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Supervisor’s Foreword

Over the past decade, there have been remarkable advances in the synthesis and under-
standing of the properties of atomically thin 2D systems based on layered van der
Waals (vdW) crystals. Starting with graphene, an ever-growing class of 2D materials
has been identified, with many unusual and distinctive physical, electronic, optical,
and chemical properties, as well as relevance for emerging technological applications.
Moreover, the ability of combining these sheets into heterostructures with control at
the monolayer level through mechanical assembly and growth techniques offers
unprecedented possibilities for the development of new hybrid systems with proper-
ties tailored for fundamental science and applications.

Recent spectroscopic studies have begun to establish the basic properties of the
electronic states and excitations in model 2D layers, including the semimetallic
graphene layers, the semiconducting transition metal dichalcogenides (TMDCs),
and the insulating hexagonal-BN layers. Dr. Yilei Li’s thesis has made significant
contributions to establishing the nature of electronic and vibrational excitations in
these atomically thin layers. By applying linear and nonlinear optical spectroscopy,
Dr. Li’s thesis research has advanced our basic understanding of electronic proper-
ties and optical response of these atomically thin 2D layers, particularly for gra-
phene and TMDC monolayers. Further, using Raman and infrared spectroscopy, Dr.
Li has elucidated distinctive mechanisms that couple the electronic and vibration
degrees of freedom in these 2D materials. Finally, Dr. Li’s thesis presents the results
of a magneto-optic study of monolayer MoSe, in the TMDC family. These investi-
gations demonstrate the possibility of lifting the degeneracy between the K and K’
valleys in this material system, as well as the creation of a static valley polarization
in doped layers. I would like to take this occasion to congratulate Dr. Yilei Li on the
noteworthy research contributions made during his doctoral studies and to wish him
further success in the coming years.

Menlo Park, CA, USA Tony F. Heinz
SLAC National Accelerator Laboratory
Stanford University






Preface

Atomically thin 2D crystals form a distinct and growing class of new materials. The
electromagnetic response of a 2D crystal provides direct access to its electronic
properties. This thesis presents a series of experimental studies of the electromag-
netic response of model 2D crystals as probed by optical spectroscopy. Our aim is
to obtain understanding of their intrinsic linear and nonlinear response and the
many-body interactions in these materials, as well as to explore the potential to use
the 2D materials for sensing applications.

In the two studies of graphene, we either removed contaminations from the envi-
ronment to reveal the intrinsic response or intentionally applied adsorbates to inves-
tigate how the electrons interact with the extrinsic molecules. In the first study, we
obtained ultraclean graphene using hexagonal boron nitride as the substrate, which
allowed us to probe using Raman spectroscopy the intrinsic electron—phonon and
electron—electron interactions free from substrate induced sample inhomogeneity.
In a second study, we demonstrate a strong near-field electromagnetic interaction of
graphene plasmons with the vibrations of adsorbed molecules. Our results reveal
the potential of graphene for molecular sensing.

In our investigations of the monolayer transition metal dichalcogenides, we
performed measurements of the linear and the second-order nonlinear dielectric
response. From the linear dielectric response, we demonstrate strong light-matter
interactions even for a single layer of these materials. Several trends in the exci-
tonic properties of this group of materials were obtained from the measured
dielectric function. In the nonlinear optical study, we observed >10° enhancement
of the second-harmonic signal from monolayers as compared to the bulk sample,
a consequence of the breaking of the inversion symmetry present in the bulk. In
addition to the results for monolayers, we describe the behavior of few-layer mate-
rials, where the symmetry properties change layer by layer. For monolayers (and
samples of odd layer thickness with broken inversion symmetry), the strong and
anisotropic second-harmonic response provides a simple optical probe of crystal-
lographic orientation.

vii



viii Preface

In the magneto-optic study of transition metal dichalcogenide monolayers, we
demonstrate the induction of valley splitting and polarization by the application of
an external magnetic field. The interaction of the valleys with the magnetic field
reflects their nonzero magnetic moments, which are compared to theoretical models.
We further clarify the electronic configuration of the charged excitons and impor-
tant many-body corrections to the trion binding energy through the control of valley
polarization achieved by the external magnetic field.

New York, NY Yilei Li
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Chapter 1
Introduction and Background

1.1 Introduction

Low-dimensional systems, including 0-d (quantum dots), 1-d (nanotubes and
nanowires), and 2-d (graphene, transition metal dichalcogenides, etc.) systems,
exhibit many distinctive properties as compared to the bulk (three-dimensional)
systems. The possibility of controlled production of many of these materials with
good crystal quality and size suitable for experimental investigation has opened up
many exciting avenues for the study of the fundamental physics in these low-
dimensional systems. In general, the reduced dimensionality leads to a number of
trends, including the enhancement of quantum confinement and the reduction in
dielectric screening, both of which enhance interactions between charged particles
in the material. On the other hand, the diverse material systems have already exhib-
ited a wide variety of novel physical phenomenon, with potential for many more
discoveries [1-4].

The measurement of a material’s optical response can be categorized into two
groups depending on the relative time scale of the temporal resolution of the mea-
surement and the physical response of the material. In the first category, the mea-
surement is slow compared to the material response. This is a measurement of the
steady-state response. In the second category of time-resolved measurements, the
temporal resolution of the measurement is fine enough to resolve the transient
response of the sample under test. In this chapter, we focus on the first category
because the main topics discussed in this thesis fall into this category. The time-
resolved optical response of low-dimensional materials, while extremely interesting
and important, will be largely left out for the purpose of achieving better focus.
Several representative studies will be mentioned in the next section, where a review
of the various optical spectroscopy methods is given.

© Springer International Publishing Switzerland 2016 1
Y. Li, Probing the Response of Two-Dimensional Crystals by Optical
Spectroscopy, Springer Theses, DOI 10.1007/978-3-319-25376-3_1



2 1 Introduction and Background
1.2 Overview of Optical Spectroscopy Methods

In this section, we give a brief overview of the various optical techniques in the
context of the study of low-dimensional materials. The optical techniques can be
categorized by the frequencies of the excitations that they interact with (Fig. 1.1). In
the terahertz (THz) frequency range, time-domain THz spectroscopy is a powerful
tool, where the electric field (both amplitude and phase) of the THz signal is mea-
sured as a function of time [5]. Fourier transformation of the electric field in the
time domain yields directly the THz spectrum in the frequency domain. A major
area of interest using this technique is the study of the free carrier response, which
arises from intraband electronic transitions [6]. Fourier transform IR (FTIR) spec-
trometry provides an alternative way to probe the terahertz response of a material
[7]. There is one major limitation for FTIR measurement as compared to the time-
domain THz measurement. FTIR spectroscopy provides only information on the
light intensity, not the direct access to the electric field, as in the time-domain
approach. As a result, to obtain the complex dielectric response, a Kramer—Kronig
analysis is generally required.

In the far- to mid-IR range lie the lattice vibrational modes—phonons, the low-
energy interband electronic transitions, and plasmonic resonances in 2D materials.
FTIR spectroscopy probes these elementary excitations by either transmission or
reflection measurement [8—12]. On the other hand, Raman spectroscopy probes
these excitations by the inelastic Raman scattering process, where the difference
between the incident photon energy and the emitted photon energy gives the energy
of the phonon or other excited mode [13, 14].

Optical Time domain terahertz FT-IR spectroscopy Optical
techniques spectroscopy reflection/transmission
Raman spectroscopy spectroscopy

Photoluminescence
spectroscopy

Ultrafast and nonlinear spectroscopy

Light-matter Intraband electronic Lattice vibrations Interband electronic

interactions transitions transitions

/’\/‘

[\

=
Terahertz, far-IR Mid-IR to near-IR Visible f

Plasmons

Fig. 1.1 Optical techniques and types of light-matter interactions in different frequency regimes
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In the optical range, interband electronic transitions typically dominate the
response and define the optical dielectric function of the material [15-17]. The opti-
cal dielectric response also provides valuable information on the strongly bound
many-particle states, such as excitons and trions [18-22].

Ultrafast time-resolved pump-probe measurements using femtosecond lasers pro-
vide time resolution determined by the pulse duration. Depending on the wavelength
of the pulse, it can be used to study the material response in different frequency
regimes. In general, the pump pulse is much stronger than the probe pulse, so that the
effect induced by the probe pulse itself can be neglected. The ultrafast optical tech-
niques have been used widely to investigate the ultrafast phenomenon including the
transient response of photoexcited carriers in graphene [23], the dynamics of hot
phonons in graphene [24] and carbon nanotube [25] and the relaxation of photoex-
cited valley populations in monolayer transition metal dichalcogenides [26-31].

1.3 Optics of Graphene

Even though a major portion of this thesis is devoted to the study of monolayer
transition metal dichalcogenide, we begin this introductory chapter with graphene,
considering the relative simplicity of its electronic and optical properties, and the
fact that graphene was the first material that drew the attention of the community to
atomically thin materials [1].

Graphene, a single atomic layer unit of bulk graphite, consists of a honeycomb
lattice of carbon atoms. The unit cell of the graphene lattice contains two inequiva-
lent atomic sites, denoted as the A and B sites (Fig. 1.2a). The electronic structure
of graphene was first calculated using a tight-binding model [32, 33]. The low
energy electronic structure is described by a massless Dirac fermion Hamiltonian at
the K and K’ points of the Brillouin zone (Fig. 1.2b):

H=v6-k, (1.1)

Unit cell Brillouin zone

1

N

Fig. 1.2 (a) Honeycomb lattice of graphene. The unit cell contains two inequivalent (A and B)
carbon atoms. (b) The Brillouin zone of graphene. The Dirac cones are located at the K and K’
points. (¢) Electronic structure of graphene (adapted from Ref. [34])
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Fig. 1.3 Experimental optical conductivity (solid line) and the universal optical conductivity
(dashed line) of monolayer graphene in the spectral range of 0.2-5.5 eV. The experimental peak
energy is 4.62 eV. Note the deviation of the optical conductivity from the universal value at low
energies is attributed to spontaneous doping [39]

where vr is the Fermi velocity, 6 denotes the Pauli matrices, and k is the crystal
momentum. Intrinsic (undoped) graphene has its Fermi level located at the tip of the
Dirac cone. We emphasis that the zero-gap and the linear dispersion is not model
dependent and can be derived solely from symmetry considerations of the crystal
structure [33]. For completeness, we also present the electronic structure of gra-
phene in the whole Brillouin zone in Fig. 1.2c.

The Dirac Hamiltonian leads to the distinctive half-integer quantum hall effect
and the linear dispersion results in quantum hall plateaus at energies proportional to
sgn(N)\/m where N is an integer and sgn (N) is the sign of N [35, 36]. Optically,
the linear energy dispersion produces a constant interband contribution to the opti-
cal conductivity of o = G, / 4 (Fig. 1.3) [15, 37]. While the optical conductivity of
graphene is close to this value in the photon energy range of 0.5-1.0 eV, it deviates
significantly outside this frequency range. On the lower energy side, Pauli blocking
results in a transparency below 2Eg [7, 9, 38], and the optical conductivity rises
strongly in the far-infrared region from intraband contributions of the optical
conductivity [7]. On the higher energy side, the deviation from linear dispersion
leads to a significant increase and eventually a peak in the optical conductivity of
graphene near 4.6 eV due to saddle point excitonic transitions [39].

1.4 Optics of Monolayer Transition Metal Dichalcogenides

The monolayer transition metal dichalcogenides MoS,, MoSe,, WS,, and WSe,
form a novel class of atomically thin materials that share many common structural,
electronic, and optical properties. Very recently, monolayer MoTe, also joined the
family [40]. In terms of crystal structure, they can be viewed as a single atomic
layer section of the corresponding bulk materials—a hexagonal lattice of transition
metal atoms sandwiched between two hexagonal lattices of chalcogen atoms in a
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Fig. 1.4 (a) The lattice structure of monolayer MoS,. (b) Electronic structure calculated by density
functional theory for bulk, four layer, two layer, and single layer MoS,. As the layer thickness goes
down, the indirect gap opens up and single layer MoS, becomes a direct gap semiconductor [43]

trigonal prismatic arrangement (Fig. 1.4a)] [41]. Similar to the bulk, the interband
transitions at the K and K’ points of the Brillouin zone of monolayer TMDC:s,
where the valence band is split by spin-orbit coupling, give rise to the A and B
peaks in the optical absorption spectra [42]. On the other hand, the monolayers
exhibit a number of important physical properties that are very distinct from the
corresponding bulk materials. Monolayer MoS, is a direct-gap semiconductor, in
contrast to the indirect-gap bulk MoS,. This indirect to direct band gap transition
was first observed through the shift of the indirect PL feature with layer number and
a dramatic increase in the photoluminescence efficiency in the monolayer compared
to the bilayer and the bulk [42, 43]. Figure 1.4b shows the electronic structures of
monolayer, bilayer, four layer, and bulk MoS, calculated by density functional
theory, confirming the direct-gap character of the monolayer.

