniques such as Tafel analydiS] to measure corrosion rates and
electrochemical impedance spectroscopy (EIS) to ddteithe pathways of corrosion reactions

[28].
2.3 Electrochemical measurement setup

All electrochemical measurements were performed in a polytetrafluoroethylene (PTFE)
threeelectrode cell. A platinum wire was used as a counestrede, an Ag/AgCIl (Gamry
Instruments Part No. 9389) 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°dffig. 2.1a Inset). The sample foils are typically311cm
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squares. They are clasped onto a 0.4 @pening 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 saple foil to make electrical contact. Once the sample is mounted onto the
electrode cell, it is filled witl0.1 M NaSQ electrolyte. A Pt counter electrode and Ag/AgCI
reference electrode are immersed into the electrolyte. Schematic of a PTFE samplésholder

shown in Fig. 2.1.

a) 40 7/
2 2D
30
. 4
5 @/
® \ //
> 20| & 4
= 7
2 G
()
o
£ 104
04
/L
T T v T 7/ T T T
1200 1400 1600 2600 2800

Wavelength (cm'1)

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 felgeE&le cell
where copper tape(1) iattached to the sample and 0.4cofi 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 incarrosion 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 Cd" ions and cathodic reduction reactions that consume the electrons released from the

anodc reaction[29]
CuY i 2€ (Anodic Reaction)
O, +2H,0 + 4éY 4 O(Bathodic Reduction of §[23

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

overall corrosion process.

For bare Cu devices, CV measurements provide signatures compatiblehesth
reactions. First, Fig. 2&2shows that in the positive sweep, bare Cu exhibits a cathodic current
that decreases as the potential is made less negative, followed by an anodicJe@kmt ¢/s.
Ag/AgCl) that we attribute to the formation of adsorbed species on the copper surface. This
adsorbed species are then subsequently dissolved as shown rizy ajystal microbalance
(QCM) and a rotating ringlisk 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 Hions near the surface chateristic in NaSQ; media. The CV also shows
three cathodic peaks at-250, and-550 mV that we attributed to the electroredution of copper
ions, the reduction of Cito Cu'™ species, and the reduction of &€to metallic Cu. To confirm
the relation othese peaks to the cathodic reduction of oxygen, we collected the CVs under low
oxygen concentration conditions (which was achieved by bubblrgasdlthrough the electrolyte

for 10 min) and observed their significant suppression.
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Figure 2.2 (a) Cyclic Voltammetry measurements (electrolyte is 0.1M6Qa 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 solutiob) XPS core level spgum of Cu (Ambient), Cu (100mV) and Cu(Sputter
Cleaned), region (i) displaying shoulder due to CuO, region (ii) peaks due,@/@etallic Cu(c) SEM

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

In contrast, the Gr/Cu samples do not feature@eaks 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 bheeen 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
grapheneprotected copper. First,eafCVs do not exhibit anodization maxima associated with the
formation of a stable oxide layg29]. Second, Pobaix diagrams indicate that upon application
of positive potentials to the copper electrode in a Né&S&felectrolyte (pH ~7), soluble Gl

ions are produced rather than a stable CuO layer. Finally, the XPS analysis suggests only trace
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amounts of oxde onthe copper surface. Figb 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,8&, iii) a sputtercleaned Cu surface whiah free

of all oxides (Fig. 2.2b). The XPS cedevel Cu2p spectrum of sputteleaned 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 amaimosphere and in the samples that

was kept at +100mV in the electrolyte. This broadening is likely caused by tRep@ak (due

to the formation of native copper oxide) that is very similar in peak position and FWHM to that
of clean Cu metal. Howevesince the broadening is smaller for the electrochemiqathgessed

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 theture 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 degradesisatlated 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 graphenee. 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 Butdmer eguation,
which relates the exponential dependence of current to the deviation of voltage from the open
circuit potential (OCP) valu¢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.

0 00 °

Where,l is the current resulting from the reactjdgis reaction dependent constant called the
exchange current is the electrode potentidk, is the equilibrium potential (constant for a given

reaction) b is thereaction 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 ietamtal while the cathodic reaction
reduces @ and removes electrons from the metal. In the case of Cu we have the following

reactions:

1 cuY & 26 (Anodic Reaction)
1 O,+2H,0+4éY 4 O(Bathodic Reduction of £

The ButlerVolmer equation then takes the form:
8—— .. 8——

D0 0 0 0 Q )

Where,lcorr = the corrgion current in amp< is the electrode potentigEqc is the open circuit

potential in voltsbaisthe anodic Beta Tafel constabg is the cathodic Betal Tafel constant
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Potentiostatically measuring the dependence and plotting the logarithm of rlemtcu
density (i) vs. the electrode potential (Mjiakes itpossible 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 /5mV. The cathodic/anodic brehes were obtained by
sweeping the voltagel 50 mV/150 mV from the OCP using scan rates of 0.005mV/s. We then
obtain the linear fiusing a minimum square errtw the ButlerVolmer equation excluding the
part of the curve at large overpotentials (oxe0O0 mV) and obtainlc,, from the point of

intersection (Fig2.1). Finally, the corrosion rate is given by:

Ieorr XK XEW
pPA

CR =

Here, the corrosion rate const&tt1.288 10° milli -inches/amgm-year. The equivalent

weight EW=31.7 g for Cu 29 g for Ni), the material dengitr = 8.94 g/cni for Cu (8.90 g/cm

for Ni), and the sample arder 0.4 cnf.
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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 disptajyl defeet e | at ed A DO
peaks. (b) Corrosion rates of Cu and Gr/Cu samples extracted from Tafel plots. (c) Corrosion rate of Ni

and Graphene transferred onto Ni substrate

Interestingly, Raman spectra taken on graphene samples after electrochemical
measirements indicate nearistine and only lightly damaged graphene. For samples taken to
positive potentials, we find that graphene is still intact, while a small defiaded Dpeak at
~1350 cnT appears in some of the samples (Bi8a, 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 of35106+ 1.93 10™m/s for Cu, and
2.993 10+ 4.0% 10 m/sfor Ni. Graphene grown via CVD was found to significantly slow
down corrosion. For Gr/Cu samples the corrosion rate was37B5 + 3.53 10" m/s, a
reduction of ~7 times compared to the bare sample, and for G/NiL3* 10™>m/s, a reduction
of ~20times 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 nickelataesluce 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. Howeweerthe case wherevo or four layers of
graphene are transferred omickel sequentially, the corrosion rate decreased to31188" m/s
and to 7.622 10" m/s respectively. The latter value represents a-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 Ratq CVD Grown | Corrosion Graphene Corrosion
Samples | (m/s) Samples Rate (m/s) Transfer Sampleg Rate (m/s)
Cu 5.76E13 Gr/Cu 7.85E14 2Gr/Ni 1.83E14
Ni 2.99E13 Gr/Ni 1.71E15 4Gr/NI 7.62E15

2.6 Electrochemical Impedance Spectrscopy (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 modulu§Z| is recoreed as a function of frequency. Fig. 2.4 shows a Bode
magnitude plot16g |Z| vs.| o g) forr Gr/SiQ, (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 4c.
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Figure 24 (a) Bode Magnitude plots of Gr/SIGCu and Gr/Cu samples (solid symbols). Best fits to the
equivalent circuit models are solid lines. (b) Equivalent circuit model used in modeling &ukSiides

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

Here we look at the impedance behavior of bare Cu and GréSithe 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 /&uGFrom the Bode plots we can
see that the Gr/Cu surface exhibits an intermediate behavior consistent with the behavior of a
grapheneprotected metal with minor defects. At high frequencies, the surface exhibits
conductivity similar to that of conductivmetal. 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/SIOANnd at low frequencies, the surface exhibits a charge
transfer behdor indicative of copper degradation. The increased vall&pat low frequencies

in comparison with the correspondiRg:° for Cu samples indicates that only the fraction of the

27



copper that is not covered by graphene is able to participate in thepaiaorrosion. 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 fidelmechanical transfer of graphene onto various

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

Table 2.2:

C (F/lcm2) | Rgt (ohm*cm2) Rsol (OhmMs*cm2)

Cu 4.59E05 2.95E+03 451E+01
Gr/Cu 9.38E06 1.01E+04 3.75E+01
Gr/Si02| 3.78E06 | N/a 4.39E+02

We can also estimate the fractional area of the uncoated regions Vi A/ Rcr 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 atetil 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 graphersedayeserve as a
corrosion inhibiting coatings. The efficiency of corrosion inhibition can be greatly enhanced by
developing protocols to grow highly uniform and laiggain graphene and by performing high
fidelity mechanical transfer of graphene onto @asi metallic surfaces. More viable solution for

depositing thin films of graphene on any arbitrary substregeseeded. For this purpose
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graphene oxide (GO) dispersed in solutworth exploring since itan be directly spun coated

or even printed using @nventional inkjet printer onto any arbitrary substrate. The GO can then

be reduced using a green approach using aluminum powdendmphytic microorganisms
present in the carrot roatvhich act as reducing age8&l, 32] This method allows for the
deposition of large area sheets on top of substrates needing passivation without going through the

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

MECHANISMS IN M 0S;

3.1 Introduction

The understnding within the semiconductbased electronic community is that current
MOSFETSs are approachirigeir scaling limitand newmaterials argequiredto replace SiHigh
mobility and atomic thicknessf 2D materialanake thengoodalternativedo Si. Sincethe lack
of a sizeable bandgap, a key requirement for transistor operegimderedyraphene inééctive,
single layer MoSwith itsthermal and chemical stabiligndintrinsic bandgap (1.8e\§tartedto
emergeas apossible alternativdor transistor device$4]. However, early reported mobility
values (-oad T i) of MoS;, arelower even compared to mobility of Si (<1(¢& Fo i .

