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Abstract 

 

Exciton Dominated Optical Properties of Atomically Thin Semiconductors 

 

By 

Kaiyuan Yao 

 

Doctor of Philosophy in Mechanical Engineering 

University of California, Berkeley 

Professor Liwei Lin, Co-chair 

Professor P. James Schuck, Co-chair 

 

Atomically thin transition metal dichalcogenides (TMDs) are a new family of 
semiconductors with exciting optical properties for practical applications in optoelectronic devices, 
as well as intriguing many-body behaviors for fundamental explorations in condensed matter 
physics. In bulk form they are van der Waals layered materials and have been traditionally used as 
industrial lubricants. When thinned down to monolayers they surprisingly become direct band gap 
semiconductors with exceptionally strong light-matter interactions dominated by exciton effects. 
In these monolayer semiconductors, excitons can be robustly observed even at room temperature, 
in contrast to conventional bulk semiconductors where the electron-hole binding energies are 
typically lower than the room temperature thermal energy. The strong excitonic effect is a direct 
result of both fundamental quantum confinement effects and reduced dielectric screening in a two-
dimensional system. This dissertation presents experimental investigations on a few central 
questions in these materials: how strong is the electron-hole binding effect in the prototypical 
monolayer semiconductor MoS2 as well as in novel metal-chalcogenolate hybrid materials; how 
can exciton effects be tuned by carrier doping and controlled by electrostatic gating in real devices; 
and how can excitons coherently enhance nonlinear optical transitions for the development of 
novel nonlinear devices and imaging techniques.  

The dissertation starts with an introduction to interband optical transitions including 
exciton effects in low-dimensional electronic systems. The focus is on providing a many-body 
physical picture for better understanding experimental phenomena, and not as much on a detailed 
quantitative treatment. Then three major research works surrounding this topic are included in the 
dissertation. First, we study carrier-induced quasiparticle band gap and exciton energy 
renormalization effects in monolayer MoS2. We show that both the quasiparticle band gap and the 
exciton binding energy can be largely tuned by applying electrostatic gating to a monolayer device. 
In the second work, we investigate exciton dominated optical properties of a family of “bulk 2D” 
materials: self-assembled hybrid metal organic chalcogenolate multi quantum wells. Owing to the 
weak interlayer electronic coupling, the exciton binding energy in these multilayered bulk 
materials are shown to be close to a true monolayer semiconductor. We also reveal the bright and 
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dark exciton species by cryogenic photoluminescence excitation spectroscopy, providing further 
evidence of high exciton binding energy in the bulk layered crystal. In the third work, we come 
back to atomically thin TMDs and study how exciton resonances greatly enhance their nonlinear 
optical responses, leading to successful continuous-wave generation of nonlinear signals from 
monolayer TMDs. Finally, in addition to optical spectroscopy studies, we also present two 
examples of device applications of two-dimensional materials in micro-electromechanical systems 
(MEMS). In one example we demonstrate micro strain sensors based on the two-dimensional 
electron gas formed at the interface of AlGaN/GaN. In the second example we demonstrate 
efficient ultraviolet photodetectors using graphene/diamond heterojunctions. Together these 
studies provide crucial knowledge on the utilization and control of exciton enhanced linear and 
nonlinear optical properties of atomically thin semiconductors and related low-dimensional 
materials, and guidance towards practical optoelectronic device applications.  
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Chapter 1 - Introduction 
1.1 Overview  

The recent history of two-dimensional (2D) semiconductors starts soon after the discovery 
of the two-dimensional semimetal graphene [1]. Over the past couple decades, graphene has been 
inspiring scientists working in all areas: condensed matter physics, electronic devices, 
optoelectronic and plasmonic devices, energy and battery applications, etc. However, for 
optoelectronics applications, the lack of a sizable band gap in visible or near infrared range has 
been a major limiting factor of graphene. In contrast, transition metal dichalcogenides (TMDs) 
such as MoS2 and WSe2 are found to possess a large direct band gap in monolayer form and have 
become an emerging family of optoelectronic materials [2] [3] [4]. In the bulk and few-layer form 
TMDs are indirect band gap semiconductors. But when exfoliated down to their monolayer form, 
direct band gaps emerge at the K and K’ valleys in the Brillouin zone. The direct band gap allows 
for strong light-matter interactions and efficient photoluminescence, making monolayer TMDs 
promising for building active optoelectronic devices such as LEDs, lasers, etc. [5] [6] [7]. 

