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Abstract

Probing Transition Metal Dichalcogenide Monolayers and Heterostructures

by Polarization-Resolved Spectroscopy

SUK HYUN KIM

The goal of this dissertation is to introduce my study on exotic materials in two
dimensional world, not only to the well-trained researchers in this field but also to the
beginners of condensed matter experiment. I hope this material to be a good guide
for those of who paves the way of spintronics and valleytronics.

The first chapter will give you the introduction to two dimensional materials -
Graphene and Monolayer Transition Metal DiChalcogenide (TMDC). The second
chapter introduces some toolkits on optical techniques on condensed matter ex-
periment, from very basics for everyone to the advanced for main projects of this
work. They include Reflection Contrast, Raman Spectroscopy, Photoluminescence,
and Pump Probe Spectroscopy. Chapter three will be review on several literature
which are prerequisites for understanding and getting inspiration for this work. They
are on the spin-valley indexes of carriers in TMDC, interlayer charge transfer in
TMDC heterostructre, valley Hall effect, etc.

Chapter four will focus on the first half of main project, Charge and Spin-Valley
Transfer in Transition Metal Dichalcogenide Heterostructure. Starting from the fab-
rication of heterostructure samples for our playground, we investigate the Interlayer
Charge Transfer in our Heterostructure sample by ultrafast pump probe spectroscopy.
We bring the polarization resolved version of the technique to study the Spin-Valley

indexes conservation in the interlayer transferred charge, and analyze its physical



meaning. We study which one is the dominantly preserved quantity among spin and
valley by using the broadband pump probe spectroscopy which covers A and B exci-
tonic energy in TMDC material. As all the measurement here are taken under room
temperature condition, this work paves the way for possible real device application.
Chapter five will cover the second half of main project, Electrical control of spin
and valley Hall effect in monolayer W Se, transistors near room temperature. Spin
and Valley Hall effect device in previous studies will be briefly revisited, and our new
device is presented, using hole as carrier rather than electron for the robustness of
valley index conservation, followed by optical experiment setting and results. Quan-
titative analyze on valley polarized carrier concentration and its depolarization time

constant will follow. Chapter six will be a summary and direction to the future work.
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Chapter 1

Introduction to 2D material

We begin with the introduction to the physics of 2-dimensional material, especially
the one with the honeycomb lattice Graphene and Transition Metal DiChalcogenides
(TMDC). We point out their band structure briefly, and will point out the most

prominent property of TMDC the spin valley locking effect.

1.1 Graphene

Graphene is atomically thin material made of carbon atoms, named after carbon
material graphite and the suffix -ene, and it opened the world of practical realization
of 2-dimensional material. Graphene was predicted as a building block of 3D graphite
and its properties were calculated from a few decades ago. [1]

However, it was isolated and characterized for the first time by Andre Geim and
Konstantin Novoselov at the University of Manchester only in 2004 [3]. Fig 1.1 show
the honeycomb crystal structure of monolayer graphene, made of closely packed sp2

hybridization bonds.
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Figure 1.1: Schematic Structure of monolayer graphene (illustration brought from [2]

)

Tight binding method band calculation method with simple NN (Nearest Neigh-
borhood) hopping, we see the Dirac cone shape band structure near K-point, without
opening a gap, making the graphene semimetal phase.

While the electrons in plane makes the graphene structure robust, the p orbital
electron in z direction adds free electron, making graphene very good conductor. With
the optical transparency on top of it, graphene is nice candidate for transparent elec-
trode particularly useful for display application. It is also widely used for atomically
thin electrode for electrical study of other atomically thin material such as TMDC,
2D superconductor, 2D topological insulator, etc. The ultrathin conductor property
of graphene serves ideal laboratory for 2D free electron gas, made various experiment
possible quantum Hall effect even in room temperature [5] which were only possible

in cryogenic low temperature.
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Figure 1.2: Band structure of graphene - Dirac cone shape near K-point (illustration
brought from [4] )

However when it comes to the semiconductor application of graphene, it is still
far more way to go, with the obstacle of band gap generation which is essential for
turning on/off the switch of semiconductor circuit device. The isolation of atomic
monolayer material is done with famous Scotch tape exfoliation or CVD (Chemical
Vapor Deposition) method, but to identify if we really have monolayer material is
different matter. The optical detection of Monolayer graphene is usually done with
finding the peak positions in Raman spectroscopy signal, which will be introduced in

detail in Chapter 2.
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Figure 1.3: Crystal Structure of TMDC - seen from (a) side and (b) above (illustration
brought from [6] )

1.2 Transition Metal DiChalcogenides (TMDC)

Now here comes Monolayer Transition Metal DiChalcogenides (TMDC), our main
playground of researches in this thesis. Fig 1.3 show the quasi-monolayer crystal
structure of TMDC.

Seen from above, the TMDC crystal just looks same as the graphene honeycomb
lattice at first glance. However there is difference first, there are two species of atoms
forming the honeycomb, making the chemical formular of the material M X5, where
M is transition metal atom (Mo, W) and and X is chalcogen atom (S, Se, Te). Second,
the two species of atoms are not in same height. Rather, one can say that two layers
of X atoms are sandwiching one layer of M atom as Fig. 1.4 shows.

The inequality of two atoms and this quasi-monolayer 2D crystal structure
makes an astonishing aspect - the sizable bandgap about the order of 1eV, which
makes TMDC perfect playground for optical spectroscopy experiment, apart from
semimetal behavior of graphene without bandgap. Now the two K and +K points
in TMDC can be optically excited exclusively one by one in principle. See Fig. 1.5

for detail.
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Figure 1.6: Photoluminescense signal of Monolayer MoSy [8]

You can see that the circular polarized light for each polarization can be used
to excite electrons in one valley exclusively. The properties of bands in conduction
band and valance band are different as well. The spin splitting (energy level difference
for spin up and spin down electrons) of conduction band are just few or few tens of
meV, makes the conduction band nearly spin degenerate in room temperature (for T
= 300K, kT = 25.7meV) However the spin splitting of valance band are about few
hundreds of meV, makes the spin separated holes cannot talk with each other. This
makes hole particularly important for valley separation, which will be extensively
used in our work in Chapter 5. The identification of monolayer TMDC is usually
done with Photoluminescence (PL) Spectroscopy, whose method will be introduced

in detail in Chapter 2.

Fig. 1.6 show the PL signal of monolayer and bilayer TMDC. As you can see
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the signal from the monolayer is at least hundreds of times more than the bilayers,
serves as a smoking gun evidence for the existence of monolayer sample in practical

experiment.



Chapter 2

Experimental Setup

In this chapter, I will introduce some well-established and powerful technique for
accessing key features of solid state material, like band structure, carrier dynamics,
and spin-valley states. They are essential for characterization of sample and study of

chapter 4, 5.

2.1 Reflection Contrast

Reflection Contrast (RC) spectroscopy is one of the most basic technique to investi-
gate the band gap structure of material. We can see the dielectric function directly

with the RC result, defined by

Rs—Ry

e (2.1)

where Rg and Ry are the reflection rate on the area with sample and without

simple (bare substrate), respectively. Asin Fig 2.1, in this work, RC measurement was
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Figure 2.1: Reflection Contrast Setup

performed by broadband white light from tungsten halogen lamp, which is spatially
cropped by a pinhole and focused on the sample into a circular region with the
diameter about 2um by a 40x microscope objective lens. The reflected light from
the sample is gathered and analyzed by a monochromator and electronically cooled
CCD to —80°C. Since the equation calculates ratio of the reflection rates, RC is
independent of the white light fluence, as long as the linearity of the sample response
and the detector sensitivity are guaranteed.

Fig 2.2 is an example of RC spectroscopy on CVD grown monolayer MoSs and
W Sey, measured by myself. Since the measurements were performed on Si/SiO2
substrate, the interference effect makes the reflection on the sample weaker than the
bare substrate site. Hence the reflection contrast value takes negative value, so I

placed additional minus sign to revert the graph for convenience. The position of the
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Figure 2.2: Reflection Contrast Curve of Monolayer MoSs and W Ses, at Room Tem-
perature

left (lower energy) and right (higher energy) peaks are the A and B excitons of each

materials.

2.2 Raman Spectroscopy

Raman Spectroscopy is a technique to measure various phonons in a crystal, including
vibrational, rotational, and other low-frequency modes. Laser beam is shined on a
crystal, and reflected beam is gathered and spectrally analyzed. Among the reflected
beam, there is not only the light with the original wavelength (or the original photon
energy) but also a component of light with shifted photon energy about few or few
tens of meV. After the original wavelength beam is optically filtered by edge filter, this

little photon energy shift is detected with the monochromator and cooled CCD, which
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Figure 2.3: Common Setup for Raman Spectroscopy and Photoluminescence

corresponds transferred energy to phonon of the crystal. Fig 2.3 shows the optical
setup we used in this work. Raman spectroscopy measurements were performed by
continuous wave diode green laser beam with wavelength 532nm, using same objective
lens, monochromator, and CCD as in the reflection contrast. Fig 2.4 was brought from

9], showing how is the raman spectroscopy signal is gathered and analyzed.

2.3 Photoluminescence

Photoluminescence (PL) Spectroscopy is a technique to measure energy gap struc-
ture especially in semiconductor material. This technique is particularly important
in monolayer transition metal dichalcogenide, a main theme material of this thesis,

because of the unusual strong PL intensity compared to the other material.
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Figure 2.4: Raman Spectroscopy of atomically thin MoSs, from [9]. (a) Raman
spectra of thin (nL) and bulk M oSy samples. (b) Frequencies of two different Raman
modes, and their difference, depending on layer numbers.

Practically, PL. Spectroscopy uses almost exactly same experiment setup as in
Fig 1.3. However I divide these two separated subchapters since they are originated
from different physical phenomena. In the laser pumped excited sample, higher band
electron and lower band hole pair bound, or exciton is formed, and recombination
process releases photoluminescence photon with energy same as the band gap energy
subtracted by the electron-hole pair bound energy, or exciton energy.

In PL experiment, laser beam is shined on a crystal, and we gather, optically
filter, and spectrally analyze the reflected beam to find a component of absorbed and
reemitted light. Unlike about few or few tens of meV shift of Raman spectroscopy
signal, the emission photon energy is can be deviated from the original excitation
beam energy by several hundreds of meV. In this work we used same setup in PL as
in Raman. Fig 1.5 shows PL signal of Monolayer W Se; in room temperature. We

see 1.6 eV peak which corresponds to A exciton energy of Monolayer W Ses.
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Figure 2.5: Photoluminescence of Monolayer W Ses

2.4 Pump Probe Spectroscopy

Now we dive to the world of femtosecond ultrafast pulse laser. In order to look into
the ultrafast carrier dynamics in solid, one should have a probe with the timescale
sharper (shorter) than the carrier time scale. The pump-probe spectroscopy works as
following. We bring well synchronized two pulse laser beam which are typically made
from a single beam and beam splitter, and we call this as pump and probe beams.
With white light generation and OPA (Optical Parametric Amplifier) method, this
two beams can be at different wavelength. Moreover, they can be either monochro-
matic or broadband white light beam.

Figure 2.6 (a) is the basic picture of Pump Probe Spectroscopy. Our goal is to
first excite the carrier of sample with pump beam, and detect the excitation with the

probe beam, by measuring change in reflection induce from the pump beam. (One
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Figure 2.6: Pump Probe Spectroscopy (a) Schematic Mechanism and (b) Optical Setup

can do transmission experiment as well) Say that the pump and probe beams have
photon energy enough to slightly overcome the band gap. Just after the carrier is
excited by the pump beam of the sample material, the probe beam reflectance can
be changed, since the pump-excited electron in the conduction band blocks (Pauli
blocking) the additional probe induced excitation, hinders the probe beam photon
absorption.

See Figure 2.6 (b) for practical Pump Probe Spectroscopy setup. We install
700Hz mechanical chopper in pump to detect pump influence of the probe reflectance.
The arriving time interval between pump and probe are controlled by a pair of per-
pendicular mirror on linear motor stage, called delay stage. Using the fact that the
speed of light is finite, by manipulating the beam path length we can make the arriv-
ing time of the beam pulse early or later. Considering the speed of light is finite and

the beam path change is doubled with the delay stage geometry, 0.15mm change of
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Figure 2.7: Pump Probe Spectroscopy data - Pump induced Probe change rate in
Monolayer W .Sy

delay stage makes 1ps beam pulse time difference. Fig 2.7 shows the result of pump
induced probe change, usually denoted by percent.

Seeing Fig 2.8 (a), now one can turn this setup into band gap scanner for wide
range of wavelength, using continuum white light probe pulses. Fig 2.8 (b) is the
setup for broadband pump probe spectroscopy, applying monochromator at the end
of the optical path. Fig 2.9 shows the result show on 2-dimensional plot, with the
axes of delay time and wavelength. Along the wavelength axis the signal peak is

around 645nm, showing the band gap of the WS, sample.

