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Abstract

Optical Characterization of Charge Transfer Excitons in Transition Metal Dichalcogenide
Heterostruaires

Jenny Ardelean

Two-dimensional materialssuch as graphene, boron nitride and transition metal
dichalcogenidedave attracted significant research interest due to their unique optoelectronic
properties. Transition metal dichalcogenides (TMDCs) ardaraily of two-dimensional
semiconductors which exhibit strong ligatter interaction and show great promise for
applications ranging from more efficient LEDs to quantum comput@ge of the most
intriguing qualitiesof TMDC:s is their ability to be stked on top of one another to tailor devices
with specific properties and exploit interlayer phenomena to develop new characteristics. One
such interlayer interaction is the generation of charge transfer excitons which span the interface

between two diffenet TMDC monolayers.

This work aims tostudy the intrinsic optical properties of charge transfer excitons in
TMDC heterostructures. We must first startibyestigatingmethodsto protect and isolate our
sample of interest from its chemical and electrastabvironmentWe demonstrate that near
intrinsic photoluminescence (Plinewidth and exciton emission homogeneity from monolayer
TMDCs can be achieved using a combination of BN encapsulation and passivation of substrate
hydroxyl groupsNext, wedevelopclean stacking techniqaend incorporate low defect density
source crystalsto maintain intrinsic properties and ensuge sufficiently high quality
heterostructure interface to study characteristics of charge transfer excitons in 2D TDMCs.

Strong photolminescence emission from charge transfer excitons is realized and is shown to



persist to room temperature. Charge transfer exciton lifetime is measured to be two orders of
magnitude longer than previously reportesing these high quality heterostructyreg study

the behavior of charge transfer excitonader high excitation density. We obsentbe
dissociation of charge transfer excitons into spatially separated ekaci@rpbsmasunder

optical excitation.We then probeproperties ofcharge transfeexciton emission enhancement

due resonant coupling to surface plasmon modes of gold nad®ro
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CHAPTER1

Introduction

Since the isolation of singlayer graphenein 2004 the field of twedimensional
materials has grown rapidl{though gaphene displaysemarkable electronic and mechanical
properties,it is severely limited by théack of an electronic bandgaphe wealth of possible
applications for twedimensionalsemiconducting materials in optoelectroniosludesuse as
photodetectorsdiodes and transistorghis prompted the expansion intmexplored materials
such as transition metdichalcogenides (TMDCs)

TMDCs are a class of materials of the form MXhere M is a transition metal atom,
(highlighted in columns-40 in Figure 11), and X is a chalcogen atofifighlighted in orange in
Figure 11). In the monolayer limit, these materials have direct bandgaps in the visible and near
infrared regionsQuantum confinement from the twbmensional nature of these monolayers
resultsin large exciton binding energieallowing them to be stable at room temperatuFeese
properties make them ideal candidates for applications in commercial light sources andsdetector
Additionally, The monolayers of TMDCs lack inversion symmetry, which allows the K and K’
valleys in momentum space to be distinguishabkndsplittingdue to spirorbital coupling
results in a sphdependant bandgaphe fields of spin- andvalley-tronics have been created on
the principle of using #se newly discoveredspin andvalley degree of freedomfor use in
quantum computirff. Combining different two-dimensional materials which exhibit these
phenomenan the same structurallows for further explation of device possibilitiedy

tailoring devices with desired specific properties and exploiting interlayer interactions



This work has two major goal$he firstgoalis to develop clean stacking techreguith
low defectdensitymaterials to maintain intrinsic properties and enswgefficiently high quality
heterostructure interface to study characteristics of charge transfer excitons in 2D TDMCs.
achieve this goal, we must not only perform a cleaterostructure fabrication procedure, but
also precisely aligthe crystallographic lattices of the constituent monolayers to ensure efficient
charge transfer The secondjoal is to gudy intrinsic properes of charge transfer excitons.
Specifically, weinvestigatethe dissociation of charge transfer excitons into spatially separated
electronhole plasmas at high excitation density and properties of emission enhancement due to

coupling to resonargold nanorod surface plasmons.

H MX, He
M = Transition - metal
L Be X = Chalcogen B c N o F  Ne

Na Mg 3 - 5 6 7 8 9 10 " 12 Al Si P S Ci Ar
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Figurel.1: (Above)Periodic table indicating chalcogen elements (orange) and transition metal elements (all other colors).

Figure 12: (Below) Diagram of crystal structure of layered TMDC matérial




1.1 Background

1.1.1 Crystal Structure of Transition Metal Dichalcogenides

Solids of TMDCsform in layers, which are strongly bound together in plane but weakly
bound out of plane by van der Waals forces. The bonding structure allowsrhteselsto be
exfoliated down to a single monolayer with a thickness of one unit éelhexagonal close
packed primitive célis shown in Figure 3, where the M atoms are shown in blue and X atoms in
green. When observed from above, the lattice ap@saes honeycomb pattern, comprised of a
series of hexagons. The crystallographic orientation of this type of lattice structure is defined by

the directions of the armchair and zigzag eflges

Figure 13: (Left) Diagram of hexagonal closeacked unit cell.

Figure 14: (Rlght)Schematic indicating the zigzag and armchair edges of a hexagonal crystal strifcture.

1.1.2 Electronic Band Structure in 2D
Electronic band structure arisé®m the wavefunction overlap between neighboring

atoms. The overlap of electron clouds in a periodic strudtmas an electrostatic potential

environment which follows the periodicity of the crystal lattidée electrons in the crystal



lattice are described by general Bloch funcsiorwhich are wavefunctions thagatisfy
Schrodinger's equation in a periodicemtial. The solutions are of the fofm
[ @ Q 6 w UMM ® ® ® 0 w [1]

To determine the specific functional form@f w , the KronigPenney model is applied.
This model specifies the periodic potential in Schrddinger's equatiorsexsea of square well
functions.To solve for allowed energies, the boundary conditions appliethao®ntinuity and
the periodicity of both the wavefunction and its derivative. Only select energy regions satisfy
these boundary conditions, whiare cakd bands. fiese bands of allowed states separated
by forbidden states called energy banddaps

Though there are multiple regions of allowed and forbidden energy bands, we focus on
the forbidden gap which encompasses the material Fermi ersththe albwed energy bands
directly surrounding itThe Fermi energy is the energy below which all allowed electronic states
are filled and above which all allowed electronic states are unoccupied, assuming no thermal
excitation.As the electrostatic potaal varies spatially over the unit cell, tladlowed energy
bands also varyThere are resultant peaks and valleys of energy bands at different positions in
real aml momentum space, whichill be further explored in the following paragraph. If the
minimum energy distance between a higher energy band valley and lower energy band trough is
located at the same crystal momentum, the bandgap is called direct. Otherwise, it is known as
indirect. For the materials of interest in this work, Mp&ed WSe, in themonolayer limit there

exists a direct bandgap at the K points of the firsidrih zone, as shown in Figur&'1.
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Figure 15: K-space energy band diagram for monolayer MoSe2 (a) ance2/®).