In a two-dimensional system with parabolic energy dispersion for electrons and
holes, the joint density of states near the band gap is a step function [44]. However,
as shown in Fig. 1.5a, the measured absorption spectra of the monolayer TMDCs
exhibit peaked features at the band edge, implying strong excitonic effects in these
transitions. In fact, Rydberg series of the excitonic transitions is identified by
reflectance contrast spectroscopy, as shown in Fig. 1.5b [18, 19]. The energy spac-
ing between the Rydberg levels is found to be non-hydrogenic and a large exciton
binding energy of 300400 meV is determined in the tungsten dichalcogenide
monolayers [18, 19]. At finite doping, a second peak, identified as the trion peak,
appears on the lower energy side of the neutral exciton peak, the strength of which
increases with increasing doping [20, 21]. The energy difference between the two
peaks grows linearly with the Fermi level, a signature of charged excitons that stems
from the doping-induced change in the many-body binding energy of the trion.

In monolayer transition metal dichalcogenides, the K and K’ valleys correspond
to distinct electronic states with opposite momenta. The two valleys were predicted
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Fig. 1.5 (a) Absorbance spectrum of monolayer MoS,. The A and B peaks labeled in the spectrum
correspond to the spin-split interband transitions from the K and K’ points [20]. (b) First derivative
of the reflectance contrast spectrum of monolayer WS,. The 1 s excitons (neutral exciton and trion)
and the higher excited exciton states (Rydberg series) are labeled. The inset shows the original
reflectance contrast spectrum [18]
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Fig. 1.6 (a) Left circularly polarized (O _ ) and right circularly polarized (O, ) photolumines-
cence spectra for O_ excitation at 1.96 eV (633 nm). (b) Photoluminescence helicity as a function
of the photon energy. (¢) Schematic representation of the valley-selective optical absorption and
emission processes [46]

theoretically to be independently addressable by optical helicity [45], as was then
demonstrated experimentally by circular-polarization resolved photoluminescence
spectroscopy [3, 46, 47] (Fig. 1.6). By pumping one of the two valleys using circular
polarized light, unequal transient valley populations can be created.
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Chapter 2

Intrinsic Doping Dependence of Raman
2D Mode in Graphene: Signatures

of Electron—Electron Interaction

2.1 Introduction

Raman spectroscopy has been one of the most useful experimental probes for both
fundamental study and characterization of graphene thin layers [1, 2]. Raman 2D
mode in graphene is originated from a coherent process that involves the scattering
of the quasiparticles twice by near K-point phonons [3, 4]. Resonant with the Dirac
cones, the 2D mode is sensitive to perturbations in the electronic states, and this
property has made it a versatile diagnostic tool for characterizing layer number and
stacking order of few-layer graphene [2, 5-7]. Apart from the above applications,
the doping dependence of the Raman 2D mode is of particular interest as it provides
a monitor for the charge density in graphene [8]. Here we reinvestigate this prob-
lem, but using ultraclean graphene exfoliated on hexagonal boron nitride (h-BN),
which provides excellent charge homogeneity [9—11]. Contrary to the weak doping
dependence of Raman 2D mode below a net charge density of 2x 10'2 cm in [8],
we observed a significant blue shift of more than 4 cm™ when the sample is gated
over the same density range. Because of the strong doping dependence of the intrin-
sic shift, improved charge homogeneity is essential for proper measurement of the
properties of this feature at low doping levels. The observed symmetric blue shift of
2D mode is shown to be a direct consequence of the density-dependent renormaliza-
tion of electronic band structure by electron—electron (e—e) interactions [12-20].
Interestingly, direct renormalization of the phonon frequency with doping is found
to be relatively weak for this range of doping and to imply a shift in frequency oppo-
site to what has been observed experimentally [21].

In addition to the peak position shift, the 2D mode broadens by 24 cm™' per eV
doping, and its intensity decreases by 20 % at our highest doping level of
2% 10'2 cm2. The observed broadening and intensity reduction of 2D mode are also
signatures of e—e interactions in graphene: enhanced e—e scattering with doping [19]
reduces the lifetime of photo-excited electron—hole (e—#) pairs, which makes the
resonant condition less stringent and thereby increases the width of the feature and

© Springer International Publishing Switzerland 2016 9
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decreases its strength. By identifying e—e interactions as the predominant cause of
the doping dependence of graphene 2D mode, we demonstrate the double-resonant
Raman mode as a sensitive probe of change in electronic self-energy from e—e inter-
actions. Interestingly, renormalization of the phonon frequency with doping is
found to be relatively weak for this range of doping and to imply a shift in frequency
opposite to what has been observed experimentally [22]. In contrast to previous
complementary experimental approaches for the study of electronic structure renor-
malization by e—e interactions near the Fermi level [12, 14, 15], we are able to probe
here the properties of quasiparticles more than 1 eV above the Fermi level.

2.2 Experimental Details for Raman Measurement
of Ultraclean Graphene on h-BN

Our Raman measurements were performed on graphene field-effect transistors
(FETs) fabricated using h-BN as the gate dielectric [23]. The device structure is
illustrated in Fig. 2.1a. A piece of exfoliated graphene of size 2 pm x5 pm was trans-
ferred onto an h-BN layer of 16 nm thickness. Three metal electrodes were used in
our FET device, with one of them placed under the h-BN layer to electrostatically
gate graphene and the other two placed on top of graphene as source and drain elec-
trodes. Figure 2.1b shows an optical image of our device. Its electrical characteris-
tics were examined through measurement of the device resistance at low bias
(Vsd = O.IV) as a function of gate voltage V,, (Fig. 2.1c). Electron/hole mobilities

a
~ Laser (532nm) |
b
.;l_\: .
Drain

c

Source g 6 Ved= 0.1V
8 a
<
.g 2
<3}
o

0
Gate -2 0 2

Electron concentration (1 0' zcm'z}

Fig. 2.1 (a) Schematic representation of the graphene FET device using an h-BN gate dielectric
under laser illumination. (b) Optical image of the graphene FET device. The area occupied by the
graphene layer is indicated by the dashed lines. (¢) Measured I-V characteristics of our graphene
FET device. The carrier mobility near the charge neutrality point exceeds 1.7 x 10* cm? V-! s7!
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exceeding 1.7x 10* cm? V! s7! were extracted from the slope of doping dependence
of the device resistance near charge neutrality at room temperature. From the width
of the same curve, we obtain an upper bound for the charge inhomogeneity in our
sample of 1.5x 10" cm=. The Raman spectra of the gated graphene were obtained
using a commercial Raman microscope (Renishaw). The excitation source was a
532 nm laser, focused to a spot size of ~0.5 pm on the sample and having power of
0.2 mW. The spectral resolution for the Raman measurements was <1 cm™.

2.3 Intrinsic Doping Dependence of the Raman G Mode:
Signatures of e—p Interactions

The dominant Raman features in high-quality graphene are the G and 2D modes [1,
2]. Although our primary focus will be the 2D mode, we briefly discuss the behavior
observed for the G mode as a function of doping level. The G peak is a first-order
Raman process (Fig. 2.2a) associated with the emission of a zone-center optical pho-
non. In several recent experimental studies, a narrowing and blue shift of the G mode
(Fig. 2.2c) were observed when the Fermi level of graphene is tuned away from the
Dirac point [8, 24-30]. These phenomena are understood to arise from the Pauli
blocking of electron—phonon (e—p) coupling when doping prevents decay of an optical
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Fig. 2.2 (a, b) Illustration of Raman scattering processes corresponding to Raman G and 2D
modes. (¢, d) Measured G and 2D spectra (symbols) at charge neutrality point (Er=0) and at our
highest doping level (Ex=0.17 eV). The black lines are theoretical fits as described in the text.
The 2D peak heights are normalized for clearer comparison. (e) Measured frequencies of the
Raman 2D (blue squares) and G (black circles) modes versus charge density in the graphene layer.
The theoretical results are shown as black solid lines. (f) Measured widths of the Raman 2D
(blue squares) and G peak (black circles) modes as functions of charge density
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phonon into an electron—hole pair [31-33]. However, appreciable differences are gen-
erally observable between experiments and theoretical calculations, likely due to
experimental uncertainties. With the ultraclean graphene sample on BN, our measured
G mode position and FWHM doping dependencies at room temperature conform to
the perturbative calculations almost perfectly (Fig. 2.2e, f), reconfirming superior
device quality and very good experimental control of doping level in graphene.

2.4 Intrinsic Doping Dependence of the Raman 2D Mode:
Signatures of e—¢ Interactions

The Raman 2D mode, unlike G mode, is originated from a coherent double resonant
process [3, 4], as illustrated in Fig. 2.2b. It involves the excitation of an e—h pair near
K point by absorbing a photon, the inter-cone scattering of the charged particle
twice by near K point phonon and the emission of a Stokes photon by e—/ recombi-
nation near K’ point. One important consequence of the double resonant process is
that phonons involved in the Raman process are selected by the resonant condition,
and as a result, a change in the resonance condition will lead to a change in the
selected phonons in momentum space. Comparing to the G mode case, the doping
dependence of the 2D mode is much less understood. A recent study of graphene on
SiO, [22] shows a red shift of ~16 cm™/eV and a broadening of ~12 cm~'/eV in 2D
mode with doping. The shift of the 2D mode observed in [22] is in the opposite
direction of the 2D mode shift we observed for graphene on h-BN and the peak
broadening observed in [22] is smaller. These differences may reflect the role of
different substrates used in the experiments. In graphene with low charge inhomo-
geneity, slight doping by a few hundred meV cannot block the resonant e—p scatter-
ing processes far away from the Dirac point. Perturbative calculation shows that the
position shift of the Raman 2D mode with doping due to modified e—p coupling is
smaller than 0.2 cm™ at the doping level of 2x10 2 cm™ [21].

As the line-shape of the Raman 2D mode for intrinsic graphene is slightly asym-
metric [34-37], we extract the doping-dependent position and full-width at half
maximum (FWHM) by fitting the spectra to a phenomenological asymmetric func-
tion (Fig. 2.2d). We found the 2D mode blue shifts for either electron or hole doping
(Fig. 2.2e). Moreover, the shifts on the electron and hole sides are essentially sym-
metrical, with an absolute peak shift per eV doping of 25 cm™'/eV.

Since the renormalization of phonon energy is expected to be too small to account
for the observed blue shift of the 2D peak, we turn our attentions to an important
effect for the resonant Raman process, the renormalization of electronic bands.
Prevailing experimental evidences have shown that Coulomb interactions among
the charged carriers renormalize the graphene’s electronic structure and enhance the
Fermi velocity [12-20]. Doping reduces the absolute value of electron energies and
the resonance condition pushes the vertical electronic transition away from the K
and K’ points, thus setting the resonant phonons further away from the K point
(Fig. 2.3). Because of the anomalous phonon energy dispersion near the K point
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b

Fig. 2.3 e—e interactions responsible for the symmetric blue shift of Raman 2D mode in the dop-
ing range below 2x 10'2 cm. (a) Schematic in momentum space of the resonant Raman 2D scat-
tering process in undoped graphene showing the electronic structure of graphene near the K and K’
points. Two near K point phonons are emitted in this process. The blue arrows describe possible
scattering pathways of charge carriers. (b) At finite doping, the electronic bands of graphene (solid
lines) become flatter compared to the undoped case (dashed lines). The resonant electronic pro-
cesses for the Raman 2D mode are then pushed further away from the K and K’ points and involve
phonons of decreased momentum

[31, 38, 39], the 2D Raman scattering process involves phonons of higher energies,
increasing the 2D mode Raman shift. Far above the Fermi surface, the self-energy
correction due to e—e interaction has been calculated theoretically [14, 20, 40—44]

], 2.1

where a is the coupling constant in graphene and vg° is the Fermi velocity of the
bare electrons. k is the momentum of the quasiparticles, kg icg 1the Fermi vector, and
k. is the ultraviolet cutoff momentum taken to be 1.703 A . Note that we have
approximated the electron gas to be degenerate and neglected finite temperature
effect since the scale of the ambient temperature is comparable to our doping step
size. To understand from (2.1) how does the 2D mode shift depend on other param-
eters, we approximate the logarithmic term to be 1, which is appropriate in our case
where k is comparable to k.. We then apply the double resonance condition and
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where fx is the slope of graphene’s phonon band structure

near the K point and v is the renormalized Fermi velocity. Quantitatively, we fit our
experimental data to (2.1) using vy =10°m/s and B, =940cm™' (determined from
the 2D mode dispersion with excitation energy). « is treated as an adjustable fitting
parameter. A very good fitting to our experimental data is achieved with a=0.60
(Fig. 2.2e). This value of a agrees with the values of a for graphene on h-BN
obtained from other experiments [18, 45]. At much higher doping level, however,
the modification of phonon energy by the change in atomic bond lengths becomes
increasingly significant and the 2D mode shifts to the red side [8].

We can check the consistency of the band renormalization picture with the well-
known dispersion of 2D mode with excitation photon energy [46, 47] by comparing
the peak shift in 2D mode with doping at different excitation energies (Fig. 2.4a).
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Fig. 2.4 (a) 2D mode position versus doping excited by photons at 2.33 eV (blue squares) and
1.96 eV (magenta squares). The solid lines are theoretical models taking into account the effects
of electron energy renormalization due to e—e interactions as discussed in the text. (b, ¢) Measured
2D/G intensity ratio and the asymmetry factor 1/q as a function of electron density

We fit our experimental results with 2.33 eV excitation and 1.96 eV excitation
simultaneously using the double resonance picture. We used two fitting parameters,
the phonon energy exactly at K point Ex and o.. The 2D peak shift by doping and the
2D peak dispersion with excitation energies can be understood simultaneously
using £, =1229cm™" and a=0.60.