2.5 Polarization Resolved Spectroscopy

2.5.1 Kerr Rotation

In many studies related to spin and valley degree of freedom of carriers in solid,

polarization sensitive measurements offered power tools. Among various derivatives,
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Figure 2.10: Kerr Rotation from Time Reversal Symmetry Breaking, brought from

[10]

I will explain Kerr Rotation as a representative of this family of techniques. In
experimental point of view, in Kerr Rotation we shine linear polarized light into the
material surface and gathers reflected light. The measurement focuses on the rotated
angle of the reflected light.

As you can see from Fig 2.10, the rotation of reflected beam can be induced only
by the time reversal symmetry breaking (TRSB) of the sample material. The TRSB
can be from spontaneous symmetry breaking process, circular polarized ultrafast
pulse, magnetic field or electrical current.

Fig 2.11 shows up the Kerr Rotation detector setup called optical bridge. It
consists of Wollaston prism a polarization sensitive beam splitter, and a pair of
photodiodes. The setup is aligned so that after the typical reflection (usually takes
place on the bare substrate area, or on the unperturbed sample), the linear beam

split into two and enters the two photodiodes equally, 50 to 50. However if there is
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Figure 2.11: Kerr Rotation Detector - Optical Bridge, analysing (a) Normal and (b)
Rotated Reflection

any rotation during the reflection on the (perturbed) sample area, the equilibrium is
slightly broken, say like 51 to 49, and we detect tiny difference by differential electrical
amplifier circuit. When the sensor linearity is guaranteed and the angle is small ( jj

1 rad), the electrical signal difference is proportional to the rotation angle.

2.5.2 Polarization Resolved Pump Probe Spectroscopy

For example, let us have a look into more specific case pump probe spectroscopy
with the circular polarized pump and linear polarized probe in TMDC.

Among K and K valleys of TMDC, left circular polarized pump excites only
K valley, making holes in valance band and electrons in conduction band. Linearly
polarized probe, made of two circularly polarized lights, is deformed as described

before. If the deformation is phase mismatching, we see Kerr Rotation.
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(b) Rotated Reflection

Seeing Fig 2.13 (a) for the wave optics point of view, linear polarized light can
be understood as a superposition of two circularly polarized lights, left and right, or
CCW and CW. Kerr Rotation is induced by the phase misalignment of two circularly

polarized components, as in Fig 2.13 (b)

2.5.3 Circular Dichroism

Then what if the phase remains its alignment but the reflection ratio is different for
the two circularly polarized components? As in See Fig 2.14, the reflected beam forms
elliptical polarization shape. We call this measurement as Kerr Ellipticity or Circular
Dichroism.

In order to measure the small ellipticity of the light, we keep using the Kerr
rotation setup with minor adjusting- inserting quarter wave plate. The elliptical
beam becomes Kerr rotated beam (Fig 2.15) and we measure the tiny difference of
the photodiode signal as we have done before (Fig 2.16).

All these experiment can be done wavelength (photon energy) resolved way by
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Figure 2.15: Wave Optics point of view of Circular Dichroism with quarterwave plate,
for (a) Normal and (b) Rotated Reflection

installing monochromator before the Kerr rotation optical bridge, as in Fig 2.8.
When the reflection ratio difference is pretty much large, one can shine two
circularly polarized components of light one by one and compare the result instead

of using optical bridge.

2.5.4 An example of Polarization Resolved Pump Probe Spec-

troscopy

The study [11] shows practical application of this technique. Fig 2.17 shows the Kerr
rotation signal measured on monolayer W Se; sample, cryogenically cooled to 4K with
degenerate (same) pump and probe photon energy 1.735¢V. (or wavelength 693.9nm)
In this kind of degenerate pump and probe wavelength, beams are shine with some
angle, deviated a little bit from the normal direction. Pump and Probe beams are
separated by pinhole by virtue of different angle of incidence of two beams. We can
see that the Kerr Rotation signal looks like exponential decay with time constant

6ps. The most significant of Kerr Rotation is that it flips the sign when the pump
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flips its polarization.
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Chapter 3

Review of Literature

In this chapter, we will review several prerequisite studies which lead us to our main
work. We begin with the direct evidence of light matter interaction of TMDC related
to the valley degree of freedom. Then we move to sandwiched monolayer TMDC
the vertical heterostructure. We review the papers of interlayer charge transfer, and
we move to the study to investigate if spin- valley index of the charge are interlayer
transferred as well. We also visit the study on electrical control of spin-valley degree

of freedom of carrier in TMDC materials.

3.1 Control of valley polarization in monolayer MoS5,
by optical helicity [7]

Monolayer transition metal dichalcogenides (TMDC) offer new avenues to control
valley and spin polarization based on their valley circular dichroism and spin-valley

locking. In this paper the authors are showing that among the -K and +K valleys,
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Figure 3.1: (a) Photoluminescence signal of MoSy and (b) its helicity (from [7] )

one and only one valley can be excited by circular polarized light. Fig 3.1 (a) shows
the Photoluminescence signal of MoS; monolayer in temperature 30K, excited by
sigma - circular polarized light. This is one of the most basic experiment to observe
the existence of valley in monolayer TMDC, and its role in light matter interaction.
As you see in the graph, photoluminescence emission of same polarization as pump
is dominant, showing that the excitation is done in one valley. Fig 3.1 (b) shows the

graph of polarization factor p, defined by

(3.1)

where I(0+) and I(0—) stands for the intensity of light with polarization o+
and o—, respectively. p takes the value 1 for the perfect circular polarized light and
0 for non-circular polarized light. The p factor is near unity around the peak signal
wavelength, but decreases to 0 with the wavelength further from it, showing that

valley depolarization happens depending on the wavelength.
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3.2 Optically initialized robust valley-polarized holes
[12]

One can naturally think of information storage as a practical use of valley in TMDC
monolayer, which is the main idea of valleytronics. However it requires enough time to
write, store, read the information, while the time to keep information is only about
picosecond scale. We can make use of hole instead of electron, for the holes have
much wider spin splitting as you can see in Fig 1.5. This wide spin splitting makes
the valley polarized holes extremely hard to hop to another valley, preserving the
valley polarization much longer.

In this paper the authors used CVD monolayer W Se, at the temperature 10 K,
which are naturally p-doped to investigate hole valleytronics.

Fig 3.2 (a) shows the optical bridge setup for the Pump Probe Kerr rotation as
described in section 1.5.2 Polarization Resolved Pump Probe Spectroscopy. Fig 3.2
(b) shows the Kerr rotation signal, flipping the sign with the flipping pump helicity,
showing the signal is from spin-valley effect which is an odd function of pump helicity.

Fig 3.3 (a) shows the Kerr rotation signal, decaying with the pump probe delay
time, depending on the probe energy. (The pump energy was set always 12meV
higher than the probe energy.) Fig 3.3 (b) shows the Kerr rotation signal snapshot in
given time 2.5ps (about the maximum) and 100ps, depending on the probe energy.
Compared with PL signal, we can see that the Kerr rotation signal takes maximum
value around X+ (charged exciton - trion) peak, rather that X0 (neutral exciton)
peak. The Kerr rotation signal is the result of the transfer of valley pseudospin from

photocarriers to the resident carriers, in particular, the transfer of valley pseudospin
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Figure 3.2: (a) Pump Probe Kerr rotation setup (b) Kerr rotation signal (from [12] )
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can be mediated by positive trion X+, leaving behind valley-polarized holes after trion
recombination. This result will appear again in Chapter 4, when we try to explain

the red shifted position of Circular Dichroism curve in TMDC heterostucture.

3.3 Ultrafast Charge Transfer in TMDC Heterostruc-

tures [13]

From the study of monolayer TMDC, now we turn to vertically stacked two different
monolayer TMDC the TMDC (vertical) heterostructure. With the contact of two
material, the Alignment of valance band and conduction band of two materials can
be classified to 3 types.

Fig 3.4 (a) shows the band alignment of various TMDC materials, from [14], for
selecting pairs of material for the type of alignment we want. Fig 3.4 (c) shows the
3 different band alignment type of heterostructure. The material studied in [13] is

the stack of MoSs and W S5, the type 2 heterostucture, the one we are particularly
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interested in.

Fig 3.5 (a) shows the band alignment of two materials, MoSy and W S5, which
is type 2 band alignment as we have seen above. Fig 3.5 (c) is the photoluminescence
signal of two materials in none overlapping areas. We can see that the WS, band
gap energy is higher than that of MoS, from the PL peak positions. The authors
shined a pulse laser beam to the sample with photon energy, which is higher than
the MoS5 band gap and lower than the WS, band gap, so that the electron are
excited only in MoSs but not in WS,. With the electron and hole pairs creation
in MoS5 conduction and valance band respectively, one can expect the hole transfer
from MoSy to W.S,, or electron transfer from WSy to MoS,, because the electron
might want to fill the vacant lower energy state of MoS5. They probed this charge

transfer with pump probe spectroscopy.
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Fig 3.6 (a), (b) shows the broadband pump probe spectroscopy result, which is
a powerful technique to scan the transferred charge over the band, as mentioned in
Chapter 2. Fig 3.6 (a) is the 2D plot of pump induce probe reflection change and delay
time. When the interlayer charge transfer happens, the absorption of the material is
affected by pauli blocking mediated photobleaching effect, and the reflection change
R/R is directly proportional to the change in absorption coefficient on atomically
thin material on a transparent sapphire substrate. We look at the reflection change
because it is easy to measure. The pump induced probe reflection change of the
heterostructure sample shows significant peak at WS, gap energy, while the signal is
not seen in bare WS, sample. On the bare MoS, sample there is a little peak but
with much weaker strength and different position the MoS, B excitonic gap energy,
showing that the signal from the heterostructure sample is not solely from WS5 or
MoS,. This transient reflection experiment shows the evidence of interlayer charge

transfer in type-2 heterostructure.

3.4 Interlayer spin-valley transfer in two-dimensional
heterostructures [15]

We just have seen that in the monolayer TMDC material, excited carriers can store
information as the form of spin and valley-pseudospin (spin- valley locking makes
us difficult to say if the information is stored in spin or valley), and in the vertically
stacked heterostructure made of 2 different monolayer TMDC with type-2 band align-
ment there can be interlayer charge transfer from one layer to the other. Then what

if we combine these two phenomena? We might want to guess that in the TMDC het-
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erostructure, if the excited charges in one material layer are spin-valley polarized well
enough, and if the charges are to interlayer transfer to the other layer, the electrons
might preserve its spin-valley information even after the charge transfer.

Recently there was one report that a charge transfer in MoSey-W Ses het-
erostructure is carrying not only charge itself but also spin valley information over
the layers, observed by polarization sensitive CW laser pump probe spectroscopy at
the temperature 30 K.

Fig 3.7 (a) show the transient reflection of MoSey-W Seq heterostructure sample
and bare W Se; as a control experiment. Since band gap size of MoSes is slightly
smaller than that of W Ses, by using the pump beam with photon energy in between
the band gap of MoSe; and W Ses, one can excite the carriers of MoSes only, leaving
W Ses untouched. The band gap alignment of MoSe; and W Se, is type 2 and looks
like M oS5 and W .Sy as we have seen before, so one can prove that there is a interlayer
charge transfer from MoSey to W Sey by the same method as in section 3.2. using
pump beam with photon energy in between the band gap of MoSe; and W Se,, and
probe beam with photon energy same as the band gap size of W Se,.

Fig 3.7 (b) show the transient transmission of MoSey-W Ses heterostructure
sample. They excited a given spin-valley state in one layer by one (say sigma -
) circularly polarized CW radiation resonant with the relevant exciton energy, and
compared co- (sigma - ) and cross- (sigma + ) polarized transmission for resonant
pumping of excitonic transitions in the other layer, examining the spin-valley char-
acteristics of the interlayer transferred charge. The two graph Co- (burgundy) and
cross- (green) circularly polarized probe are quite different in peak strength peak

shape, showing that there is spin valley effect persists in transferred charge. Fig 3.7
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Figure 3.7:  (a) Transient reflection of MoSey-W Ses heterostructure and bare W Se,,
pumped at MoSey band gap energy (b) transient transmission of MoSey-W Sey for
co- and cross- polarized pump probe. (c¢) Circular Dichroism (from [15] )
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Figure 3.8: (a) transient transmission of MoSes-W Ses for co- and cross- polarized
pump probe, pumped at W Sey band gap energy (b) Circular Dichroism (from [15] )

(c) shows the circular dichroism of the sample. Usually the circular dichroism exper-
iment is done by calculating the difference of the transmission (or reflection) signals
between (sigma - ) probe and (sigma + ) probe, but it can be done by measuring
difference of the signals between (sigma - ) pump and (sigma + ) pump, and the
authors chose the latter method. In Fig 3.7 (¢), the circular dichroism graph flips the
sign with changing of probe helicity, showing that the effect is spin-valley effect. Hole.
This experiment used the interlayer Hole transfer from the valence band of MoSe,
to the valence band of W Se,. However what will happen if we try the interlayer
Electron transfer from the valence band of MoSe, to the valence band of W Sey? If
we shine the light with the photon energy same as the W.Sey band gap, which is
larger than the MoSes; band gap, than the electrons can be excited both in W .Sey
and MoSey, and the excited electrons in W Se, conduction band can transfer to the
MoSes conduction band.