The Brillouin zone is the Fourier Transform of the periodic direct (real space) crystal
lattice unit cell into momentum space. A wavefunction defined by a position in real space can be
represented by its Fourier transform in a point in moomarg@ce. Solutiongo Schrédinger's
equation in a periodic lattice can be completely characterized in the first Brillouin zone in
reciprocal spaceTherefore, the first Brillouin zone contains all the wave vectors which are
allowed in the real space crystattiee*>. For a hexagonalnit cell in real space (Figure hp
the first Brillouin zone is ats hexagoal in momentum space, (Figure B)8. Also shown in
Figure 1.6b arethe highsymmetry critical pointsi , K and M in tneefafir st
hexagonal lattice. Becaufige direct bandgaps of both MaSend WSe are located at the same
position in momatum space (K points), they are alscated at the same position in each unit

cell in the real spadattice.

(a) (b)

Figure 16: Real space lattice (a) and first Brillouin zone (b) of a hexagonal crystal |atfice.



1.1.3 Excitons
Excitons are quasiparticles comprisedntlectrostatically bound electron and hole pair.

They can be formed when TMDCs absorb a photon of energy greater than or equal to their
bandyap. The energy absorbed is transferred as a driven coherent oscillation of the electron cloud
by the photonic oscillating electromagnetic field.

Because of their twdimensional natureexcitons inTMDC monolayers experiee
reduced dielectric screemgnJust as with any pair of oppositely chatgearticles an electric
field is produced between the electron dhdhole which comprise an excitoithe resulting
Coulomb forcedefines the strength with which they are bound. In three dimensions, therelectr
clouds of atoms within the region of this field will shift such that they counter the field. As a
result the binding energy of the exciton is reduced. Diffuse excitons and thbasgghidielectric
constant materials may have their binding energy retit@weero, at which point they become
free carriers. In 2D materials, the generated electric field only encompasses a small volume
inside the monolayer itself. Gof-plane, little to no Coulomb screening is provided, assuming
the monolayer is in a low dictric environment such as air. As a result, excitons in 2D materials
often exhibit &rge excitonbinding energies, allowing them to remastable even at room

temperature

Monolayer

(2D)
\

Figure 1.7: Electric field lines between an electremole pair in three (a) and two (b) dimensional crystéls




Exciton recombination at the bandgap of a semiaotat can result in the emission of a
photon. Excited electrons undergo rnawliative relaxation from their initial aboxgap excited
state to a bandgap minimum with the assistance of lattice phonons. The minimum energy in the
conduction band is modifiedylthe exciton binding energy such that the energy of the emitted
photon is:

O O © [2]

where O is the original bandgap energy ai@l is the exciton binding energy¥rom this
description, a delta function emission distributisrassumedt the central emission frequency

with energy exactly equal to the knowansition energy in equation [2]
Q 11 1 e g %5 g [3]
However, natural spectral broadening occurs due to timeitdtions imposed by
Heisenberg's Uncertainty Principle:
yoyo o [4]
where @E is the width of the emission spectru
of the excited state. The intrinsic spread in emitted photon energies is the mininthia of
inequality. Using equation [4ndO 9] , provides the following equations
YO Oy wt ¥ L Py, [5]
Therefore, the emission spectrum and excited state lifetime are fundamentally linked and limited
by the other.
The transition of the system from an excitstéteto a ground stateincluding the

spontaneous emission of a photon occurs over a characteristic livetiicteinherently broadens

the emission spectrum, as discussed in the previous sectimreAtzianemission lineshape can



be derived by modeling the system as a damped harmonic oscillator, as was done by Demtroder
et al. The oscillation amplitude follows tlrdamped harmonic oscillatequation of motion
W] o1 [6]
where the damping coefficient, 0 pis thescentrdl e r es
emission frequency in the undamped case. As the vatidblgotes time after excitation, we take
@wo0 T1 Tt Using the bandary conditionswmm ® and wm 1, we describe the
oscillation amplitude by:
w0 wQ AT166o —OgTo [7]
Assuming a very small damping L 7 , the second sinusoidal term can be neglected and the
oscillation amplitude is now described by:
wo »Q Al100 [8]
and is plotéd as a solid line in Figure 1a88. The dashed line in this figure denotes the envelope
which outlines the oscillation damping with time. By taking the Fodniansform of equation #,

we define an oscillation amplitude in the frequency domain:

01 WoQ Qo — w0 AT100Q Qo

01 — (8]

We take]1 ] L1 7 and therefore neglect the second term in whijch

1 appears in the denominator. The intensity of the emission spectra is then found by:

Q81 &1 — (9

Normalizing this function to a maximum intensity of 1, we reach the emission intensity as a

function of frequency:



Q

which is a Lorentzian function with a FWHM &f

from this and equations # that

o|‘<‘

¥

P ¥

[

[10]

[, as down in Figure #(b). We can see

"Ow 00 [11]

Therefore, the lifetime of the excited state in the transitandescribes the fundamental lower

limit to the emission linewidtH.

0.5

Figure1.8: (a) Damped oscillation (b) Lorentzian distriliuA 2 y

1.1.4 Defects

4 A ()
- Y
l -
[V ()
b)
Fo2dzi | QSYRSHIFRBIUSY IO

27T

Lattice defects are any disruption in the periodic repetition of the unit cell pattern which

comprises the crystal structure. Point defects, in which atoms are missing from the lattice or

replaced by different elements, are the mmmmmon type of lattice defects found in TMDC

monolayers. The resulting local thetion of the crystal latticefeects the wavefunction overlap

between atom in the lattice and thus alsffexcts the local electrostatic environment and band
structure. Thee defects have been shown to cause decreases in electron mobility in graphene as

well as quenched photoluminescence in other-dwmeensional materials. In semiconductors,

defects have been shown to teescattering centers, localized svdndgap trap stes, andnon
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radiatve recombination centevghich can cause neradiative pathways to outcompeteliative
recombination pathwayS'® The effect can be seen as dmdgap emission, quenched
photoluminescencet éhe exciton resonancand short excitonic lifetime. Further consequences

of defectladen material will be discussed in Chapt€r 3

1.15 Heterostructures
Heterostructures are engineered devices in which several monolayers of different two

dimensional materials are layered on one anoBwestacking TMDCs, we can engineer devices
with specific optical and electric properties and devetaterials with novel characteristics due
to interactions between layets™ ?°2 The MoSe-WSe heterostructuron which this work
focuses exhibits type Il band alignment, meaning both featutieect bandagp, but display an

offset in conduction and valence band energies.

Figure 19: Diagram of typell band alignment.

The resulting conduction band minimum resides in the M&fer and the valence band
maximumresidesn the WSe layer, as seen in Figure 1A new energy difference minimum is
formed between the Wgealence band and the MoSeonduction band, called a pseuglag
the pseudaap islabeleda s @E i n. AF a apnseqeence, eXitons excited in either layer

canspontaneously diffuse, such that electrons reside in the Mags and holes reside in the
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WSe layer.Figure 1.10depicts the charge transfer process in a TMDC heterostructure with type
Il band alignmerft.