In addition to the long-desired direct gap, atomically thin TMDs provide many other 
attractive optical properties. One example is circular dichroism and spin-valley locking [8] [9]. 
Briefly, this means that the two direct gap valleys in momentum space are selectively coupled to 
either right or left circularly-polarized light for linear optical transition in monolayer TMDs. This 
is a result of three necessary ingredients that coexist in monolayer TMDs: large spin-orbital 
coupling, inversion symmetry breaking and time reversal symmetry. For optoelectronic 
applications, the circular-dichroism effect opens up the possibility for direct optical generation of 
carriers in a selected valley, which is highly desired for valleytronic and spintronic information 
processing. Moreover, when different layers of 2D lattices are stacked together, they can be freely 
twisted with respect to each other thanks to the weak van der Waals interaction, providing an 
additional knob to engineer the properties of quantum confined materials [10]. These artificially 
stacked heterobilayer crystals become an intriguing platform for quantum materials and devices, 
including the quest for interlayer excitonic Bose-Einstein condensation, single-photon emitters 
[11], programmable Moire excitonic emitters [12], and so on. 

The focus of this dissertation is the strong excitonic effects in atomically thin TMDs and 
multilayered hybrid metal organic chalcogenolate materials. In these 2D electron systems, as a 
result of strong quantum confinement and reduced dielectric screening, optically excited electrons 
and holes form tightly bound excitons. These exciton states have a large influence on linear and 
nonlinear optical properties, which is the main topic of this thesis. In a many-body picture an 
exciton state is constructed by a coherent constructive superposition of electron-hole pair 
excitations across the whole momentum space, and therefore the ground state excitons typically 
have a very large optical oscillator strength compared with that of single particle excitations as 
determined from joint density of states [13] [14]. Benefits of the strong excitonic resonances 
include observed giant enhancement in absorption, emission, reflection, and second harmonic 
generation [15] [16] [17]. In addition, resonance energies and oscillator strengths of the excitons 
are also highly tunable by carrier concentration, which is conveniently controllable by electrostatic 
field effect gating [18] [19] [5], making 2D semiconductors particular attractive for tunable devices, 
optical modulators, as well as sensors and photodetectors in microelectromechanical systems. 
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1.2 Interband optical transitions of semiconductors in a single particle picture. 
This section briefly introduces interband linear optical transitions in semiconductors, 

providing descriptions for some unique optical properties in atomically thin TMDs, such as the 
strong direct-gap transition, dimensionality effects on joint density of states, and valley-coupled 
circular dichroism. 

The response of a semiconductor material to electromagnetic excitations can be described 
by the polarization response function: 

(1) (2) (3)
0 ( ...) (1.2.1)i ij j ijk j k ijkl j k lε= + + +P χ E χ E E χ E E E  

This equation empirically describes how the incident electric field induces electric dipole 
polarizations P in the material. The frequency-dependent polarization susceptibility tensors χ can 
be directly measured by experiments as well as modeled by light-matter interaction theories at 
different levels. The first term with (1)χ describes linear optical response, and the rest of the terms 
describe higher order nonlinear responses, which are introduced in section 1.4. In this section, we 
focus on linear optical properties (and will thus omit the superscripts) in a solid state crystal. In 
many cases it is also common to express the linear optical response in the relative dielectric 
function tensor εwith ε =1+χ. For isotropic materials the two response tensors reduce to scalar 
numbers which are adopted for the following discussion. Both dielectric functions and polarization 
susceptibilities are generally complex numbers and related to the linear optical refractive index n 
by  

2
1 2( )n ik iε ε+ = + . The real and imaginary part of the dielectric function can be calculated from 

each other based on the Kramers-Kronig relationship [20]. The imaginary part ε2 is proportional 
to the frequency-dependent linear optical absorption coefficient α (ω) which can be directly 
obtained in experiments.  



2 ( ) ( ) (1.2.2)cnε ω α ω
ω

=  

The optical response of a semiconductor comes from different mechanisms, such as Drude 
response of free carriers (plasmons), lattice vibrations (phonons), and interband electronic 
transitions (electron-hole pairs), as well as polariton states when these elementary excitations are 
strongly coupled with light at surfaces or in nanostructures. The research topics covered in this 
dissertation are mostly related to electronic interband transitions.  