Fig 3.8 (a) shows the transmission spectra of circular polarized (sigma - ) po-
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Figure 3.9: (a) Band Diagram for Co- polarized pump probe, pumped at W Sey band
gap energy (b) Estimated Transmisson (from [15] )

larized probe beam for the co- (sigma - ) and cross- (sigma + ) resonant pumping
of excitonic transitions in the W Sey layer. Fig 3.8 (a) shows the circular dichroism
the signal difference between co- (sigma - ) and cross- (sigma + ) resonant pumping,
flipping the sign with the helicity of probe beam, as expected. The graph in Fig 3.8
(a) does not seems from one single lorentzian peak but made of a couple of peaks
with different center position. This can be explained by the effect of neutral exciton
and charged exciton (trion) as in Section 3.2. Lets have a look at it in more detail.
Fig 3.9 (a) shows the mechanism of pump induced probe transmission change for
the Co- circular polarization. Assuming the ideal case with (perfectly matched crystal
angle), Pumping is in - polarization, the excited electrons in WSey (K,) conduction
band are entirely transfer to (K,) band of MoSes conduction band, and probe is
in - polarization, which is Co-polarized case. The transferred electron in MoSe,

conduction band blocks the formation of neutral exciton with Pauli blocking, so the
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Figure 3.10: (a) Band Diagram for Cross- polarized pump probe, pumped at W Seq
band gap energy (b) Estimated Transmisson ([15] )

exciton formation becomes harder, and exciton energy gets higher because of the
rising of electron level with the accumulated electron. As a result, neutral exciton
peak gets smaller, and blue shifted, as shown in Fig 3.9 (b).

Fig 3.10 (a) shows the mechanism of pump induced probe transmission change
for the Cross- circular polarization. Assuming the ideal case, Pumping is in + polar-
ization, the excited electrons in W Ses (+K,) conduction band are entirely transfer
to (+K,) band of MoSey conduction band, and probe is in - polarization, which is
Cross-polarized case. When there is transferred electron in MoSe, conduction band,
it forms together intervalley trion the charged exciton, with the neutral exciton cre-
ated by probe, and the pure neutral exciton concentration is diminished for they are
taken to form the trion. As a result, neutral exciton peak gets smaller, and trion peak
appears in red shifted position ( 30meV) from the neutral exciton peak, as shown in

Fig 3.10 (b).
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Figure 3.11: Circular Dicroism for 8 different crystal angle (from [15])

The authors just assumed that in the TMDC heterosturcture, the valley specifi-
cally excited electrons are interlayer transferred to same valley of new material as the
original valley of new material. One can think that it is originated from the valley
momentum conservation and available only in the case of well aligned crystal. In
other words, the crystallographic orientation angle which can range from -60 460, is
near 0.

Then what if one does the same experiment with different crystal angles? Fig
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Figure 3.12: Band Diagram and Electron Transfer for Circular polarized pump probe
for 3 different crystal angle ([15] )

3.11 shows the circular dichroism result for 3 different angles, 0, 30, 55 deg. Surpris-
ingly, the graph results keeps its overall shapes. We can see that after the interlayer
transferred process, the valley specifically excited electrons are moved to always same,
designated valley of new material, no matter what the alignment angle is. How can
it be possible?

Fig 3.12 shows the band diagram of MoSey- W Ses heterostructure, depicting
the electron transfer for the different crystal angles - 0, 30, 60 deg. The authors
claim that because of the wide ( 30meV) spin splitting of MoSey; conduction band
and cold temperature, (30K 3meV), among two conduction bands upper and lower
conduction band, the electrons should precipitate into the lower conduction band.
The inter-valley scattering might be assisted from crystal phonon or other thing, and
if we assume the spin is well conserved, than the electrons can go only to the lower

conduction band with designated valley because of the spin conservation.
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3.5 Electrical control of the valley Hall effect in
bilayer MoS, transistors [18]

Now apart from optics-only experiment, we will have a look at the new stage, the
electronic property of TMDC the valley Hall effect. Monolayer transition metal
dichalcogenides (TMDC) gave us opportunity to control valley and spin polarization,
which might be able to lead us to the spintronics and valleytronics. However, for
the practical application to the real world device, we should be ready to prepare,
manipulate, read the spin valley information not only optically but also electronically.
There has been long effort to control the spin valley states of carrier in semiconductor.
One of the most famous study on this topic is the method of carriers separation with
spin index, using spin-Hall effect. [16]

Spin Hall effect is a successor of ordinary Hall effect, which is originated from
the spin-orbit coupling. In case of current flow in the 2D material with spin-orbit
coupling, the carriers feels transverse directional force with the direction depends on
the spin. In case of strip-like material geometry, the carriers with opposite spins are
accumulated in opposite side of the strip.

See Fig 3.13 (a) for the detail of experiment setting. In this study, they prepared
a long and thin semiconductor bar made of GaAs/InGaAs heterostructure(a good
testbed of 2D electron gas used to be used before graphene and other 2D material),
and applied voltage across the bar to flow some current. The spin density of the
electrons were examine with Kerr rotation with 825nm pulsed laser. In the previous
experiment the time reversal symmetry breaking (or more specifically in TMDC,

the valley symmetry breaking or inequivalent valley excitation) is induce by circular
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Figure 3.13: Spin Hall Effect experiment (a) setup (b) result in two opposite side of
edges (from [16] )
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Figure 3.14: Spin Hall Effect experiment result (a) 2D Kerr imaging, (b) 2D Re-
flectance imaging, of the whole GaAs/AlGaAs bar plane (from [16])

polarized light and optically probed, but in this experiment it is electrically generated,
and probed in same way. With the electric separation of carrier, the electron spin
expected to be accumulated in each side of the bar. Fig 3.13 (b) shows the result in
each edges of the bar, left and right. The edges are filled with spin polarized electrons
up and down for each sides.

Fig 3.14 (a) shows the 2D Kerr imaging of the whole bar plane, showing the
prominent spin polarization colored by red and blue. Fig3.14 (b) shows the reflectance

imaging of the sample. The symmetric nature of the map proves that the different
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Kerr rotation signal in left and right edges are not from the difference in reflection.
They even applied external magnetic field perpendicular to the current and parallel
to the bar plane and have shown that the signal vanishes for strong external magnetic
field, in order to prove the Kerr rotation signal comes from the spin Hall effect.

One might want to try an analogous experiment in Monolayer TMDC as well,
and since the valley index is determined at the edge of the band with the spin-valley
locking, we can call this as valley Hall effect. Lets have a look at the following study,
[17], [18].

The Kerr Rotation imaging of Monolayer M oS5 shows that the Valley Hall effect
is shown clearly on the Monolayer TMDC, where the centrosymmetry is naturally
broken in Monolayer TMDC. However one can start from the material with unbroken
symmetry and break the symmetry to see the induced Valley Hall effect.

See Fig 3.16 (a) for the illustration of crystal structural symmetry. The valley
physics of monolayer TMDC is originated from the fact that the centrosymmetry is
broken in Monolayer TMDC, and the symmetry is recovered in bilayer TMDC since
the bilayer is formed by stacking of two monolayer with center-rotated position to each
other. However, the symmetry can be broken with vertically electric field, so that one
can tune the symmetry breaking by adjusting the electric field. The electrical driven
Kerr rotation experiment was done with method to similar as in [16], see Fig 3.16
(b). In addition, there is vertical electric gating to the sample to tune the symmetry
breaking of the bilayer crystal.

Fig 3.17 (a) is the reflection and Fig 3.16 (b) is the Kerr rotation imaging under
the high vertical electric gating, just like Fig 3.14 (a) and (b). Once again, from

the separation of carrier spin, we can see the spin and valley Hall effect of the 2D
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Figure 3.15: Kerr Rotation imaging of Monolayer MoSy ( from [17] )
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Figure 3.16: (a) illustration of Bilayer MoSy crystal structural symmetry. (b) Spin
Valley Hall Effect experiment setup (from [18] )
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Figure 3.17: Spin Hall Effect experiment result (a) 2D Reflectance imaging, (b) 2D
Kerr imaging, of the whole bilayer M oS5 bar plane (from [18] )
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semiconductor sample.
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Chapter 4

Charge and Spin-Valley Transfer in
Transition Metal Dichalcogenides

Heterostructure

Monolayer transition metal dichalcogenides (TMDC) offer new avenues to control
valley and spin polarization based on their valley circular dichroism and spin-valley
locking. In this context, interesting issues arise when two TMDC layers are stacked
in a vertical heterostructure and interlayer charge transfer processes become possible.
Now I explain the first half of main stem of this work, spin-valley transfer in TMDC
heterostructure.

The original idea suggestion and optical study of this research was mainly done
by myself-Kim Suk Hyun, and other Ph.D student assisted me - Elyse Barre and Burak
Aslan, in Tony Heinz group, Department of Applied Physics, Stanford University and

SLAC National Accelerator Laboratory. The sample stacking preparation was done
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by Young Duck Kim, Dongjea Seo, in James Hone group, Department of Mechanical
Engineering, Columbia University in the City of New York. The orignal sample
growth was done by Kyungnam Kang, in Eui-Hyeok Yang group, Department of

Mechanical Engineering, Stevens Institute of Technology.

4.1 Introduction

In our study, we investigate the spin-valley characteristics of charge transfer in M oSy /W Se,
heterostructure with similar technique as previous study, utilizing ultrafast pump
probe spectroscopy in room temperature. In particular, when we excite the A exci-
ton in W Sey with circularly polarized ultrafast pump radiation, we observed circular
dichroism of probe pulse for both the A and B excitonic transitions in M oSy by mak-
ing use of relatively close A and B exciton feature (small valence band splitting) of
MoSs, giving access both to the lower and upper split conduction band of electron
receptor material MoSs. (These signatures are not observed in either of the separated
monolayers, verifying the role of transfer from one layer to another.) We confirmed
that spin valley transfer happens even in room temperature as well, decays in few
picosecond time scale. By comparing the opposite sign of A and B excitonic signal,
we could conclude that spin information is only conserved while valley is lost with-
out testing multiple samples. We confirmed the result by examining the influence of
the relative crystallographic orientation in a number of different samples. We also
discussed possible reason of fast decay of net spin population in MoS, conduction
band.

Atomically thin monolayer transition metal dichalcogenides (TMDC) offer new
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avenues to carry, store, and manipulate information in the form of valley and spin
polarization, opening the gate of spintronics and valleytronics. [19] This represents
a paradigm shift moving away from information processing through current charge
based electronics. Based on the absence of inversion symmetry in crystal structure, lo-
cal minima states of electrons in monolayer TMDC can take either K or K* valley, and
these states can be optically excited selectively by circular polarized light since each
valley exciton couples with different handedness of light [7]. By virtue of several hun-
dreds of meV of large spin orbit coupling in valence band, each of valleys are assigned
to spin up or spin down in degenerate band, forming so-called spin-valley locking. As
a result, we can utilize the spin, valley, and layer indexes (in bilayer material) as an
information carrier based on spin-valley circular dichroism and spin-valley locking,
spin-layer locking. Such valley polarization-engraved information can be monitored
by Photoluminescence [7] or Pump Probe Spectroscopy Kerr Rotation. [11] [12] Once
the spin / valley initialized, such information can be controlled by external ultrafast
light pulse, which can be used as a quantum gate.[20] New interesting issues arise
when two TMDC layers are stacked to form a vertical heterostructure. Interlayer
charge transfer processes become possible when the two stacked material has type-II
band alignment. This phenomena has been observed in pump-probe spectroscopy in
MoSy-W Sy stacking, by pumping only one layer and showing new peak arise in probe
reflection spectral domain which have not been emerged in MoSs; or W Se, separated
monolayer material alone, which comes from charge transfer from originally pumped
layer to another layer. [13] As a result of charge transfer, it became also possible
to observe a significant photoluminescence signal peak around photon energy region

well below both of energy band gaps of two monolayer materials. This new peak is
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assumed to be originated from interlayer exciton, which consist of an electron and
hole from opposite layers. The time-resolved PL signal have shown interlayer excitons
have exceptionally long lifetimes over 1 nanosecond in 30 K, showing how hard the
recombination of electron and hole in different layer is. It was also observed that two
photoluminescence peaks of each materials are quenched by an order of magnitude
due to fast charge transfer, reducing intra-layer excitons which produces original PL
signal in recombination process. [21] Another way to see if two stacked monolayer
TMDC interact is observing the electron wavefunction mixing and charge transfer in
the reflection contrast. It has been observed that in MoS,/W Sy and MoSes/W Sey
heterostructure, there are significant broadenings of linewidth in reflection contrast
spectrum peak after the monolayer TMDC has been stacked to another material.
Such broadening can be understood as originated from the decay of originally created
intra-layer exciton through charge transfer process, since the amount of linewidth
broadening is same as the estimated time scale of interlayer charge transfer, which
are around 20~35fs. [23] Combining these spin-valley degree of freedom and in-
terlayer charge transfer, interesting issues arise the spin valley transfer in TMDC
heterostructure. As stated in the Section 3.4. , recently there was one report that a
charge transfer in MoSey /W Ses heterostructure is carrying not only charge itself but
also spin valley information over the layers, observed by polarization sensitive CW
laser pump probe spectroscopy at the temperature 30 K. They excited a given spin-
valley state in one layer by circularly polarized radiation resonant with the relevant
exciton, and measured co- and cross- circularly polarized light transmission to probe
excitonic transitions in the other layer, examining the spin-valley characteristics of

the interlayer transferred charge. However, the study could not offer an insight on
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time resolved behavior of spin valley characteristic of electron since they have only
done steady state observation with CW laser and giving access only to the lower spit
conduction band of electron receptor material MoSes, required testing a number of
heterobilayer samples with different relative crystallographic orientations to compare
the degree of information conservation in spin and valley.