In TMDC heterostructures, electrons and holes that are bound across the material
interface form quasiparticles known as interlayer or charge trai@Teexcitond*® 2% 2% pye
to the large spatial separation of CT excitons, they are predicted to have extremely long lifetimes
of hundreds of nanoseconds or microsectrifise long lifetime andhe physical separation of
carriers are advantageous for photovoltaic applicatiéhs? In addition, electrons and holes
organized in separate layers form a verticah punction, giving TMDC heterostructures the
potential to be used in novel nanoscale optoelectronic devices, such as photodetectors and
21,24

photodiode

(2)

Figure 110: (a) Diagram of charge transfer in heterostructures with tyleband alignment. (b) Schematic depicting charge
transfer excitonsbound across the heterostructure interfac®.

The fabrication of heterostructures for madficient CT exciton formatiorrequires
crystallographic alignmenin Figure 1.11the hexagonal first Brillouin zondor each of the
constituentmonolayers is showaverlapped and positoe d wi t h a r el ative tw
nonzero @i causes a mo npeimd of im MoSegarsl aMSe ldyerd, we e n
denoted asct in Figure 1.11 which must be overcome for charge carrier diffusand

subsequent CExciton formation to occufTo efficiently allow for radiative recombination of
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these excitonsthe momentum offset between the conduction band minimum in Ma8k

valence band maximum in W§ealenoted asdg, must be minimized to eliminate the need for
phonon assistance in the oetbination proces® * % Minimization can be accomplished by
aligning the crystal |l attices of these mater.

space offset between the Brillouin zong#ints™* %%

WSe,

MoS, —

' kw
- ?/

|

ker

Figure 111: Diagram ofthehek 32 y I f FANRG . NRff 2dzAy T 2ySa NROGIFIGSR 6AGK NB

In 2015, Yu et al proposed that the imperfect twist angle between layers and the resulting
lattice mismatchn 2D TMDC heterostructures could le@mdsix-fold symmetric lighh cones with
finite velocities in the energy dispersion of the interlayer exciton. They defined these light cones
as areas of exciton phase space in which phonon assistance is not required for exciton
recombination. To conserve momentum in the case of @l daitice mismatch, the total
momentum of the electron and the hole must equal the momentum offset betwkKevatteys
in the opposite layers. They showed this condition can only be met with rotational lattice
mismatch in multiples of 60° and that efént charge transfer can only take place within about
+5° from this perfect alignmetft

Though a comprehensive study ative crystal orientatiom hetepstructures is still

lacking, ithas been ell-establishedhatin structures of two monolayers of the same material
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(homobilayersyelative crystal orientatiohas a majoeffect on interlayecoupling strengthand
thereforeon charge transferin MoS, homobilayer systemshé variationof interlayer spacing
with lattice twist anglehas been established as the source of this effgetlayer separation in
MoS, homobilayes is mainly due to repulsion between sulfur atoms in the two monolayers. At
twist angles of 0° and 60°, Density Fanoal Theory (DFT) calculations show that the most
energetically favorable lattice configuration occurs whersthfir atoms of one layer are placed
over the interstitial space betwethe sulfuratoms of the other layer. This lattice configuration
minimizes the inkraction between adjacent sulfatoms, which in turn minimizes interlayer
spacing.A diagram of interlayer spacing for different stacking configurations can be seen in
Figure 1.12. We can see that interlayer spacing minima occur for sutfenatoms are stacked

on molybdenum atoms or at interstitial sitds.any other twist angle, interactipand therefore

repulsion, between sulfur atoms is greater, which increases interlayer spacing.

% cggg,
£ 43 CoLILILHLH Tads

&
&3

Figure 112: Interlayer spacing for different latticeotational orientations in hexagonal lattice biIayng

DFT with a local density approximatidms been usetd compute the electronic band
structure of Mo$,-WSe heterostructure®y several groufis®® 2”. All agreethat interlayer
electronic band hybridization is negligible at the#&intsin the first Brillouin zone As a result,
the electronic band structure is a superposition of the constituent monolayer alestitariure

at that momentunlatini et al.modeledheterostructures the band structure of heterostructures of
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two twist angles, 1%and 34, and found no significant difference in the electronic band structure
betwea thenf. From Figure 1.12, we can s#®e interlayer coupling should be comparable at
16° and 34 since the interlayespacing is roughly constant at these twist angle v&fu&hough

far from the lattice alignment position, Laii et al. chosdwo twist anglesof 16° and 34° to

minimize strain in the commensurate heterostruchtteé.

My work centersaround heterostructures composed of Me@&d WSe monolayers.
These partiular TMDCs both have hexagorailystal structure and lattice constants which differ
by only0.1%°. Once crystallographically aligned, these two materials areswittd to be very
close to a natural bilayer, minimizing interlayer spacing and induced strain as well as

maximizing the area over which the lattices @emmensurate

Lattice alignment is a necessary feature for efficient CT exciton emission, but cannot
compensate for defeatediated nowadiative recombination pathwaysZhu et al. fabricated
various Mo$-WS,; heterostructures with different relative orientations. They attempted to study
the change of CT exciton dynamics with twist angle in TMDC hetercisires. Even with
precisely fabricated heterostructures with twist angle close to 0°, no CT exciton PL emission was
observed. Transient reflectance showetharge transfer time of less thanfd0This upper limit
on charge transfer time was found to ielependent of twist angle. Timesolved PL
measurements on the different samples showed exciton lifetimes ranging from a few picoseconds
to a few nanoseconds with no clear correlation to twist angle. The researchers carried out
excitation density and ¢g@dependent experiments, which ruled out Auger recombination as a
dominant exciton recombination mechanism. Therefore, they concthdeg:combination was

largely defecimediated’. This work demonstrates the importance of using-aghlity, defect
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free materials to successfully enable charge transfer and radiative recombination in TMDC

heterostructures.

1.1.6Plasmonic Structures and EmissiBnhancement
A surface plasmon is aherent oscillation o€onductionelectrons in a metalptalized

to the interface betgen a metal and dielectric. Surface plasmmars be excited biynteraction
with an oscillating resonantelectric field such as that of an incident photorhe resulting
electron cloud displacement from paggly charged nucleus creates a resonaosigillating
electric fieldwhich extends as an evanescent field beyontoldaries of the metal itéeThis
enhancement ofhe local electric fieldin nearfield of nanoparticles creates an enhanced local
density of states. Fermi's Golden Rdkfines the probability of an electronic transition with the
presence of a perturbing electromagnetic field as:

6 — 1 0% "0 [12]
whereH' is the applied perturbatioh, O is the density of final energy states, ang, are the
final and initial states, respectivelgy enhancing the local density ofats,the probability of
this transition increases, as does the transition Télis. phenomenon is known as the Purcell
effect®.