Our measured shift in the 2D mode position is in apparent contradiction with the
experimental studies using electrochemical gating [8], where the 2D mode position
has variation smaller than 1 cm™ when the absolute charge density is below
2x10'? cm?. We can reconcile these two pictures by noting that with electrochemi-
cal gating, the higher charge inhomogeneity is likely to smear out the sharp non-
analytical feature near the charge neutrality point. In addition, the extra layer of
electrolyte can enhance the screening of e—e interactions, thus reducing the interac-
tion effect in the Raman spectra. At higher doping levels, however, even in the pres-
ence of a relatively large amount of charge inhomogeneity, the experimental
observed variation in Raman 2D peak position shift with doping should represent
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closely the intrinsic doping dependence [8] due to the absence of any abrupt non-
monotonic change in the 2D position. On a practical aspect, our results show that it
is not appropriate to use 2D mode position to predict the sign of doping in graphene
in the doping region below 3 x 10'? cm™. A comparison of the G and 2D peak posi-
tions doping dependencies clearly indicates that the non-analytic shift of 2D mode
is more susceptible to inhomogeneity in doping concentration than the relatively flat
G mode doping dependence within 10'> cm= from the Dirac point (Fig. 2.2e).

In addition to the Raman 2D mode peak shift, the peak FWHM is broadened by
~4 cm™ when the Fermi level is shifted from the Dirac point by 0.2 eV (Fig. 2.2f).
The width of the Raman 2D peak is induced mainly by the interference of all the
possible Raman scattering pathways satisfying the double resonance condition
instead of the intrinsic phonon lifetime. It is natural then that the finite electronic line
width contributes to the total line width of the Raman 2D mode. This is because at
any fixed momentum, there is a distribution of electronic states with different ener-
gies, loosing the constraint of double resonance condition. Charge doping increases
the phase space for the e—e scattering processes, and reduces e—4 pair lifetime. Thus
it is expected that doping will broaden the Raman 2D peak. In a similar way as we
estimate the 2D peak shift, we can estimate a lower bound for the broadening of

1
electronic states from the peak broadening: An 2z ZAYUF / B =10meV | where the
1
factor 1 accounts for the initial and final states of the two phonon emission events.

The lower bound of electronic broadening is about 10 % of the experimental mea-
sured quasiparticle lifetime of ~0.1 eV, near 1 eV above or below the Fermi level
[20, 48]. This agrees with the 20 % decrease of 2D/G intensity ratio with doping
(Fig. 2.4b), as it is predicted theoretically that the 2D/G intensity ratio is propor-
tional to inverse square of the quasiparticle lifetime [19].

Slight asymmetry of the Raman 2D mode was observed near the charge neutral-
ity point [49] for our graphene sample on BN substrate, similar to that observed in
suspended graphene with ultralow net charge density [34, 35, 37]. Theoretical cal-
culations show that the interference among all the Raman scattering pathways could
result in qualitatively similar asymmetry [4, 36]. Interestingly, as the Fermi level is
moved away from the charge neutrality point, we observed that the 2D line-shape
becomes increasingly symmetrical (Fig. 2.4c). We note that excitonic effect
may give further corrections to the simple band picture. It can potentially give cor-
rections to the position, width, and even the line shape of the 2D mode. This is,
however, beyond the scope of discussion in this work.

2.5 Conclusion

In summary, we measured the doping dependence of the Raman G and 2D modes in
ultraclean graphene on h-BN substrate. The G mode doping dependence shows
similar features as in previous studies, but the better agreement with theory confirms
the outstanding sample quality. The 2D mode shifts symmetrically by 25 cm™' per



16

2 Intrinsic Doping Dependence of Raman 2D Mode in Graphene...

eV doping to higher energy below a doping level of 2x10'? cm=. We attribute
this symmetric blue shift to the change in double resonance condition through the
renormalization of electronic band structure by e—e interactions. The width of
the graphene 2D mode increases with doping by 24 cm™ per eV doping while the
2D/G intensity ratio decreases with doping by 20 % at our highest doping level.
These two trends of the Raman 2D mode with doping are shown to be natural
consequences of the reduction of photo-excited carrier lifetime.
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Chapter 3
Coupling of Strongly Localized Graphene
Plasmons to Molecular Vibrations

3.1 Introduction

Graphene is a single sheet of carbon atoms arranged in a honeycomb lattice [2—4].
By patterning graphene into nanoribbons, propagating electromagnetic waves in
free space can be directly coupled to bound collective charge oscillations, i.e., local-
ized plasmons [5-8]. Strong in-plane light confinement has been revealed experi-
mentally by near-field infrared nanoscopy [7, 8]. However, it still remains elusive
how quickly the field decays in the out-of-plane direction. A consequence of the
field localization is enhanced light-matter interactions [6, 9—13]. It has already been
shown that plasmon resonances in graphene can couple strongly to substrate polar
phonons [14, 15] and also to the intrinsic IR-active phonons of bilayer graphene
[16]. A closely related, yet unexplored problem is the interaction of plasmons in
graphene with the extrinsic vibrational modes in adsorbed species. An experimental
demonstration of such a phenomenon, however, is still lacking.

In unpatterned graphene, the electromagnetic boundary conditions and Drude-
like conductivity [17] determine the plasmon frequency, which scales with the
charge density 7 and the plasmon wave vector g as @ o< n”* and @ o ¢"*, respec-
tively [18, 19]. In graphene nanoribbons and other forms of nanostructures, local-
ized plasmons can be directly excited by incident light with zero in-plane momentum,
and analogous dispersion relations can be obtained in the quasi-static limit [5],
which is appropriate for structures much narrower than the incident light wave-
length. These graphene plasmons have resonance frequencies which, depending on
their size and doping, lie in the infrared or far-infrared range of the spectrum [15,
20]. Thus, the use of nanoribbons, or other forms of patterned graphene, allows for
the efficient and selective coupling of infrared light to surface plasmon modes. In
this work, we use infrared transmission spectroscopy to study the interaction of
graphene plasmons with vibrational modes in surface-adsorbed thin polymer films.
Poly(methyl methacrylate) (PMMA) and poly(vinylpyrrolidone) (PVP) are used as
the adsorbates in these experiments. Both polymers contain carbonyl (C=0) groups
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with vibrational frequencies around 1700 cm™!, but due to their different molecular
structures, the exact frequencies are slightly different.

3.2 Sample Preparation and Experiment Setup for Mid-IR
Transmission Spectroscopy

The structure of the fabricated samples is shown in Fig. 3.1a. The nanoribbon array
is defined by electron beam lithography and etching of graphene grown by chemical
vapor deposition (CVD) (Fig. 3.1b). Highly resistive silicon with 280 nm thick sur-
face oxide is used as the substrate that allows light transmission in the mid-infrared
range. PMMA layers are spin-coated onto the nanoribbon-covered substrates. The
thicknesses of these layers are determined by ellipsometry and controlled using
PMMA solutions of different concentrations. Samples with PVP are also prepared
by spin-coating, but the thickness of this film is further decreased by washing in
copious amounts of water. This dissolves the portion of the polymer that is not in
direct contact with the sample surface, leaving a thin PVP residue that is only
2-3 nm thick, as determined by height and phase-contrast AFM. The carbonyl-
containing structures of PMMA and PVP are shown in Fig. 3.1c. IR spectra of these

b
PMMA/PVP
Graphene
Sio2
Silicon

C PMMA PVP

© &
N (0]

Fig. 3.1 (a) Experimental arrangement. Our measurement is conducted in the light transmission
configuration. The sample is composed of a thin layer of PMMA or PVP, a graphene nanoribbon
(GNR) array, a 280 nm thick SiO, layer, and a bulk Si substrate. (b) SEM image of graphene
nanoribbons. (¢) PMMA and PVP both contain the carbonyl double-bond (C=0), whose stretching
mode has a vibrational frequency around 1700 cm™!
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samples are collected in the transmission configuration using an IR microscope
coupled to an FTIR spectrometer (Thermo Scientific Nicolet Continuum Infrared
Microscope and Nicolet 8700 FTIR spectrometer). The attenuation of the transmis-
sion is defined as A=1-7/T, where T is the transmission spectrum with graphene
nanoribbons and Tj is the transmission spectrum of the same system without gra-
phene nanoribbons.

3.3 Determination of the Out-of-Plane Confinement
of Graphene Plasmon

The out-of-plane decay of the graphene plasmon field is probed by varying the
thickness of the polymer overlayer. Attenuation spectra for a 110 nm wide nanorib-
bon array with different PMMA overlayer thicknesses are shown in Fig. 3.2a. Here,
it is observed that the plasmon resonance strongly red-shifts with increasing PMMA
layer thickness, and that the shift saturates for PMMA layer thicknesses larger than
about 20 nm. Red shift of the plasmon resonance with an increase in the dielectric
constant from the surrounding environment is a well-known behavior of plasmons
in metal nanostructures [21]. The saturation of the red-shift provides a direct esti-
mation of the plasmon field decay length into the dielectric. The resonance fre-
quency of the plasmon resonance can be fitted to the exponential function
f=f,—Afexp(-d/d,), where f;is the resonance frequency in the limit of a very
thick PMMA layer, Af is the maximum (negative) frequency shift, and d, is the

a b
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2.
s PMMA thickness 1750
—0nm _
2 ——8nm v 1700
_— o
2,5 14nm = 1650
c —31nm =
A=) @
= —64nm g 1600
=2 | @
2 g
2 S 1550
0.5 2 -
& 1500
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Fig. 3.2 (a) Graphene plasmon transmission attenuation spectra for different PMMA film thick-
nesses ranging from 0 to 64 nm. Along with the C=0 stretch, the enhancement of another vibration
(O—CH; bending) at about 1400 cm™' becomes apparent at the larger thicknesses. (b) The depen-
dence of the plasmon resonance position on the thickness of the PMMA layer. The exponential fit
(black line) gives a plasmon field decay length in PMMA of about 10 nm
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decay length. From the fitting, we obtain a field decay length of 4, =10nm
(Fig. 3.2b). Considering that the incident light wavelength is 4o~ 5.8 pm, this decay
length corresponds to a confinement factor in the normal direction of Ay/d,~580.

In the limit of a thick overlayer, the plasmon field above the graphene surface
is completely confined within the PMMA. The observed ~260 cm™' shift of the
resonance frequency from bare ribbons to the 64 nm overlayer corresponds to a
15 % decrease in the resonance frequency. An intuitive understanding of this red-
shift can be gained by considering the dispersion relation of unpatterned graphene
[18]. In this case, the dielectric screening of the plasmon field will result in a reduc-
tion of the resonance frequency by 18 % [18], comparable to the measured result for
the nanoribbon array. The ~260 cm™' red-shift of the graphene plasmon peak can
therefore be understood in terms of dielectric screening from the environment. This
shift corresponds to a refractive index sensitivity of ~2650 nm/RIU, a figure of merit
used in the plasmon sensor community [22-24].

3.4 Hybridized Plasmon-Phonon Mode and Enhanced IR
Sensing

Figure 3.3a shows the attenuation spectra of graphene nanoribbons (90 nm wide)
with an 8 nm thick PMMA overlayer for light in resonance with the nanoribbon
plasmon and polarized perpendicular and parallel to the ribbons. Here, the polariza-
tion dependence of plasmon attenuation is utilized, i.e., plasmons are excited in the
nanoribbons when the polarization is perpendicular to the ribbon length, but not
when the polarization is parallel [15, 25]. A sharp transparency valley in the attenu-
ation spectra of plasmon resonance is observed at the frequency of the stretching
mode of the carbonyl double-bond. The depth of this valley is 0.63 %, while without
the graphene the height of the PMMA film attenuation feature is only 0.25 %.
Taking into account the filling factor of the graphene ribbons, this corresponds to a
fivefold increase in the vibrational absorption sensitivity.

Enhancement of the vibrational absorption is observed even when there is only a
partial overlap between the plasmon and vibrational frequencies. The localized
plasmon frequency depends on the ribbon width W, @ o W'? so by using graphene
nanoribbons of different widths, the plasmon resonance can be translated across the
vibrational mode resonance. Figure 3.3b shows the attenuation spectra of three gra-
phene nanoribbon arrays (110, 120, and 130 nm width) coated with 8§ nm of
PMMA. The plasmon attenuation peak intensity is normalized and the vibration
appears as a peak on the high energy side of the plasmon. We observe that the vibra-
tional attenuation increases as the detuning between plasmon and vibrational fre-
quency decreases (AI~1/Af), clearly demonstrating that the enhancement is a
resonance effect. This enhancement is a result of the tight in-plane and out-of-plane
confinement of electromagnetic field in the graphene plasmon.
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Fig. 3.3 (a) Attenuation spectra for light in resonance with the graphene plasmon polarized per-
pendicular (red line) and parallel (green line) to the graphene nanoribbons. An 8 nm thick PMMA
is spin-coated onto the graphene nanoribbons. Surface plasmons are excited in the perpendicular
polarization case, but not excited in the parallel polarization case. The attenuation spectrum of an
8 nm thick PMMA layer (without nanoribbons) is shown as the blue line. (b) Attenuation spectra
of three graphene nanoribbon arrays (110, 120, and 130 nm width) coated with 8 nm of PMMA. The
plasmon attenuation peak intensity is normalized and the vibration appears as a peak at the high
energy side of the plasmon. The two excitations overlap only partially

3.5 Finite Difference Time Domain Simulation
and a Phenomenological Model

To understand the origin of the IR absorption enhancement, we performed finite-
difference time-domain (FDTD) simulations in which the device structure is set to
be the same as in Fig. 3.1a. The plasmon is excited in the nanoribbon by a plane
wave whose frequency is in resonance with the plasmon, and periodic boundary
conditions are used to simulate the array of nanoribbons. The conductivity of
graphene is assumed to follow a Drude form. Furthermore, the DC conductivity and
the scattering rate in the Drude form determine the resonance frequency and the
width of the plasmon peaks, respectively. In Fig. 3.4 we show results for two differ-
ent plasmon widths (damping rates) y=50 cm™' and y=250 cm™'. The enhancement
in the field intensity is expressed by taking the ratio of the electric field intensities
with and without the nanoribbons at each spatial point, | E|'/|E, |’ . As can be seen
from the color-coded Fig. 3.4, large enhancements in the field intensity can be gen-
erated (more than three orders of magnitude) near the edges of the nanoribbons.
From the same plot, we obtain an out-of-plane field decay length of ~10 nm, in
agreement with our experimental measurement discussed in Sect. 3.3.