In the present work, we used femtosecond pulsed laser for the pump probe
spectroscopy to have an insight to the time resolved dynamics of the spin valley
charge transfer with the resolution up to about 1 picosecond, instead of CW laser
which gives us only steady states result. As all the measurement here are taken
under room temperature condition, this work paves the way for possible real device
application, unlike the previous study under the cryogenic temperature only. By using
wide probe spectral range which covers both A and B excitonic range of MoS,, we
could access to the spin valley conserving by one sample. In the previous study this
could not be very clearly analyzed before measuring many sample.

We examine CVD grown MoSy- W Sey heterostructures and check if they have
enough wavefunction mixing between two layered materials for interlayer charge trans-
fer by reflection contrast peak broadening and photoluminescence peak quenching.
Then we test charge transfer from WSe, to MoSs more directly by pump-probe
spectroscopy, observing newly emerged peak in probe reflection spectrum by pump-
ing one layer, not present in either of separated monolayers. After confirming the
interlayer charge transfer, we finally test the spin-valley transfer by measuring circu-
lar dichroism of heterostructure material which are pumped by circularly polarized
pulse. Circular Dichroism is defined by reflection rate difference of left and right

circularly polarized light, and it is a direct measure of valley imbalance of the TMDC
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material, offering direct probe to the spin/valley transfer in heterostructure material.
As all the measurement here are taken under room temperature condition, this work
paves the way for possible real device application. We test the circular dichroism in
time and probe wavelength (or probe photon energy) domain to better understand
the dynamics of the highly valley polarized charges. We also examine large number
of samples to see if there is any crystallographic dependence in spin/valley transfer
in heterostructure material. As a back-up analysis, we try some fitting of the circular
dichroism data and see how dielectric functions change before and after the charge
transfer, by using real and imaginary dielectric function model of atomically thin

layered material.

4.2 Sample Preparation

Here I briefly introduce the growth process of monolayer MoSs and W Se; and sam-
ple preparation of MoS5-W Sey heterostructure. CVD growth of Monolayer W Ses,
tungsten source carrier chip (Snm WO3 thin film on 90nm SiO,) was deposited on
S10, via electron beam evaporation. The tungsten source chip was covered, in face-
to-face contact, by the silicon substrate. The sample was loaded into the center of the
quartz tube and ceramic boat with 1 g of selenium powder was located upstream in
quart tube. After loading, the furnace was heated up to 850°C in 1.6 Torr. 20 sccm
of Argon gas and 15 sccm of Hydrogen gas were supplied to improve WO3 reduction.
CVD growth of monolayer MoSs, the SiOy/Si substrate were O2 plasma-treated.
Before the synthesis, MoO3 powder (Alfa Aesar, 99.995%, 10mg) was placed in an

alumina boat close to the center of the heating zone of the furnace, and an alumina
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boat containing sulfur powder (Alfa Aesar, 99.999%, 200mg) was placed upstream
relative to the gas flow direction. Oxygen plasma treated 285 nm thick SiO5/Si sub-
strate were placed 10 cm from the edge of the alumina boat containing MoO3 powder.
After purging the furnace with Argon gas for 10 minutes, the furnace was heated to
850 C with 100 sccm Ar. The Mono MoS, were then synthesized at 850°C for 30
minutes. After the synthesis process, the furnace was cooled to room temperature. In
transfer process, we first spin coat a layer of poly methyl methacrylate (PMMA 950
A6) onto as grown MoSs films on SiO,/Si substrate followed by a baking process at
180°C form 2 min. A water droplet is then dropped on the PMMA layer. The water
may have a natural energy to penetrate between the MoS, film and the substrate
due to different surface energies. And we can then readily scoop onto CVD grown
W Sey sample. After that we bake the transferred assembly at 90°C for 10 minutes to
remove water residues. The last step of the transfer process is dissolving the polymer

with chloroform.

4.3 Basic Optical Characterization of the Heterostruc-

ture sample

4.3.1 Reflection Contrast

We first investigate the interlayer charge transfer itself in time and photon energy do-
main, regardless of spin/valley polarization. We prepared MoSs- W Ses heterostruc-
ture sample by CVD growing separately on SiO, substrate and wet transfer MoS5 on

top of W Sey. Monolayer flakes of MoSs and W Sey are the forms of regular triangle
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Figure 4.1: MoSy-W Sey Heterostructure Sample (a) Optical microscope image (b)
Schematic side view

with size 10~20um, and ~5um large overlapped heterostructure regions for optical
measurement can be easily found so that there are ~100 stacked region in 1 square
centimeter large Si Substrate. (Fig 4.1.)

We took the reflection contrast spectrum of monolayer MoSy, W Ses, and their
heterostructure with white light from a tungsten halogen lamp focused to 2~3um.
(Fig 4.2.)

We see A and B exciton peaks around 1.88eV and 2.02 eV in MoS5 and 1.63eV
and 2.05eV in W Se,. Although they are all seen in heterostructure region, there are
significant peak broadenings when compared to monolayer cases as we can see from
the graph. Such broadenings were observed and reported earlier in [23], See Fig 4.3
for the results in the literature. The broadening can be observed in both MoS, /WS,
and MoSey/W Ses, both on A and B exciton peaks. See Fig 4.4 for the detail.

We attribute such broadenings to the interlayer charge transfer serves as non-

radiative decay channel of excited carriers. The broadenings of our samples in Fig
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Figure 4.2: Reflection Contrast signal of MoSy-W Ses Heterostructure Sample, in-
verted by minus (-) sign.

4.2. mean the layers are attached well so that they cannot be treated as separate

layers without any interaction.

4.3.2 Interference effect analysis

Let us have a look in more detail including the sample-substrate interference effect.
When the monolayer tmdc sample is placed on a thick transparent substrate like
sapphire, the sample are seems more reflective and brighter, which means reflection
contrast is positive sign. on the Si/Si05 substrate the sample area looks less reflec-
tive, darker, and shows different color. So we tried the Reflection contrast modeling of
MoS5 - W Sey Heterostructure sample with interference and dielectric function mod-
eling. After we take Reflection Contrast (RC) measurement on the Si/SiO, substrate,

we tried to fit the curve with the oscillator model, assuming the complex dielectric



4.3. Basic Optical Characterization of the Heterostructure sample 55

Reflectance Contrast AR/R
Reflectance Contrast AR/R

|

|

|
1.0

i |

|
0.5

i |

: 0.0 | L L
15 48 21 24 27 20 15 18 21 24 27 30
Energy (eV) Energy (eV)

Figure 4.3: Reflection Contrast signal of M oSy-W So Sample and MoSes-W Sey Sam-
ple, brought from [23]
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Figure 4.4: Ezxciton linewidth broadening of MoSey-W Sey Sample, brought from [25]
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function of the TMDC materials to be sum of few Lorentzian oscillator functions
which are KramersKronig constrained. [25] We assigned the Lorentzian oscillator for
each different materials and excitonic ranges, like MoSs A, MoSs B, MoS,; C, W Ses
A, WSey B,WSey C, as shown in the Equation. 4.1, 4.2.

fa,MoS,
GMOSQ(E) = €Mo0S2,0 + ) 5 3
Eanos,” — E* — 1E7v4 Mmos,
+ fB,MoSz fC,M05'2 (4 1)
5 . 2 4 :
Epmos,” — E? —iEVB Mos,  Eomoes,™ — E? — 1EYe Mos,
fA,WSeg
€wse; (E) = €wses 0 + Ty
Eawse,” — E* — iEyAWwSe,
IBws fews
+ = = (4.2)

2 . 2 -
Epwse,” — E? —iEVvBwse, FEowse,” — E* — iEYc,wse,

We also took account of the interference effect of S1O, layer by Transfer Matrix
Method. [26] [27] The thickness of the materials shown in Fig. 4.1 are from the
reference [25]. Equation. 4.3, 4.4 are the result of fitting of Monolayer MoS, and
WSey result, using three (A, B, C excitonic) oscillators for each of the graphs as
written below.

With this model, we have got the fitting parameters:
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EMOSQ,O = 39
Eanos, = 1.89€V, Y4 1105, = 0.071eV, farros, = 1.25eV?
EB rtos, = 2.0265eV, VB ros, = 0.14€V, £ ar0s, = 2.81V?

Ecaos, = 2.83¢V,Yc 005, = 0.78€V, fontos, = 79.7eV?

(4.3)
EWSes,0 = 14.1
Eawse, = 1.646€V, V4 wse, = 0.068¢V, fawse, = 0.80eV?
Epwse, = 2.055¢V, Y.wse, = 0.18€V, fpwse, = 1.67eV?
Ecwse, = 2.38¢V,Ycwse, = 0.7V, fowse, = 22.7eV?
(4.4)

Fig. 4.5 (a), (b) show the fact that we can explain the reflection contrast so
well even with this simple dielectric function model.

However Fig. 4.6 tells that this model with same parameters shows some devia-
tion with the experimental result in heterostructure region. This is because interlayer

charge transfer serves as non-radiative decay channel of excited carriers, inducing
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Figure 4.5: reflection contrast data of (a) MoSs and (b) W Seqy with graph fitting with
the fitting parameters of Equation. 4.3, 4.4.
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Figure 4.6: reflection contrast data of M oSy - W Sey Heterostructure with graph fitting
with the original and adjusted fitting parameters
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exciton linewidth broadening [4], requires some adjusting of the dielectric function
parameters. Fig. 4.6 shows well fitted model curve again, with adjusted parameters

to:

€EMoS,,0 = 4.7
Earros, = 1.85eV, YA mos, = 0.1€V, farros, = 1.22eV?
EB.atos, = 2.00eV, VB.ar0s, = 0.168¢V, f5 1105, = 2.81eV?
Ecnos, = 281V, Y0005, = 0.422€V, fo pros, = 100eV?

(4.5)

€W Ses,0 = 1
Eawse, = 1.63eV,Yawse, = 0.11€V, fawse, = 1.22eV?
Epwse, = 2.055eV, Y5 wse, = 0.255€V, fpwse, = 2.44eV?
Ecwse, = 2.36eV,Ycwse, = 1.03€V, fowse, = 27.4eV?

(4.6)
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We did not have to change the B excitonic parameters of W.Sey. We estimate the
non-radiative decay time constants by 7 = h/A~ where A~ is the increased amount

of linewidth ~, giving:

7’,4’]\/1052 = 22.7f8, TB,MOSQ = 23.5f5, 7',4’1/1/5'62 = 15.7f$, 7']3’[/1/562 = 8.78f$ (47)

which are similar values as in the previous researches [23] etc., showing that we
have nice quality of heterostructure sample with interlayer interaction. With the range
of Si/SiOysubstrate thickness and reflective index in this work, the Reflection contrast
curve is almost equal to just upside down graph of the thick transparent substrate,
in the case that the reflection ratio is proportional to the absorption curve. We
will consider the optical reflection spectroscopy curve by the sample on the Si/SiO,

substrate as the original samples absorption curve unless otherwise specified.

4.3.3 Photoluminescence

We additionally examined these three regions with photoluminescence spectroscopy
(PL) as well, since we expect some quenching of PL signal with the charge transfer
induced non-radiative decay channel.

In Fig 4.7 we can see that heterostructure sample PL graph has characteristic
peaks which are from monolayer samples, but in the stacked region the PL signals

are quenched by 1~2 order of magnitudes from monolayers, especially by 1/30 in
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Figure 4.7: PL data of MoSs - WSes, and their Heterostructure. The PL signal is
quenched by orders of magnitude in the Heterostructure region.

WSey A exciton peak and by 1/6 in MoS; A exciton peak, confirming again the

heterostructure samples are stuck well for charge transfer.