Many studies have beatoneexploiting this uniquely nanoscale phenomenon to enhance
emission from fluorescent molecules, quantum welfsl LEDEY3. Mosthave pumpetboth the
emissive material anithe nanoparticlesr plagnonic structures resonantly. In this caset only
is thePurcell effect increasg the rate of photon emissiphutthe surface plasmon energy can
be resonantly transferred tenerate additional excitons in the emissive matehddlitionally,

the excited surface plasmotack the momentum matching condition for photon emission
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imposed on the exciton. As a result, a type of feedback loop can ocedridh theapplied

plasmonic structuresreatean additional radiative emission pathway/.

1.2 Overview of this Work
In this thesis, | will address specific issues pertaining to heterostructure fabrication and

charge transfer exciton characterization and emission modulation. \iitst, investigate the
intrinsic optical characteristics of monolayer M@$sing lowtemperature photoluminescence
spectroscopyl will present an malysis of BNencapsulated monolayer propertiggich will
demonstratehe clean material and transfer process necessary fogecti@nsfer in TMDC
heterostructures. Next, | will discuss fabrication techniques for aligned MeB&e
heterostructuresCharacterization fothe charge transfer exciton will bprovided through
analysis of photoluminescence and tiomrelated single miton countingneasurements. | will
then discuss characteristics of electrmie plasma formation in TMDC monolayers under high
fluence excitationSpecifically, | will present experiments in whiciteraction between excitons

in a high density environmentill lead to dissociation of the carriers, forming a free electron
plasma in one layer and free hole plasma in the offeally, | will discuss the enhancement of
charge transfer PL emission by coupling to resonant surface plasmons in gold nanmithds.
conclude with a discussion obntinuing efforts to produce pristine heterojunction interfaces as
well as the need for further study of the coupling mechanism between charge transfer excitons

and plasmonic structures.
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CHAPTER?2

Experimental Techniques

2.1 Device Fabrication

We perform mechanical exfoliation of bulk grown single crystals in order to isolate
monolayers or flakes of desired thigss for each material. To start tipisocess, giece of
Scotch tape is fixed to a flat surface at eaah with the adhesive side exposed. A small amount
of bulk crystal is spread over an area of the tape about 1" long. The tape is folded over, creasing
at the point where the bulk material ends such that the portion of tape with material lays on a
portion ofthe tape without material. This process is repeated, taking care to not overlap bulk
crystal on bulk crystal, until the whole tape is covered. Avoiding overlap of bulk crystal helps
minimize breakage of single crystals, allowing for larger atayers. Thidirst tapeis generally
has too thick of a bulk crystal layer on it to be used in exfoliation direantlg is instead used as
a master. A daughter tape is made fromrtiaster tape by forcefully pressing onto it a second
tape of the same length and peglithem apart. The daughter tape will havsignificantly
thinner layer of bulk crystal adhered to it and will be used for exfoliation. Each master tape can
generally produce three daughter tapes, depending on the thickness of the initial bulk crystal

apdied to it. All tapes are stored in an inert nitrogen gas environment to avoid degradation.

The substrate used in exfoliation is a silicon wafer with 85SiG thin film surface.
The wafer is diced into 1chthips and cleaned by oxygen plasma etching3fb seconds. To
exfoliate material, the daughter tape is pressed forcefully onto a chip. With the tape adhered to

the chip, both are heated at°3D for about 2 minutes. Once removed from the heat, the chips
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and tape are left to cool passively. The tapguickly peeled off the chip surface and crystal
flakes of varying thickness are left on the chip surface. The chips are observed under an optical
microscope and potential monolayers of the TMDCs are identified by optical contrast. The
singlelayer natureis confirmed through atomic force microscopy (AFM) and Raman

spectroscopy.

A dry-stacking technique is used to maintain pristine interfaces between layers.
Commercially grown MoSssingle crystals are mechanically exfoliated by the standard Scotch
tapemethod with the additioof heating the substrate to“@whileit is in contact with the bulk
crystal and tape. Thiprocess is repeated f@N crystals, without heating. Atomic force
microscopyis carried out orBN flakes to ensure an atomically smootirface ando verify

flake thickness.

A PolydimethylsiloxanePropylene Carbonai{@®DMS/FC) microlens is used to assemble
the stack. A drop of PDMS is placed on a plain glass slide and allowed to cure in a semispherical
shape. Once cured, a thin film oCHs fabricated by compressing a 6 wt% PC/chloroform
solution between two microscope slides and shearing the slides apart. The result isyartiin la
the PC solution on eadiide which becomes a solid film once the chlorofevaporates. The
film is carefully lifted off the slide angblaced over the PDMS microlens; care is tateavoid
creating wrinkles or bubbles in the film. The slide, microlens and film are then heated@ 180
to cure the PC film. Using the microlens, the components of the segicked up sequéially
starting with the tolBN, TMDC monolayerand finishing with the bottorBN. A schematic of
the transfer stage and PDMS microlens is shown in FigureB2ttveen each subsequédilake
pickup, the slide is heated to“@for aboutl0 minuteso smooth out roughness in the PC film
which may have arisen in the previous pickup procedure.
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The microlens slide is secured polyrs&ie down in the transfer arm of ourhouse
built transfer stage. The exfoliated chip is secured undellittee® a heateenabled stage by a
vacuum chuck. The flake of interest is located using a 2x microscope objective and looking
through the slide and polymer to the Si€urface. For the first pickup, the slide is positioned
such that the target flake witle in contact with the polymer just off the inflection point of the
curved microlens. The inflection point concentrates stresses during the pickup process and flakes
adhered there have a higher chance of cracking during piCkwge positioned, the micrals is
lowered until just before contact with the flake and substrate. The stage is then heafed,to 80
causing the PC film to expand as it heats tmthake contact with the substrate surface. The
contact area will expand over the flake of interest. rAlfiteing held at high temperature fci6
minutes,the stage is allowed to cool passively t& 80 Once cooled, the microlens is slowly
raised off of the substrate, picking up the flake of interest. This process is repeated for all
constituent layers ohe sample being fabricated with the modification of using a 20x objective
in order to aligrthe subsequent flake with the previdlake. Once all layers are picked up onto
the microlens, the entire sample can be transferred onto a substrate of Thdieasfer the
sample the sample and microlens are put in contact using the same method as the pickup
procedure. The stage temperature is then raised foCL80order to melt the PC film onto the

substrate. The PC residue is then cleaned by soakingitheitin the sample in chloroform.

Microlens $
Flake / 5i0,

Heating Stage

Figure 21: Schematic of transfer stage, slide with PDMS/PC microlens.
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2.2 Photoluminescence

Photoluminescence (PL) spectroscopy is an optical technique used to probe electronic
band structwr in a material. A high energy laser is used to excite the material, causing available
high energy electronic states to become populated. In a semiconducting material, photon energy
greater than the bandgamergyis used, resulting in high energy elecsopopulating the
conduction band of the material and creating holes in unoccupied states of the valence band. Low
to moderate excitation intensity creates bound excitons while éxgitation intensity can
generate free electron plasma in the mateRal studies of the fornrewill be discussed in
Chapters 3, 4 and While the later will be detailed in Chapter. Fhese excited electrons relax
nonradiatively to the band edge at which point they recombine with the holesaghdmit a
photon of energy equ#o the bandgap energy. Phonon interaction expands the momentum space
in which optical transitions can take place, increasing the range of photon energies and
broadening the measured PL peak. To reduce this effect, all measurements are conducted at
cryogenic temperatures unless otherwise notediagram of the experimental setup is provided
in Figure 2.2.For our measurement, we use a continuous wave (&32hm diode laser as an
optical pump. The beam is focused through a 100x objective onto theesaomihce. PL
emission and the reflected beam pass through the same objective before being sent either to a

CCD camera or through a 6@én highpass filter to a spectrometer.