In this chapter, we fabricate high quality MelSETs to investigatenobility limiting factors
in MoS, andexplore approaches to mitigate scatterigbility limiting factors can be intrinsic
(defects in the crystalr extrinsic (substraterelated scatteringnd metal contact effe¢tOur
primary focus isto investigde the role ofextrinsicscattering mechanisnis MoS, devices. We
study the role of contact resistare (arising from metakemiconductor interfage electron
phonon interactions arglibstrate impuritie@Coulomb scatteringon electrormobility. We then

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

3.2Field Effect and Hall mobility in MoS,
We fabricated tweprobe Mo$-FETs similar to the very first devices studied by Novoselov
et d. [7]. Electrical transport measurements of a representative backgategyrolven

MoS; device isshown in Fig. 3.1. The conductance is varied by applying a backgatesfng a
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Keithley 240 sourcemeter. The current is increased in the,Mb&nnel ad/; is increased and
can be completely turned off by applying a negatye

The field effect mobity can be expressed 0fw 6 CY TCo» wherelL,W,
and Rare the length, width and resistance of the device, respectivelyaPil6a F € Tis the
geometrical capacitance between Ma8d thesilicon back gate. The resistand®)(s calculated
by taking the slope of the linear regime of therent () vs.Vy plots. For the device in Fig. 3.1,
the erg was calculated to be 8..ca o i The room temperature mobility was comparable to
values reported by Novoselat al [7]. As discussed in chapter 1, these mobility values are

muchsmaller compared to theoretically predicted valué&}.
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Figure 3.1 (a)Optical image of awo-probeMoS-FET with Au-contacts. (b) Souredrain current 8. Vg

of MoS FET. Inset: linear §p vs. Vgp for various \§ values

As previously mentionedscattering irMoS, devices can be caused by the following:
1. Metal contacts in MoSFETscanscatter carriers before they reach MoS
2. Phonons in Mogcan scatter charge cegrs inside the channel.

3. Carriers can be scattered by defects in MwSmpurities in the substrate.
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Unfortunately, tweprobe measurement cannot be used to distinguish between different
scattering mechanism3.0 overcome this limitatiowe employ multi probe Hall bar shaped
samples. We can studlge first two mechanisms by studying migtiobe Mo$ devices at low
temperatures. From foyorobelongitudinalresistanceR,), we can extracthe contribution due
to contacs (R;) andalsoaccurately measurée Hall mobility epq. From temperaturelependent
measurementsf Ry, we can extract scattering contribution due to phoné&islly, 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 multprobe Mo$ devices by patterning large (~300f)nflakes into a Hall bar
geometry and caed out low tempeaiture measurement in a closed cycledrdgstat (details in
Appendix: A7).Large Mo$ 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 barshape is patterned on top of the flake uskiggam lithography (A6 496 PMM#s used
as resigt(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, Me& intoa wel-defined geometry
with known dimensionshelping us t@accurately measure resistance of the deWeets ofMoS,
not covered by PMMAare removed(Fig. 3.2b) using a Q plasma etchparameters30sccm,
120V, 5s). The PMMAwas therremovedusing acetoe leaving a weHldefined Mo$ flake with

known dimensions. Another step ebeam lithography was used to define and evaponatal
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contacts (50nnthick Au) to the MoS. To increase device quality we did not use chrome

adhesion layer.

Figure 3.2(a) Large Mo$S flake after patterninga PMMA Hall bar (Scale Bar istlOum) b) PMMA/Mo$
flake after Q plasma etch. (c) After PMMA removal using acetone. (d) Final,MeSice with Cr/Au

metal contacts. Resistivitg) Finishedmultiprobe Mo$FET on SiQ/Si sibstrate

In a typical measurement, curr€™ is sent between leads 1 and 4 (Figure 3.2d) while
recording voltag«» betweerleads2 and 3 an» betweerieads3 and 5.

Stepsto measurédiall mobility are as follows:

1 Thechannel resisince idetermined a'Y o IO

1 Sheet resistivit” Y @0 is calculatedvherew is width of the device and

0 is the distancbetweenéad land4

9 Contact resistands foundyY Y Y — Y

=

Magnetic field is applied andhé¢ Hall resistance is given 'Y o 7O
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1 The carrier densit¢ ~ 0¥CY 0 T¥o» ,whered is the applied field.

f Finally, Hall mobility ® prQ *
3.4 Temperature dependent Halmobility

Figure 3.2 shows Hall voltago» vs. magnetic field§) for differentVyat 4K. Figure
3.3b showsarrier densities at differentVy values. Figure 3c shows the Hall mobilitt as
a function ofVy at 4K and shows that the mobility increases with carrier dengityn( our high
quality multiprobe FETs at 4K, we recordf* = 500 cnf/Vs for monolayer devices which is
orders of magnitudes higher th~~ = 8.22 cni/Vs measured at sitar temperatureor two-

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

measurements].
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Figure 3.3 (a) Hall voltage \, versus magnetic field Br various values of Vg measured at K=gb)
Carrier density (calculated from Hall measurements) ysTVe capacitance calculated frorfoge of
carrier density (n) vs ygives usCg= 105a F ¢ “m(c) Hall Mobility vs Vatdiffe ent temper at ur e

Field effect mobility vs j/at various temperatures

3.5Mobility limiting factors
Values forf measured irour devices are much higher tF-- from two-probe devices
(Fig. 33 c,d). Toexplain this,we separately argzed effects of metal contacts and phonon

scattering on carrier mobility of MaS

I.  Contact Resistance

As shown in the previous section, we can extract both sample residta)@n(d contact
resistance K) through a combination of Hall and twwobe masurements The sample
resistance and conta@sistance are plotted in Fig.4 for varioustemperatures. We can see that
the contact resistance is orders of magnitude higher than the sample resistanceprisbévo
measurements, the total resistanceoimitiated byR.. This highR. valuesis likely caused byhe
formation of a Schottky barrier at the Au/MoRaterface.This arises due to the difference in
work function between Au (~5.1eV) and MoG4eV) [33-35]. We conclude thathe Au
contactsare not ideal foelectron injection intdwo-probeMoS,; devices. We also notice thigg
can be tuned with/y which is indicative of gate modulation of the Schottky leairtieight at

Au/Mo$S; junction.

35



Sample Resistance
- == == Contact Resistance

Resistance

9 4k 50k
]— 100k— 150k
200k

20 I 4IU I Blt] I 80
Vg

Fig 3.4 Sample and contact resistance Vgat various temperatures. Dotted lines are contact resistance

values. Solid lines are sample resistance from Hall measurements

[I.  Phononsin Mo$

Figure 3.3 illustrates dependenakemobility on temperatureThe observed etrease of
carrier mobility with increasing temperatur@) (is due to electrophonons scattering in
MoS,.This is a cleamdication of phonon limited transpoitheoretical calculationgredictthat
scattering dugo homopolar oubf-plane (~50meV) and polaroptical (~48meV) phononsis
dominantat temperatuie T>100K[8]. It has been shown that the temperature range0OK-
300K theoptical phonon limited mobility can be fitted o~T° whereo~1.7 is predicted for
monolayerdMo$; [8]. It is predicted that homopolaut-of-planemodecan be quenched top-
gated sampleleading toa decrease in the exponenbtal.52[8]. Our experimentally measured

Hall mobility follows power lawdependence with ~ 1 foOt@mperatures T>100K (Fig. 3.5
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Jariwalaet al[36] have also shownvalues for uncapsulated Mg&ETsto bea lot lower.This
variation in2 value may be due teariation of thecrystalline quality of Mogused in various

studiesand may indicate that better theory is needed
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Fig 3.5 pnaLL VS Emperature plotted irob scale. Phonon limited mobility (>100K) modelled using fi~T
2=1.009
3.6 Metal to Insulator (MIT) Transition in MoS

In addition to previouslyconsideredscattering mechanisms in MgSwe found an
interesting crossover in tf@nductivity”  vs.w data atdifferent temperatures (Fi@.6). For
<40V, Mo$S behaves as an insulator and its conductivity increases with temperature. At high
(cv>40V), MoS displays bandike transport and conductivity decreases with temperature. This
type of carrier densityn induced transition has been observed in materials with localized states.
Studies have shown that sulfur vacancies create localized gap states;iAMo8 n, transport
in MoS; takes place by hoping via defentluced localized stas. 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

a 2D semiconductor whekxl . ~1, where© ¢“¢ , andd c“€ 2 _is mean free

path of electron§37, 38]. The 2D system becomes metalli&dif ¢ >>1 and insulating ikl . <<1.
In fact at y=40V, n = 3x13%°™2, pya = 50cnf/Vs, & ~1.5nm, 0 & = 0.6 which is very close to
the loffeRegel criterion hence showing the disordered nature of our, Mg&em at lown.
During the course of our studlgjs et al.[38] demonstrated a similar metfalulator transition

for top gated MogSdevices.
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Fig 3.6 Conductivity as a function ofy\at different temperatures showimgetatinsulator transition in

monolayer Mog

3.7MoS; substrate engineering towards increasing mobility
All discussed MoSFETs have been prepared on 38D substrateslectrons propagating in

MoS; are also expected to scatter off of charged impurities in underlyings8ii3tratessimilar
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to the wellstudied case of graphenl4, 24]. Our experimental results i= 3.4) show hints of

this. At low temperatures (4K), mobility showss&rong dependence on carrier densitie see

that the mobility values gop withVy at low temperatures (4K). At these temperatures we do not
expect phonons to contribute to scatteriAg. increase in mbility at high carriedensitiesis
indicative ofscreeningof coulomb fields ofcharge impurityon SiO, by conduction electrons
Substrate engineering hagenshown b alleviate effects of charge impurity scattering from
SiO,. Recent work has shown that transferring graphene on hexagonal Boron Nitride (BN)
substrates can drasticalnhancegraphene electrical properti¢39, 40]. BN is known to be
atomically flat andcchemically inert meaning there are not many charge impurities and dangling
bonds on the surface. Using a transfer technique (Details in Appendixwa@ansferMoS,

onto high quality BN flakeso makeMoS,/BN devices By initially comparing simpléwo-probe

MoS;, devices on Si@and on BN we can see differencesl@vice characteristic (Fig. &,b)

MoS,/SiO, MoS,/BN
(a) 59— 300K (b) 14°
— 1K 120
% 40 - % 100 4
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Figure 3.7 (a) Field effect in Mo8SiO;, deviceqb) Field effect in MogBN devices

First, MoS, device on Si@have a significantly higher threshold taagje (~40V) at room

temperature aopared to devices on BN (Fig3.7b). Second, émperature dependent
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measurements reveal that Mash SiO; is in aninsulatoras discussed in section 3.6 while MoS
on top ofBN devicesexhibit metallic behavior and isioreconductive at low temperatures (4K).
Finally, the room temperature field effect mobility of M@BN is slightly higher (~11chAtVs)
compared to MogSiO, (~8cnf/Vs).