4.4 Charge Transfer observed by Pump Probe spec-
troscopy

After we characterize the sample with RC, PL spectroscopy, we made use of ultrafast
femtosecond laser optics to further investigate the interlayer charge transfer. Then we
move onto the spin/valley character of the carrier transfer. The sample were excited
by 1.61eV pump pulse which is set to match with A exciton energy to test the charge
transfer from W Se, to MoSs, and broadband probed within 1.77eV ~ 2.13eV.
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Figure 4.8: Charge Transfer in MoSs- W Sey Heterostructure. (a) Schematic of
charge transfer in TMDC heterostructure. Photo-excited electron in W Sey layer
transfers to MoSsy layer, leaving its pair hole in WSey. (b)-(d) Band Diagram
representation of Pump-Probe Spectroscopy in MoSs monolayer, MoSy- W Ses Het-
erostructure, and W Sey monolayer, with the pump pulse resonant with W Sey A ex-
citon energy (1.61eV of photon energy). (b) In case of MoSs monolayer, since it
requires far greater energy to excite either A exciton (1.83e¢V) or B exciton (2.00eV)
range, the conduction band electron population remains unchanged and we do not see
any significant probe signal change. (c) In case of W Sey monolayer, as the conduc-
tion band was populated by the electron from A excitonic range of WSey (1.61eV),
the probe absorption in B exciton range of WSey (2.05e¢V) is decreased and reflec-
tion is increased with hindered excitation of electron caused by Pauli blocking. (Right
side) (d) Finally, In case of MoSy- W Sey Heterostructure, pump-excited electron in
W Sey conduction band transfers immediately to the M oSy conduction band, causing
reflection increasing in both A and B exciton range of MoSs by the Pauli blocking
same as in (c). (e)-(g) Pump-induced Probe signal change ratio in percentage (%),
2D color mapped on delay time and photon energy domain, backing up the ideas of
(b)-(d), which are taken on (e) MoSs monlayer, (f) MoSs- W Sey Heterostructure,
and (g) W Ses.



4.4. Charge Transfer observed by Pump Probe spectroscopy 63

Fig 4.8 (a) illustrates how pump pulse induced photo-excited electron moves
from one layer to another, leaving photo-excited hole in original layer. Both pump
and probe beams were linearly polarized in same direction to eliminate any circular
polarization effect. We then measure reflection change ratio, AR/R, where R is the
original reflectance and AR is the pump induced change of reflectance. The method-
ology of the Ultrafast Optical Measurement in this work is following. Femtosecond
ultrafast pulses at the wavelength 1,030 nm were generated by a fiber based amplifier
system (IMPULSE Femtosecond Laser by Clark MXR). The laser pulses with 100
femtosecond pulse duration at the repetition rate 1 MHz, are focused into an un-
doped YAG crystal to generate a supercontinuum white light, and are split into two
beams by a beamspiltter. One is amplified by NOPA (Non-linear Optical Parametric
Amplifier) system and bandpass filtered to become strong 770nm (10nm FWHM)
near-infrared laser for pump beam, and the other was guided into a long focused
monochromator (Shamrock 500i by ANDOR, Oxford Instrument) and was gathered
at the other side of the monochromator with a convex lens to select a specific wave-
length with ~1nm resolution from 580nm to 700nm for probe pulses. The pump and
probe beams were focused at the sample with a micrometer objective lens into the
circular beam spot with diameter ~2um. The intensities of the beams were about
~20uW for pump and ~1uW for probe just before the sample. The probe light was
detected by a Si-based photodiode, with a 700nm short-pass filter to filter out the
pump pulse. The pump-probe time delay was controlled by a motorized linear delay
stage and the pump probe signal was recorded using lock-in amplifier with a mechan-
ical chopper in a frequency of 700 Hz. The time delay and probe wavelength control

and data mining were automatically processed with computer using LabVIEW. In
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charge-transfer experiment, we linearly polarize both pump and probe beam in same
direction to get rid of any circular polarization dependent effect. The MoS, alone
sample does not show any reasonable signal the region of interest (Fig 4. 8 (e)), be-
cause both A and B exciton energy gaps are much higher than pump photon energy
and cannot be excited by pump alone. (Fig 4.8 (b) ) In contrast, the W Sey sample
shows some peak around 2.07 eV, corresponds to increasing of reflection around B
exciton energy of W Ses. (Fig 4.8 (g) ) This peak corresponds to the effect that A ex-
citon formation filled the conduction band with electron, repulses the electron which
wants to be excited to conduction band by Pauli blocking, hindering the B exciton
formation, decreasing the absorption and increasing the reflection around B exciton
energy. (Fig 4.8 (d) ) Finally, the MoSy - W Sey heterostructure region shows two
high peaks in 1.84eV and 2.00eV, corresponds to increasing of reflection around B
and A exciton energy of MoS,, respectively. (Fig 4.8 (f) ) This peaks were neither
observed in separated MoSs nor W .Sey alone region, showing the exotic nature of
heterostructure material. We attribute the peaks to be the transfer of conduction
band electrons from WSey A to MoS, conduction band. (Fig 4.8 (¢) ) The electron-
filled conduction band hinders the excitation of electron to conduction band both
from A and B valence band, suppressing the A and B exciton formation, decreasing
the absorption and increasing the reflection around A and B exciton energy of MoS..
(Fig 4.8 (¢) ) Not only the 1.84eV MoS, B exciton peak, but 2.00eV MoS; A exciton
peak is also clearly distinguishable with 2.07eV W Sey B exciton peak. (Fig 4.8 (g).)

See also Fig 4.9 for the time sliced graph, the Transient Reflection in maximally
excited time for MoSs, W Se,y, and Heterosturcture. Fig. 4.9 shows the transient

reflection signal verses probe photon energy in 3 regions at the maximally excited
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Figure 4.9: Transient Reflection in maximally excited time for MoS,, W Ses, and

their Heterosturcture
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time (near time zero~2ps). MoSy does not show significant signal. W.Sey curve
show some peak centered at 2.05eV which corresponds to W Se; B excitonic range,
heterostucture curve show two strong peak centered at 1.83eV and 2.00eV which
corresponds to MoSy A and MoS, B excitonic range showing clear distinction from
W Sess, giving the evidence of interlayer charge transfer. This unique emergence of
peak ensures the fact that the peaks are from combinational effect of MoS, and

WSGQ.

4.5 Spin/Valley Transfer observed by Circular Dichro-

ism spectroscopy

4.5.1 Method- revisited

Here we address the question of whether the spin and valley characteristics of pho-
toexcited carriers are persevered under interlayer charge transfer, since it is not very
obvious if the information is still unaltered after the interlayer charge transfer. In or-
der to observe the interlayer spin/valley binary information transfer, we again utilized
ultrafast pump-probe measurements, exciting a given spin-valley state in one layer by
circularly polarized radiation resonant with A exciton. The spin-valley characteristics
of the transferred charge are examined through the induced Circular Dichroism for
resonant probing of excitonic transitions in the other layer. Circular Dichroism (CD)

is defined by

n= (AR/R)O'+pT‘Ob€ - (AR/R)Ufprobe (48)
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which is the difference of reflection change ratio between left (0+) circularly po-
larized probe and right (o—) circularly polarized probe. The measurement is possible
by an optical bridge at once since linearly polarized probe beam is in fact a superpo-
sition of 04, 0— probes. We simply keep the pump and probe wavelength unchanged,
but use pump light into circularly polarized by Soli-Barbinet compensater before it
enters the sample instead of original linearly polarized light. In order to make the
pump beams circularly polarized just in front of the sample, the pump beam were
first linearly polarized by a polarizer and passed the Soli-Barbinet compensator, a
continuous variable waveplate.

The detection of the Circular Dichroism was done using optical bridge, which
make the probe light linearly polarized with a polarizer, gathers the probe beam after
it was reflected to the sample, and let it pass through Wollaston prism with the axis
making 45° to the polarization axis to split the beam into two beams with equal
intensities and polarization which are perpendicular to each other. The two beams
are monitored by two separate photodiodes, and the signal difference is extracted
and amplified by low-noise amplifier, sending the signal into lock-in amplifier. This
is the scheme to measure the Kerr Rotation of the sample, but this setup can be
converted to measure the Circular Dichroism by inserting Fresnel Rhomb just before

the Wollaston prism, a broad wavelength quarter-wave plate.

4.5.2 Result

Now we move onto the actual result and some explanation about spin-valley transfer.
Fig 4.10. shows the result of delay time dependent circular dichroism, with probe

filtered at 1.82eV + 0.013eV (680nm =+ 5nm).
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Figure 4.10: Pump-induced Circular Dichroism of Probe signal in percentage (%) for
pump energy 1.82¢V £+ 0.013¢V (680nm + 5nm), as a function of delay time. CD

signal shows exponential decay with time constant ~10ps, with two opposite signs of
pump helicity
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Figure 4.11: Charge (No Circular Polarized Pump and Porbe) and Spin Valley (CD)
time dependence (a) normal (b) time log scale

We confirmed that the overall graph shape of CD signal flips to change the sign
when the pump is change from left circular polarized one to right circular polarized
one, insures that the observed CD signal is essentially spin-valley mediated effect. See
Fig 4.11 for the time behavior of the signal. The spin valley transfer induced circular
dichroism signal exhibited lifetime about 10ps, in contrast of Charge transfer induced
transient reflection signal with the lifetime at least hundreds of picosecond.

Fig 4.12 shows the possible model to describe the mechanism of pump-induced
circular dichroism of probe signal in M oS- W Ses heterostructure with band diagram
picture. We call this as valley-dominant model, assumes the crystal momentum to be
nearly strictly conserved while spin decays fast so that we can ignore it. Left (o+)
circular polarized pump pulse resonant with W Sey A exciton energy, excites electrons
in WSey K valley and interlayer transfer process sends them to MoS, conduction
band. In case of parallel aligned crystal (§ = 0 deg), electrons in WSey, +K valley
will be transferred only to same +K valley of Mo0S5 due to momentum conservation.

As a result, the absorption of probe pulse in A exciton range will be effected only in
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Figure 4.12: (Original) Valley dominant model. Band Diagram representation of
Pump-induced Circular Dichroism of Probe signal in MoSy- W Sey Heterostructure,
with the pump pulse resonant with W Sey A exciton energy (1.61eV of photon energy).
Left (o4 ) circular polarized pump (pink arrow) excited electrons in W Sey +K valley
would be interlayer transferred (yellow arrow) to same +K valley of M oSy conduction
band, assuming well aligned crystals. (Spin indexes are assumed to be quickly ran-
domized and were not considered here) Then probe pulse induced excitation of MoSs
A exciton energy (shorter red arrows) is hindered by Pauli blocking only at +K valley
by the repulsion of electrons, increasing the reflection of left (o+) circular polarized
probe, creating Circular Dichroism(CD). In this model, the CD of MoSs B exciton
(longer red arrows) energy will be same sign from the commensurate selection rule for
A and B valence band.
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left (o+) circular polarized probe. This model can describe the existence of CD signal
in A excitonic range as in Fig 3 (a), and flipping of CD with flipping pump helicity.
In this valley-dominant model, the sign of the CD signal in B excitonic range would
be the same as that of A excitonic range, because of same selection rule for A and
B valence band. However, the experimental result shows CD signal around A and B
exciton appears with opposite sign, contradicts with the model.

Fig 4.13 shows the result of delay time and photon energy dependent circular
dichroism of probe beam, induced by left circularly polarized pump beam pulse. Red
(Blue) colored positive (negative) signal means left (right) circular polarized pump
beam has greater reflectance. We observe circular dichroism of probe pulse for both
the A (~ 1.85 nm) and B excitonic (~2.00eV) transitions in MoS5. CD signal changes
the sign as we follow the photon energy axis, from positive around A exciton range to
negative around B exciton range, showing clear contrast to the charge transfer case

with two positive peaks at both A and B exciton energy that we have seen before.