The Lorentz oscillator model is a classical model of the dielectric function, and is an 
intuitive and useful tool for describing and fitting experimental results. In a Lorentz oscillator 
model, electrons are considered as an ensemble body bound by a harmonic restoring force with 
resonant frequency of 0 ( )iω , and also affected by a friction or damping force Γ  [20]. The complex 
dielectric function ε=ε1+iε2 can be expressed as: 
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=

∑
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Here the summation runs over all individual Lorentz oscillators resonant at frequencies 0 ( )iω with 
oscillator strengths proportional to the oscillator’s plasma frequency ( )p iω . When using the 
Lorentz oscillator model to describe experimental spectroscopy results, it’s not possible to 
incorporate oscillators at all frequencies, and a high cut-off frequency is typically used. Therefore, 
a constant term ε∞ is used to account for contributions from oscillators with resonance frequencies 
higher than the cut-off frequency. The mathematical form of Lorentz oscillators will naturally 
satisfy the Kramers-Kronig relationship. Therefore, by implementing densely-spaced oscillators 
with their plasma frequency ( )p iω  and linewidth Γ as optimization parameters, the multi-oscillator 
model can be used to fit experimental reflectance and absorption spectra from semiconductor 
samples. Application examples on monolayer MoS2 are shown in Chapter 2 and also [19] [21] [22]. 

In order to develop insights on how electronic band structure of a specific material affects 
interband optical transitions, a quantum mechanical treatment will be needed. Although atomically 
thin semiconductors are highly excitonic in nature, many of their low energy optical properties can 
also be conceptually and qualitatively understood within a single particle picture. Then the 
imaginary part of linear dielectric constant can be linked to electronic band structure as [14]: 

2
2 2

2
2

1( ) ~ ( ) [ ( ) ( ) ]

1 ( ) (1.2.4)

vc c v
vc

vc vc
vc

E E

J

ε ω δ ω
ω

ω
ω

− −∑

∑
k

M k k k

M





 

Here ω is the angular frequency of electromagnetic wave, vcM is the electric dipole transition 
matrix element, ( )vcJ ω is the joint density of states. The summation runs over all pairs of Bloch 
states in conduction band and valence band as indexed by c and v, respectively. When close to a 
parabolic band edge, vcM is typically a slowly varying function of k and may be treated only as a 
function of ω, leaving the optical absorption mostly governed by the joint density of states.  

For Bloch electron states in a solid state crystal, the transition matrix can be evaluated as: 

( ') * 3
, ' ,

, , , ,

( ) , ' | | ,

[ ( )] [ ( )]

| | ( ) | ( ' ) (1.2.5)
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i i i
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Here E is the electric field vector of a linearly polarized incident light, the Bloch states are 
represented as | ,n >k  where n represents band index (c for conduction band, v for valence band) 
and k is the crystal momentum. In the last line, the delta function requires momentum conservation, 
which is the reason for strong optical transition at the direct gap, not indirect gaps. The real space 
representation of a Bloch wavefunction is | , ( ) i

nn u e< >= k r
kr k r  where ( )nu k r is a periodic 

function and is constructed by atomic orbital functions [14]. The wavevector of the incident light 



4 
 

is denoted as q, which is much smaller than k in most far field experimental conditions, so starting 
from here it may be treated as zero leading to k’= k . In the above equation the first term is the 
electric dipole allowed transition. Due to the orthogonality of atomic orbital combination functions, 
the first dipole-allowed term is typically orders of magnitude stronger than the second dipole-
disallowed term. In this thesis, monolayer TMDs and multilayer hybrid silver benzeneselenolate 
are studied, both of which are direct gap semiconductors [2] [23]. The first discovery of the 
directness of band gap in monolayer MoS2 is evidenced by the emergence of strong 
photoluminescence (PL) showing the clear PL intensity contrast and energy evolution between 
monolayer and few layer MoS2 [2]. 

A major job for optical spectroscopy experimentalists is the assignment of spectral peaks 
based on qualitative estimation of matrix elements: is a certain transition allowed or forbidden? is 
it expected to be strong or weak? Resonant peak features in spectroscopy experiments are governed 
by selection rules such as parity and angular momentum selection rules. 