To get a clearer understanding of MBS\ devices, we fabricated large area Hedl shape
devices(Fig. 38). The Mo$S flake is highlighted with a white dottdohe for clarity. Following
the transfer procedure, Cr/Au (2nm/90naontacts weraleposited using a combination of e
beam lithography and thermal deposition. An electrically contadtesl/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 larggBW#b8evice was
not possible due to the lack gbodelectrial contact across the large MoShannel (Fig3.8c).
To check the integrity of the Mg3ake on BN we looked at both photoluminescence spectra
and Raman spectra of the MoShe PL spectrum of Me®n BN clearly has a smaller FWHM
compared to MogSon SiG. This may indicatereduced disorder in thisample Unfortunately,
Raman spectra of MeSn BN arevery weak compared to Mg®n SiQ. This leads us to
believe that there can be structural damage of Mo8ng the transfer process. It is therefore

essetial to studytheinterfacebetween Mogand BN
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Figure 3.8 (a) Optical image of Mo#BN device. Moghighlighted with white dotted lingb) Electrical
transport inMoS/BN device with Cr/Au contacts. Inset: photoluminescence image of contacted MoS
flake (c) Current vs V, characteristic of Mo@BN device(d) Photoluminescence spectra of 2 different

MoS/BN device and Mo%/SiO, devicege) Raman spectra of M@BN and MoZSiO; devices.

Atomic force microscopytapping mode) was used to study thesifdce of large area
MoS,/BN devices. AFM of as prprepared Mo8BN devices reveals a high density of >20nm
bubbles between Me&ndBN (Fig. 3.9). Unlike previously reported papedisat showgraphene
conforming nicely to BNit seemghatMoS,; transfer § little bit more restricted. We looked into
trying different annealing recipes in an Ag/fllowrate: 100/10SCCM) environment to decrease
the density of the bubbles and possibly migrate the bubbles to the edge of thédWeSThe
resultsof the annealng are shown in Fig 3.9. Annealing our MogBN samples at 300°C for 2
hours does seem to agglomerate widely spaced bubbles inéocmcentratedtructuregFig.

3.%). However, >20nm tall bubbles are still present and we betleatetheir presencis the
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major reasons fofailure of our MoS/BN devices. Annealing at higher temperatures (450°C)
does seem to remove a majority of the bubblesldadsto deteriorate MoS Degradation of
MoS, at temperatures >300°@ also observed forMoS,/SiO, devices. Suwch deviceshave
degradecklectrical quality pad gate response and lowrrent levels). This highlights the need to
develop transfer recipes (different transfer polymers;apresaling/treatinggf BN flakeg to
fabricate Mo%/BN substratesandto understad the mechanism of bubble formatidMith these

improvemerns, carrier mobility of MogSin MoS/BN can be further improved.

(@ Pre-anneal | (b) 300°C

Figure 3.9 AFM scan of Mo@BN devices before and aftér/H, annealingat various temperature@)
Pre-annealed Mo$BN devies (b) After annealing in Ar/klat 300°C (c-d) After annealing in Ar/H at

450°C.
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3.8Dual gated Mo$S devicesto suppressCoulomb scattering

In the previous section we have shown tbat-temperature mobility of MoSs dominated
by Coulomb scattering off of harge impurities on SiQ@. There can also be charged
impurities/residues absorbed on tMpS,during the fabrication processhich can act as
scattering sitesPrevious works on graphene have shdhat it is possible to screghe effects
of such scatterm by placing the graphene in an environment with a high static dielectric
constant{25]. Here we engineer the dielectric environment of Md§yt r ansf er r i ng
onto a MoS,/SiO, device.We alsodeposita top electrode da the BNMoS2/SiO, devicein
order todualgate Mo$%. This device geometry hdse added benefit adllowing us tofurther
decreaseontact resistancdz{) by reaching highecarrier densities (Fid3.5) and also protecting
the Mo$S from environmental absorbates.

We fabricated high quality muiprobe monolayer MoSievices (Fig. 3.14). We then used
the PDMS/polymer assisted transfer technique to transfer thl®r(B) of BN on top of the
device (3.10). We finally patterned and deposited a Cr/Au top electrode adessse channel
(Fig. 3.1(). A schematic of the duabted device is shown in Fig§.10d. The carrier density in
this device can be controlled by either Si batkgr Au top gatérig. 3.102). Using dual gating
we were able toeach very high carrier densitiés2x10°cm™) and nobility ~100cni/Vs (Fig.
3.1(). However, a direct comparison with Me®n Si devices revealetthat mobility in the
former devicesat similar carrier densities is actually lower. Hence, the direct effect of dielectric
screening due to BN was not obsen@dr BN top gatedsamplesnost probablysuffer from the
same interlayer bubbles shown time previous sectionThis highlights the needotimprove
transfer technique® carefully studysuch 2Dheterostructures and effects of dielectric screening

of Coulomb scattering.
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Figure 3.10(a) Multi-probe Mog/SiO, devices(b)After transferring thin ~7nm BN on top of Mad
Au electrodes(c) After Cr/Au (2nm/80nm) tegate depositiorid) Device schematife) Current versus

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

3.9 Conclusion and Future Work

In this chapter welescribeda systematic methad study temperature dependent transport in

monolayemMoS,. We demonstrated the following:

1 Contact effecteccount for most of the resistance timo-probe measurement# two
probe Mo$ devices Hence, Hall effect measurements are essential for studying
electronic properties of Ma@S Once contact resistance was isolated, we achieved
mobility ~500cni/Vs, the highest reported valae the time of measurement.

1 Attemperatures >100Kscattering islominated by phon@in MoS,.
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1 At low temperatures, scatterimgdominated by oulomb scattering, likely due tcharge

impuritieson SiO..

We also demonstratedwo approaches towardsmproving MoS,-FETs 1) substrate
engineering and 2Jielectric engineeringvia BN top gates While these approaches are
promising,better transfer protocols ed to be developed to make highality hybrid devices
Hexagonal boron nitridsubstrates are promising alternatiasssubstrates and top gate dielectric
materials. However, to fully utilize the advantages of BN (low surfacghmess, low density of
surface impurity stateshhe interface between Me@nd BN needs to be free of any bubbles or
defects.

Future developmentf MoS, electronicdevices requirea careful study of scattering effects
due to intrinsic defects. RecenTl8 studies have shown multilayer Mp® have S vacancies
[11]. A careful study of defects via STEM/STM and transport can guide growth techniques of
TMDCs for future electronicsAs an examplewe examineddefect density in synthesized
MoSe and Mo$S from molykdenite using high resolution transmission electron microsdéipy.
3.11). We clearly observed that chemically synthesized Md®e a larger number of sulfur
vacancies compared to naturally occurring MoSuch studies should berdad out prior to

making devices for transport studies.
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Figure 3.11(a) Z-contrast STEM image of synthesizes MoBgght spots are $SeRed squares highlight

area of synthesized MoSeith high number of Se defedts) STEM image of MgRBright spos 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., ,N&asaiet
al. ,Eledfrical control of optical properties of monolayer MoR0]. We investigate electrical
gating of photoluminescence angtical absorption in monolayer MeS®onfigured in a FET
geometryandstudy the interplay between charge carriers and excitons in.Mé&Sdemonstrate
hundredfold increase in PL intensity and ~50% increase in,lsllo®rptionafter gating Mo&
We attributethis to the interactionf excitons in Mogwith free chargecarriers via phase space

filling effect.

4.1 Introduction

Materials with electrically controllable optical properties find uses in diverse applications
ranging from electraptical modulatorsa display screendJnfortunately, 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 elecdpdical modulator$41]. While larger
electreopticalresponse has been demonstrated in other semiconductors, such as germanium and
gallium arsenide, integration of these materials with silicon CMOS 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
electreoptical modulators in the infrared rangd4]. However, the lack of a band gap in

graphene makes its uses at Msifrequencies unfeasible.
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As discussed in chapter 1, Mo8 its monolayer form is direct band gap semiconductor
and is optically active. MogShas an optical bandgap ~1.9eV modified by tightly bound excitons.
In this section we optically investigate MeBETs and study how charge carriers induced via

electrostatic gatigp interact with excitons in thsystem (Fig4.1 a,b,c)

(a)

Mos,

Figure 4.1 (a) Schematic of MGS-ET device(b) Optical image of MoSFET used forour studies(c)
Fluorescence image of the samievice collected using a conventional fluorescence microscopy setup

with a 605615nm bandpass filter and green light (6300 nm) excitation.

4.2 PL modulation in MoS-FETs

In the previous chapter we reported modulation of electrical conductivity i, MB&Es
using backgating. Hereve studychanges irPL intensityof MoS, as a function of thearrier
densityn through backgate\). All PL measurements were done using laser excitation with
1uW power at the wavelength 532nm. With changWigwe notice drast changes in PL
intensity In the range of gate voltages between +50 V &@dV, the maximum PL intensity
changes by mor¢han factor of ~100for a representative device in Fig.2a We see a
hundredfold change in the PL intensity. Fluorescence imagigeagame device while changing

Vgalso 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 fluorescencesmage sweepinghe gate
voltage back and forth several timéghis 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.