532nm Laser Source

100X —a
Objective

600nm High-Pass Filter Flip Mirror

&
L
@
£
S
e
=
=)
@
o
)

Sample

Figure 2.2: Diagram of photoluminescence spectrosgopetup.
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2.3 Time-Correlated Single Photon Counting

Time-correlated single photon counting (TCSPC) is a transient spectroscopic technique
used to determine decay rate and lifetime of photoinduced excitons. For this measurement, we
use a similar experimeait setup as for static PL previously mentioned. However, instead of
532nm CW light, we us& 680 nm 150 fs pulsed laser source with a time resolution of 40 ps.
Low power excitation (hundreds of nanowatts) is used to generate a small number of excitons in
the material A schematic of our experimentsétup is provided in Figure 2.Zhe pump pulse
triggers a timer to start. As the excitons decay, the emitted photons are detected by a silicon
avalanche photo diode (APD) which able todetectsingle photors. The first incident photon
triggers the timer to stojsince the photon is emitted as an induced exciton recombines, the time
recorded is the lifetime obne exciton. This process is repeated for thousandspolses,
recording an exciton lifetime for eaénstanceThe result is a histograshowing the frequency
of photon emission at a given time after excitatibhe TCSPC datas fit using a decaying
exponential.The inverse of the decay rate fit parametdi yield the characteristicexciton

lifetime in the material.

Pump

“Start” Reference
BS \ Photodiode

DC \ Monochrometer PMT

“Stop” Reference

VL

QL
=
e
o
L
]
o

Figure 23: Diagram of timecorrelated single photon counting setup.
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2.4 Transient Reflectance

Transient reflectance is a purmppobe measurement used to determine how electronic
state occupation varies withmte. For this measurement, samples are first optically pumped into
an excited state. Over time, excited electrons relax back down to the ground state. After a time
delay, a probe pulse is incident on the sample. If higher energy states are still oadapieshs
still in the ground state will not be able to be excited into higher energy states resonant with the
probe energy. Therefore, the probe pulse absorption will be decreased with respect to ground
state incidence and more of the probe beam willefleated. Reflectance contrast is defined as

the difference in reflectance of the sample in the ground state versus excited state after delay

time oot, normalized by the sample reflectance
y
- — [13]

whereR i s the reflectance of t he' éxherefleatadcesfa mpl e

the ground state sample.

In our experimerg, samples are pumped using a 1.83eV, f$§5fulse and probed with
broadband white light of 1-2.8 eV. Using this measurement, we can determine induced
absorption and photbleaching in the sample at different energies andstiafeer pumping.
Photebleaching occurs due to depletion of ground state carriers from excitation to a higher
energy stateWhile the carriers remain in their excited state, any incident photon of appropriate
energy to inducea transition has a low probability of absorptiand is instead reflected.
Therefore, the reflectance of a samgiees a measure @he number otarriers remaing in
their excited state a given time after the pump pulse is incidietticed absorption is the
additional absorption of a photon by @ectronalreadyin anexcitedstate.
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By using a broadband white lightobe, we can determine whioha rangeof transitions
are availablgo ground state excitation, pheibteaching or induced absorptiddiscerning these
mechanisms from the transient reflectance spectrum allows us to determine the landscape of

exciton states at a given point in titf1é°

2.5 Second Harmonic Generation Spectroscopy

Second harmonic generation is a nonlinear optical phenomenon in which a coherent
optical pump results in a generated coherent optical output. The principle behind second
harmonic generation can be explained using an anharmonic oscillator model. The electronic field
of the incident light drives oscillation of the electron cloud about the fixed nuclei of atoms in the
lattice, resulting in an induced polarization of the matefThe displacement of the electrons
with respect toan applied electric field amplitude is linear for small amplitudes, dmgomes
nonlinearfor more intense incident lighThe effect of this nonlinear relationship is described by
the nonlinear opticabusceptibility tensors,.. , n>1. Susceptibilities are related to material
properties and crystal symmetijhe ensemble average of the polarization of the material due to

an applied electric fields(k, ¥) i s given by
07 0 0 ¢ 0 g E [14]

where the order of each term indicates the harmonic emission cwnlioear absorption of
incident photor®. Third order and higher susceptibilities are generadigy\small and generally
require vastly more laser power to induce a 3rd harmonic signal. The dermdescribes
polarization which contributes to second harmonic generation in the material and is related to the

electric field component of the incident light by:
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0 g -.. g do1 0O [15]

w h e pis thelmaterial dieledtrc  f u n ¢ ® is thexmaterialdsecand order nonlinedectric
susceptibilitytensor TMDC monolayers are single crystals of symmetry grogpddd therefore

havenonzero components of

[16]

We can see from the double dot productguation15], the nonzero tensor components modify

the direction of polarization of the resulting second harmonic emfssion

In the fabrication of crystallographically aligned devices, second harmonic generation
spectroscopy is used to determine the armchidctibn orientation of the TMDC crystal lattice
in constituent monolayers. Linearly polarized 800 nm, 100 fs pulsed laser light is focused using a
100x objective to pump the monolayer. The 400 nm second harmonic signal is collected through
the same objdiwve andfiltered through a shofpass dichroic mirror, short pass and band pass
filters to ensure elimination of the fundamental wavelength. A linear polarizer is placed in the
collection path to only collect emitted light eitherpolarized or crospolaized with respect to
the incident light- the total second harmonic emitted light intensity remains constant with
different orientationsHowever, the intensity of the emission of the emd crossolarized
emissionis dependent on the lattice orientatiof the monolayer relative to the orientation of the

polarization of the incident laser light.

Emission intensity from each monolayer samplmeasured for different orientations by

rotating either the sample or the incident polarization and detexfingd polarization. It is well
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established that the intensity of the SHG emission from the TMDC monolayer variethevith

relative angle fronthe excitation beam polarization as
"0q © ©¢&io— [17]
@qg O i Qto— [18]

where d i s the an gsSergoldizmtionvanctine atmbhaitice directiod®n t |
Subscriptsf¥ andU indicate ce and crosgolarized SHG emission intensiyith respect to the
polarization of the pump laseifhe incident laser light polarization is known. Fitting the
measured data to thisfnct i on det er miAnrepeesetativevdatdsamplefrbno r d
measuring crospolarized emission and fit by equatifty] can be seen in Rige 2.3 From this,

we determine the lattice orientation of the TMDC monolayer in the frame of the SHG

measurement setup.