This enhancement in the local electric field is the source of the observed enhance-
ment in the interaction between light and the carbonyl vibration in the polymer film.
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Fig. 3.4 Spatial enhancement of electric field intensity near a graphene nanoribbon. Finite-
difference time-domain (FDTD) simulations of the field enhancement in the vicinity of nanoribbons
for two values of plasmon damping, y=50 cm™ (left) and y=250 cm™ (right)

The enhancement can be potentially further increased through improved graphene
sample quality (reduced plasmon damping), and by the use of stacked graphene lay-
ers [20]. These optimization procedures deserve further work, but are beyond the
scope of the present study.

Figure 3.5 illustrates the variation of the vibrational spectrum as a function of the
detuning between the plasmon and the vibrational excitation. To understand quali-
tatively the variation in intensity and line shape, we model the system using a pair
of coupled electrical dipole oscillators [26]. In this model, the plasmon in graphene
and carbonyl vibration in the polymer are represented by two dipole oscillators that
are coupled to each other. Within the quasi-static approximation, the relations
between the physical parameters in this model are summarized in the following
coupled differential equations:

X +y X+ wlle = Aleiw -Cpyx, (3.1
Xy +7,%, + a)22x2 =-C,x, (3.2)

Here, x; and x, denote the electric polarizations corresponding to the graphene plas-
mon and the carbonyl vibrational mode response to the plasmon, y; and y, denote
the decay rates of the graphene plasmon and the vibrational mode, @, and @, are
their respective resonant frequencies, C, and Cs; are the coupling constants between
the two dipoles, and A, is proportional to the amplitude of the driving electric field.
The total transmission attenuation of a thin sheet, which is proportional to the real
part of the conductivity in the weak response limit [27] can then be obtained. The
vibrational frequency of the carbonyl group w, is fixed and the other parameters are
varied. As shown in Fig. 3.5 (gray line), this phenomenological model successfully
describes the observed evolution of the spectrum, from nearly symmetric
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Fig. 3.5 Graphene plasmon extinction spectra for different graphene nanoribbon widths. The
changes in intensity, line shape, and the development of a transmission transparency near the
1700 cm™' C=0 vibration are due to the interaction of the graphene plasmon and the molecular
vibrations in PMMA. The gray lines are phenomenological fits using the coupled electrical dipole
oscillator model (see text)

resonances to asymmetric peaks (Fano line shape) and the transmission transpar-
ency. We note that the evolution of the spectrum is also produced by direct FDTD
simulations, confirming the coupling mechanism to be of electromagnetic nature.

To demonstrate the specificity of the enhanced light-matter interaction, PVP
was also studied. Height and phase-contrast AFM analysis of the PVP-coated
nanoribbon array reveals that the maximum thickness of the PVP film is 3 nm.
Figure 3.6 shows the spectrum of graphene nanoribbons covered by this over-
layer. Similar to the PMMA case, a phonon induced transparency valley appears
within the plasmon resonance peak. Detection of this feature in such a thin and
nonuniform film further demonstrates the plasmon-induced enhancement capabil-
ity of the nanoribbon array. Moreover, due to the 50 cm™! difference in the car-
bonyl double-bond vibrational peak frequencies of PMMA and PVP, the locations
of the corresponding transparency valleys also differ by the same amount. This
demonstrates the molecular specificity of this sensing technology, even without
surface functionalization.
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Fig. 3.6 Attenuation spectra for graphene nanoribbons covered with a PVP layer with a thickness
<3 nm, for perpendicular (red line) and parallel (black line) polarizations

3.6 Conclusion

In conclusion, we have measured the out-of-plane decay length of graphene plas-
mon to be 10 nm from the peak shift due to dielectric screening of adsorbed layers.
Considering a free space wavelength of 5.8 um, the decay length corresponds to an
out-of-plane confinement factor of ~580. The strong out-of-plane confinement, in
addition to the strong in-plane confinement, results in significant enhancement in the
near-field electromagnetic field intensity and hence enhanced light-matter interac-
tion. This is demonstrated through an induced transparency in the graphene plasmon
spectral peak by coupling to the vibrational mode of the surface-adsorbed polymers.
The depth of the induced transparency is five times larger in magnitude comparing
to that of the absorbance peak by the vibrational mode alone. As the graphene plas-
mon frequency is tuned away from the vibrational mode frequency, the induced
transparency gradually evolves into a Fano-like line shape and eventually turns back
into an absorption peak when it fully separates from the plasmon resonance in gra-
phene. Through FDTD simulations and a phenomenological coupled oscillator
model, we show that the coupling of the vibrational modes in adsorbed molecules
and graphene plasmon is of electromagnetic nature. Lastly, as a sensing technique,
the plasmon-vibrational mode coupling exhibits molecular specificity, i.e., different
molecular compounds can be differentiated from the peak frequencies of the vibra-
tional mode induced transparencies.



References 27

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Li, Y, Yan, H., Farmer, D.B., Meng, X., Zhu, W., Osgood, R.M., Heinz, T.F., Avouris, P:

Graphene plasmon enhanced vibrational sensing of surface-adsorbed layers. Nano Lett. 14,
1573-1577 (2014)

. Novoselov, K.S., Geim, A.K., Morozov, S.V,, Jiang, D., Katsnelson, M.1., Grigorieva, 1.V.,

Dubonos, S.V., Firsov, A.A.: Two-dimensional gas of massless Dirac fermions in graphene.
Nature 438, 197-200 (2005)

. Zhang, Y., Tan, Y.-W., Stormer, H.L., Kim, P.: Experimental observation of the quantum Hall

effect and Berry’s phase in graphene. Nature 438, 201-204 (2005)

. Geim, A.K., Novoselov, K.S.: The rise of graphene. Nat. Mater. 6, 183-191 (2007)
. Ju, L., Geng, B., Horng, J., Girit, C., Martin, M., Hao, Z., Bechtel, H.A., Liang, X., Zettl, A.,

Shen, Y.R., Wang, F.: Graphene plasmonics for tunable terahertz metamaterials. Nat. Nano 6,
630-634 (2011)

. Koppens, FH.L., Chang, D.E., Garcia de Abajo, F.J.: Graphene plasmonics: a platform for

strong light-matter interactions. Nano Lett 11, 3370-3377 (2011)

. Chen, J., Badioli, M., Alonso-Gonzalez, P., Thongrattanasiri, S., Huth, F.,, Osmond, J.,

Spasenovic, M., Centeno, A., Pesquera, A., Godignon, P., Zurutuza Elorza, A., Camara, N., de
Abajo, FJ.G., Hillenbrand, R., Koppens, F.H.L.: Optical nano-imaging of gate-tunable gra-
phene plasmons. Nature 487, 77-81 (2012)

. Fei, Z., Rodin, A.S., Andreev, G.O., Bao, W., McLeod, A.S., Wagner, M., Zhang, L.M., Zhao,

Z., Thiemens, M., Dominguez, G., Fogler, M.M., Neto, A.H.C., Lau, C.N., Keilmann, F.,
Basov, D.N.: Gate-tuning of graphene plasmons revealed by infrared nano-imaging. Nature
487, 82-85 (2012)

. Liu, G.-B., Shan, W.-Y,, Yao, Y., Yao, W., Xiao, D.: Three-band tight-binding model for mono-

layers of group-VIB transition metal dichalcogenides. Phys. Rev. B 88, 085433 (2013)
Luk’yanchuk, B., Zheludev, N.I., Maier, S.A., Halas, N.J., Nordlander, P., Giessen, H., Chong,
C.T.: The Fano resonance in plasmonic nanostructures and metamaterials. Nat. Mater. 9,
707-715 (2010)

Adato, R., Yanik, A.A., Amsden, J.J., Kaplan, D.L., Omenetto, F.G., Hong, M.K., Erramilli,
S., Altug, H.: Ultra-sensitive vibrational spectroscopy of protein monolayers with plasmonic
nanoantenna arrays. Proc. Natl. Acad. Sci. 106, 19227-19232 (2009)

Neubrech, F., Pucci, A., Cornelius, T.W., Karim, S., Garcia-Etxarri, A., Aizpurua, J.: Resonant
plasmonic and vibrational coupling in a tailored nanoantenna for infrared detection. Phys. Rev.
Lett. 101, 157403 (2008)

Halas, N.J., Lal, S., Chang, W.-S., Link, S., Nordlander, P.: Plasmons in strongly coupled
metallic nanostructures. Chem. Rev. 111, 3913-3961 (2011)

Fei, Z., Andreev, G.O., Bao, W., Zhang, L.M., McLeod, A.S., Wang, C., Stewart, M.K., Zhao, Z.,
Dominguez, G., Thiemens, M., Fogler, M.M., Tauber, M.J., Castro-Neto, A.H., Lau, C.N.,
Keilmann, F,, Basov, D.N.: Infrared nanoscopy of Dirac plasmons at the graphene—SiO, interface.
Nano Lett. 11, 4701-4705 (2011)

Yan, H., Low, T., Zhu, W., Wu, Y., Freitag, M., Li, X., Guinea, F., Avouris, P., Xia, F.: Damping
pathways of mid-infrared plasmons in graphene nanostructures. Nat. Photon. 7, 394-399 (2013)
Yan, H., Low, T., Guinea, F., Xia, F., Avouris, P.: Tunable phonon-induced transparency in
bilayer graphene nanoribbons. Nano Lett. 14, 4581-4586 (2014)

Horng, J., Chen, C.-F., Geng, B., Girit, C., Zhang, Y., Hao, Z., Bechtel, H.A., Martin, M., Zettl,
A., Crommie, M.F,, Shen, Y.R., Wang, F.: Drude conductivity of Dirac fermions in graphene.
Phys. Rev. B 83, 165113 (2011)

Jablan, M., Buljan, H., Soljaci¢, M.: Plasmonics in graphene at infrared frequencies. Phys.
Rev. B 80, 245435 (2009)

Hwang, E.H., Das Sarma, S.: Dielectric function, screening, and plasmons in two-dimensional
graphene. Phys. Rev. B 75, 205418 (2007)



28

20.

21.

22.

23.

24.

25.

26.

27.

3 Coupling of Strongly Localized Graphene Plasmons to Molecular Vibrations

Yan, H., Li, X., Chandra, B., Tulevski, G., Wu, Y., Freitag, M., Zhu, W., Avouris, P., Xia, F.:
Tunable infrared plasmonic devices using graphene/insulator stacks. Nat. Nano 7, 330-334
(2012)

Wang, F., Shen, Y.R.: General properties of local plasmons in metal nanostructures. Phys. Rev.
Lett. 97, 206806 (2006)

Homola, J., Yee, S.S., Gauglitz, G.: Surface plasmon resonance sensors: review. Sens.
Actuators B 54, 3—15 (1999)

Liedberg, B., Nylander, C., Lunstrom, I.: Surface plasmon resonance for gas detection and
biosensing. Sens. Actuators 4, 299-304 (1983)

Zhao, Y., Hu, X., Chen, G., Zhang, X., Tan, Z., Chen, J., Ruoff, R.S., Zhu, Y., Lu, Y.: Infrared
biosensors based on graphene plasmonics: modeling. Phys. Chem. Chem. Phys. 15, 17118-17125
(2013)

Freitag, M., Low, T., Zhu, W., Yan, H., Xia, F., Avouris, P.: Photocurrent in graphene harnessed
by tunable intrinsic plasmons. Nat. Commun. 4, 1951 (2013)

Garrido Alzar, C.L., Martinez, M.A.G., Nussenzveig, P.: Classical analog of electromagneti-
cally induced transparency. Am. J. Phys. 70, 37-41 (2002)

Tinkham, M.: Energy gap interpretation of experiments on infrared transmission through
superconducting films. Phys. Rev. 104, 845-846 (1956)



Chapter 4
Dielectric Response of a Thin Sheet

4.1 Introduction to the Dielectric Response of a Material

The response of a charged free particle to an electromagnetic field is given by the
combined effect of the Coulomb force F = ¢E and the Lorentz force F =gV xB,

where g denotes the charge of the particle, v denotes its velocity, and E and E
denote the electric and magnetic fields. If the velocity of the electron is much
smaller than the speed of light ¢, the Coulomb force dominates the Lorentz force by
a factor of ¢/ v, where c is the speed of light and v, is the electron velocity compo-
nent perpendicular to the magnetic field. For an electron in a crystal system, veloc-
ity is not a strictly well-defined quantum number; however, the qualitative picture
still applies for a Bloch wave packet. We thus conclude that the electromagnetic
response of a material can be described as a pure electrical response with sufficient
accuracy in most laboratory scenarios.