(a) (b)

[ : -30\/= +30V.
[ P_~1uW  f£-=50V
i '\330V @ﬁv -20' +2ov.
S —
e | ' 10V +10V
\E ' ov. ov -
- A
[ E \\ +10V. -10V .
16 18 2.0 2.2 24
Photon Energy (eV) +3°V. -30V n

Figure 4.2 (a)PL spectraof monolayer Mogat different Vg. Inset: Band Structure of matayer Mo$

(b) Photoluminescendenage of MOSFET 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,U Ky )is the absorption coefficient at the excitation wavelength32 nm (2.33 e\))/
the luminescence quantum yield (number of photoexcited carriers per absorbed, hgtan)l
knonrad @re respectively the rates of radiative and -ramhative transibns of photoexcited

carrier$45].
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It has been observed that an electrostatically induced shift of the Eeengy in graphene
affects the absorptiot) k¥ )at the excitation wavelengtf#6]. We conducted a differential
reflectivity measurement to check if a similar phenoare caused change in the absorption
coefficient U K¥ )in monolayer Mo$ Differential reflectivity at wavelengths corresponding to
AAO0 and i BO swithadcreasingg(e50% ehange)it the same time, we observed

no changes in diff. ref. at ~532n 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 CR/R) measurement in monolayer MoSreen arrow used to

highlightsthe laser excitation energy (2.33 eV) used to record PL

This result is expected in the measlgate voltage rangBV,=100V. In this range oV,
field effect should produce variation in the carrier dengiy=CsDVy/e~7910"* cm® This
change in the carrier density translates into a shift of the Fermi energy’iyym, ~ 60 meV,

whereme~0.3my is the effective electron mass in single layer Mo®Bhis shift is small compared
to the difference between fluorescence (1.85 eV) and excitation (2.33 eV) endrgresore, an

electrostatically induced shift of the Fermi energy cannot account for the change iraabsorb
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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 dedsig¢yto field effectan make part of
the phasespace unavailable for exciton formation due to Pauli exclugi@h 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 intendlityenhalved at the
critical densityof conduction electront  ¢T* ¢+ Qp 1t WG , wherec X pt &is an
effect Bohr radius for an excitorAt this density( cal | ed A Mot t -eleatransi t y o)
distance is equdb the exciton diameteWhile this density is an order of magnitude &rthan
the variation of the carrier densw & X wp 1 @G 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 Mo&or a monolayer Mog the effective dielectric
constant could be affected by either the underlying substrate or by the impurities on the surface
of Mo0S,). This phase space filling mechanism is consistent with what is observed in the bilayer
case where thexcitons and conduction electrons and excitons occupy different regions of the
phase space. In the bilayer casetheprzer t i cl e st ates that contri bu

ABO excitons hav eoinwhitecte tcanductienaelectrandside akay from

the K-point. (Inset Fig4.4c)
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Figure 4.4(a) Electrical characterization of monolayer MoS2 FETSs. (a) Source drain culy@st gate
voltageV, at applied source drain biaé,~=50 mV. Inset shows the position of theaEV, =-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 vgsfoy the same device. The excitation wavelengt

was 2.33 eV, power ~ 1 ¢ W)\PLspacttaofabitayebMo&FBET devg®t si z e

recorded at gate voltageS0V; OV, 50V under 50 pW laser excitation power. Spectra at diffegganteV

unchanged. The inset shows the band structubddayer MoS. Al ong with AAO0 and ABO

momenturv i ol ating transition Al 0 axdsrindicaed.i ndi r ect b an
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4.5Power dependent PL modulation in Mo$

At 532nm laser with power P=1 ’*g

¢ Was used as an excitation sauig the ig 6 )
S
experiments reported previously In _E -
subsequent experiments, we discover% 4__ . u
that the magnitude of PL modulation (PL:'_E 2 - ="
sov/PLisov) depends dramatically on thaz-8 )
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 #0 dependenceFigure 4.5 Magnitude of PL modulation (F

_ _ _ ~ so/PLusov) Vs 10 YR R>
(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 carriershe presence gihotoexcited carriers can lead to PL quenching.
4.6Trions in MoS;

Two indeendent studies of gate independent PL of Me&e published simultaneously
with our work[48, 49]. They presemd an alternate explanation to the observed change in optical
propertiesof MoS, with electrical gatingBy doing low temperature measuremeRlsthey were
able to spectrally identifgignatures of tightly bound negative triogsiasiparticle composed of
two electrons and a hole. These quasiparticles were shown to possess a binding ergdgy (20
meV) and caronly be identified atow temperature In the experiments of Heiret al.and Ross
etal,the AAO0O exciton peak evol vgsampleis electroh edopedr e s o n
(Vg>0V) (Fig. 4.6a) A lower energy resonance §As observedwhich is attributed to trion3he
reduction of PL intensity at highly at room temperature can be associated with transfer of the

spectr al we i g hbroadifi P00 me xt fRiget4 6faM)oThet trion peak is however
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broad and weaker due tbermal dissociatiorat room temperaturéit low temperatures, the
gatedinduced trion peak intensity is comparable to the neutral excitbigs 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 46 (a) Phobluminescence spectra of Mo& different Vg. Both neutral (A) and trion JA
features are identified(b) Dependence on gate voltage of the diawurce current (right) and the

integrated photoluminescence intensity of the A ahdedtures and their tal contribution (left).
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Adoptedfrom referenceg 48 (c) Photoluminescence color plot of MeSa different Vg. With large
electron (hole) doping, negatively (positively) chalgxcitons dominate the spectrudf). lllustration of

quastparticle trion formation with n and p dopingdoptedirom referencg49].

4.7 Conclusion and Future Work

In summary, weanvestigated the interactions of tightly bound excitons with conduction
electronsin monolayer Mo We demonstrated electrical modulation tbe optical excitonic
absorption and PIn aMoS, FET andattributed it to the phase space filling effeSimultaneous
work highlighted the effect of charged trioagong electrorexciton interactioncoupled with
controllable opticakpin provides a platform téurther studyinterestingexcitonic physics.We
intend to explore electrorexciton interaction at very high carrier densities 3d®¢ which
cannot be achievedith current SiQ/Si backgatesIn this regime, we intent to investigate
complex many bodytatessuch as biexcitons and boungdc#ons. One can also explore the
effect of varying the dielectric environmeon exciton binding energyinally, we envision tke
use of monolayer TMDCs in bimaging. The strong effects of external doping on excitonic
PL/absorptionin MoS, and othermondayer TMDCscould be usedfor direct visualization of
changes in electrical field induced by a biological system positi@amedop of monolayer

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

BETWEEN QUANTUM DOTS AND MONOLAYER M 0S,

In this chapter we discuss the results publisheNano Letters Eléctrical control of
nearField Energy Transfer between Quantum Dots and-iwome nsi onal £8.mi cond
This is a continuation of our work discussed in Chapter 4. In this study we investigate hew a sub
monolayer of edimensional quantum dots (QDs) intesawith a 2D-semiconductor MoS We
demonstrate efficient nonradiative Forster resonant energy transfer (FRET) from QDs into MoS
and prove that modest gateluced variation in the excitonic absorption of Mt&ads to large
changes in the FRET rate. This allows fop to ~75% electrical modulation of QD

photoluminescence intensity.

5.1 Introduction

Nanoscale optical emitteissuch as semiconductor quantum dots (QDs) or fluorophores
- are strongly affected by their environment. An optical excitation in a naneercdan be
transferred into the environment noadiatively via processes such as charge transfer and Forster
resonant energy transfer (FRET). Among these processes, FRET is a uniquely efficient long
range optical proce$50] Electrical control of FRET is desirable for potential applications of
nanoemitters. To enable such controltenals with optical properties that respond to electric
field are required. As discussed in chapter 4, due to the atomic thickness gf itdasptical
parameters can be controlled via electrostatic gdfiagl6, 48, 49] We therefore expect that by

placing a nanoemittesnto a 2D material like Mo$ it may be possible to electrically control
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FRET pathway between the two systems. lis tthapter, we investigate nefagld energy

transfer between coighell CdSSe QDs and2 semiconductor (2DSC), monolayer MoS

5.2 F'rster Resonant EnergyandiQDansfer (FRET)
To explore neafield energy transfer between QDs and-&Emiconductors (2DSCs)

MoS,, it is important to understand the conditions under which this type of transfer is expected.

In general, RET between two systems depends on their separation distance and the overlap

between the absorption and emission spectra. The Fermi golden rule yields the following

estimate for the FRET rate between 0D systfs652]:

~

© x@ - _0__0

lloo

Here @ is the square of electric field created by a QD dipole at the position of the other QD,
"Q_ is the normalized emission spectrum of the donor QD as a function of wah _erend

- _ is the acceptor molar extinction coefficient. Since dipole field decays with distai = ;as

‘@ is proportional td . For the case of FRET between a OD and a 2D system, we can
formally split a 2D material into a 2[array of pointlike absorbers and then integrate

(¢ over 2D material area. If the 2D material is located in oXY plane and a QD is

elevated above that plane by distad¢cehe distance between QD and the point on the plane

can be writen asi C w . Then integration over area yields:

. "B Qwlo ° :
o x Qi Qe X - _0__0
C & o

lloo

Replacing absorptivit- _ by 2D absorption coefficief _ and performing simple

integration over area we obtain a simplified expression:

®)
x

|
@]
e}
lloo
o
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In this expressior’Q_ is the normalized emission of QO _ isthe absorption
coefficient for a 2DSC as a function of waveler_jttandd is the distance between QDs and a
2DSC. The peculiad® dependence © is a characteristic of nedield coupling betwen
excitations in 0D and 2D systef&0, 52] Equation (1) indicates that in order to observe large
0 the following conditions must be satisfigg): The optical absorption of the 2DSC must be
sizable at the QD emission wavelendtl). A QD/2DSC separatiod must be small(iii) The
lifetime of an exciton in QDst , must be longer than theverse rate of energy transfer,

(- . 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 @) Absorption spectra of monolayer MoS at two different doping levels. Ins
bandstructure of MoSnear its kpoint. (b) PL spectra of monolayer Me&t two different dopin
levels. Inset: timeesolved PL due té-excitons in Mog (c) PL spectrum of CdSSe QDs. Inset: t

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. fom the diverse group of 2DSCs.¢4: 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, 53] The absorption spectrum of Mp8-ig. 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 lighby tightly bound ban@dge A and Bexciton$54-57] residing at the Kpoint
of the Brillouin zone (Fig 5.1a, inset). The energy separation between the excitiunes tis
strong spirorbit interactiof57] that splits the valence band of MoShe photoluminescence
spectrum of Mo% is dominated by Aexcitons, the lowest excited state (Fig. 5.1b). With
increased electron doping, both absorption (Fig. 5.1a, dashed line) and photoluminescence (Fig.
5.1h dashed line) of MoSare strongly reduced for energies corresponding-tand Bpeaks.