First, as a result of parity conservation, the matrix element needs to be conserved under 
parity transformation. Since the momentum operator has odd parity, it would require the initial 
state | ,v >k  and final state | ,c >k to have opposite parities.  The electric dipole transitions are 
controlled by the parity selection rule as mentioned above. For monolayer TMDs, the crystal lattice 
has broken inversion symmetry and parity is actually not a good quantum number for the Bloch 
states.  As a result, at the single particle level, optical transitions will not be forbidden by parity 
conservation. For the case of silver benzeneselenolate, the crystal lattice has a preserved inversion 
symmetry according to current knowledge. The direct band gap is at the zone center Γ point, where 
electron wavefunction at the conduction band minimum (CBM) is dominated by Ag 5s and the 
valence band maximum (VBM) is a hybridization of Ag 4d and Se 3p orbitals. The parity selection 
rule should be imposed and the VBM to CBM transition can be determined to be allowed, giving 
rise to the strong optical transitions observed in our experiments, such as high photoluminescence 
quantum yield, large radiation rates, etc. The parity selection rules will be further modified when 
exciton effects are considered. In addition, as discussed in later chapters, our two-photon 
photoluminescence excitation (PLE) spectroscopy experiments will show that the net parity of the 
underlying Bloch states and the exciton’s envelop wavefunction will give rise to distinct bright 
and dark exciton states in the quantum confined system [24] [23].  

Second, as a result of angular momentum conservation, for crystals with rotational 
symmetry, such as the three fold rotation symmetry in monolayer TMD lattices, total angular 
momentum of the final state (Jc) needs to be a result of total angular momentum coupling of the 
initial state (Jv) and the momentum operator (Jp=1), i.e., Jc = Jv-1, Jv, or Jv+1. The magnetic 
quantum number needs to be conserved, giving mc = mv-1 or mv+1 for photons with right or left 
circular polarization. The selective coupling of photon angular momentum and orbital angular 
momentum of electron states are the origin of circular dichroism in monolayer TMDs. Moreover, 
for photons vertically polarized to a 2D system mc = mv is expected. In a system with strong spin 
orbital coupling, the total in spin-orbital coupled angular momentum should be considered. This 
results in the brightening of dark excitons in monolayer WSe2 and WS2 under optical excitation 
polarized out of plane [25].  

In this dissertation, two families of materials are studied: atomically thin TMDs and 
multilayered hybrid metal organic chalcogenolates. The latter one involves a very complex multi-
atom unit cell, and is still under numerical study with density functional theories [23]. Monolayer 
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TMDs have relatively simple crystal structure and analytical tight binding models have been 
developed to describe low energy carrier properties. The electronic states around the CBM and the 
VBM in K and K’ valleys mainly take contributions from d orbitals of the transition metal atom 
and the linear combination is given as [8] 

 
2

2 2

| |

1| (| | ) (1.2.6)
2

c z

v xyx y

d

d i d

φ

φ
−

>= >

>= > ± >
 

This specific combination of atomic orbitals are derived from numerical density functional 
calculations and adapted based on the D3h symmetry of the crystal lattice. By careful inspection of 
the wavefunctions above in real space representations, it can be found that , ( )cφ k r has orbital 
angular momentum of +- 1 for K and K’ valleys, while , ( )vφ k r has orbital angular momentum of 0 
for both valleys. Note that the derivation of orbital angular momentum needs to consider two 
factors: rotational symmetry of the atomic d orbitals, and phase winding of Bloch states under 3C
rotations [9]. The differences of orbital angular momentum in K and K’ valleys lead to the circular 
dichroism effect in these monolayer TMDs: the K and K’ (or –K valley in some literatures) valleys 
can only be excited by σ +  and σ −  circularly-polarized photons, respectively. The valley-
coupled circular dichroism effects are promising for optical control of spintronic and valleytronic 
devices. These results are for linear optical transitions. In Chapter 4, we report our experimental 
results regarding helicity selection rules in nonlinear sum frequency generation processes. 

Since the materials studied in this thesis are in two-dimensional (2D) form, or bulk form 
with internal 2D stratification, it would be of great interest to introduce how dimensionality effects 
optical absorption in this context. As shown by Eq. (1.2.4), the spectral shape of optical absorbance 
is determined by the joint density of states ( )vcJ ω , since the transition matrix element vcM typically 
has a very slow dependence on k at energies close to band gap. The joint density of states can be 
understood as the number of available pairs of | ,c >k  and | ,v >k to fulfill energy conservation 
requirements for transitions with photon energy of ω : 

( )3

( ) [ ( ) ( ) ]

2 1 (1.2.7)
( ( ) ( ))2

vc c v

c vS

J E E

E E

ω δ ω

π

= − −

=
∇ −

∑

∫
k

k

k k

k k



 