The macroscopic electrical response, or the dielectric response, of a material
originates from the averaged field-induced modifications to the microscopic quan-
tum states [1]. In the dipole approximation, the dielectric response to an apphed
electric field E is solely captured by the macroscopic electrical polarization p
induced in the material.

4.2 Linear Dielectric Response

In the situation where the applied electric field is much smaller than the internal
field of a molecule, it is often convenient and of sufficient accuracy to consider the
electrical polarization that is linear in the applied electric field—the linear dielectric
response. Four of the most commonly used physical quantities to describe the linear
dielectric response are the polarizability y, the dielectric function e, the refractive
index n, and the conductivity ¢. Each of them provides complete information of the
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Table 4.1 Material Material properties Definitions
properties used to describe _ . —PIE
the dielectric response X=0F r=
£ =g +ig, e=1+y
n=n, +in, n=yl+y
o =0, t+io, o =—ig )

dielectric response and is in general a complex quantity to account for the phase
difference between the applied field and the induced polarization. We provide the
definitions of y in terms of E and P, and the definition of ¢, n, and ¢ in terms of y in
Table 4.1. Implicitly, these quantities are in general tensors relating the polarization
and electric field vectors and are functions of the frequency.

4.3 Nonlinear Dielectric Response

As the strength of the applied electric field increases, the dielectric response devi-
ates from the simple linear response. The polarization can be written as a Taylor
expansion of the incident electric field:

P=x\E, +yDEE, +-. 4.1)

i =Xy

The first term gives the linear dielectric response. The second term corresponds to
the second-order nonlinear response, which gives rise to the second-harmonic gen-
eration process discussed later in this thesis.

Historically, the study of nonlinear optical properties of materials is enabled by
the invention of laser, which produces much brighter electromagnetic radiation than
conventional light sources. The advent of pulsed lasers, in particular the mode-
locked femtosecond lasers, further increased the peak electric field, which boosts
the nonlinear optical signal. With a focused Ti:sapphire laser beam, one can readily
achieve an electric field strength of ~10% V/m (at a wavelength of about 800 nm for
Ti:sapphire femtosecond mode-locked laser). Considering the internal field of a
solid state system, which is on the order of 10° V/m, measurable nonlinear response
is anticipated. Since nonlinear process produces response at frequency different
from the excitation frequency in general, the nonlinear response, even smaller com-
paring to the excitation, can be clearly distinguished from the linear response by
spectrally dispersing the signal with a grating.

4.4 Models for the Dielectric Response of a Thin Film

There are two most commonly used models to describe the optical response of a thin
film. The first model treats the thin layer as a uniform material with a volumetric dielec-
tric function. For an atomically thin layer, an effective thickness of the layer needs to be
defined, which is taken naturally as the interlayer spacing in the bulk material.
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The second model, the 2D sheet model, does not require the definition of the
effective thickness. In this approximation, the dielectric response of the thin film is
described by a complex sheet conductivity ¢*, which relates the induced sheet cur-
rent to the applied electrical field. The criterion for the validity of the second
approximation is that the optical thickness of the film is much smaller than the
wavelength, i.e., \/Md < A [2]. Important optical responses of a thin film can be
written in terms of the sheet conductivity in rather concise formulas in terms of ¢°.
As an example, the absorbance is given by:

4Z,0;

A= - 4.2)

l+n,+Z,0°

where Z, is the impedance vacuum, o* is the real part of the complex sheet conduc-
tivity, and n;, is the refractive index of the substrate.

A further approximation is used when the dielectric response of the material is
weak, by which we mean that Z o <« 1 (or equivalently |8| d < A). In this limit, the
absorbance formula can be expressed to the linear order in its Taylor expansion with
good accuracy:

4 4Z,0;

= . 4.3)
|1 +n, |2

In the case of graphene and monolayer TMDCs, in the optical range, A/d is on the
order of 10% and |e] is in the range of 0-50. This renders the 2D sheet model almost
always a satisfactory description for single to few-layer TMDCs. However, the lin-
earized version can produce significant error when the magnitude of the dielectric
function is large.

In Fig. 4.1, we present the absorbance spectra of monolayer MoS, obtained from
the three models using the dielectric function inferred from our optical measurement
(Chap. 5). Quantitatively, the thin slab and the 2D sheet models give almost identi-

Fig. 4.1 Absorbance Absorbance (on fused silica)
spectra obtained using the
thin slab model (red), the Thin slab model
2D sheet' mod.el (yellow), 0.0 2D sheet model
and the linearized 2D sheet ) . .
model (black), using the 015 Linear expansion in ¢
same dielectric functions mN '
for MoS, measured in our .g
experiment (Chap. 5) 0.1

0.05

0 i N L
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cal absorbance spectra, since the condition \/H < A/2nd is satisfied very well.
The linear expansion in Zyc* produces reasonable absorbance value throughout the
whole spectral range, while the deviation from the other two approximation schemes
becomes more noticeable in the blue region where the material response is strong.
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Chapter 5
Measurement of the Optical Dielectric

Function of Monolayer Transition Metal
Dichalcogenides: MoS,, MoSe,, WS,, and WSe,

5.1 Introduction

Transition metal dichalcogenide (TMDC) crystals have emerged as a new class of
semiconductors that display distinctive properties at monolayer thickness [2—4].
Their optical properties are of particular interest and importance. They exhibit a
transition to direct bandgap semiconductors at monolayer thickness [5, 6], offer
access to valley degree of freedom by optical helicity [3, 7, 8], and display strong
excitonic properties, with tightly bound neutral and charged excitons, as well as a
non-hydrogenic Rydberg series of excited states [9-11]. The materials thus provide
an excellent testing ground for the physics of 2D systems and many-body effects
in solids. At the same time, they have attracted much interest for applications in
optoelectronics as light emitters, detectors, and photovoltaic devices [12—14].

The most basic description of light-matter interactions in TMDC monolayers is
given by the materials’ complex dielectric function. The dielectric function pro-
vides a meeting point between experiment and theories of excited-state properties
of this novel class of materials; knowledge of the dielectric function is also crucial
for the characterization of these materials and their use in emerging applications.
Despite its central role, the optical dielectric functions for these materials have yet
to be reported.

In this chapter, we present a systematic measurement and analysis of the com-
plex in-plane dielectric functions of four monolayer TMDCs—MoS,, MoSe,, WS,
and WSe,—over the photon energies between 1.5 and 3 eV. We obtain the dielectric
functions by Kramers—Kronig constrained analysis of the reflectance spectra. These
data also yields the absorption spectra for the monolayers. The strong light-matter
interaction leads to peaks in the imaginary part of the dielectric function for the A
exciton exceeding 30 in some of the materials, with a corresponding single-layer
absorption exceeding 15 %. For the purpose of further understanding of the reso-
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nance features in the dielectric response, we extracted the oscillator strengths, as
well as transition energies of the resonance peaks and analyzed several trends,
which are identified to arise from excitonic effects.

5.2 Sample Preparation for Reflectance Measurement

We prepared monolayer TMDC samples on fused silica substrates by mechanical
exfoliation [15] and chemical vapor deposition [16-20]. The monolayer samples
were first identified by their optical contrast under a microscope and then verified
by Raman and photoluminescence spectroscopy. The dielectric functions were
determined by reflectance measurements of the samples on the transparent sub-
strate at room temperature. For this purpose, we made use of the broadband emis-
sion from a tungsten halogen lamp, which was spatially filtered by a pinhole
before being focused onto the sample using an objective. The spot size on sample
was about 2 um. The reflected light was collected by the same objective and
deflected by a beam splitter to a spectrometer equipped with a CCD camera
cooled to liquid-nitrogen temperature. We determined the reflectance spectra for
the samples on fused silica substrates by normalizing the measured reflected
power by that from the bare fused silica substrate. The reflectance from the fused
silica substrate was calibrated using literature values for the material’s refractive
index [21]. The spectral resolution of our measurements was 2 meV, much nar-
rower than any feature in the spectra. In our experimental configuration, the opti-
cal fields lie in the plane of the sample, thus only the in-plane dielectric response
is accessed.

5.3 Measurement of Reflectance of the Monolayer TMDCs

Absolute reflectance spectra for the TMDC monolayers on fused silica are pre-
sented in Fig. 5.1a—d. For all four TMDC monolayers, the two lowest energy peaks
in the reflectance spectra correspond to the excitonic features associated with inter-
band transitions at the K (K’) point in the Brillouin zone [22]. The two features,
denoted by A and B, are attributed to the splitting of the valence band by spin-orbit
coupling [23]. At higher energies we observe the spectrally broad response from
the higher-lying interband transitions [22], including the transitions near the I"
point [24, 25].

The data presented in this chapter correspond to representative TMDC mono-
layer flakes. Different samples of the same material generally exhibit very close
dielectric response (Fig. 5.2a). However, charge doping, strain, and inhomogeneity
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Fig. 5.1 Optical response of monolayers of MoSe,, WSe,, MoS,, and WS, exfoliated on fused
silica: (a—d) The measured reflectance spectra. (e~h) The real part of the dielectric function, &;.
(i-1) The imaginary part of the dielectric function, &,. The peaks labeled A and B in (a—d) corre-
spond to excitons from the two spin-orbit split transitions at the K-point of the Brillouin zone
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Fig. 5.2 (a) Comparison of the reflectance contrast spectra of two different exfoliated MoS,
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may cause slight changes in the position and line widths of the narrow excitonic
peaks in the spectral response, as illustrated by the comparison of exfoliated and
CVD-grown samples presented in Fig. 5.2b.

5.4 Determination of the Dielectric Function
from Reflectance Spectrum Using Kramers—Kronig
Constrained Analysis

We obtain the dielectric function (E) for the four different TMDC monolayers by
fitting a modeled complex dielectric function to the experimental reflectance spec-
tra. The optimized dielectric functions yield reflectance spectra that match experi-
mental spectra within the thickness of lines in Fig. 5.1a—d. In Fig. 5.1e-1, we show
the resultant real and imaginary parts of the dielectric functions for MoSe,, WSe,,
MoS,, and WS, over the spectral range of 1.5eV < E <3 eV.

For the purposes of the optical model, we treat the monolayer as a homogeneous
medium with an effective thickness given by the interlayer spacing of the respective
bulk material [22]. The optical reflectance is calculated by the standard thin-film
analysis [26], which fully accounts for all interference effects. We model the com-
plex dielectric function & (E ) =g (E ) +ig, (E ) the samples as a function of photon
energy E using a superposition of Lorentzian oscillators:

N
Ji
E)=1 - Jk 5.1
(£) +;Ek2—E2—iEyk 1)

Here f; and y; are the oscillator strength and the linewidth of the kth oscillator, and
E, runs over the full spectral range. In our modeling, we choose a uniform spacing
between the oscillators of 2 meV, much smaller than the narrowest feature in the
optical spectra, and a full width of the individual oscillators of 10 meV to produce
a spectrally smooth response. Satisfaction of the Kramers—Kronig relation is built
into the functional form of (5.1) and does not need to be considered separately. We
fit the measured reflectance data using the dielectric function of (5.1). The oscillator
strengths f; between 1.5 and 3 eV are varied, while the parameters for photon ener-
gies E>3 eV are fit to the bulk values.

Our reflectance measurements only cover the spectral range of 1.5 eV < E <
3 eV. In general, optical transitions outside this energy range need to be considered for
an accurate determination of €;, since the non-resonant tails of higher or lower lying
spectral features may contribute to the range of interest. In the infrared, the dielectric
response arises from polar phonons and free carriers. Based on the weakness of the
contribution of polar phonons in bulk materials [27, 28] to the visible dielectric
response, we omit this term. The influence of free carriers on the dielectric functions
in the optical frequency range is estimated to be less than 0.1, using the Drude model
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for a carrier density of 10" cm™, chosen on the basis of transport characteristics of
usual TMDC transistor devices [5, 29]. We therefore also neglect this contribution.
The influence of higher-energy electronic transitions, however, needs to be taken into
account; strong transitions lie just beyond our measurement window. For this purpose,
we use data for the bulk materials [30, 31], including transitions up to E=30 eV.
As discussed below, the transition energies shift on the order of several hundred meV
compared with transition energies above 3 eV. We therefore expect the bulk dielectric
function to provide an adequate approximation of the dielectric function to correct for
the off-resonant response of higher-lying transitions.

Rather than applying the Kramers—Kronig constrained analysis, one could
consider measurement of both reflection and transmission spectra of the sample.
In principle, this yields two independent measurements for each photon energy,
thus directly determining &, and &,, without recourse to the Kramers—Kronig
analysis. For a thin layer on a transparent substrate, as is the case here, however,
both the transmission and reflection spectra are dominated by &,. Consequently, this
approach cannot be applied reliably.

5.5 Surface Conductivity and Absorbance

We can also express the material response in terms of the optical conductivity
o(E)=0,(E)+ic,(E)=—i(gE/ h)[s (E)- 1} . We present this result in the form
of the complex sheet conductivity ¢°(E), where d denotes the layer thickness. For a
layer in which there is no significant propagation effect for light passing through the
material, i.e., |g (E)- l|5 (E/hc)d <1 the sheet conductivity provides a full
description of the optical response. In Fig. 5.3a—d, we plot the real part of the sheet
conductivity, o,*(E), for the four TMDCs.