As discussed in Chapter 4, this strong eleoptcal effect is related to the interaction between
excitons and free charge carriers in MoBopinginduced reductio of absorption is attributed
to a combination of phasspace filling effect (blocking of lommomentum states that are needed
for exciton formation) and screening of electlurle interactions by free carrigis3, 59
Additionally, doping allows the formation of charged excitons (trioj#8, 49 that become the
new lowestenergy excitonic state and hence modify the PL spectrum.

We chose compositionally graded alloy ceteell CdSSe QD60] as the emission
source. The QDs were synthesized to emit at ~2.02eV (Fig. 5.1c), very close tpehk B the
absorption spectrum of M@{Fig. 5.1a). Additionally, CdSSe QDs are bright (quantum vyield
~50%) and have lifetimes ~3ns (Flglc, Inset). This is much longer than the ~8ps lifetime of
excitons in MoS( Fi g. 5. 1b, l nset ; see fAMethodso for

FRET will be directed from QDs to Mef51, 62]. Due to the spectral separation between the PL
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peaks of QDs and MoStheir spectra can be analyzed independently in hybrid structures.
Having selected the appropeanaterials to observe FRET, we developed fabrication techniques
(details in appendix: A81) to make hybrid QD/MoSdevices where MoSs 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 schematiof electrolyte gated QD/Mo3iybrid. Optical and photoluminescence

images of an electrically contacted QD/Magvice.

5.3Experimental evidence of FRET

Prior to studying electrically connected QD/Mo&vices it isnaturalto first examine
ungated Yy=0) QD/M0S; devices. Such an ungated QD/Ma&mple 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 Mo&uantify thiseffect, we
introduce the quenching factor O TO . Here™O 4 is the height of the QD
photoluminescencpeak at 2.02eV for the hybrid QD/Mg8evice (acquired at a point marked
red in Fig. 3a), antyp is the heighof the same peak from QDs away from Mg quired at a
point marked black in Fig. 5.3a). We calculatewo* T&from the data shown in Fig. 5.4b. We

also observed that the lifetimes of QDs reduce by a similar amount due to the presencg of MoS
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t ¥t 3 ~ 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 Mo8QDdevice along with its optical (left) and photoluminescence (right)
images. PL image was recorded using a bpads filter (605nr615nm) only transmitting QD emission.

(b) PL spectra and timeesolved PL (Inset) of QD/Mg®ybrid (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 angd MoS

The quenched PL and decreased lifetimescatd the opening of an additional Ron
radiative relaxation channel for the QDs next to Mo®&e attribute this pathway to FRET.
Strong spectral overlap between the emission spectrum of QDs -pedkBin absorption of
MoS, coupled with very small QD/MaSseparation should, according to Eq. (1), lead to large
krret: Prior experiments on similar QDs next to 2D systems (graphene;) Mo$/ed at a

similar conclusior}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

(Q and norradiative Q {Q decay rates:
O x Q Qt h
Q
Oy a Qf 8
T ’F’Q ’F’Q ’F’Q T C

In these equations, the lifetime @D is expressed as an inverse of the sum of radiative
and norradiative rates, an@ is assumed to be unaffected by the environment. Equation (2)
confirms that neaequal suppression of QD lifetime and PL intensity observed in our
experiments isn expected consequence of FRET. From the measured PL quarchigg
using equation (2) we determin& 0 p7Tt x p ™ p 1O . Importantly,
this rate corresponds to lifetime ~1ns, shorter than the intrinsic QD lifetir@gnsf From
measured and assuming separation distance betweerc@P and Mo&~3.5nm (Fig 2b,

inset), we evaluate FRET radiRg~5nm

5.4 Electrical modulation of FRET

Finally, we examined gat@duced modification of the optical properties of QD/MoS
devices. To enable such a study, we used fabrication described in the apperidix A
optically transparent solid electrolyte was then deposited onto,MBi§ 5.2a). This
configuration allows us to vary the carrier density inside MaSile being abled perform
optical measurements. It is also important to note that electric field isahsant at the location
of QDs and cannot affect their photoluminescence dird@by. Although very high carrier

densities,n~10* cm?, can be reached with electrolyte gd®8], our devices require much
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smaller densitiesn~10"° cm® and efficiently operate at low gate voltage@VKVy<2V).
Overall, we fabricated and measured 4 devices including the representative device shown in Fig.
5.4a.

With increased electron gng (positiveVgy), we observed a weknown suppression of
the PL peaK20, 48] due to Mo$ at 1.88eV as discussedrlier (Fig. 5.1a). On the other hand,
photoluminescence of QDs at ~2.02eV strongly increasesWyi(Rig. 5.4). In our best device,
we observed up to ~75% modulation of the Qlidtoluminescencitensity forVy between2V
and 2V. This effect is reprodible for all measured devices and is stable over multiple sweeps of
Vy (Fig. 5.4, Inset).

We attribute the modulation of PL to gateluced modulation of the FRET ralterer

Indeed, as discussed above, optical absorj of Mo$; is strongly changing with/y at

¢81 @ pthe energy corresponding to QD emission (Fig. 1c). According to equation (1), changes

in| should lead to modulation of the FRET rate, and hence QD PL intensity.
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Figure 5.4 PL spectra of a QIMoS device at different / Inset: QD photoluminescence intensity vg. V

during a backandforth sweep between +2V ar2V.

5.5 FRET modulation and MoS, absorption

Our next goal is to understand the relationship between FRET modulation and MoS
absorptim. We devised a simple model relating néald FRET rate and quenching factor to
far-field absorption of Mog The normalized emission spectrum of an individual QD centered at
wavelength_is narrow compared to the relatively broad absorption features of [ddSin this

situation, equation (1) can be simplified to

Q x% _fo 8

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

factor0:
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60 v —— p t 0 p O] _ho 8 o

Here0* — is a proportionality constant relating the quenching factor to absorption of
MoS,. From experimentally measure@(V,=0)~5 (Fig. 5.4) andU (4%0)~5% (Fig. 5.1) at
_=610nm (QD emission peakwe find 0 Om pAX 1 ¢mu The large value ofA
translates to large electrical modulation of PL of the QDs. To check the validity of our model, we
created aQ ( (parametric plot fromexperimentally acquired values @ andU A QD/MoS;
device (Fig. 5.5) was used for measuremeritshe quenching factoQ vs. Vy. However,
absorption of the MoSlayer,| , could not be determined in the same device due to the
strong background absorption of the QDs. For that reason, a separateo8evice without
QDs was used for vs.Vy measurementdn a separate measurement on a device without a
QD layer, we used confocal transmission microscopy to recordirghieed transmittance
modulation of Mo$

The absorption spectrum of MgSould not be obtained directlyrdm standard
differential reflectivity measurements for our electrolyte gated Ma®ples. This is due to the
nortuniformity of the solid electrolyte layer. Instead, we used confocal transmission microscopy
to determine transmittance modulation of gated/devices on transparent glass substrates
(Fig. 5.5a) Experimentally (Fig. 5.5a), a broad (~1mm) light beam from a-tbepled halogen
light source was used to illuminate our sample. Light passed through the sample was collected
through a 40X objecter 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 M@SThe spectrum of the transmitted light as a function of gate voltage was

recorded using Shamrock 303i spectrometer.
Transmittance modulation is definedlas Ok hw O htw Ok hmw ,

where'Ok ho is the intensity of light transmitted through Mo& photon energg  and gate

voltageV, Transmittance modulation is closely related to absorption modulation. We can rewrite

the definition ofM as

K ho ok i
0K 0Kk

‘O h 1w
—“OR

8

Here'OK s the intensity of the incident light. Sin&&k h w TOK p | K ho, A we

get:
. | Rhm | kho
U ——; 8
p | Kk hw
Since Mo$ absorption is small (~5%) in our wavelength region, | K hto | K h
orf Khow | kho m 0 K ho 8Therefore, we can estimatek hw from

measuedM and K h® T ~5% obtained from an unbiased Md&ike 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 MoSThe dipat ~1.8eV is likelyelated to charged exciton absorption.

Within our gating range we observe only ~2% modulation of Maismittance at

~2.05eV (Fig. 5.5b), much smaller than ~75% modulation in QD photoluminescence 4lrig

The measured | along with the predictio of equation (3) (dashed line) are plotted in Fig.
5.6a. The agreement between the experimental dat&e@)(and our model confirms that the
observed modulation of QD photoluminescence is a consequence of electrical modulation of
FRET. However, interpetation ofQ ( (data is complicated by the difference of the intrinsic
doping levels of Mogbetween QD/Mogsand MoS-only devices. Indeed, &,=0 we observed
reduced PL due to MeJpeak at ~1.9eV) in QD/Mag%s compared to MeSnly devices (Fig.
5.6b). Since PLIOMo0S; can be used as a proxy for free carrier density, this observation suggests
that the intrinsic doping level of M@3Sn MoS,-only devices idower than that of Mo in
QD/MoS; devices. Moreover, the observation of rabsent absorption modulation fgioS; in
MoS,-only devices (Fig5.5b) forVy<0 (as compared to strong absorption modulatiorV§e0)
suggests that the density of free carriers in that device approachesVg€D &fFig. 5.4c). In

contrast, robust changes of Maghd QD photoluminescenae QD/Mo$; 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 MaSnd QDMoS; 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  to the analysis of QD/MaSdevices. FoVg>0, the Fermi

level of MoS in both MoS-only and QD/Mo$ devices is in the conduction band and the

absorption of Mo&in both devices changes similarly. On the other hand, W€, 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 are nearlyg-independent (Fig. 5.6). At the same time,

the absorption of MoSin QD/MoS, devices strongly changesith V. This means in

QD/M0oS; and MoS-only devices are only close wheg>O0.
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Figure 56(@Q( U) pl ot i ncl ugo. (bpPhdtohuminescanteaspettra of two different
MoS-only devices without QDs, and of two different @05 devices. ¢) Proposed Fermlewel (Ef)