It can be readily seen that strong absorption features are expected at momentum space positions 
where the conduction band and the valence band become parallel to each other, such as the direct 
band edges and van Hove singularities (the so-called C excitons) in monolayer MoS2 and WS2 [26] 
[4]. Moreover, for electron systems confined within different number of dimensionalities, ( )vcJ ω
shows distinctive spectral features at the onset of direct band gap [27] [14], as a result of integration 
in momentum space of different dimensions. Close to direct band gap, if only one pair of sub-
bands are considered, the joint density of states ( )vcJ ω  in 3D, 2D, and 1D can be expressed as 
Equation (1.2.8) [27]. Note that in this single particle picture, the onset of direct band gap in 2D 
semiconductors is expected to manifest as a constant step function in linear absorption spectra.  
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1.3 Tightly bound Wannier excitons 
Optical properties of atomically thin TMDs and the multilayered hybrid metal organic 

chacolgenolates are all dominated by excitons – a quasiparticle resulting from the strong many-
body interaction within electron-hole pairs. Although the single particle picture introduced in the 
previous section can provide satisfactory explanations to many interesting optical effects in 2D 
semiconductors, a comprehensive and quantitative understanding of optical properties would 
require a many-body treatment.  

Origin of the strong interaction, as well as its tunability via carrier renormalization effects, 
can be qualitatively understood in a simple jellium model of a homogeneous interacting electron 
gas. The interaction parameter rs is defined as the averaged electron-electron distance in units of 
Bohr radius. In a 2D system it can be expressed as [14]: 

 
2

2
2

~ (1.3.1)
2

D e P
s

Keff

m e g Er
Enε π

< >
=

< >


 

Here me is the effective electron band mass, g is the band degeneracy factor, n is 2D electron 
density, and effε is the effective dielectric constant. Moreover, PE< > and KE< > are the average 
potential energy and kinetic energy per electron in the system. Therefore, the interaction parameter 
rs is a direct estimation of the strength of many body interaction and how strongly it affects electron 
dynamics. For typical bulk materials, rs is on the order of 1~5 [14]. For monolayer TMDs, it has 
been estimated to be as large as about 60 when electron concentration is on the order of 1011 cm-2 
[21]. In this dissertation, we first report the exciton dominated optical properties of the 
multilayered silver benzeneselenolate. We estimate the interaction parameter rs for the new system 
to be ~100 at the same electron concentration, using the averaged effective band mass of 1.13 m0 
and 0.44 m0 as calculated from density functional theory along the two principle in-plane directions 
at the conduction band edge, and approximating the effective dielectric constant with the dielectric 
constant of benzene. The multilayer structure may introduce dielectric image-charge effects which 
could justify using a different effε . However, the above estimation of the order of magnitude of rs 
could explain the strong excitonic effects in silver benzeneselenolate similar to that in monolayer 
TMDs. 

The interaction parameter also sheds light on how many body interactions can provide 
tunable optoelectronic properties. It’s well-known that semiconductors’ electronic and optical 
properties can be modulated by control of doping concentration. In conventional semiconductors, 
this is mostly due to the fact that more carriers are present to transport charges and jump between 
valence and conduction bands. In 2D semiconductors with strong many body effects, the carrier-
induced modulation of electronic and optical properties has a more fundamental origin: the so-
called renormalization effects. It’s evident from Equation (1.3.1) how carrier concentration n can 
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significantly affect many body effects. The importance of many body interaction in electron 
dynamics can be roughly estimated by the ratio between average potential energy per electron 

PE< > and average kinetic energy per electron KE< > , which is the interaction parameter rs as 
shown for 2D electron gas in Equation (1.3.1). When rs is small, electron dynamics is dominated 
by their individual kinetic energy; when rs is large, electron dynamics become dominated by their 
potential energy which is exerted by other electrons in the whole system. When electron 
concentration n is increased, kinetic energy grows faster than potential energy, which is a 
fundamental fact of electronic systems within a parabolic band. Therefore, by reducing/increasing 
carrier concentration, the importance of the role that many body interaction plays in electron 
dynamics can be greatly enhanced/suppressed. In addition, a second contribution to carrier-
renormalization comes from carrier dependence of the effective dielectric constant effε . Coulomb 
interactions will be more strongly screened with a higher carrier concentration due to the response 
of free carriers [28]. In typical experimental conditions, electrostatic gating and optical ultrafast 
pumping methods can easily tune carrier concentration across two-to-three orders of magnitude. 
When tuned close to the charge neutrality point, the exciton effects will be greatly enhanced as 
evident from increased oscillator strengths and exciton binding energy. The carrier-induced 
renormalization effects have been experimentally demonstrated by pump-probe experiments [29] 
and steady state PLE experiments on back-gated monolayers [19], which will be discussed in more 
detail in later sections. 