In Fig. 5.3e—h we present the absorption spectra for free-standing monolayers of
the four TMDC materials based on the measured dielectric functions. The overall
absorbance for all four materials in this frequency range is on the order of 10 %,
demonstrating strong light-matter interaction even for a monolayer.

5.6 Extraction of the A and B Peaks Splitting

To extract quantitative properties of the excitonic resonances, we parameterize €,
using a small, but physically meaningful number of Lorentzians terms, allowing
for an extraction of both the exciton peak energies and the relative oscillator
strengths. The energy differences between the A and B excitonic transitions are
shown in Fig. 5.4 for the monolayers [30, 31]. Here, the four materials, as well as
data from recently exfoliated MoTe, monolayer [32], are presented as a function
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of the effective atomic number of the material, determined by weighting each ele-
ment’s relative contributions to the spin-orbit coupling [33]. The monolayer results
correspond well with the previously reported data for MoS,, WS,, and WSe,
monolayers [5, 34]; the predicted A-B splitting from a three-band tight-binding
model [35] is also shown in Fig. 5.4. The good agreement between our experi-
ment and the predictions of the tight-binding model (fit to density functional
calculations) is surprising at first sight, since the band calculation neglects
Coulomb interactions. In general, however, the exciton binding energy correction
to the transition energy is largely offset by the band self-energy when the Coulomb
interactions are taken into account.

5.7 Comparison of the Monolayer and Bulk Dielectric
Function

The dielectric functions for the monolayer TMDC crystals obtained in this work can
be compared with the dielectric functions for the corresponding bulk materials [30,
31] (Fig. 5.5). While the dielectric functions for monolayer and bulk TMDCs show
an overall similarity, differences in the spectral responses are readily seen.
Qualitatively, there is a general broadening of the resonance features in the bulk
materials comparing to the monolayers, due to the extra relaxation channels from
interlayer coupling.

The resonance energies in the monolayer dielectric function are generally
shifted from the corresponding bulk material. In Fig. 5.6, we present the energy
difference between the spectral peaks in the imaginary part of the monolayer and
bulk dielectric functions. We plot the A peak energy differences for MoS,, MoSe,,
WS,, and WSe,, the C peaks energy differences for MoS,, MoSe,, and WS,, and D
peak energy difference for WSe,. We chose the D peak instead of the C peak for
WSe, since the C peak in bulk WSe, overlaps the B peak, hindering an accurate
determination of the peak energy. Comparing the bulk to the monolayer, we see a
much stronger red shift for the C/D peak than for the A peak. As discussed in the
previous section, the ner Coulomb contribution to the transition energies is expected
to be reduced significantly because of the cancellation of electron—electron and
electron-hole interactions. In considering the physical origin of the shift of the
peaks from the monolayer to the bulk, we consequently focus on quantum-confine-
ment effects. The A peak corresponds to the excitons located at the K-point in the
Brillouin zone, which are composed primarily of the metal d-orbitals. Thus the A
exciton is spatially localized in the metal atom plane and interlayer interactions in
the bulk material do not lower the transition energy significantly. The C/D feature
is, however, associated with transitions away from the K-point and involves a sig-
nificant contribution from the chalcogen orbitals [24, 33, 36]. We therefore expect
appreciably stronger interlayer interactions in building up the bulk material from
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Fig. 5.5 Comparison of the monolayer TMDC dielectric function (colored, reproduced from
Fig. 1) with that of the corresponding bulk material (gray) for (a, €) MoS,, (b, f) MoSe,, (¢, ) WS,,
and (d, h) WSe,. The peaks in ¢, are labeled A, B, C, and D

monolayers. This provides a physical rationale for the larger observed red shift of
the C/D transition compared to that of the A exciton in comparing the bulk material
to the monolayer. The behavior of the C/D transition with increasing layer thick-
ness is analogous to the quantum confinement effect of the lowest indirect optical
transition, which involves states at I"-point [37].
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Fig. 5.6 Energy shift of 400
the peaks in the dielectric ® Apeak
function to the peak S“
positions in respective bulk [+}]
materials. The A peak é
=
3
W
I

® CorD peak ® |

corresponds to the
band-edge exciton at the
K-point in the Brillouin
zone and the C or D peak
(depending on the material = 100
system, as discussed in the w ® ®
text) corresponds to the ®
transitions away from the 0 ®

K-point MoS, MoSe, WS, WSe

5.8 Conclusion

In conclusion, we have experimentally determined the complex dielectric function of
monolayer MoS,, MoSe,, WS,, and WSe, over photon energies between 1.5 and
3.0 eV. The dielectric functions imply strong light-matter interactions in even mono-
layers of TMDCs, with a peak absorbance of each of the four materials exceeding
15 %. Comparing to the bulk materials, we observed only a slight red shift of the A
feature, but a more significant shift of the higher-lying (C/D) features. This behavior
can be understood as a reflection of the different orbital character and interlayer inter-
actions of the wavefunctions relevant for the lower and higher energy transitions.
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Chapter 6

Measurement of the Second-Order Nonlinear
Susceptibility and Probing Symmetry
Properties of Few-Layer MoS, and h-BN

by Optical Second-Harmonic Generation

6.1 Introduction

In atomically layered materials, the individual layers will generally exhibit different
symmetry from the corresponding bulk crystals. Few-layer materials of different
layer thickness can moreover have distinct symmetries from one another, even when
their thickness differs by only one atomic layer. Since symmetry plays a critical role
in defining the material properties, such differences in symmetry lead to significant
differences in material properties. Among the layered materials, few-layer graphene,
MoS,, and hexagonal BN have attracted great interest due to their distinctive proper-
ties and potential for novel applications. Monolayer graphene is a semi-metal without
a bandgap. However, in bilayer graphene, a sizable bandgap can be opened when
inversion symmetry is lifted by an out-of-plane electric field [2—4]. Single-layer MoS,
and h-BN are non-centrosymmetric materials, while their bilayers and bulk counter-
parts are expected to exhibit inversion symmetry. The broken inversion symmetry
in transition metal dichalcogenides of single-layer thickness has been demonstrated
to permit the production of long-lived valley polarization by optical helicity [5-7].
It has also been predicted and very recently shown that the non-centrosymmetric
single-layer sheets exhibit a strong intrinsic piezoelectric response [8—13].

Bulk MoS,; is built layers consisting of two hexagonal lattices of S atoms and a
sheet of Mo atoms occupying trigonal prismatic sites between the S sheets
(Fig. 6.1a). Bulk h-BN is formed from layers of honeycomb lattices of B and N
atoms, occupying, respectively, the A and B sublattices in each layer (Fig. 6.1b).
Both MoS,; and h-BN layers are stacked in 2H order, with pairs of layers forming a
unit that is repeated along the c-axis [14, 15]. Because of their similar structure,
bulk MoS, and h-BN crystals belong to the same centrosymmetric Dy, space group.
However, few-layer segments of the bulk crystal will generally exhibit different
symmetry properties. In the case of few-layer MoS, and h-BN, slices of even layer
thickness belong to the centrosymmetric Dy space group, while slices of odd layer

© Springer International Publishing Switzerland 2016 45
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thickness belong to the non-centrosymmetric Dy, space group. It has been demon-
strated that stable few-layer units of both of these materials can be isolated by
mechanical exfoliation [16]. Since the surface of a bulk crystal can undergo lattice
reconstruction, whether these isolated atomically thin sheets exhibit the varying
crystallographic symmetries expected from their bulk parents is a question of fun-
damental scientific interest.

In this work, we probe the variations in symmetry in few-layer MoS, and h-BN
by optical second-harmonic generation (SHG) [17, 18]. The SHG process, which is
described in the electric-dipole approximation by a third-rank tensor, is known to be
a sensitive probe of symmetry of surface layers [19-21]. Using this method, we
verify that inversion symmetry is indeed broken in MoS, and h-BN samples of odd
layer thickness. This is manifested by the large enhancement of the second-harmonic
(SH) response of these samples compared both to samples of even numbers of lay-
ers and to the bulk crystals [22]. The threefold rotational symmetry of the layered
materials (for odd numbers of layers) was probed by the orientational dependence
of SH intensity. In this manner, we establish SHG as a precise optical probe of the
orientation of the crystallographic axes. A recent study clearly demonstrated the
orientational dependence of SHG from single-layer MoS, and applied this sensitiv-
ity to imaging crystal domains in monolayer MoS, samples grown by chemical
vapor deposition [23]. Our findings further indicate that the isolated few-layer MoS,
and h-BN retain the crystallographic structure of the layers in the bulk crystals. For
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odd-layer MoS, and h-BN samples, we further determine the absolute strength of
the SH susceptibility and study its evolution with layer thickness. To describe the
different behavior observed for the two material systems with layer thickness, we
introduce a model accounting for the phase shift and absorption of the optical fields.
In MoS,, the interlayer electronic coupling and the corresponding change in elec-
tronic structure as a function of layer thickness are found to be of importance in
defining the linear and nonlinear response.

6.2 Experimental Setup for Optical SHG Measurement

We prepared few-layer MoS, and h-BN samples on fused silica substrates by
mechanical exfoliation [16]. The layer thicknesses of the different exfoliated MoS,
samples were determined by the central wavelength and intensities of the photolu-
minescence from the direct gap (for monolayers) and from indirect bandgap transi-
tion (for thicker samples) [24, 25]. For analysis of the h-BN samples, we relied on
the relative intensity of the Raman peak of E,, optical phonon mode near 1370 cm™
[26], confirming our assignments of layer thickness by measurements with atomic-
force microscopy (AFM).

The SH measurements were performed in a reflection geometry using normal
incidence excitation. The pump radiation was supplied by a mode-locked Ti:sapphire
oscillator operating at an 80-MHz repetition rate. The pulses were of 90-fs duration
and centered at a wavelength of 810 nm. Using a x100 objective, we focused the
pump radiation to a spot size of about 1 pm on the sample. For measurements of
MoS,, we limited the average laser power to 1 mW; for measurements of h-BN,
laser powers up to 10 mW power were employed. The retroreflected SH signal was
collected by the same objective, separated by a beam splitter, and filtered to block
reflected fundamental radiation. An analyzer was used to select the polarization
components of the SH radiation lying either parallel or perpendicular to the polar-
ization of the pump beam. The SH signal was detected by a thermoelectrically
cooled CCD camera after it was dispersed in a spectrometer. The SH character of
the detected radiation was verified by its wavelength and quadratic power dependence
on the pump intensity. In our setup, we could freely rotate the samples to obtain the
orientational dependence of the SH response.

6.3 Probing the Absence of Inversion Symmetry and the Crystal
Rotational Symmetry by Polarization Resolved SHG

The dramatic role of symmetry can be seen in the contrast of the SH response of a
monolayer of MoS, and of the bulk MoS, crystal. We observed an increase in the
reflected SH intensity by more than a thousand times for the monolayer compared
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Fig. 6.2 Polar plot of the
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radiation components
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fundamental field are
shown. The symbols are
experimental data and the
solid lines are fits to the
symmetry analysis
described in the text. The
angle 6=0 corresponds to
an orientation where the
polarization of the pump
beam lies along a mirror
plane of the crystal, as
shown in the inset
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to the surface of the bulk material (Fig. 6.1c). This enhancement reflects the fact that
bulk MoS, is centrosymmetric, and previous studies have shown it to have a very
weak SH response [22]. The origin for the small, but finite SH signal from bulk
MoS, is discussed below.

For both the parallel and perpendicular polarization components, the SH inten-
sity from single-layer MoS, exhibited a strongly varying, sixfold symmetric response
as a function of azimuthal angle for rotation about its surface normal (Fig. 6.2) [8].
Similar results were obtained for single-layer h-BN samples. As discussed above,
on the basis of the structure of the bulk crystal, exfoliated monolayers of both MoS,
and h-BN are expected to belong to the Ds,! symmetry group. For this case, we
expect only one independent non-vanishing element of the nonlinear response: d=
dyyy=—dx=—dyy=—dxy [27]. This symmetry information determines the depen-
dence of the two polarization components of SH response on sample orientation:

I, :Iocos2 (39) 6.1)
I, =1I,sin’(30) (6.2)
Here 6 denotes the angle between the mirror plane in the crystal structure and the
polarization of the pump beam, and /; is the maximum intensity of the SH response.
As shown in Fig. 6.2, the experimental data agree well with these predicted expres-

sions for the angular variation. The same orientational dependence of the SH intensity
was also observed in MoS, and h-BN with 1, 3, 5 layers, precisely as expected based
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on the identical space group for all of these materials [28]. We note that the depen-
dence of SH electric field (not the SH intensity) on crystallographic orientation actu-
ally exhibits threefold rotational symmetry, in accordance with the lattice symmetry.