4.6 Analysis

Fig 4.14 shows the Lorentzian fitting of the time sliced data in Fig 4.13 at the maxi-
mum signal. The Red and Green curve shows the peaks at A and B exciton energy,
showing that the signal can be nicely fitted with two peaks with opposite signs. The
Lorentzian fitting gives us the peaks area in the photon energy domain, spectrally
integrated signal. Since we get two peaks with opposite signs for each time slice, we
can trace the A magnitude and B magnitude for each time. Fig 4.15 shows the time

dependent magnitude of CD signal in A and B obtained by that method. Because
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Figure 4.13: Pump-induced Circular Dichroism of Probe signal in percentage (%), 2D
color mapped on delay time and photon energy domain. CD signal shows opposite
signs for A and B exciton range in time zero, contradicts with model in Fig 4.12.
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Figure 4.14: Lorentzian fitting of the time sliced data in Fig 4.13 at the mazimum
signal
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Figure 4.16: (Alternative) Spin dominant model. Photo-ezcited electrons in W Seq
+K walley have spin up orientation, and they are interlayer transferred to MoSs
conduction band, being distributed to +K and K valley equally (two yellow arrows)
through both co-valley and cross-valley channel by virtue of phonon scattering in room
temperature, with preserved spin up orientation. Then probe pulse induced excitation
of MoSy A exciton energy (red arrows) is Pauli blocked only at +K wvalley by the
repulsion of electrons occupying same spin up states as in the valence band, increasing
the reflection of left(c+) circular polarized probe. In this model, the CD of MoSs B
exciton (longer red arrows) energy will be opposite sign by the opposite spin-valley
locking for A and B valence band, matches with the result as in Fig 4.13.

of the broadening of the laser pulse width by the monochromator, we modeled the
immediate pump probe response and blurred by pulse width model. (we assumed the
finite response time does not play important role in this experiment.) The data fits
well with the assumption of same decay time ~3ps, same amplitude, and opposite
signs for A and B signal, blurred by pulse width ~2ps. Since the monochromator had
the seeting of Inm resolution and it corresponds to the time ~2ps, we consider this
as a reasonable fitting.

This phenomena can be understood by introducing alternative model called
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spin-dominant model (Fig 4.16 ), assumes the valley to be depolarized fast by excessive
room temperature phonon momentum, while spin indexes are well conserved over at
least several picosecond. In this model we assume that populated electrons in W .Sey
+K valley are transferred to +£K valley equally, with preserved spin up orientation.
We attribute such a valley distribution to room temperature phonon, since they were
predicted to have momenta large enough to scatter electrons between K and +K
valley in a simulation literature. [24]

The bosonic, spinless nature of phonon makes us think the electron spins to be
well conserved. Probe pulse induced electron excitation at MoSy A exciton energy
is Pauli blocked dominantly at K valley by electrons occupying same spin up states,
increasing the reflection of left (0+4) circular polarized probe. Since the valence band
spin has opposite orientation at A and B valence band, the CD of Mo0Ss B exciton
energy shows flipped sign, increasing the reflection of right (¢—) circular polarized
probe. We have got the result that among the spin and valley it is spin with is
preserved well during the first ~1ps of the charge transfer, with measuring only one
sample. The previous study in Section 3.4. also arrived to the same idea with different
material combination, but the study was tied to steady state observation using CW
laser, and required multiple measurements on many samples with different crystal
angles. Investigation to the time behavior with finer resolution could not be done by
the instrumental limitation, which suggested a goal for the future research project.

As a double check, we have also examined the influence of the relative crystallo-
graphic orientation of the two layers on the transfer process using a large number of
different heterostructure samples, backing up the alternative model. Fig 4.17 shows

the relation between the crystal twisted angle and CD signal amplitude and decay
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Figure 4.17: Crystal orientation angle dependence of circular dichroism signal ampli-
tude, without any clear trend of crystal angle.
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time constant, using with probe filtered around A exciton peak, at 1.82eV + 0.013eV
(680nm + 5nm). We can see that the CD signals are largely independent of the
crystal twisted angle, agrees with the spin conservation dominant model assuming
the fast valley depolarization, suppression of valley dependent CD by momentum
conservation.

Here is a closer look on the band diagram and more detailed explanation. Fig
4.18 shows the detailed look in MoS, conduction band. We have considered the
MoS5 conduction band to be spin degenerate for simplicity. Since the splitting is
few meV which is about the size of room temperature kT, it is might be a good
approximation, but let us consider the separation from now. Since the spin splitting
in MoSes conduction band in previous study in Section 3.4 is few tens of meV, and
since the temperature was 30K, whose kT = 2.5meV, the transferred electron likes
to go the lower split band (dark blue colored) as shown in Fig 4.18 (a). With this
favor to the lower band, the spin conservation led the election to go to one valley
only. (Strictly speaking, by some depolarization, the ratio was measure to be 100:
37.) The upper band (sky blue colored) dynamics and valley distribution of the
transferred electron is unclear in this testbed. What will be the destination of the
electron if the upper band is also a possible option? Fig 4.18 (b), (c), (d) are the
result if the electron strictly follows the spin only, valley only, and spin & valley
conservation. Since we can measure the time dynamics with the pulse laser pump
probe, not only the destination but also the intermediate pathway might be seen.
The result we have seen is the electron goes to both of the valley almost equally (the

equal magnitude of the A and B signal) with the spin conservation, supporting the

model in Fig 4.18 (b).



4.6. Analysis 79

(b)

NA

4K
Spin conservation?

(c)

4K
Valley conservation?

{
C

(d)

=+

¢
C

Both?

Figure 4.18:  (a) Electron transfer situation in Section 3.4 with MoSes- W Sey in
cryo. temp. 30K. The upper band (sky blue colored) could not be used due the energetic
preference and The upper band (sky blue colored) is avaliable. Only one valley was
used. (b), (c), (d) are the situation of our study with M oS- W .Sy in room temp, both
bands are avaliable, if the electron strictly follows the spin only, valley only, and spin
& valley conservation
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Figure 4.19: CD signal (green) and Charge transfer pump probe signal (red). Redshift
15 seen.

However there is subtle thing to consider the redshift of the CD signal. Fig 4.19
shows the red (left) shifted CD signal (green) compared to the charge transfer pump
probe signal (red), about 50meV both for A and B excitonic range. The shifted
position and broadened linewidth of the peaks may be considered to be partially
originated from Si0, layer interference effect and could still be interpreted as A and
B exciton range transition when they were analyzed by transfer matrix method. (See
Fig 4.20 for the detail)

Nevertheless the full size of redshift and time behavior of the CD signal needs
more consideration. Together with the result that the spin valley pump probe signal
decays faster than the charge pump probe signal, we attribute this result to the
formation of trion (charged exciton) as we previously discussed in the Section 3.2
and 3.4. With the addition of electron from W.Sey to MoS,, we hypothesize that
both Charged exciton and Neutral exciton is formed. Neutral exciton losses its valley
polarization within 1ps timescale via exchange interaction, but stays longer enough

(~100ps) to retain the charge pump probe signal. Charged exciton holds its valley
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Figure 4.20: Circular Dichroism modeling of MoSs - W Sey Heterostructure sam-
ple. (a)(b) Complex dielectric function modeling of MoSs in heterosturure with (a)
real part (b) imaginary part, for the unpumped sample and after left circularly po-
larized pumped sample. The pumped samples dielectric function takes two different
values (transient birefringence), so that there are separated graphs for right circu-
larly polarized probe, and left circularly polarized probe. The pumped functions were
made by decreasing oscillator strength fa o, o+ and fBaoes,o— tnto a half, while
keepingfp moSs,o+ 0NAfa Mos,o—unchanged. (c) Simulation of the estimated circular
dichroism using the birefringence dielectric functions in (a)-(b). (d) Ezperimentally
measured value of transient circular dichroism in mazimally excited time for the het-
erosturcture, showing same overall shape as in (c).
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polarization for few ps to 10ps timescale, but decays fas enough (~10ps) to show the
fast decaying spin valley pump probe signal. This intermediate, hypothetical model
might be able to become more profound after some supporting experiment, which

suggested a goal for the future research project.
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Chapter 5

Electrical control of spin and valley
Hall effect in monolayer W Ses

transistors near room temperature

After the optical investigation of spin valley dynamics in TMDC Heterostructure, we
now turn to the electrical way to control the spin valley properties of the TMDC mono-
layer. Which is essential in the real world application of spintronics. Due to the mono-
layer geometry and strong spin-orbit coupling, they are predicted to have a coupled
spin and valley Hall effect (SVHE) related to the valence band spin splitting[28][29].
This spin splitting is particularly large in tungsten diselenide (W Sey). Here, we in-
vestigate the SVHE in p-type monolayer W Se, transistors. Using magneto-optical
Kerr effect (MOKE), we observe distinct spin-valley polarization along the sides of
the transistor channel at a near-room temperature of 240 K. We show we can control

the polarization magnitude using electric field, in agreement with a drift diffusion
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transport model. Our study complements earlier reports of electrical control of the
valley Hall effect (VHE) in gated n-type MoS, at 30 K[18] by showing that the SVHE
can be observed and controlled at near-room temperature. Our results demonstrate
the robustness of the SVHE and its potential for spin-based device applications.
The original suggestion of this study, sample and device preparation, and optical
measurement, electrical transport experiment was done by Barr, E.(in Heinz, T.’s
group in Stanford) and Currivan-Incorvia (in Pop, E.’s group in Stanford) equally.
[ myself (Kim, Suk Hyun) provided my optical measurement idea and skill, and
have done the optical experiment together with them, and have done the computer
programming, mechanical setting (fine XY stage control) for the main measurement of
this study. McClellan, C., and Wong, H-S. P. helped with the electrical measurements

and some of the analysis of the IV measurements.

5.1 Introduction

The lack of lattice symmetry in monolayer TMDs combined with strong spin-orbit
coupling leads to non-zero Berry curvature and large spin splitting, Agsoc , in the
valence band. The splitting and Berry phase become non-trivial at the K and K
points.

Figure 5.1 shows a schematic monolayer W Sey band diagram. Due to time-
reversal symmetry, the Berry curvature and spin of carriers in the valence band around
the K and K points are opposite and equal[30][31]. Thus, this material has a coupled
SVHE which could lead to device applications. Control of the SVHE in TMDs at room

temperature could provide a gateable way to switch nanomagnets for spintronics and
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Figure 5.1: Schematic of the conduction band bottom and valence band top in mono-
layer W Sey at the K and K points, showing spin splitting Asoc ~ 0.46 eV and
coupling with light polarization o+ and o—. Ag is the bandgap, Ev is top of the
valence band energy, and Er is the Fermi energy.

memory. Additionally, control of large areas of valley population in combination with
valley-light polarization coupling could be used for non-reciprocal photonic devices.
Previous work has demonstrated the VHE in n-type MoS, at cooler tempera-
tures (10 K ~ 30 K)[28][18], opening up the field of valleytronics. For practical appli-
cations, advancement towards spin and valley electrical control at room temperature
is necessary. Agoc is significantly larger in Tungsten compounds than Molybdenum,
making them promising candidates for spin-based applications[29][32][33][34]. We ex-
pect the scattering rate of spin and valley-polarized carriers to be slow, as a carrier
cannot both conserve spin and scatter into the other valley. Thus, long-lived spin and
valley lifetimes are expected. In chemical vapor deposition-grown monolayer W Se,,
lifetimes have been measured from 0.7 ns to 80 ns at 10 K[12][35]. In exfoliated sam-
ples, lifetimes have been measured over 1 us at 10 K[37][38]. These long lifetimes

protecting spin lead to long spin diffusion lengths, allowing us to measure the effect
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Figure 5.2: Cartoon of the fabricated monolayer p-type W Sey transistors (not to
scale). W is shown in green and Se in blue. Pd is used for source (S) and drain (D)
contacts. Some samples have hexagonal boron nitride (hBN) underneath the W Ses,
depicted in orange. We use a Si/SiOy back-gate (shown in black, G), with oxide
thickness of 285 nm or 100 nm

with a 0.9 pm full-width-half-max (FWHM) laser.

To this end, we have built p-type W Ses field-effect transistors (FETs) to mea-
sure the spin accumulation and show control of the effect using electric field. Figure
5.2 shows a cartoon of the transistor. We manipulate the transistor with a drain
voltage Vp, which creates an in-plane electric field in y across the channel, and a
back-gate voltage Vi (with source voltage as reference), which modulates the Fermi
level. With both Vp and Vi, a spin and valley Hall current is generated perpendicular

to that field in = along the width of the sample without external magnetic fields.
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Figure 5.3: Microscope image of Sample 1, with monolayer W Ses in center and 30
nm thick Pd source/drain contacts. The flake is 5 pm x 12 um. The dotted box is
the scan area for Fig. 2. Scale bar: 5 pm.

5.2 Sample Preparation & Basic Test

5.2.1 Sample Preparation

As shown in Figure 5.2, light of circular polarization 0+ (0—) causes excitations in
valley K (K)[39][7]. If the valley populations are different, linearly polarized light will
gain a Kerr rotation phase, 0k, , which can be measured via MOKE.

Figure 5.3 shows an image of the first sample studied, Sample 1. The SVHE
is mapped by rastering the sample in (x,y) underneath the laser. The W Se, flake is
monolayer with a small piece of bilayer in the top right corner. Sample 1 is on a Si
(substrate) / SiOs (285 nm) back-gate. We turn it on using DC Viz =-90 V and AC
Vp = 10 Vp (peak voltage). At this Vi, we find symmetric current about Vp = 0 V.
As the W Sey is on thick SiOs,, this sample requires Vo< — 20V on the back-gate to

generate enough carriers to observe both current and the Hall effect (see Fig 5.6 for
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I-V characteristics).