positioning of Mogin MoS-only and QD/Mogdevices
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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 devicds. principle, charge transfer between QDs and M also lead
to nonradiative relaxatiorf68-70]. For our experiments we intentionally chose estrell QDs
with strong electrofinole pair confinement and long ligand&l]. Charge tnsfer in such core
shell QDs is likely inefficient or absei#2]. To further exclude the contribution of charge
transfer, wefabricated devices with a spacer layerlfnm of SiQ) inserted between QDs and
MoS,. Despite large Mo$QD separation, we observed significant quenching in PL of QDs atop
of Mo$; (Fig. 5.7¢). Such quenching can only be attributed to-tamge FRET, ash®rtrange
charge transfer should be fully suppressed in spacer d¢Vigledt is also feasible that dielectric
screening due to MoScould affect the intensity of QD photoluminescence. To exclude this
possibility, wefabricated devices where hBN, an optically transparent insulator, is transferred
onto QDs instead of MY Fi g . 5.8d). While hBN7h7dsimilar di el e
to that of monolagr 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
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 M@Spacer/QD devicglb) Raman spectra of Mg®efore (black)
and after(red) SiQ spacer depositior(c) QD guenching factor vs. spacer thickness. Inset: PL spectra of
QD and QD/Mogfor 15nm spacer devicéd) Photoluminescence spectra for QDs covered by hBN (blue

and green curves) and QDs away from hBN (black and red €uiviset: 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/Mog two additional types of devices were fabricated. In the first type of
deviceFig. 5.8a we used CdSSe QD with the emission peak at ~2.2eV (away from the excitonic
absorption peak of Mapto make hybrid QD/Mog&devices. In the second type of device.Fig
5.8b, same QDs as discussed in previous sections (emission peak at 2.02eV3}edersut

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 voltag¥y for both QD/MoS and QD/graphene devic€sig. 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 M& and not just due to changes in its carrier density.

(a) QD/MoS, (b) QD/graphene
V,(V) MoS,PL v, (V) QD PL
— v |V
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Figure 5.8 (a)QD/Mo$S gated device with QDs in resonance with MBS$eak(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 evidenagréestQDs (2.4eV) can be
selectively modulated by using 2D semiconductor,\(8Speak: 2.0eV, Bpek: 2.4eV]76]. We
find that the photoluminescenceténsity of the QDs is only modulatechen their emission
spectrum overlaps with the peak in excitonic absorption of a 2D semicondlicéoPL of green
QDs is modulated when they are underneath, (¥8). 5.9a) but not underneath Mo&ig.

5.9D).

71



Green QD/WS, (b) Green QD/MoS,

(a) -
V | —=-2v
_ {2V ~
> +2V =
& &
= WS, PL =
(] [7)]
c c
2 2
£ <
—l —
o o
16 18 20 22 24 16 18 20 22 24
Photon Energy (eV) Photon Energy (eV)

Figure 5.9 (a)Green QD/Wggated device showing modulation of green QDs which are in resonance

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

5.8 Conclusionand future work

In summary, we demonstrated electrical control of the-fielgr energy trangr between QDs
and 2D semiconductors (MoSWS;). 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 appréacither existing schemes to control
photoluminescence of QDs via electrical signals. Some of the existing schemes utilize
electrochemical injection of charge carriers into Q&%,70] electronhole dissociation under
applied electric field§77] or controlled Stark shifts78]. In all of these schemes, diecal fields
are applied directly to the QDs. In our approach the electric field changes the paramegs of a
semiconductor and is absent at the location of {BB5s.We do not expect electrochemical
modification of QDs. The operating principle of our scheimeledrical control over the
QD/2DSC FRET raté can be extended to other nanoemitters. Finally, QDs emitting at different
wavelengths over the visible and IR ranges can be modulated by ch@@ssgmiconductors

with varied bandgaps (e.g.: WSS, 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 QBsigkelir by shortening
QD ligands. Additionally, 2DSCs could be gated more efficiently using ultrathin gate dielectrics.

The advances in CVD growird, 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 tospRctral range. Potential
applications for such devices range from sghlidte lighting and high es ol ut i on pass.i

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

6.1 Thesissummary

In this thesis we demonstri@d the potential uses of Mgl both electronic and
optoelectronic devices. Wavestigate the extrinsic scattering mechanismnitype MoS,; field
effect transi®rs (FET) and explainethe clarified role of electrical contacts and phonads
carrier maility. We also investjated device structures to redsoatteringrom impuritiesfrom
the substrate Thesefindings may help in designingpetter Mo$-FETsto complement current
CMOSbased technology. With advancement in growth technjquescould imagne the
development and integration of future electronics completely based on 2D materials (channel:
MoS;, contacts: graphene, dielectric: boron nitride).

We investigatedhe interaction ofree charge carrieiigteractwith excitons in Mog We
demonstragd strongtunability ofthe optical properties (absorption/photoluminescence) of:MoS
We also examinednearfield energy transfer between Mp@nd quantum dots for possible
hybrid optoelectronic applications. We demonstrated the ability to tune the fraeemy
transfer between QDs and electrostatically gated Md& showedthis effect to applicable to
any naneemitters which are in resonance with the excitonic featuresoablayer TMDCs.

In the remaining part of thihesis we discuss ongoing prajesto studynew approaches
towards tailoring the optical properties of TMD@ad exploring newphenomenon in these
materials
6.2 Future directions: bandgap engineering in Mogvia vertical electrical fields

Multiple research groups havexploredthe wse of TMDC materials fomumber of
materialsefficient photodetectors and electroluminescent devj8ds34]. Unfortunately, the

limited TMDC family (MX2, M = Mo, W; X = S, Se, Te) only allows accesditoited number
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of absorption bandsvalues throughout the visible spectrurBandgap engineering via
perpendicular electric fieldsould prove to be a very critical step towards tailoring the optical
propertiesof TMDCs and making devices operating in the near andIRidhnge. This could
also lead towards making photodetectors with desirable wavelength senslinatyshockley
Queissertheory give predictionghat semiconductors with a direct band gap nearevl.and
high mobility can lead to more efficient photovoltaics (Fig. 6[1&). MonolayerTMDCs falls

just above the ShockleQueisser limit (Fig. 6.1a)Bandgap engineering can open up the
possibility of using TMDCs for highly efficient photovoltaic devicBandgap engineeringpuld
enable multjunction semiconductor dees with varying bandgaps to absorb a large party of
the solar spectrum (Fig.1b).Concept devices based on straining TMDCs have been proposed
to recognize broad spectrum solar energy funi@&s36] (Fig. 6.1c).

It is therefore desirable to have a tunable bandfgapwould allow for flexibility in
device applications and optimizatioRortunately, the band gaps TMDCs have the added
benefit of being strongly tunabl&or example, the bandgap of 2D semiconductors have been
shovn to be dependent on applied mechanical stf@s). In this chapterwe investigatea
different approach to control the bandgap of TMDQx applying perpendicular electrical field
Such an appwrch has been shown to work foitayer graphene[12]. In that casean electric
field normal to the sheeif graphene breaktbe inversion symmetry and opens up a bandgap up
to 250meV[87]. Similarly, a perpendicular electric field applied to bilayer M@8n redistribute
charge densityn the bilayers to the atomic planes and also delocalizes them within the planes
[88] causing a decrease in the banddgaeveraltheaetical studieshave demonstrated that a
similar approach can be usedmodify the bandgap in TMDCBom optical energies (~2e\4ll

the way to zer$88, 89].
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6.3 Towards bandgap engineering in Mo& device geometries

In this section we present tdds of our ongoing approach to engineer the bandgap in
bilayer MoS. Our goal is to explorgarious device geometries which would allow us to probe
changes in Mogbandgapys. applying a perpendicular fieldéh atypical device, bilayeMoS; is
sandwichd between two parallel electrodes. Electric fisldpplied between the two electrodes
andallowing us toprobe changes in the bandgap by measuring the photoluminescence spectra of
MoS;, versusapplied field. For this device structure to work, one oftthe-parallel electrodes
needs to be transparent to optically excite and measure changes in of the photoluminescence
spectum of bilayer MoS,. We also have to ensutieatthe two parallel electrodes do not come
into contact. For this reason we encapsulala@yé-MoS, between boronitride flakes using
transfer technigues described in Appendix:A6. Me&dwiched 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[8N. Accordng to theoretical calculations,
this could lead to ~500meV changes in the bandgap of bilayes M8 Fig. 6.1d).

The next challenge is to incorporate a transparent top electrode into our device structure.
We first explored using indium tin oxide (ITOue to its high conductance, good adhesion to
substrates and high transmittance across relevant frequencie4eY).5We explored the
transmittance of 50nm ITO films prepared througieam depositiof92]. We realized that ITO
films prepared through such techniques are initially amorphous and fairly opaque. Annealing in
ambient conditions changes amorphous I a crystalline structureand increases its
transmittance. The transmittance spectra of such prepared films before and after annealing are

shown in Fig. 6.2a. Unfortunatelye later had difficulties trying to make Au electrical contacts
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to ITO and realized the Au/ITO interfackteriorates severelguring the ITO annealing step

(Fig. 7.2b). Due tothe 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 gphene has mearconstant absorbance (~2.3§93, 94]. We are currently

developing transfer techniques to make tiMalyer heterostructures to realize devices shown in

Fig. 62d.
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Figure 6.2 (a) Transmittance of 50nm ITO films prepared througheam evaporation(b) Auhbilayer
MoS/BN/ITO devices. Optical image highligirdamagedTO at Au/ITO interface(c) Transnittance of
graphene. Figure acquired from refereng®4] (d) Proposed dvice schematic for applying vertical
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6.4 Many body effects in TMDCsat high carrier density

As discissed in chapter 4, tightly bound excitons in Mae8ongly 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 TNUEBZ49]. However, the
maximum carrier density achievable in such devices is limited due to the breakdown at SiO
high fields. Here, we explore what happens to excitons/trion§MDCs at very highcharge
carrier densitie$>10"%cmi®) induced through ionic gating.