6.4 Measurement of the Second-Order Nonlinear Susceptibility

We describe the second-order nonlinear response from the various single- and few-
layer samples in terms of a surface nonlinear susceptibility tensor @* that relates the
applied laser field to the induced nonlinear sheet polarization in the sample.
Calibrated values of the second-order nonlinear coefficients for few-layer MoS, and
h-BN samples were obtained by comparing the corresponding SH intensity /; to the
reference SH intensity /, from the surface of a z-cut bulk crystal of a-quartz. For this
measurement, the quartz crystal was oriented so that its largest SH coefficient (d,;)
was accessed. We then determined the surface second-order nonlinear response d*
from the ratio //I, using the relation

d’ ¢ I
—= =, 6.3
d, 4w[n(a))+n(2a))] \ 7, (63)

Here w is the fundamental (angular) frequency, and n(w) and n(2w) represent the
(ordinary) refractive indices of crystalline quartz at the fundamental and SH
frequencies, respectively. Equation (6.3) is derived by taking the ratio of an
analytic expression for the SH intensity produced by a 2D polarizable sheet on
a semi-infinite dielectric substrate [29] to that produced by the boundary of a
semi-infinite nonlinear medium with a bulk second-order response [30]. It
should be noted that the surface nonlinear response is expected to be a complex
quantity for the (resonant) MoS, samples. We did not determine the phase of the
response, and d* should be understood as the modulus of the complex surface
nonlinear susceptibility.

From the intensity maxima in the previous measurement and known SH nonlin-
ear susceptibility for quartz of d;;=2.7x 1072 C/V? (7.4x 107'° esu) [31], we obtain
for single-layer MoS, and h-BN values of the surface nonlinear susceptibility of
ros2=8.8x 1073 m-C/V? (2.4%x 107 esu) and @, _py=3.0x10"m-C/V?* (8.3x
10716 esu). The effective volume second-order nonlinear susceptibilities for MoS,
and h-BN are then dy,s,=1.4% 102" C/V? and d,_gx=9.1 x 1072 C/V?. Here we have
assumed effective thicknesses of the layers of #y,s,=0.62 nm [14] and #, gy=0.33 nm
[15], corresponding to the layer separation in the bulk materials. The effective non-
linear susceptibility of h-BN is seen to be comparable to that of common transparent
nonlinear crystals such as LiNbO; and -BaB,0,. Because of resonant enhance-
ment, the MoS, monolayer has an effective nonlinear susceptibility that is one order
of magnitude larger, similar to that of absorbing nonlinear crystals such as GaAs
and Te.
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6.5 Probing Inversion Symmetry Breaking by SHG Intensity

For few-layer h-BN, strong SH radiation with similar intensity occurs for odd num-
bers of layers, while even numbers of layers do not show measurable SHG
(Fig. 6.3a). The intensity values for different layer thicknesses were taken at the
lattice orientations corresponding to the peak SH response. The signal for even
numbers of layers is at most 2 % of that emitted from the single layer. This large
suppression of SH radiation in even numbers of layers shows that these structures
do indeed exhibit inversion symmetry, as expected from the bulk crystal.

To understand the thickness dependence of the SHG response more quantita-
tively, we introduce a simple model of the expected response based on electroni-
cally decoupled layers, but that still accounts for electromagnetic propagation
effects at both the fundamental and SH frequencies. In computing phase shifts and
absorption, we assume that the thin slabs to have the same linear dielectric constants
as their bulk counterparts [32, 33]. In addition to propagation through the sample
material, we also include the influence of the reflection of both the fundamental and
SH fields from the underlying substrate. The SH radiation from each layer is calcu-
lated taking into account the alternating sign of the SH susceptibility in adjacent
layers (Fig. 6.3b). As shown in Fig. 6.3a, the model captures the dramatic reduction
SHG in samples of even layer thickness. For two layers, for example, the model
predicts a SH response that is just 0.008 % of that from a monolayer. The nonzero
result arises from the small, but finite optical phase shift between the layers, which
acts to prevent complete cancellation. This effect corresponds formally to inclusion
of nonlinear response beyond the electric-dipole approximation in orders of spatial
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Fig. 6.3 (a) The layer dependence of SH intensity and surface nonlinear susceptibility for few-
layer h-BN. The histogram shows the experimental results, with uncertainties indicated by the error
bars. The red squares indicate the results of a model (described in the text) that considers the phase
evolution of the fundamental and SH fields, but neglects changes in the electronic structure from
interlayer coupling. The model is calibrated to the results for the single-layer sample. (b) Illustration
of the model for the calculation of the SH intensity as a function of layer thickness. The individual
layers of h-BN are approximated as thin slabs and the polarization is assumed to be generated at the
center of each layer. The alternating orientation of successive layers leads to an alternation in the
nonlinear susceptibility of each layer
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non-locality. For odd layer numbers N, in the simplest picture, the signal from a
block of N—1 layers fully cancels out, leaving the residual signal from just one
layer. Thus, no thickness dependence would be expected. The aforementioned prop-
agation effects, in the transparent h-BN system, modify this expectation only very
slightly. The predicted signal from five layers is, for example, 99.8 % of that from a
monolayer, in reasonable agreement with the experimental results.

For the case of MoS,, we again observed strong enhancement of the SH intensity
in odd numbers of layers compared to the response for even numbers of layers. The
SH intensity from odd numbers of layers, however, decreases significantly from one
layer to five layers (Fig. 6.4a), in contrast to the nearly constant response for
h-BN. Since the bandgap of MoS, is smaller than the SH photon energy, we expect
light absorption to play a significant role. We applied the model described above to
determine the expected influence of these propagation effects, including attenuation
(Fig. 6.4a). The results are in agreement with the experimental trends for the varia-
tion of the SH intensity with layer thickness. The model, however, underestimates
the decrease in SHG actually observed with increasing layer thickness. The addi-
tional reduction can be attributed to interlayer coupling. These effects modify the
electronic structure of few-layer MoS, and induce further changes in the linear and
nonlinear susceptibilities. The evolving electronic structure with layer number for
few-layer MoS, is demonstrated by reflectivity contrast measurements (Fig. 6.4b).
In particular, the change of resonance feature close to 2w can have a substantial
effect on the both linear response and SH susceptibility of few-layer MoS, [27]. In
the limit of a bulk crystal, the strong, but imperfect cancellation of SHG from neigh-
boring layers leads to a weak, but finite SH response. This response is expected even
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Fig. 6.4 (a) The layer dependence of SH intensity and surface nonlinear susceptibility for few-
layer MoS, samples. The histogram shows the experimental results, with uncertainties indicated by
the error bars. The red squares show the results of the model (described in the text) that has been
applied for h-BN, but now also includes the effect of absorption of the fundamental and SH fields.
(b) The relative change of reflectance of few-layer MoS, samples on a fused silica substrate.
Successive spectra from the bottom to the top correspond to 1-5 layers. The spectra have been
normalized for layer thickness. For clarity, the spectra have also been displaced vertically by 50
percentage units for each additional layer. The arrows indicate the wavelengths of fundamental
and SH photons. (Based on Figure S1(a) in the Supplementary Material of reference [24])
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without accounting for any change (symmetry lowering) in the inherent properties
of the top monolayer of material, the effect typically considered in analysis of
surface SHG [21]. Our simple model predicts the bulk SH response to be 0.20 % of
that of a monolayer, comparable to the experimentally observed ratio.

6.6 SHG as an Optical Tool for the Characterization
of Atomically Thin Layers

The SH probe has several useful properties for the characterizing few-layer MoS,
and h-BN materials. First, the high contrast of SH intensities between even and odd
numbers of layers can be used to supplement other optical characterization tools of
layer number. The method is distinctive in providing strong contrast between single
and bilayer samples. For MoS, with odd numbers of layers, even the exact layer
number can be determined from the strong variation of SH intensity with layer num-
ber. Second, from the dependence of the SHG on the orientation of the crystal, we
can determine the orientation of the crystallographic axes for odd-layer MoS, and
h-BN. This purely optical method requires minimal sample preparation, is non-
invasive, and imposes no special environmental requirements. Third, owing to the
strong SH response for odd number of layers of MoS,, the approach can be used for
high throughput spatial mapping of domain orientation in polycrystalline samples,
like those recently synthesized by chemical vapor deposition (CVD) [23, 34-37].

6.7 Conclusion

In conclusion, by applying optical second-harmonic generation spectroscopy, we
have experimentally probed the symmetry properties of few-layer MoS, and
h-BN. We verified that the few-layer samples retain the lattice symmetry they pos-
sess as part of the bulk material. The strong enhancement of SH intensity for odd
numbers of layers compared to even numbers of layers reflects the broken inversion
symmetry for samples of odd layer thickness and the recovery inversion symmetry
for even layer thickness. The layer expected dependence of SH intensity from few-
layer MoS, and h-BN was considered within a model accounting for wave propaga-
tion effects. Good agreement with the measured layer dependence was obtained for
few-layer h-BN, but only the correct trend was predicted for few-layer MoS,. The
discrepancy between the model and experiment for MoS, indicates the importance
of the material’s evolving electronic structure with layer thickness as a result of
interlayer electronic coupling. The orientational dependences of the SH intensity
from MoS, and h-BN for odd layer thickness is consistent with the threefold rota-
tional symmetry of the lattice and was demonstrated to be a useful tool for the
determination of the orientation of the material’s crystallographic axes.
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Chapter 7
Valley Splitting and Polarization by Zeeman
Effect in Monolayer MoSe,

7.1 Introduction

Monolayer MoSe, features two inequivalent valleys in the Brillouin zone of its elec-
tronic structure. The broken inversion symmetry of the monolayer allows this valley
degree of freedom to be selectively accessed by optical helicity, providing a unique
platform to probe and manipulate the charge carriers in the two valleys [2-8]. Since
the valleys are linked by time-reversal symmetry, they are energetically degenerate,
while the magnetic moments of the corresponding valley states are of the same
magnitude, but have opposite sign [2, 9, 10]. Coupling to the valley magnetic
moments by a magnetic field thus provide an attractive, but as yet unexplored
method of breaking the valley degeneracy [11, 12]. This presents new opportunities
for the study of the fundamental physical properties of the valley electronic states,
as well as for the development of new approaches to valleytronic control.

In this work, we experimentally investigate the ability of a perpendicular magnetic
field to tune the valley energies in monolayer MoSe, by valley-resolved magneto-
photoluminescence (magneto-PL) spectroscopy. Lifting of the valley degeneracy is
demonstrated through the opposite energy shifts induced in the excitonic transitions
in the two valleys by the magnetic field. The magnitude of this Zeeman shift,
0.12 meV/T, agrees with the predicted magnetic moments of the valley states. In the
presence of a magnetic field, with split K and K’ valleys, we create an equilibrium
valley polarization, i.e., an imbalance in the charge distribution in the two valleys, by
doping the sample. This behavior is revealed by the variation of the relative emission
intensity of the charged and neutral excitons. Further, by comparing the direction of
the energy shift of the conduction band and the relative intensity of the negatively
charged exciton, we are able to clarify the valley configuration of these bright trion
state. In addition, the doping dependent trion Zeeman shift reveals the modification
to the many-body binding energy by the creation of valley polarization.
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7.2 Experimental Setup for Valley Selective Magneto-PL
Spectroscopy

MoSe, monolayers were prepared by mechanical exfoliation of bulk crystals on
Si0, (300 nm)/Si substrates. Ti/Au contacts to the monolayer were fabricated using
electron-beam lithography. With these electrical contacts, we could control the
charge density of the sample by gating with respect to the Si substrate. The PL mea-
surements were performed using excitation by a continuous-wave laser with a pho-
ton energy of 2.33 eV. The pump radiation was focused by an objective to a spot size
of 3 pm on sample, with a power of ~100 pW. The reflected PL signal was collected
by the same objective, and then filtered by a circular polarizer composed of a broad-
band quarter wave plate and a linear polarizer. The circularly polarized PL light was
measured by a spectrometer equipped with a liquid-nitrogen cooled CCD detector.
The PL measurements were carried out at a temperature of 10 K under a perpen-
dicular magnetics field ranging from —10 T to +10 T.

7.3 Demonstration of Valleys Splitting and Polarization

In Fig. 7.1a, b, we present the magnetic field dependence of the PL spectrum for the
right (o,) and left (o_) circularly polarized photons in the low-doping regime. We see
prominent and well-separated features from emission of neutral (X°) and charged
(X7) excitons [13-18]. The X~ peak lies ~30 meV below the X° peak, with an
energy difference reflecting the trion binding energy. The emission energies of the
neutral and charged excitons shift monotonically with magnetic field. The sign of
the shift is reversed for photons of opposite circular polarization. Since the emitted
photons with o, and o_ polarization states correspond to optical transitions from the
different valleys [3—5], the fact that they shift in opposite directions is clear evidence
that the K/K’ valley degeneracy has been lifted, i.e., that valley splitting has been
produced. The valley splitting is a direct consequence of the opposite magnetic
moments associated with the bands in the two valleys, governed by the time reversal
relation of the unperturbed valleys [6].

We extract the transition energy of the neutral exciton emission by fitting each
spectral peak to a Lorentzian line shape. The resulting variation of the X° energy with
the magnetic field is plotted in Fig. 7.1c, d. Using a linear fit, we obtain a rate of the
Zeeman shift for the neutral exciton of —0.12 meV /T and +0.12 meV /T for the K
and K’ valleys, respectively. The experimental uncertainty of the extracted Zeeman
slope is £0.01 meV/T based on multiple measurements of the same sample.