270

Figure 24: Second harmonigeneration spectroscopy data and fit.
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The fabrication and measurement techniques discussb ichapter will form the basi
of the experiments in the following chapte®ll of the samples used in these experiments are
fabricated using the clean stawy techniques outlined in this chapter. Second harmonic
generation spectroscopy is employed to determine lattice orientation for aligned heterostructure
fabrication in Chapters-8. Photoluminescence measurements will serve as a baseline metric
indicating relative favorability of radiative recombination pathways to -rexhative
recombination pathways for both intrand interlayer excitons for all following experiments.
Exciton lifetimes extracted from TCSPC data along with the functional form of the T@Q8R
itself will serve as a comparis@gainst theory as a metric of sample quality in Chapters 3 and 4.
In Chapter 5, TCSPGnd transient reflectance arsed to confirm the presence of an electron

hole plasma in our heterostructure.
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CHAPTERS

Intrinsic Limitations of MoSe »

Photoluminescence Linewidth

3.1 Introduction

The ultimate goal of this work is to study the intrinsic optical properties of charge
transfer excitons in TMDC heterostructures. However, lattice alignment and mediataticef |
defects are not the only obstaclesataomplishing this taskVe have seen from previous studies
discussedn Chapter 1 that environmentally induced disorder creatvesadiative pathways
which dominatecharge transfer exciton recombinatidine local electrostatic, mechanical, and
chemical environmendf a sample introduces disorder in trenfi of recombination centers,
electrostatic dopingnd strain,which warp band structure and can provilgnificant nor
radiative decay channéfsThe consequence of this is the obstruction of intrinsic properties. It is
clear that aomprehensive study of charge transfer in TMDC heterostegtannot be realized
until we can confidently fabricate heterostructures which preserve a material's intrinsic

optoelectronic properties.

In this chapter, we discussethodgo protect and isolate single monolayer TMDCs from
their electrostatic and chéral environment.Boron nitride encapsulation is introduced to
prevent adsorption of atmospheric molecules and create distance between the monolayer and the
substrate electrostatic environmeBtbstrates are also treated with a-asembling monolayer
(SAM) which neutralizes dangling bonds on the S80Grface We use PL intensity and linewidth
as metrics for induced disorder in our samplé® relative intensity oPL emission othetrion

andexcitonstateds also discussed as a measafrelectrostdat charge neutrality of the sample.
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3.1.1 Crystal Source

The crystal quality of commercially grown TMDC bulk single crystals lags far behind
that of more traditional semiconductors such as silicon or gallium arsenide. Chemical vapor
transport (CVT)most @mmonly used growth technique in indugbgcause it is faster and safer
than other methods since it requires lower growth temperaflihesflux growth method is a
relatively new growth technique shown to produce higher quality bulk single cryStélsand
flux growth methods use similar fundamental method: component materials (Mo, W, S, Se) and
a transport material are sealed at a far end inside a quartz ampoule on one side of a section of
guartz wool. This end of the goule is heated at the end holditigg raw materialcreating a
temperature differential along the length of the ampoAk the ampoule is cooled, TMDC
crystalsbegin to form in theooler, end. The main difference between these two methods is that
in CVT, the transport agent is usuadljhalogen such as iodinEhe flux method instead ustse
constituent chalcogen as a transport agerd.fllilx-grown resuleint crystalravebeen shown to
have 2 orders of magnitude lower defect density as compared to commercially grown CVT
crystals.The optical properties of monolayers exfoliated from flux grown crystals are greatly
improved as a result. The FWHM of the exciton PL emission halved franeM from the
commercially grown CVT crystal to 2meV from the flux grown crystal. Overall PL intensity
from the flux grown monolayer was shown to be 100x greater than that from the commercial
CVTY. The MoSe monolayers used in this experiment wenfoliated exclusively from

commercially grown CVT bulk single crystals.
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3.2 Methods

3.2.1 Sample Fabrication

To isolate the effects of each treatmeme, fabricatefour samplesa bare monolayer on
untreatedSiO, surface, bare monolayer an SiQ surface treated with gelfassembling
monolayer (SAM) an encapsulated monolayer on untrea®i®, surface and empsulated
monolayer on treate8iO, surface. We used hexagonal boron nitedeapsulation and substrate

surface passivation by SAM to minimize the effect of environmental variables.

Our BN-MoSe-BN stacks are assembled using the dry stacking technigfliaea in
Chapter 2The BN flake thicknesBoth above and below our monolaygrchosen to be between
20-30 nm. Encapsulation of samples in BN of this thickness serves to distance the sample from
the local electrostatic environment of the substrate cewfa addition to physical separation
from the substrate, BN itself is atomically flahd maintains an electrostatically neutral
environment on its surfaceConversely,the SiQ substrate is prone to accumulatiamf

electrostatic charges frodangling bmds and thedsorption of ambient molecufés

From Coulomb's Law, thelextrostatic field strength from the surface decredses®
where r is the distance between stray charges and the monadtégér.quality, ultraflat and
electrically neutral BN is used as a spacer to maximize this dist@mme the full stack is
assembled on the PDMS/PC microlens, it is then transferred onto etlema285nm SiG/Si
substrate or one treated with a surface chpeagsivated SAM. The SAM used in this work is the
long chain alcohododecangl which has a Cklgroup on one end and an OH group on the
opposite end. The monolayer assembles itself swathtlib OH group of each molecule will form

a hydrogen bond to the surface of the Si@ canform these bondbecause the Sisurfaceis
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imperfect with some dangling bonds, stray charged particdesl adsorbed molecules
Accordingly,the hydrophobic Cklgroup forms the top surface of the safisembled monolaye
The end product comprisedcohol chainsvhich arelined up vertically with respect to the SIO

surface with the Cklend facing out toward the environment.

3.2.2 Determination of Homogeneouaewidth

Sample quality and ensonmental factors impacexcitonic emission, but at all
linewidth broadening comes from environmental factors. As discuss€tapter 1there exists
a fundamental physical lower litmior a perfect crystal anthis lowe limit is linked to exciton
dynamics in the samplélsing this relatiorand experimentally determined exciton lifetimes, the
intrinsic minimum spectral broadening in excitonic emissi@pecifically, the homogeneous
I i n e wis glvenhby the dephasing rate, whichihe rate at which the ground state and excited

state wavefunctions become out of phase:

=T [19]

where] “is the pure dephasing rate from excitxciton and excitorphonon interactions anl

is the exciton population relaxation rate. The latter is related to exciton lifetimby T —

while the former is related to coherence timg, byl —. From measured spect

the FWHM of a completely homogeneously broadened emission peak. Moody and Jacobczyk et

al. both demonstratthat! “ © Tt for low temperture and low excitation densityor varying
temperature, they measure bothahd band cal cul at e o tempemttre, thgyo | at i
determine in this limit,c"Y e "Y. From the previous equations, they conclude 1 and

homogeneous linewidth can be calculated utiegollowing equatiofi" *
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Coherence time measurements on an encapsulated, Maf®@le on a nepassivated
substrate show an exciton coherence timeYof m@v yps, which corresponds to a homogeneous
linewidth off 1@ 1T MeV. From this, we expect a sample with pureltyinsic emission to

produce a Lorentzian emission peak with a FWHM of 1.202 meV.