From here we start the introduction of how exciton effects can strongly reshape optical 
transitions in 2D semiconductors. On exciton resonance, the strongly coherent superposition of 
single particle states leads to greatly enhanced linear and nonlinear optical cross sections, which 
are beneficial for many applications. In addition, exciton wavefunctions are reshaped by the 
envelope wavefunction describing how the electron circulates around the hole. The exciton 
wavefunction has distinct parity and angular momentum which would bring additional ingredients 
into optical selection rules. 

Excitons are typically categorized into two types: Wannier excitons and Frenkel excitons. 
For Wannier excitons, the electron-hole spatial separation is large compared with the lattice 
constant, and the k-space distribution of the exciton wavefunction is relatively localized. In most 
cases the excitons formed by carriers at the direct band gap of a semiconductor are Wannier type. 
As a comparison, Frenkel excitons are highly localized in real space, and most commonly seen in 
single molecules. The excitons in monolayer semiconductors are believed to be of Wannier type, 
as shown by the calculated wavefunction of monolayer MoS2 in [13].  

From here we provide a brief description of Wannier excitons in a many-body picture. The 
focus is on showing important results and discussing their physical picture, while more detailed 
derivations can be found in [14]. Exciton states | exΨ >  in a semiconductor lattice can be 
constructed as a superposition of electron-hole pair states ,|

ex
φ >k k  in momentum space. 

,| ( ) | (1.3.2)
exex A φΨ >= >∑ k k

k
k  

†
, , ,| | 0 (1.3.3)

ex exc vc cφ +>= >k k k k k  
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Here kex is the exciton momentum and also the momentum the excitation photon. The ground state 
| 0 >  In Eq (1.3.3) should be approximated as a Slater determinate involving all single particle 
electron Bloch states in the valence band. From the ground state, the electron-hole pair states 

,|
ex

φ >k k  are obtained by annihilating one Bloch electron state in the valence band ( ,vc k ) and 

creating one Bloch electron ( †
, excc +k k ) in the conduction band, as schematically represented in the 

left graph of Figure 1.3.1. These electron-hole pair states serve as the many-body basis states for 
constructing the exciton states | exΨ > . The A(k) in Eq. (1.3.2) is the distribution of exciton states 
in momentum space, which is often used to show the contribution from Bloch states at different 
positions in Brillouin zone [13] [24]. It would be intuitively very convenient to define the real-
space exciton envelope wavefunction F(r) using A(k) and plane waves, where r is the relative 
position between electron and hole.  

( ) ( ) (1.3.4)iF A e ⋅= ∑ k r

k
r k  

For Wannier excitons with a Bohr radius much larger than the unit cells, this envelope function 
describes the envelope spatial profile of electron motion with respect to the hole, on top of the 
underlying electronic wavefunctions. 

 
Figure 1.3.1 Illustration of exciton states in the single particle picture (left) and the exciton picture 
(right). In the single particle picture, the blue arrows are slightly tilted not in scale to show the 
effect of photon/exciton wavevector kex. In the exciton picture, the grey shaded area shows the 
exciton continuum, the red lines sketch the lightcone outside of which the exciton states cannot be 
directly coupled to far field light.  

The Hamiltonian H describing the many electron system should include both the sum of 
single particle energy of each electron H1, and the Coulombic interaction between each pair of 
electrons H2. Note that in this picture the electron-hole Coulombic energy is manifested as the 
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interaction between the one excited conduction band electron and N-1 electrons left in the valence 
band.  

 
1 2

2

1

1[ ( )] (1.3.5)
2 2

N

i i ji eff ij

H H H
eV

m rε= ≠

= +

= + +∑ ∑
2
i

i
p r  

Now the eigenenergies Eex and full exciton wavefunctions of the exciton states can be obtained 
with the basis function given in Eq (1.3.2, 1.3.3) and the Hamiltonian in (1.3.5). We can obtain the 
resulting effective-mass characteristic equation for exciton binding energy Eex and envelope 
wavefunction F(r).  