Transistor fabrication was carried out as following. Fabrication was done using
mechanical exfoliation, electron-beam lithography, and electron-beam evaporation.
Nb-doped W Se, crystals from 2D semiconductors were exfoliated onto polydimethyl-
siloxane (PDMS). The dopants assist with p-type transistor behavior. After identify-
ing monolayers using Raman spectroscopy, the flake was transferred onto the Si/SiOs
substrate by heating at 45 C. This process was repeated twice for samples with hBN.

The flakes were patterned using polymethyl methacrylate (PMMA) electron-
beam resist and electron-beam lithography, followed by etching with X Fey. PMMA
was removed with acetone and subsequent PMMA /electron-beam lithography steps
were done to place the 30 nm Pd contacts using electron-beam evaporation. Pd is used
due to its large work function (~5 eV), making it a suitable p-type contact, and due
to its low evaporation temperature to limit sample damage. After device fabrication,
we performed a high vacuum anneal at 2 x 10~7 Torr and 240°C for one hour to
remove excess PMMA residue. Sample 1 used p++ type, < 0.005Q2-cm, < 100 > Si
with 285 nm of Si0s, and Sample 2 used n++ type, < 0.005{2-cm, < 100 > Si with
100 nm of S70,.

5.2.2 Basic Optical Test : PL and Raman

The sample is cooled via liquid nitrogen in a cryostat, but thermally isolated such that
the temperature, T, of the W Se, is around 240 K. The temperature is confirmed using
photoluminescence (PL), shown in Figure 5.4. for a sample at room temperature vs.
cooled. When cooled, the peak energy blue-shifts by 20 meV, and the peak FWHM

shifts from 46 meV to 43 meV. Comparing to previous work[40][41], we find that this
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Figure 5.4: Photoluminescence (PL) comparing ambient conditions vs. cooled in the
cryostat (Vg = 0).

shift corresponds to T ~ 240410 K.

Raman spectroscopy has been used to identify monolayers and monolayer qual-
ity. Fig. 5.5 shows the Raman spectroscopy for Sample 2 after exfoliation and after
fabricating the device. In bilayer or thicker samples, the leg peak should be emergent
around 309 cm ™! [42], confirming a monolayer is present. No significant changes in

Raman were seen from sample processing.

5.2.3 Basic Electrical Test : IV Characteristic

Fig. 5.6 (a) and (b) show the channel current Ip vs. Vi after MOKE measurement
of Sample 1 and Sample 2, respectively. While initial IV measurements showed no n-
branch turn-on, after operating the device under MOKE measurements some n-type

behavior was introduced, particularly in Sample 1. For Sample 1, the back-gate was
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Figure 5.5: Raman characterization. Taken for Sample 2 as exfoliated on PDMS (blue
solid) and after transfer and device fabrication (orange dotted).
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Figure 5.6: Ip vs. Vg characterization taken after MOKE measurements. a, Sample
1 and b, Sample 2 near Kerr mapping conditions.
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pushed to -90 V during operation to observe steady DC current. From the Ip vs Vg
curves, we note that we are likely operating the devices just around the turn on point,
so our drain current is linear with drain voltage. Sample 1 required a much higher
back-gate because of its thicker oxide. From the IV behavior, we estimate the hole
density is approximately (3.3 £0.5) x 10?c¢m™2 for Sample 1 and (5 £ 3) x 10! em ™2
for Sample 2 at -90 V and -20 V, where the error comes from uncertainty in the
threshold voltage.

Room temperature and cold temperature IV measurements were obtained for
Sample 2 in Fig. 5.6 (b). At colder temperatures, there is reduced hysteresis and a
larger turn-on voltage[34]. Lower temperature reduces the thermionic emission over
the barrier, requiring larger Vi to turn on the channel. The higher on current at lower
temperatures implies we are in the regime where phonon interactions are decreased,

increasing the mobility compared to room temperature.

5.3 Optical mapping of the spin and valley Hall

effect

5.3.1 MOKE characterization Method

In the experiments, two lasers have been used: a supercontiuum laser (Fianium White-
Lase supercontinuum lasers, NKT Photonics) with wavelength nearly resonant to the
A exciton energy of the W Sey sample, and a continuous wave 1.84 eV laser. For the
near-resonant measurements, the wavelength is selected with a bandpass filter (10 nm

FWHM) from the supercontinuum laser. The beam is linearly polarized and focused
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on the sample with a 40x objective lens resulting in a beam spot size of 0.7-0.9 um
FWHM. The spot size was found by fitting the image of the beam from the micro-
scope camera with a 2D Gaussian and confirmed by fitting the rising edge of the Kerr
rotation to a Gaussian. The Kerr rotation detection was done using the optical bridge
technique, which takes the probe beam after it is reflected off the sample and passes it
through a Wollaston prism with an axis 45 to the polarization axis to split the beam
into two with equal intensities and perpendicular polarization to each other. The
two beams are monitored by two photodiodes, and the signal difference is extracted
and amplified by a low-noise amplifier. The signal difference is proportional to the
Kerr rotation. The signals are finally sent into a lock-in amplifier, which is synced to
the source-drain AC voltage at 700 Hz. 700 Hz provides cycles long enough that the
carriers behave as one might expect in DC operation, but short enough that shorter

integration times are adequate for lock-in measurements.

5.3.2 Result

Figure 5.7 shows the resulting MOKE map of the SVHE in Sample 1, imaged with
1.85 eV. Figure 5.8 shows the x-axis slice graph of MOKE data. We see negligible
Okerr on the substrate and two distinct bands of positive (red) and negative (blue)
Okerr on the W Sey flake, corresponding to light interactions with the two valleys.
Thus, we observe spin and valley accumulation to the sample edges at 240 K. Figure
5.9 (a), (b) are some additional 2D MOKE map as back-up data.

Preliminary results also show the SVHE at 294 K, room temperature. Kerr
rotation indicative of SVHE across Sample 2 was also observed at 294 K, shown in

Fig. 5.10. We see positive and negative k... split across the sample (red squares)



5.3. Optical mapping of the spin and valley Hall effect 93

Ul T
10
5 ~
2r 11 ®
= 3
£ .
. <
4 -5
L | L -10
0 5 15

X (pm)

Figure 5.7: Mapping of the SVHE. MOKE maps of Sample 1 taken at T = 240 K
with 0.5 pm steps using a 1.85 eV laser. Insets show an example line scan of Oxerr
vs. x on an area with no bilayer and optimized measuring parameters with a smaller
in-plane bias (2 V tight focus and low noise).
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Figure 5.8: Drift diffusion model comparison. (a) Line scan of Ogerr vS. position
across Sample 1 (red squares, plot direction shown by dotted line on inset image,
scale bar &5 pm) for laser energy of 1.85 + 0.01 eV at Vg,DC = -90 V, Vp,AC = 2
Vp, and T = 240 K.



5.3. Optical mapping of the spin and valley Hall effect 94

1 I
a 40
E T 120 B
= =
5 0
E ol {l20=
-40
1 |
Position
11 200
o -
§ 2} o £
S 3 g
T | -200 @
Q
Sy |
. : -400
0 2 4 6 8 10

Position (m)

Figure 5.9: Additional MOKE maps. a, Sample 1 taken at T = 240 K using a 1.65
eV laser with 0.5 pm steps. The inset shows the microscope image of Sample 1. b,
Sample 2 taken at T = 240 K using a 1.65 eV laser with 0.2 pm steps in x and 1 pm
steps in y. Inset shows the microscope image of Sample 2, that differs from Sample 1
by having a thinner 100 nm back-gate oxide and 3.3 nm of hBN underneath.
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Figure 5.10:  Temperature dependence. a, Line scans of Okerr. position at 294
K, across Sample 2 (red) vs. across the SiOy substrate (black). The data is taken
with Vg = -10 V, Vp,AC = 1 Vp, 2.6x10-5 Torr, and laser energy 1.70 eV, and is
averaged over multiple scans. The light blue box shows size of sample in x. Locations
of the scans are depicted in the inset, scale bar 2 um. b, Comparison of line scans at
294 K (red) with 240 K (blue) under similar conditions except different pressures of
2.6x10-5 Torr and 6x 10-7 Torr, respectively.

compared to across the SiOy surface (black diamonds), showing a SVHE at room
temperature. This behavior is repeatable for the sample with hBN underneath if
measurements are taken shortly after fabrication or after performing a high vacuum
anneal. This is evidence that reducing interactions between the channel and its
environment helps push the effect towards room temperature.

Figure 5.10 (b) compares line scans at 294 K and 240 K. Under similar operation
conditions (1.70 €V), Oxerrmas is larger at lower T. Increased O, can be attributed
to multiple temperature-dependent factors. The exciton energy blueshifts towards
1.70 eV at 240 K, which increases overall 0g.,, . this shift is observed in the PL. At
colder temperatures and resulting lower pressure, there is reduced charge depletion
and improved mobility seen in the IV curvesPodzorov 2004, which implies larger

intervalley carrier population difference. The peaks are asymmetric with a thinner
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Figure 5.11: Fitted MOKE linescans. (a) The sample and approzimate position
scanned and fitted Kerr Rotation measurements for 2 Vp to 10 Vp. (b)(e) using
current estimated from IV characteristics (assume turn on of -45 V and linear drain

voltage relation), Lp=0.8 pm and D = 4.1 x 107°m?/s and a constant background
over sample empirically estimated.

and smaller peak on the side of the sample with a region of bilayer, as shown in
the example linescan inset. The maximum Kerr rotation measured is — Oxerrmaz —
= 9.1 prad; subtracting a background Kerr signal estimated from the difference in
positive and negative peaks, the maximum Kerr rotation is about 8.2 urad.

Figure 5.11 (a) shows an additional sample map for Sample 1 using a closer-to-
resonance, 1.70 eV, laser energy, resulting in similar spin and valley accumulation to
the map shown in the main text.. We are using Vg = -90 V and AC Vp = 10 Vp

(peak voltage). Figure 5.11 (b) shows a MOKE map of Sample 2. Smaller voltages
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are used due to the thinner Si0, and shorter transistor, with V5, DC = -20 V and
Vp,AC = 1 Vp. We corrected these scans with an angle in the piezo to scan along
the width, however this introduced some noise which we corrected with y-averaging.
In Sample 2, the map also shows clear positive (red) and negative (blue) Oxerrmas
across the sample, showing the spin and valley Hall accumulation to the edges in x.
With the 0.2 um x step size, we can see the zero-point where the 0., changes from
positive to negative. This sample has more spatially symmetric positive and negative
bands compared to Sample 1. We observe a maximum Kerr rotation — Oxerrmaz —
= 9.1 prad, 8.7x higher than in Sample 1 (49 urad). This can mostly be attributed
to the thinner Si0s, which produces a 7.5 times stronger signal due to interference
effects. The hBN also protects the W Sey from current-depletion due to interfacial

traps, although the sample can still be affected by mobile and trapped charges.

5.3.3 Kerr rotation dependence on both sample interference
effects and laser wavelength, and Kerr rotation conver-

sion to valley concentration

In this section, we estimate the population difference between spin up (p') and spin
down (p*) carriers from the measured Oy, .

We use the reflection contrast of the sample and modeling the dielectric func-
tion using a transfer matrix model as well. we explain the difference between the
magnitude of the Kerr rotation measured in Sample 2 on 100 nm 570, and Sample
1 on 285 nm Si0,. We also quantify the relationship between the measured Kerr

rotation and the intervalley concentration difference.
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Figure 5.12: Reflection Contrast. Taken for Sample 2 and fit via transfer matrix
using a sum of Lorentzians to represent the dielectric function of the WSey. The
inset shows the full fit plotted from 1.55 eV to 2.15 eV on the x axis and -.45 to -0.05
on the y axis.

Shown in Fig. 5.12, the reflection contrast of Sample 2 was taken at 240 K
in vacuum in order to estimate the oscillator resonance, strength, and damping of
A excitons. The reflection contrast is taken as the difference between the reflection
off the W Se; on hBN, Ry g.,, and the SiO,, Rg;0,, normalized by the reflection off

SiOQl

AR _ Rw se;, —Rsio,
R Rsio,

(5.1)

Following previous work[34], we model the W Se, dielectric function as a series
of Lorentzians with a constant real background. For our purpose, we included 3
Lorentzians corresponding to the A, B, and C exciton. To relate the reflection contrast
to the dielectric function, we used the dielectric function as an input in a transfer

matrix model of the Si/100 nm Si05/3 nm hBN/W Se, stack and fit the results. The
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Figure 5.13: Intervalley carrier concentration to Kerr rotation conversion. The Kerr
rotation (given py = 102cm™2) as obtained from a transfer matriz model (a),(d)
plotted for different probing laser energies and (b),(e) plotted over intervalley concen-
tration difference for three particular laser energies for the represented stacks. (c),(f)
Cartoon of the Si/285 nm SiOy/W Sey stack representing Sample 1 and Si/100 nm
Si09/hBN/W Sey stack representing Sample 2.