3.2.3 Measurement Techniques

We perform potoluminescence measurements at 3.8 K in a clegetém liquid helium
cryostat with a piezgcanning stage for precision mappiigtécube Attodry 1100). Bandpass
filters are used to isolate emitted photons with energy £10 nm from either the neutral exciton or
trion pe& emission energies. A silicon APB used to count the number of photons within that
energy range emitted duringetintegration window. To generate a map, the number of counts is
then assigned to a certain pixel corresponding to the coordinates of the stage during
measurement. This was carried out for a given range of stage coordinates resulting in a map of
the samplein which color intensity corresponds to PL emission intensity of the energy of
interest. The pixels defining the sample region are determined on the PL map from emission
characteristics and comparison with optical images of the sample. The count vahemnly

this subset of pixelsra used in statistical analysis.

3.3 Results

Photoluminescencespectra and integrated PL intensity maps are measured on each
sample at cryogenic temperatures and can be sdagure 3.1 and 3.2The bare monolayer on

an unreated SiQ@ surfaceis shown in Figure 3.1(a) arekhibits about equal intensity of exciton
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and trion PL emission with an exciton emission peakwidith-half-maximum (FWHM)of 11

meV. Encapsulation witBN significantly reduces linewidth of exciton Ppextrum to about 3

meV, but has little effect on the exciton/trion raffigure 3.1b) Surface passivation via SAM

greatly reduces trion intensity by eliminating electron traps and thereby creating a more

electrostatically neutral surfac&his can be seein the PL spectrum of the monolayer on an

SAM-treated substrate, shown in Figure 3.1{de PL spectrum which most resembles the

theoretical intrinsic limit is achieveavhen both SAM surface passivation and monolayer

encapsulation are implementeshownin Figure 3.1(d) This sample exhibits a 4 meV FWHM

with very large exciton/trion intensity ratio indicating a relatively electrostatically neutral

environment.

PL Intensity (normalized)

1.0f (a) MISiO, 1 1.0} (b) BMB/SIO,
MoSe
—2
0.5} "SI0, { 05l el 3 meV
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- Sio,
0.0 : ; 0.0 , .
1.55 1.60 1.65 170 155 160 165  1.70
10f c) MP-SiO, { 1.0F (d) BMB/P-SiO, | |
MoSe, SAM E'.:I
0.5;  SiO, 6meV| 05BN _SAM_[ 2meV
= Sio,
0.0 . 0.0 :
1.55 1.60 1.65 1.70 1.55 1.60 1.65 1.70
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Figure 3.1: PL spectra from the four environments studied: @&re monolayer oruntreated substrate (b) Encapsulated
monolayer on untreated substrate (c) Bare monolayer on treated substrate and (d) Encapsulated monolayer on treated

substrate™®.

Sample homogeneity is determined through statistical analygtseohtensity ofeach

data point (pixel)on each PL intensity map. PL intensity mapping uses bandpass filters to

integrate PL emission in a naw energy region around either the exciton resonance or the trion
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resonance. The ratio of the exciton emissimaansity valuesand trion emission intensity values

is calculated for each data point in the map and statistics are analyzed over the whtde samp
area.Figure 3.2 shows mapped PL emission for four conditionEx@jon emission from a bare
monolayer on an untreated surfafle) trion emission from a bare monolayer on an untreated
surface, (dexciton emission from an encapsulated monolayenddfaVi-treated surface and (e)
trion emission from an encapsulated monolayer on an-8Alted surface. Complete PL spectra
from three spots on each sample show both exciton and trion emission from a bare monolayer on
an untreated substrate (Figure 3.2a) an encapsulated monolayer on an S#ééted surface
(Figure 3.2f).Spatial PL intensity mapping shows homogeneous trion/exciton ratio about equal
to unity throughout the unpassivated bare monolayer sampls is very clear in the sample
spectra shownni Figure 3.2(c). Aroughly homogeneous trion/exciton rati® also seen
throughout the encapsulated and passivated samiplethe exception to this is one area with a
very low exciton/trion ratio due to the presence of a gold alignment mark on theawilbgtich

can be seen as a dark spot in Figure3.2(d) and bright spot in Figure 3.2(e)

Exciton Trion
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Figure 32: Integrated PL intensity maps indicating exciton emission from (a) a bare monolayer on an untreated substrate
and (d) an encpsulated monolayer on a treated substrate; trion emission from) @ bare monolayepn an untreated
substrate and (¢ an en@apsulated monolayer on a treated substrate; PL spectra from points indicated in (a) are plotted in (c)
and spectra from points indited in (d) are plotted in (f).
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Figure 3.3shows histograms depicting the prevalence of PL intensity and trion/exciton
ratio intensity values throughout the PL intensity mapsese histograms were made by
counting the number of pixels in the PL intensmyap for a given condition with a certain
normalized intensity (a,c) or trion/exciton ratio (b,d) vallibe largest inhomogeneity of PL
intensity is seen on the bare MgSample without surface passivatishown in dark blue in
Figure 3.8a). The distibution of PL intensity values for this sample hasangard deviation of
40+10%. Thevariation halves with the addition of surface passivation and BN encapsulation to
19+2% shown in light bluen Figure 3.3(c) Surface passivation has the most dramatact
on the distribution of trion/exciton ratio values throughout a single sample. Passivatioasred
variability from 1.2+0.3 foran untreted bare monolayer to 0.4+0.2 far passivated bare
monolayer(Figure 3.3b) Addition of BN encapsulation to thpassivated sample further reduces
the trion/exciton ratio to 0.18+0.06vhich can be seen in Figure @B This indicates the
monolayer resides in the most electrostatically neutral environment of the four environments
observed. The encapsulated Mg3®eonolayers on a passivated substrpteduce the most

homogeneous PL intensity maps and trion/exciton ratio maps

M/P-SiO,,

== M/’SiO2

Bme/sio, {d

: BMB/P-SiO,,
] BMB!F’-SIO2

-BMBISiO2

0.5 1 1.5 2 0.5 1 1.5 2
Normalized Intensity Trion/Exciton Ratio

Figure 3.3: Histograms showing prevalence of normalized intensity values in (a) and (c) or trion/exciton ratigeg in (b)
and (d) from PL mapping.
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Homogeneous versus inhomogeneous spectral broadening of the PL emission is
determinedthrough lineshape analysi®s discussed in Chapter, homogeneous spectral
broadening is an intrinsic property of a material teslato the carrier relaxation time and
dephasing rateAs described in Chapter, it has been well established that this type of
broadening results in a Lorentzian emission lineskape® “° In section 3.2, the theoretical

minimum FWHM of excitonic emission for this sample is predicted to be Triz02

Inhomogeneous spectral broadening can be caused by perturbations doathlattice
environment, including defects, strain, and electric fields, as sfisduinChapters 1 and'3 **
4546 The contribution from this type of broadening to the overall PL linewidth correlates to the
deviation of the lineshape from intrinsic. Inhomogeneous broadening results aussi&h
distribution in PL emission due to the random nature of the perturbations from which it occurs.
The lineshape of real ploluminescence emission ibroadened by a combination of
homogeneous and inhomogeneous effects. A Voigt function is a comvohitiGaussian and

Lorentzian lineshapes and is used to fit the PL spectra. The Lorentzian distribution is given as
oPw —— [21]

where A i s t he|istheda@fwidirFhalftmaemum and ¥iethe curve center.