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

based FETs due to the stability of trianghis materialat room temperature. The trion binding

energy ~30meV*x @ Qoz @ Q) Fig 6.3a) in our Si backgated WEETSs is clearly
distinguishable at room temperatures. We observe drastic charthesPL spectréFig. 6.3b,c)
at high carrier densitieducedusing solid electrolyte gatg. We observe themergence of a
third peak below the trion peak at 1.95@¢&beledX®, shaded region in Fig.3b,c) ThisX® peak
shifts adar as~200meVbelow theneutral excitor(Fig. 6.3d)

At thefirst glance thigpeak may be caused dgfectbound states previoysbbserved in
thermally annealed otiparticle irradiated devicef95]. Optically excited excitons are then
bound to such defects and recombine radiatively at emission energies lower than the band

band optical transition energylowever, ve can rule out since thé® peak disappears upon
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reversingthe polarity of gate voltagerherefore, 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 origind/e suspect that it may be assoethwith a novel many

body state of Mo$ It could be due to formation of electrdrole droplets, a liquid phase of

excitons, which have been observed for high exciton densities in Si di2é|Ge
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Figure 6.3 (a)PL spectra of monolayer W&. backgate. Xdenoteghe peak due taeutral band edge
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monolayer WSdevice.The evolution of the Xnto a new quasi state®Xs evident(c) PL spectra of
ionically gated monolayer WSlevice plotted in log scale to elucidate the evolution ‘b&tXenergies
lower than trion peak <1.95eMd) Peak position §. gate voltage pon electrolyte gating). Peak

positions acquired usghGaussian fits. All data taken at room temperature

6.5Conclusion

The findings presented in this thesis work are crucial for design and implementation of
optoelectronic devices based on TMDG@ss vital to identifyscattering mechanissin TMDC
devices to probe the intrinsic electronic propertiemndrealize device potential of this material
Similarly, understanding@lectronexcitoninteracton is vital for understanding exciton physics in
2D systems and designing optoelectronic devices based onayerbMDCs.

The major challenge for TMD®ased optoelectronic devicesto devise techniques to
enhance light absorption and increase fluorescence quantum yields to compete with conventional
semiconductor$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 thn 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 naradwods the
substrate. It is essential to have the right thickness of t8iBe 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 undertyxide layef96] Studies have shown that
300nm is a good oxide thickness to maximize contrast between the monolayer and th&esubstr
Similarly, single layers of Mo an be extracted from the mineral Molybdenite as shown in Fig.

Al a, b, c.

Figure Al (a) Molybdenite (b) Exfoliation of M@®n Scotch tape. (dlonolayer Mogon Sig/Si
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A2. Raman Characterization

Ramanspectrecopyis a nondestructiveuseful toolthat can provide detailed structural
and electronic informatioregarding 2D materialdt measures the energy shift of incident laser
photons due to inelastic scattering with phonon vibrations in matsriddttice. Raman
spectroscopys currently the common standard used by different groups to compare the quality
of grapheng97-99]

The Raman spectra of graphene and grapnié shownn Fig. A2b. Two characteristic
peaks are observed at ~1580%®)and ~2700ci (2D). There is also a D peak &at350cnT,
which is not visible in the figure. The D peak arises due to the carbon ring breathing mode (Fig.
A2.a) and isactivatel due to defectsn the graphene latticeThe 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 graphagers as can be seen in Fig.cAZhe2D
peak of graphene is considerably different than that of graphite and isfabotiines stronger
than the G peak. This sensitivity and the shape of the 2D peak can be used to distinguish between
single bi-, and multilayer graphene. Once the numbedafersis higher than 5the 2D peak

resembles that of bulk graphite.
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Figure A2 (a) Phononmodes in Graphene. (b) Ramapectrum ofgraphene andyraphite. (c) Evolution

of 2D peak with number of graphene layers. Figure acquired from refef8iice

83



Similarly, using Raman spectroscopy, we can also probgame and oubf-plane
phononmodes in Mog These modes in MeShow thickness dependence and the two modes
start separating from one another in frequency with incredayey numbelFig. A3b).Single
layer MoS displays a strong iplane vibrational mode ~384 €ntorresponding tthe inplane

E',ymode and an ouif-plane Agat~404cmi* (Fig. A3a)[100, 101).

(— C
<—‘/ {
E129 t A1g 380 400 420

Raman Shift (cm™)

Figure A3 (a) In-plane phonon mode. (b) Gatplane phonon mode. (c) Raman spectra of MufS

variousthicknesses

A3. Chemical Vapor Deposition Gowth

i) Monolayer graphene growth

We grow graphene onopper (Cu) using the wedistablished recipes that yield high
guality, predominantly single layer graphdi®2 103. 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 wieieg 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(gf SH
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introduced along with the 2sccm of Fbr 30 minutes (pressure maintained at ~250 mTorr), after
which the furnace is slowly cooled to room temperature. A schematic of tivthgsgstem is
shown in Fig. A4. The growth process involves the decomposition of, Q¢&r a copper
substrate at 100Q°. Pretreatment (annealing inJdof the Cu foil is deemed essential to remove
native oxides such as CuO and,Ouwvhich affects the catalytic activity as well as increases Cu
grain size. This facilitates graphene growth. Effects of growth time on graphbeteation are
shown on Fig. Abb,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-Igyggtig and the film is

predominantly monolayer.

b)

Vacuum

Quartz Tube Pump

Figure A4 (a) Schematic of CVBrowth 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 graphemelyced 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

boundariesThe crystallinity significantly influencesthe properties of a 2D materialich 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 ofg@®wn graphene on Cu.

A:
/ u grafn

T E]

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

overlap causing bilayer formation. Figure acquired from referdrdds .

i) 3D graphene growth

Recenly developed[104 threedimensional grghene foams (3DGFs) hayeen used in
various applications such as battery techndli®dy and electrochemical sens[i§5. In
collaboration with the Haldoon Sun biomedical engineering group at Vanderbilt University, we
studied 3DGFs as cell cultuseibstrates for mesenchymal stem ddl@g. For such experiments
we fabricated frestanding 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 grapheneading to a previous protocfil04. Ni foams with a
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thickness of 1.2 mm and 320 fmareal 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 @0 sccm of Hto remove any contaminants. After annealing, 7 sccm of CH4
was introduced for 5 min which decomposes the @#tl deposits carbon atoms on the Ni foam.
After growth, Raman microscopy was used to verify the growth of multilayer graphenen the
foams. Ni was removed by FeGdtching: 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 collapsmthemiselves upon

Ni etching. After Ni was etched, PMMA was removed in an acetone bath. GFs were

characterized by SEM, EDX and Ransgpectroscopyrig. A6).
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Figure A6 (a) SEM image of multilayer graphene/Ni scaffolds. Image taken right after gron8EW)
image of freestanding graphene foam after Ni etching (c) Raman spectra of graphene foams, Inset: EDX
of graphene foams on SiSi 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 M@aS also led researchers to synthesizing
large area Mo8with CVD [80, 107]. Lin et al. have developed a recipe that allowed them to use
MoO; powder and Sulfur powder as precursors to grow Mbfectly on SiQ/Si substrates
pretreated by a spin coatinf reduced graphene oxide (rGO). The rGO acts asckeation site
and helps to form the MgSeeds for the growth of Me8Ims. In the growth process a SiSi
substrate along with the precursors are placed inside the reaction chamber and heated at 650°C in
a nitrogen environment. At this elevated tenapere, the Mo®is reduced by the sulfur to form
volatile suboxide Mo@y, which diffuses into the substrate, and then reacts further with the
sulfur vapor to form Mog Fig. A7 depicts the nature of the nucleation growth on top of
rGO/SiO2/Si substraté&ig. A7c shows a photoluminescence image of as grown monolayer CVD

MoS;.

(a) (b)

.
2630906
650°C

Figure A7 (a) CVD growthschematicof MoS. MoO; and S precursors are placed anceramic boat
along with the target rGO treated SiO2/Si substrates. Figure acquired from refd@fjc€b) Optical

images of MoSayers grown on SigSi 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 techniqu®g. The graphene/Cu foil is cut into 1cm x 1cm sgsare
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 GrapherfeilSwat 4000 RPM for 45
secs and heated at 100°C to bake the release the unddhgmal release tape (Fig. A&). At
this point we have a PMMA/graphene/Cu sandwich structure. Cu is then etched using Cu etchant
(FeCk, type CE100, Transene) for ~1uro The PMMA/graphenstackis now fished out and
placed in several Dlvater baths for 15 minutes each until all Fg€lwashed off. The
PMMA/graphene membrane is fished out onto a desired substrate. The sample is left in air to dry
out any water dropletghat 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 grapher(e):(a)
CVD grown on Cu foil,by spinning on PMMA suppordeposition of thermal releasetape. (d)
PMMA/graphene/Cu foil in Fegbath (e) PMMA/graphene and partially etched underlying Cu in feCl
(f) Following several DI water baths PMMA/graphene transferred ontg/SiGubstrate (g) Large area

CVD monolayer graphene on Sifollowing remoal of PMMA in acetone.
A5. Suspending Monolayer Flakes and Films:

Due to the atomic thickness of both graphene and ;Mo%ny researchers have
demonstrated that the substrate can have a dominant role on eldd®ca#f] and optical
properties of the 2D materials. Through STM and electrical measurements it has been shown that

there is a significant amount of clga impurities on SigJ109. 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 enhancefil4]. We developed several techniques to suspend graphene andoMoS
probe intrinsic material properties free of substrate effects. These techniques are highlighted

below:

i. Dry transfer technique

We used this technique to suspeddD graphene over an array of trenchidsing optical
lithography we defined an array of holes 5um in diam&ttr used a combination of BOE etch
and RIE in order to fabricate an array of deep trenches ofiSsi€ubstrates. We first coated the
SiO,/Si sbstrate with ~50nm of Cr. This assists in making deep straight edge walls during the Si
etching process. Photolithography was done on AZ5214 phototleaistias developed using
TMAH. After developing the holesin the Cr layerwere etched by immersingt in Cr etch
(chromium etchant 1020, transeifi@) 10s. The 300nm of Sidvas etched in HF buffered oxide
etch (J.T.Baker 50:1) for 20 mins and then rinsed in DI wé&ieally, the silicon layer was
etched using a fluorine gas based dry RIE proddss phdoresist was dissolved scetone and
the remaining Cr layer was etched away for 5 amdthoroughly rinsed in DWvater.In the next
step we transferred C\f@rown graphene on top of such trenches. The procedure is very similar
to the wet transfer highliged 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
wasetched away as described earlier. Once the PMMA/graphene is transferred onto our array of
trenche, the PMMA is removed through annealing at 300°C for 2 hiduir§. 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 merdiraws

monol ayer graphene suspended over a 5egm hol e.
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Figure A9 (a) Transfer of thin PMMA/graphene membrane onto an array of trenches of8iS{B)