To analyze the measured Zeeman shifts, let us recall the relevant band structure
of MoSe, near the K/K’ points. Both the conduction and valence bands, which have
extrema at the K/K’ points, are split by spin-orbit interactions [19-21]. For MoSe,
the highest valence band and the lowest conduction band are predicted to have the
same spin and to give rise to the observed bright exciton state. The other spin-split
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Fig. 7.1 (a, b) False color representation of the o, and c_ polarized PL spectra of monolayer
MoSe, in the low-doping regime as a function of the strength of the applied perpendicular mag-
netic field. The spectra for fields of £10 T are presented below the color map. The spectra are
normalized to yield the same integrated intensity for the neutral and charged excitons, with a
smooth background subtracted. (¢, d) Extracted Zeeman shift of the neutral and trion energies for
o, and o_ PL. The solid lines are linear fits to the experimental data

bands, separated by ~30 meV and ~200 meV, respectively, for the conduction and
valence bands are not accessed in our PL measurements, which are conducted at
liquid-helium temperature and at modest levels of sample doping. Since the relevant
conduction and valence bands located are well described by a quadratic dispersion
at the K and K’ points [20], we analyze the magneto-optic response in a two-band
effective mass framework throughout this chapter. The significant excitonic effects
are considered through the introduction of binding energies for these states.



58 7 Valley Splitting and Polarization by Zeeman Effect in Monolayer MoSe2

Within this framework, we now consider the influence of an applied magnetic
field B. The energy of the neutral exciton Ey, is given by the bandgap, reduced by
the exciton binding energy: E,, = E —E" — E%,. Here E° and E" represent the ener-
gies of the conduction and valence band extreme, and Ey,’ denotes the binding
energy of the neutral exciton. Under an applied magnetic field, the exciton binding
energies can acquire a diamagnetic shift, which is quadratic under in the B field [22,
23]. Based on the observed linear variation of the transition energy with B, we infer,
however, that this term is small. Hence, we conclude that the observed PL shift for
the neutral excitons is simply due to the linear Zeeman response of the relevant
conduction and valence band edges:

Ey= E‘— E'=—(u"—u")B,

where ¢ and u' are the total magnetic moments of the conduction and valence
bands.

We can then compare our experimental Zeeman shifts with the magnetic
moments predicted on the basis of a two-band tight-binding description of the
electronic states near the K and K’ valleys [2]. In this model, the total magnetic
moment of a charge carrier arises from contributions of the atomic orbital (y,), car-
rier spin (u,), and of the delocalized Bloch wavefunction (y,;), which we denote as
the wavefunction contribution. In the K valley, the contributions to the magnetic

. m
moments of the bands are pf = p! =—p,, u =0, @’ =—2p,, u; =——>=p,, and
;= ——2=p,, where m. and m." are the effective masses of the conduction and

valencentl;ands, and p, =0.058meV /T is the Bohr magneton. The atomic orbitals
moments reflect the properties of the Mo 3d states with angular moment 27 or the
valence band and 0 for the conduction band that form the electronic states at the K
point. The wavefunction contributions are equivalent to a Bohr magneton for each
band, adjusted by the corresponding effective mass, and are of the same sign for
both bands. All of the contributions in the K’ valley are by time-reversal symmetry,
exactly opposite in sign.

In Fig. 7.2a, b, we illustrate the Zeeman shifts of the bands under the applied
magnetic field, as well as the initial and final states for emission by a neutral exci-
ton. Since interband optical transitions connect states in the conduction and valence
bands with the same spin, the spin contribution to the Zeeman shifts cancel one
another out in the transition energy. In the approximation of electron-hole symme-

try, we have m; =m, =m, and u; = u; =——2. The wavefunction contributions to

m,
the Zeeman shifts then also cancel out in Zeeman shift of the transition energy [2].
For the K valley, we have accordingly a predicted Zeeman shift of the neutral exci-
ton energy that depends only on magnetic moments of the Mo orbital angular
X0

momentum, namely, =p" —p° =-2u, =-0.116 meV / T. The rather precise

agreement between this model and our experiment is fortuitous: The slightly larger
hole mass obtained within a three-band tight binding model would, for example,
contribute ~0.02 meV/T to the predicted Zeeman shift [20]. The sign change of the
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Fig. 7.2 Schematic of valley splitting and polarization from the Zeeman effect and the initial and
final states of the neutral and charged exciton emission process. In the presence of an out-of-plane
magnetic field, the conduction and valence bands shift according to their respective magnetic
moments. The dashed lines denote the bands at B=0 and the solid lines correspond to the bands
for B>0. (a, b) The initial and final states of the neutral exciton emission process in the low-doping
regime. (¢, d) The initial and final states of the charged exciton emission process in the low-doping
regime. (e, f) The initial and final states of the trion emission process in the high-doping regime

Zeeman shift for the K’ valley observed experimentally is, however, a robust theo-
retical prediction [10].

7.4 Determination of the Trion Configuration

Now we turn our focus to the trion emission. In the low-doping regime, our experi-
ment yields Zeeman shifts for the negative trion of —0.12meV /T and +0.12meV /T
for the K and K’ valleys, respectively (Fig. 7.1c, d). Within experimental uncer-
tainty, these values are the same as those found for neutral excitons. The trion emis-
sion energy can be expressed as E, = E‘ —E"' —E% —E,_, where E_ denotes the
binding energy of a trion, i.e., the energy needed to dissociate it into a neutral exci-
ton and a free electron [17, 24]. The identical Zeeman slopes for X° and X~ emis-
sion is a consequence of the weak influence of the magnetic field on Ey,* and Ef{_
at low doping levels.

Considering the B-field induced splitting of the K and K’ valley energies together
with the finite electron doping of the sample, we expect the creation of an imbalance
in the charge distribution in the two valleys, i.e., to the creation of static valley
polarization. The presence of valley polarization is, in fact, clearly reflected in the
relative intensities of the PL spectra of Fig. 7.1a. Since we detect valley-specific
emission through the polarization selection, the relative PL intensity of charged and
neutral excitons, /,_/1,, provides information about the presence of charge carri-
ers within a given valley. To understand this phenomenon in more detail, let us
consider the possible valley configurations of the trion species. A negative trion
species contributing to emission in the K valley consists of an electron and hole in
the K valley, together with an additional electron that could be located either in the
K or K’ valley. Because of the correlation between electron spin and valley, these
nominally degenerate states have different electron spin configurations [6], the
intravalley trion corresponding to identical electron spins and the intervalley trion
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corresponding to opposite electron spins. Exchange interactions then lead to energy
differences between these two valley configurations of the trion [19].

To determine whether one of the two possible valley configurations for the trion is
favored over the other, let us examine trion emission from the K valley (o). According
to the magnetic moments in the two-band model [2], a positive magnetic field induces
an upshift of the K valley conduction band with respect to the K’ valley conduction
band (Fig. 7.2c, d). As a result, in thermal equilibrium more electrons populate the
conduction band in the K’ valley than the K valley. This produces enhanced trion
emission for the case of intervalley trions. For the case of intravalley trions, the situa-
tion is exactly reversed and the K valley trion emission will be reduced.

Experimentally, we see that /, /1, for the K valley increases with magnetic
field (Fig. 7.1a). We conclude that the trion emission originates predominantly from
intervalley trions. This finding is compatible with recent theoretical prediction that
the intervalley trion is ~6 meV more stable than the intravalley trion due to exchange
interactions [19]. The intensity of the circularly polarized trion emission thus not
only provides a direct signature of the creation of valley polarization, but also pro-
vides important information about the valley character of the trion species itself.

7.5 Zeeman Effect in the High Doping Regime

We have also studied the Zeeman effect in the regime of high carrier doping.
Through electrostatic gating, we increase the charge density in the sample by
~2.7x10” cm™, estimated from the gate capacitance and the applied voltage.
Considering an electron band mass of 0.6 m, [20], this density of electrons would
cause the Fermi energy F'to lie 11 meV above the conduction band minimum. Note
that in this regime, the finite (10 K) sample temperature can be neglected. The cor-
responding dependence on magnetic field of the circularly polarized PL spectra is
shown in Fig. 7.3a, b. In this high-doping regime, the neutral exciton peak is very
weak, and we only analyze shifts in the trion emission energy. We again find a linear
Zeeman shift for the trion, with opposite behaviors in the two values. However, the
rate of the trion Zeeman shift at high doping is ¥0.18meV /T for the K and K’
valleys, respectively, compared with ¥0.12meV /T for the same quantity in the
regime of low charge density.

We now consider the mechanism leading to the observed 50 % increase in the
Zeeman shift of the trion in the high-doping regime compared to the low-doping
regime. We attribute the changed behavior to the influence of the magnetic field on
the trion binding energy E’_. When the Fermi level is raised above the conduction
band edge, E_ acquires a term due to a state-filling effect, in which additional
energy is required to move the extra bound electron from the conduction band edge
back to the Fermi level when the trion 1is dissociated, i.e.,
Ey (E,2E,)=Ey (E, <E)+E, —E,[17,24].

Figure 7.2e, f illustrates the Zeeman shifts of the bands, as well as the initial and
final states of the trion emission process in the high-doping regime. The conduction
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Fig. 7.3 Photoluminescence of monolayer MoSe, in the high-doping regime as a function of
applied magnetic field. All information is as in Fig. 7.1, except only the negative trion feature is
observable and no data are available for the neutral exciton

band splitting results in charge transfer from one valley to the other and the produc-
tion of valley polarization, as described above. Based on the total magnetic moment
of the conduction band in the two-band model, we deduce an electron transfer
between the two valleys of An/AB~3.9x10"cm™ /T assuming an electron effec-
tive mass of 0.6 m, [20]. Despite the valley charge transfer process, the Fermi energy,
we note, remains unchanged since the density of states in the two valleys is equal.
The Zeeman shift of the trion emission at high doping can be analyzed quantita-
tively based on the band alignments shown in the Fig. 7.2e, f and the variation of the
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binding energy for the (intervalley) trions with doping in the K’ valley described
above. We find that the conduction-band contribution to the trion Zeeman shift can-
cels out, leaving only the valence-band contribution:

AE

X

_=-AE"=yu'B, (E'>E°)

Within the two-band model, we then expect a Zeeman slope for the trion emission

AE y v v v m . *
in the K valley of ABXi =p = +u 4+ =—[2+1+ 2];48 .Using m =0.6m,
m
[20] as before, we obtain a Zeeman slope of —0.27meV / T. This model captures
both the sign of the trion shift and the larger magnitude in the trion shift compared
to the low-doping case, although it does not provide quantitative agreement with the
measured value of —0.18 meV/T. The difference between the experiment and model
presumably reflects the influence of the field-induced intervalley charge transfer on
many-body corrections to the trion transition energy beyond the trion binding
energy considered above.

7.6 Conclusion

In summary, through measurements of circularly polarized photoluminescence from
neutral and charged excitons in MoSe,, we have demonstrated how a perpendicular
magnetic field lifts the K/K’ valley degeneracy and also creates a valley polarization
in doped samples. We have identified the intervalley configuration as the lower-
energy state for the trion and have discussed the importance of many-body correc-
tions in the observed variation in the trion emission energy with doping. The controlled
lifting of the valley degeneracy by a magnetic field and corresponding creation of a
steady-state valley polarization open up exciting opportunities to probe and utilize the
valley degree of freedom in monolayer TMDCs. By tuning the valley transition ener-
gies, it should, for example, be possible to create optically excited states with interval-
ley quantum beats, as well as steady-state valley selective currents.

Note added: The phenomenon of valley splitting has also been reported by other
groups in monolayer MoSe, [25] and WSe, [26, 27]. Breaking of valley degeneracy
by optical stark effect has also been demonstrated [28, 29].
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Chapter 8
Conclusion and Prospect

This thesis presents a series of studies of the response of two-dimensional crystals
using optical spectroscopy. In the works conducted on graphene, we have probed the
intrinsic electron—phonon and electron—electron interactions of ultraclean graphene
on hexagonal boron nitride. We have demonstrated the strong out-of-plane field
confinement of plasmons in graphene and enhanced electromagnetic interaction of
graphene plasmon with adsorbed molecules and prototyped a graphene plasmon
sensor. In the studies of transition metal dichalcogenides, we have measured the
fundamental linear and nonlinear optical response of the materials, leading to fur-
ther understandings of the excitonic properties and a useful nonlinear optical method
to characterize the crystallographic orientation. In the magneto-optic study, we have
investigated the ability to tune of the valley degree of freedom in monolayer transi-
tion metal dichalcogenides using a magnetic field. We demonstrated the valley split-
ting and polarization by the Zeeman effect of the valley states. Further, we discovered
the important influence of valley polarization on the many-body binding energy of
trion, as well as new fundamental insights into the trion electronic configuration.

To conclude this thesis, we provide a few prospects for future studies of these
two-dimensional crystals. The ability to use a magnetic field to tune the valley
degree of freedom in monolayer TMDCs has opened up new opportunities to
understand and explore the valley physics in these materials. Possible directions
include the creation of quantum beats in the excited coherent states in the two val-
leys and the generation of a steady state valley-spin current. The atomically thin
TMDCs, with their strong electromagnetic response, may be useful for cavity quan-
tum electrodynamics studies, where the light-matter interaction is further enhanced.
With the strongly bound excitons, the ultrafast response of the excited excitons
remains to be understood. How do excitons form? How do they relax? How do they
interact with each other and other types of excitations? Last but not the least, com-
bined effort in fundamental physical understanding, material growth, as well as
device engineering will lead to the development of novel opto-electronic devices
using atomically thin 2D materials.
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