The Gaussian function is given as

Ow — -Q [22]

where similarly A disthewidtle of the caree defified ashalfthe ur v e, ¥

standard deviation and s the curve center. The Voigt function therefore is given by
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From thisequationthe FWHM of the contributing Gaussian and Lorentz functionsbeafound

by

PL intensity (normalized)
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Figure 34: (a) Representative PL spectra from an encapsulated monolayer on a treated substflateind (c) show example
Voigt function fits to the exiton emission peak.

shown on a logarithmiscale inFigure 3.4(a). Exciton peak location is shown to be relatively

Representative spectra taken from encapsulated monolayers on a passivated substrate are

constant at 1.639&V with four spectra showing @&dshift of 0.003eV, which we attribute to

local strain. The exciton peaks in all ten spectra were fit to a Voigt function. Two representative



spectra ad their fits are shown ifrigure 3.4(b) and(c). The linewidths due to the Lorentzian
(w.) and Gaussiafwg) contributions are extracted. The average total FWHM of the sample is
found to be 2.0+0.2 meV with Lorentzian linewidths averaging 1.43+0.08 meV and Gaussian
linewidths averaging 1.1+0.3 meV. The most narrow FWHM is measured to be 1.7+0.3 meV.
This isthe closest to intrinsic observation of exciton PL emission from a monolayer TMDC at

the time of this work.
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CHAPTER4

Charge Transfer Exciton Characterization

4.1 Introduction

Extensive work has been accomplished characterizing the belodegcitons in single
monolayer TMDCs but charge transfer exciton behavibas beerdifficult to study. Charge
transfer had been first discerned in TMDC heterostructures in 20141y &t al. and Ceballos
et al. Though no PL emission was detectpeincling of the intralayer PL emission suggests the
carriers had diffused intdifferent layers. Charge transfer emission was not seen either due to the
momentum matching requirement for photon emission no longer being met or defect states

providing a more fav@ble norradiative recombination pathw2y*

Photoluminescence emission from interlayer exciton recombination waste@poy
Rivera et al. in 201%. Though they mde no effort to align the monolayers in momentum space,
thar MoSe-WSe heterostructure showed broad PL emissibid.35eV at both cryogenic and
room temperatures. Using time resolved photoluminescence spectroscopy, the CT exciton was
measured to have ldetime of 1.8ns". This is an order of magnitude longer than intralayer
excitons, but two orders of magnitidshorter than theory predittsProper alignment of
constituent monolayer crystal lattices will increase charge transfer efficiency between the layers.
Source crystalgirown using the flux mébd with very low defect density discussed in Chapter 3
will reduce norradiative recombination pathways and scattering probability. By implementing

both these improvements, we ainfabricate high quality heterostructures.
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In this experimentwe use clean fabrication techniques developed @hapter 3in
combinationwith low defect densityflux-grown TMDCs to fabricateseveral latticealigned
MoSe-WSe heterostructures encapsulated in BRharge transfer exciton behavior is
characterizedusing static phmluminescence an@CSPC techniques.These devicesexhibit
strong charge transfer photoluminescence emission, efficient charge transfer and two orders of

magnitude longer lifetimes than have previously been reported.

4.2 Methods

4.2.1 Stacking Technique

As previously discussed, theory indicates charge transfer exciton emission can only occur
at low temperatures if the layers are aligned within ~5°. Therefore, precision in device
fabrication is essential. | devel@pstacking procedure for precise aligninamnd minimization of
alignment errorA straight edge of the monolayer flake is measured usitage processing
software ImageJ it provides a reference direction for further measuremehtseference is
needed becausmageJ measures the angle betwedefaed direction and the horizontal in the
image. h orderto accurately discern the armchair direction as seen on the transfer stage, it must
be measured in the reference frame of the sample rathethinaaference frame dhe image
captured onhe SH5 measuremergetup.Figure 4.1@ and (b) show the measured armchair
direction (white arrows) and the chosen reference direction (red arrows) in the orientations
measured in the SHG setlpgure4.1(c) depicts a composite image of the heterostructubeeto
fabricated usig these constituent monolayers in freeme ofthe transfer stage. The reference
directions for both monolayers are measured on the transfer stage and lattice orientation is

determinedwith respect to these directiandsing arotational stage with <1° precisignthe
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position of each monolayer isdjused to precisely align itelative to the other during the

stacking process.

WSe2 MoSe2 Aligned Heterostructure

Figure 41: WSe2 (a) and MoSe2 (b) monolayers. The lattice armchair direction fawgidg SH@ shown in white arrow. Red
arrows mark the reference direction which can be directly measured from an imggeShows a composite image in which
the monolayers in (a) and (kgre crystallographically aligned.

4.2.2 Measurement Parameters

We perform photoluminescence measurements at 3.8 K in a efystelmn Montana
Instruments liquid helium cryostateterostructures are optically pumped using3a nm CW
diode laser usind0 eW. The aample temperature is adjusted yiawer applied to a heating
element in the cryostat platform. Sample temperature is monitored by a thermocouple installed
on the sample mount and maintained by the cryostat PID controller. TCSPC is performed using a
532 nm, 120fs pulsed laser. A silicodPD is used to count the ndrar of photons emitted
during the integration window. Optical filters are used to isolate emitted photons with energy in
the region of the charge transfer exciton as seen in the static PL spectrum. An 850 nm high pass
filter blocks any high energy photomgluding intralayer exciton emission and stray pump laser

light.
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4.3 Results

Low temperature photoluminescence spectroscopy performed on the heterostructures
described above reveals a strong emission at ~920 nm (1.34 eV). This emission energy agrees
with previous reports of CT exciton wavelength, both experimentally measured and cdmputed
2L 22 This emission peak is seen only inside the heterostructure region. Close to the
heterostructur@dge, emission inteity decreases and disappears completely inside monolayer
regions, as shown iRigure 4.2 In the monolayer regions, the PL spectra show the expected
exciton and trion emission for the individual constituent TMDC. Quenching of the intralayer
emission, whib corresponds with the appearance of a strong CT emission, indicates efficient
charge transfer occurring in the heterostructure. A very narrow FWHM of the CT exciton of 8.1
meV shows the heterostructures have much less environmentally caused broadecisgheii

previously reported, typitlg on the order of tens of me¥ %% 28 4°
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Figure 42: (Left) PL spectra from various points on a crystallographically aligned heterostrectur

Figure 43: (Right) TCSPC data of CT exciton emission for a range of excitation powers.

We perform timecorrelatedsingle photon counting (TCSP®) determine the lifetime of

the charge transfer exciton. TCSPC data frompaesentative sample using multiple excitation

41






































































