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

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

ii. BOE and Critical Point Drying (CPD)

In the process discussed abogmgphene was transferred onto-prepared trenches. In this
process suspension of graphene or Ma&s accomlished by first exfoliating monolayers of
either Mo$S or graphene from their bulk counterparts (Molybdenite or Graphite). The exfoliated
monolayers were then clamped onto the ;Si9 patterning metal electrodes usingbeam
lithography followed by thermagvaporation of Cr (2nm)/Au (90nm). The suspension of the
monolayer is accomplished by etching away ~200nm of the underlying $i@ sample is
placed in 50:1 BOE for 18 min followed by severialses indeionized (DI) water baghfor 5
min each. Now thathe 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 thesuspended
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 elifter 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 preblesad
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critical point drying in CQ. Howewer, CQ 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 exchangsoftuapyl 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:Wag%:80, 40:60, 60:40,
80:20, 0:100). Now the sample immersed in IPA can be placed into the CPDHeskeps to

using the CPD tool are as follows:

1. Turn on water cooler and set temp ta®C.

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

3. Close all valves and slowly open g@lve and crack open vent valve. Fill chanb
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 &(hat the suspended
flake does not collapse. This is done ésning CQ valveandthe 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. Repdahe 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 CQand ramping up the temperature t6@0

7. Wait until the CPD chamber reache®’€@ andslowly vent nowgaseous C®
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We use SEM to confirm that the monolayers are indeed suspended. Samples fabricated
through thistechnique are shown in Fig. A10d and f. In Fig. Al®e can see monolayer
MoS; being suspended across Ti/Au electrodeshSurspended devices allowed us to remove
detrimental substrate effects and experimentally measure thelddo8 gap and exciton binding
energieg54]. The CPD techgue can also be used to make graphmeenbranes 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 themembrane does not get collapse during the drying process.

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

Monolayer MoS,

2.5um

Figure A10 Schematic illustration ofabrication process for electrically contactedsuspendedoS
flakes (a) lllustration of Cr(2nm)/Au(90nm) contacted Md8vice. (b) Schematic of etching erlgling
SiQ, in BOE bath (c) Illustration of suspended monolayer device aftavddr/IPA exchange and CPD
process (d) SEM of as prepared suspended monolayes déofe (e) SEM of graphene membrane on

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

In previous sections, all tnafer techniques relied on PMMwediated transfer. The polymer
mediated transfer required many wet chemical steps to clean the monolayer samples. For
electron microscopy (TEM, STEMNLO09 studies it is essentialbotdevelop a polymeiree

technique to ensutbatthe flakesof 2D maerialsare unperturbed and clean.

Here, we discuss a methfi2i7] to directly transfer large area CVD grown graphene onto Au
200M holey carbon (1. 2/ 1. 3pmnwhastd feonBlRI(SEM inaggg uant i
of Quantifoil TEM Grid, Fig. A1R). This technique relies on using surface tension and
evaporation to pulgraphene/Cu into contact with the quantifoil TEM grid. The quantifoil TEM
grid is placed directlpnto a graphene/Cu with the holey carbon mesh directly in contact with
the grapheneBesttransfer is achievedhen both the TEM grid and graphene/Cu fodlre not
crumpled ensuring good physical contacdrop of IPA is drop cast on top of the TEM griada
left to evaporate (Fig. Alte). Once the IPA dries the monolayer of graphene on top of the Cu
foil will attach itself to the holey carbon mesh. At thismipthe TEM grid should not be moved
or perturkedsince this can cause the holey carbon mesh to rip. The TEM grid/foil is then placed
on a hot plate at 20C@°for 15 min, followed byeCk for 1~3 hours as necessary. Once the Cu is
completely etched awayhe monolayer of graphene remains attached to the TEM grid. The
TEM Grid is placed in 10% HiCacid bathfor 2 h then transferred over to a DI water bath. The
sample is carefully fished out using selbsing TEM tweezers. The TEM grid should not be
allowedto touch any lab surface. Whileheld with self-closing tweezers,-3 drops of IPA is
gently placed on the TEM grid to clean it one final tinibe sample ideft to dry in air. A
brightfield TEM image of a monolayer graphene film is showirion 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 SiQ'Si (Fig. A11g-i). This process is a little trickier since it requigseto align the

TEM grid over an exfoliated flake. Thisan be done under a microscope prior to the -drop
casting IPA. Alignment has to be doimesucha way sahat the Au mesh on the TEM Grid does

not cover the flakéo be picked uplt is also useful to record an optical image of the TEM grid
once the IPA hs 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/SiQy) should be baked at 20D°for 15 min to aid in adhesion. Finally, the
underlying oxde can be etched away using BOE. The cleaning procedure is the same as eatrlier.
SEM image of flakes picked up onto Quantifoil TEM grids through such a technique is shown in

Fig. A11 .

oL e, SOOI b) c)
. Au Quantifoil Grid

l - -» IPA

. e
PR

|

CVD Graphene
f) e) d)
i. FeCl, Bath l
iii. DI Bath
CVD Graphene t 200°C '

9) h)

PA i. HF Bath

ii. HCL Bath 3 L
iii. DIBath  yfoliated Flake X2 Aoum

20.8KYV X300 K meeede—

Figure A11 Schematic of transferring monolayer graphene film o 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 #n 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 stiaisy carbon mesh. (g)
Technique used to pick up individual flakes from f80Dsubstrates (h) Illustration of Quantifoil TEM

grid with an individual monolayer flake (i) SEM image of a monolayer Mi@Be picked up onto a
Quantifoil TEM grid. White dasid lines shows outline of flake on holey carbon mesh. Inset: same

monolayer Mogflakes on Si@ISi substrates prior to pickup

A6. Transfer of 2D material transfer using PDMS stamping

Traditionally heterostructures are typically created by advanced grealiniues such
as molecular beam epitaxy. The ability to create artificially stacked 2D veh@rostructures
with a clean interface can enab&xploration of new material properties and potential
applicationsIn our lab, we adopted a transfer tecjud from the workZormeret al [111]]. This
technique is based on directly stamping a 2D crystal on top of a desired target material. A

standard procedure to trdesmonolayer Mogonto 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 (ERp).AThe

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 BDdvhito 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 onbe 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 depostrivit&s on

top of the polymer. Extra care must be taken during the exfoliation process sirpytner

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 M@an be easily identified and later verified
using Ranan microscopy (Inset: Fig. At Small makers can be placed around the region with

the monolayer flake to later assist in locating the flake.

ii. 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 coriteants on the surface. The substrate with BN flakes is
placed on a heated stage as shown schematically irAERyl. The heated stage comprised

two heater cartridges and a thermocouple to monitor temperature. Our transparent glass slide
with the Mo$S flake is inverted and placed directly above the target using a custom built
micromanipulator tage. This configuration (FigA12f) allows us to aligrthe MoS, and target

BN substrate under a confocal microscope. Once aligned; BlaSBN target are broughito

contact at room temperature and heated to 120°C. The PDMS/polymer layer is then mechanically
separated from the Me®D stack at 80°C which detaches polymer/flake onto the target
substrate. To remove the polymer residues, the device was soaked medoeto 1 hour and

rinsed in IPA. An optical image of monolayer Moffake 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 athy of holes. If transferring solely
onto Au electrodes, preleaning the target substrate in piranha solution (2GH,SQOy) for 1
hour followed by @ plasma treatment (30s) significantly increases adhesion and yield of

transfer.

(d) Transparent Glass slide

PDMS e B e ' 3 :"';:_ 4
Copolymer e o | ‘.'}'if,";',' ' }:g ‘
l _RMOSZ l [ ‘ AWanipulator [ \" ] ‘l‘ =
h-BN ; -l -
__ - 1 I : ; ’L Glass Slide

Heated Stage

MosS,/SiN TEM

Figure Al12 (a)-(c) Transfer slide preparation stefa) 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/PDMSé#jjldssvionolayer flake

is located roughly between four dolsset: Optical image of monolayer Mo&foliated on transfer slide

(d) Schematic of transfer onto BN flakes sitting on/Siiubstrate (e) Photo of heated stage used during
transfer. Heated sge is fitted with two cartridge heaters and a thermocouple. Target substrates are

placed facing up on center of heated stage (f) Full pictuecnfstom built transfer stage sittingnder a
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microscope (g) Optical image of Mofsfom (c) transferred onto IB flake using stamping procedure (h)
Optical image of Moggraphene heterostructure (i) Bilayer Ma®ansferred on plasmonic device (j)

MoS selectivelytransferred over SiN membrane with holes for TEM measurement

A7. He-cryostat for low temperature measirements:

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 ~4Kowit the use of expensive liquid
helium. Schematic diagram of VTI cooling circuit is given below (Fi#3). Such closed cycle
cryostat work by first compressing room temperature helium. The compressed helium is then
cooled by expansion. The gas passethéosecond stage of the crgooler 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 insedethrough 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 viaa 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 befombEd using preferably a short
pumping line atdast 25mmnin diameter. This should be done overnight. The vacuum chamber

can be accessed through the vacuum pumping portAE#d)
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Figure Al14 (a) Turbo pump used to pump outer jackie} Configuration of rotary and scroll pump

connected to VTI circuit

il. 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 botlse(Fig 3.5b). The rotary pump
evacuates from the inlet end through the dumpvhile the the scroll pump evacuates from the
top of the VTI . 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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