A exciton peak had a resonant energy of 1.679 eV, strength of 0.67 eV2, and damping
of 64 meV.

Using the dielectric function fit obtained at 240 K and 0 V back-gate, we assume
the change in the carrier concentration in the K valley is linearly related to the A
exciton oscillator strength of right hand (RH) circularly polarized light (and K with
left hand, LH, circularly polarized light). Chernikov et al. 2015[36] found that for

WS, the oscillator strength decreased to about 0.2% of its charge neutral point at a
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carrier density of about 8 x 10'2em =2 Extrapolating to W Se,, we estimate an oscillator
strength decrease of about 0.1% per 1 x 10'em ™2 away from charge neutrality for each
valley. We are ignoring the Burnstein-Moss effects which may shift the peak and the
potential emergence of a intervalley trion peak, both of which have been observed in
highly polarized hole-doped W Ses[37]. These effects can be ignored as the intervalley
carrier concentration is relatively small.

A transfer matrix model is used to estimate the response, assuming a carrier

2

concentration of py = p' + p* = 102em~2. The Kerr rotation for a give intervalley

concentration changed less than 0.5% between py = 10'tem =2 and py = 102em 2.

The reflection of RH and LH light is assumed to be the response of each valley

pl—pt
2

with concentrations deviating from pg by + , i.e. with increased and decreased
oscillator strengths in their respective dielectric responses. Using this assumption
and examining the wavelengths used in the experiments: 672 nm (1.85 ¢V), 730 nm
(1.70 eV) and 750 nm (1.65 eV), in Fig. 5.13. we plot the Kerr rotation 0., vs.
population difference between up and down carriers and vs. probing energies.

Fig. 5.13. (a)(b)(c) is for a Si/285 nm SiO2/W Sey stack to represent Sample 1
and Fig. 4d-f is for a Si/100 nm Si04/3.1 nm hBN /W Se, stack to represent Sample
2. The Kerr rotation is calculated as 6,,—60,_, where r,4 is the complex reflectivity
for o+ polarized light and 6,4 is the associated phase. From the simulations, one
can see that the Kerr rotation for the thinner oxide will appear almost 7 times larger
than for the thicker oxide for the same intervalley carrier concentration difference due
to interference. This partially explains the large magnitude difference between 6.,

measurements of Sample 1 and Sample 2.

The adjusted peak accumulation in Fig. 5.7 corresponds to pl—p* ~ 2.4 x
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10*%m=2 or ~ 0.72% polarization, where polarization is defined as Zizi. We de-
duce the hole concentration at the given back-gate, p = p'+p*, from the electrical
characteristics (Fig 5.6). For the same sample, we obtained maps using a closer-
to-resonance energy of 1.70 eV, which measured |0xerrmazaai| ~ 33 prad(Fig 5.11).

2 | Both laser energies measure similar

This corresponds to p'—p* ~ 4.1 x 10%m™
maximum population difference, but probing closer to the A excitonic peak (1.67 eV)
increases the measured fk.,.. This is the expected behavior if the valley concentration

is modifying the resonant peak of the A exciton.

5.3.4 Parameter estimation with Spin-Diffusion model

In a spin drift diffusion model, assuming uniformity, the resulting spin accumulation

can be described as :

x L—=zx
elp —elp

s(x) T i—L—DOSJ

_ b LtDIs _ 5.2
p'—=p Do o5 (5.2)

where o is the spin conductivity, o¢ is the charge conductivity (estimated by upge)
and L is the length of the sample.

The accumulation near the edges falls off proportional to the diffusion constant
Lp = +/D7, where D is the spin diffusivity estimated by the Einstein relationship and
7s is valley and spin polarized hole lifetime. The spin Hall conductivity can be due
to both extrinsic and intrinsic sources. However, for the purposes of our calculations,
the spin Hall conductivity is approximated from the theoretical low temperature,
intrinsic spin Hall conduction given an approximate carrier concentration [29]. This

spin hall conductivity is incorporated in a drift diffusion model incorporating spin
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(using s = p'—p* for shorthand).

In this model, the 1D continuity equation in steady state (with no magnetic field)
is (0s/0t) = —(0/0x)Js—(s/7s) = Oand the spin current is J, , = —D(0/0x)s+osE,
. D is the carrier diffusivity, og is the spin-hall conductivity, and E, is the electric
field. The lifetime, 75, is dominated by the lifetime of a valley polarized hole, and
only holes are considered. This model has been used to describe spin Hall effect
in GaAs[43]. An analysis of these equations at steady state in one dimension, with

reflecting boundary conditions & - J, .(x = 0, L) = 0, leads to

T L—z

Lp eflp —e o
s(x) = —ogk,————— 9.3
(#) = FosB, 5:3)

Where the diffusion constant is Lp = +/D7,. Hence, the peak accumulation,
assuming L > Lp, would be approximately |22ogE,| = |%’Z—g| in an idealized
scenario. To compare to our experimental data, we obtain a carrier concentration
based on the capacitance plus offset mode of 1.1x 10 em =2 for Vi = -60 V, from which
we can find the intrinsic spin hall conductivity and the charge conductivity assuming
the mobility to be u =20 em? /Vs. We assume the diffusivity is related by the Einstein
model. Taking our experimental values L ~ 0.5um and Jo ~ 1 x 1072pA/um, we
find s = p'—p* = 7 x 10%cm 2.

In measurements, we found a maximum Kerr Rotation under a back-gate of Vi
=-60 Vand Vp = 10 Vp (~7.1 Vrus) to be approximately 0.9 rad; including a strain
related offset, this reduces to 0.5 rad (computed from the difference between the two
maxima). Converted to an approximate spin accumulation of pT—p* ~ 1.4 x10%m =2

approach the predicted accumulation. The shortfall can be explained by Gaussian

convolution, the slight difference in applied drain voltage and reduced current from
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hysteresis. To better compare, we plotted the Kerr rotation data alongside predictions
from the spin drift diffusion model empirically setting a strain related background
Kerr signal over the entire sample. In the maintext, we included the data/model
comparison for Vg =-90 V and Vp = 2 Vp. In Supplementary Figure 5, we show the
fit for 5 applied draini voltages. We assume a linear voltage increase from -60 V to
-90 V and linear drain voltage dependence and use u=20 cm? /Vs , where D is the
spin diffusivity estimated by the Einstein relationship and Lp=0.8 pm.

The drift-diffusion model has been used to estimate the behavior of spin accu-
mulation in GaAs[43]. In Figure 3a, we compare a line scan across Sample 1 (as shown
by the inset) to a drift diffusion model including laser beam Gaussian spreading and
an overall strain background contributing 0.9 prad. For these measurements, we set
Vo =-90 V and Vp = 2 Vp, finding —0Oxerrmar— = 1.5 prad with a 1.86 eV laser,
corresponding to — p'—p*— 5x10%m =2, or 0.15% polarization. As there is some
uncertainty in the spin hall conductivity (one could include extrinsic contributions)
and in current, mobility and lifetime, the values used in this model simply indicate
that our data can be fitted with reasonable order-of-magnitude parameters. Included
in Fig 5.10, we fit using the same parameters for different V.

In Figure 5.10 (b), we compare the shape of our experimental data to the drift
diffusion model for a second sample, Sample 2 (x position corrected for scanning
drift). Sample 2 is a solely monolayer, 4 um x 4 um flake on Si (substrate) / SiO,
(100 nm) / hBN (3.3 nm), shown in Fig. 3b(inset). It is turned on with Vg = -20 V
and Vp = 1 Vp. The spin and valley diffusion is observed to be more symmetric in
both magnitude and position, in agreement with the drift diffusion model using no

extra strain effects.
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Scans of Sample 2 indicate diffusion lengths that are long compared to half the
width of the sample. However, Sample 2 presented more measurement difficulties
as cooling and warming appeared to induce some uneven strain as revealed by Kerr
measurements. This introduced some uncertainty in fitting for Sample 2. In both
samples; the fitted model shows the monolayer Lp > 0.5 ym. In Fig. 5.8 (b), we
compare our data to the model using Lp = 0.25, 0.5, and 1 pum. If the diffusion length
was much shorter than the sample width, maximum valley accumulation should be
limited to the edges (shown for Lp= 0.25 um). However, with longer L and Gaussian
averaging from a laser profile, the maximum is found inward from the edge, matching
more closely with the data from both samples (shown for Lp= 0.5, 1 pm). This
is repeatedly observed in the experiments: thus, we expect that Lp is a significant

portion of the sample width.

5.3.5 Electric field control

MOKE line scans were taken at multiple back-gate and drain voltages to determine
the electric field dependence of the SVHE. Figure 5.14 (a) shows Oxerrmaz Vs Vi
for Sample 1. We observe an exponential dependence on negative Vi, which implies
the spin Hall conductivity has an exponential trend. Negligible 0., is observed for
positive Vi (not shown). This agrees with the exponential behavior of the source-drain
current Ip vs. Vg shown in Fig. 5.14 (b) (noting the hysteresisin the source-drain
and photodoping may alter the operating currents: Supplementary S1).

Figure 5.14 (c) shows line scans of Sample 1 vs. Vp. The general shape of
the line scan is maintained, but Oxerrmqs linearly increases with Vp, shown in Fig.

5.14 (¢). The linear dependence on channel longitudinal field agrees with the drift
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Figure 5.14: FElectric field control. (a) Plot of maximum Ogerr vs. Vo with Vp ac =
10 Vp or 7.1 Vrys. Measurements were taken off resonance (1.84 €V) using 0.5 pm
steps at 3.3 x 107%Torr. (b) Plot of drain current ID vs. Vg with Vppc = 8 V. (c)
Line scans of Oerr vs. position across Sample 1 with Vi = -90 'V and increasing Vp

from 0 to

10 Vp in steps of 2 Vp

. (d) Plot of mazimum Oferr vs. Vp (black squares).

The dotted blue line shows the valley population difference vs. position derived from
the drift diffusion model.
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diffusion model, plotted as the blue line. Both Vi; and Vp-dependent results indicate

that the Oxerrmaz X pt—pt o Ip.
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Chapter 6

Conclusion

6.1 Charge and Spin-Valley Transfer in Transition
Metal Dichalcogenides Heterostructure

In conclusion, we demonstrated that interlayer charge transfer in MoSs- W .Sey het-
erostructure TMDC sample can be observed at room temperature. Transient reflec-
tion spectroscopy offers direct probe of the charge transfer from W Se, layer to M oS,
layer, showing increased reflection in both A and B excitonic region of Mo0S5 which
are not seen at either of separated monolayer MoS; and W Se, alone. We further
made use of circular dichroic spectroscopy to see if spin/valley indexes of the electrons
are still conserved during the transfer. We concluded that valley conservation cannot
be observed due high momentum interference from room temperature phonon, but
we succeeded observe based on valley selective optical effect that the spin orienta-
tion is well conserved within the lifetime ~10ps so that we see prominent circular

dichroism signal in both A and B excitonic regions, with opposite signs due to spin
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discriminative Pauli blocking effect. In this study we have seen spin conserving inter-
layer charge transfer in TMDC heterostructure which creates valley selective effect
even in room temperature. This shows that TMDC heterostructure spin/valleytronic
schemes could be integrated into conventional electronics.

As a future plan, we should look for the condition to adjust the 'ratio’ between
the spin and valley polarization transfer. For example, under ultralow temperature,
one can expect the valley index of electron is not scattered to two valleys but they are
conserved and transfer to only one valley because of the suppressed phonon midiated
scattering. To erase the spin effect, in-plane magnetic field might be used to scatter
the spin while conserving the valley, expected to produce the same circular dichroism
signs for the A and B excitonic range, contrast to our original no magnetic room
templerature experiment giving opposite signs. We can also electrically gate the

heterostructure sample to see the neutral exciton, trion effect of the circular dichroism.

6.2 Electrical control of spin and valley Hall ef-
fect in monolayer W Se, transistors near room
temperature

In conclusion, we have mapped the SVHE in WSe; monolayer transistors using
MOKE. The maps show accumulation of opposite valleys to the edges of the mono-
layer at an elevated temperature of 240 K. The shape of the accumulation agrees
with a drift diffusion transport model with spin diffusion lengths greater than 0.5

pm. Although there appears to be some potential contributions from strain effects,
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the negative and positive accumulation due to the SVHE appears in multiple samples
and it is unlikely strain is the dominant effect, considering the accumulation shape is
consistent with the spin drift diffusion model. We show electric field control of the
maximum spin and valley diffusion in agreement with the diffusion model. Show-
ing control of the SVHE, long spin diffusion lengths, and pushing the effect towards
warmer temperatures are very important results for spin-based, practical applications
of TMDs.

As a future plan, we should study wider W Se, sample for the true spin decay
time. Our narrow sample width might be a limitation to measure the spin-valley dif-
fusion length (Kerr Rotation signal decay length) to get the true spin-valley diffusion
time. We can also design the Heterostructure experiment of the Spin Valley Hall

effect, combining our two main projects.
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