 
2

[ ( , ) ( ) ( ) ] ( ) ( ) (1.3.6)cv ex M ex
eff

eE i J F E Fδ δ
ε

− ∇ − + =ex exk k r r r
r

 

The term ( , )cvE i− ∇ exk  includes the detailed band structure information of a specific material 

which is defined as 1 1( , ) ( ) ( )
2 2cv c vE i E i E i− ∇ = − ∇+ − − ∇−ex ex exk k k .This is the energy difference 

between conduction and valence band Bloch electrons, as illustrated in the left panel of Figure 
1.3.1. The term Jex is due to exchange interaction between electron and hole and only exists for 
singlet exciton states with Mδ =1. The exchange term is typically negligible because of the large 
spatial extent of Wannier excitons.  

Close to the direct band edge, the band structure ( , )cvE i− ∇ exk  can be approximated by an 
isotropic 2D parabolic band, resulting in the 2D exciton binding energy as: 

4
2

2 2 2
( ) (1.3.7)12 ( ) ( )

2

D
ex

eff

eE n
n n

µ

ε
= −

−

 

Note that although the expression looks similar to a 2D hydrogen model, the effective dielectric 
constant ( )eff nε has been experimentally shown to be dependent on the principal quantum number, 
resulting in a large deviation from the 2D hydrogen series [30]. The effective dielectric constant 

effε is significantly reduced from the value of the bulk material where electron and hole resides. 
As shown by [30], in a 2D system a large portion of electric field lines extend out of the 2D layer 
into the surrounding medium (such as air) which has much less screening, while in a 3D system 
the Coulomb interaction is completely screened by the bulk host material. The reduced screening 
is major origin for strong excitonic effects in lower dimensions. 

The optical dielectric function in the excitonic picture can be obtained by evaluating the 
dipole transition matrix with the many-body exciton states. The resulting linear excitonic 
susceptibility can be expressed as the Elliot formula [31] [14]: 

 
2

2 | ( 0) |( ) 2 | | (1.3.8)cv E i
λ

λ λ λ

χ ω
ω

Ψ =
=

− − Γ∑ rM
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Here ( )λΨ r is the wavefunction of exciton state λ expressed in coordinate of relative electron-hole 
position, i.e., r=re-rh. It can be seen that the linear optical absorption is only allowed for exciton 
states with nonzero amplitude at r=0, which comes from a similar parity selection rule as in the 
single particle picture. The full exciton wavefunction ( , )exΨ e hr r which can also be obtained as: 

2
,

( , ) ( ) ( ) ( ) (1.3.9)ex c v hF W WΨ = − − −∑
1 2

e h 1 2 e 1
R R

r r R R r R r R  

Here cW  and vW are the standard Wannier functions of conduction and valence band electrons 
around the R1 and R2 lattice points. In this expression, note that the effect of exciton wavevector 
kex is not directly manifested, but buried in the interference between the electrons and hole 
Wannier functions. As evident from Eq. (1.3.9), parity of the exciton states should be the net 
symmetry of exciton envelope wavefunction F(r) and the Wannier functions of the underlying 
electronic Bloch states  cW and  vW  giving ( ) ( ) ( ) ( )ex c vF W Wπ π π πΨ = ∗ ∗ . Therefore the 
envelope function will significantly modify parity-based selection rules. At the direct band gap, 
the s-type exciton with even spatial symmetry will still be a dipole-allowed transition from the 
ground state, but the transition to a p-type exciton with odd spatial symmetry will be dipole-
forbidden. This has been experimentally studied for monolayer TMDs [24] before and this thesis 
includes our investigation on multilayered hybrid silver benzeneselenolate. In order to fully 
describe the optical selection rules for exciton transitions, a symmetry analysis incorporating 
crystal structure, electronic states, exciton envelope function, as well as light polarization should 
be performed.  

1.4 Nonlinear optics with atomically thin semiconductors 
Atomically thin semiconductors and van der Waals heterostructures hold great promise for 

nonlinear optical applications. In monolayer (1L) and few layer TMDs, strong excitonic effects 
and broken inversion symmetry result in resonantly enhanced nonlinear responses such as second 
harmonic generation [15], two photon photoluminescence [24], saturable absorption [32], and high 
harmonic generation [33]. The van der Waals interaction between neighboring layers also allows 
facile integration of two-dimensional (2D) TMDs with nanophotonic devices such as photonic 
crystal and microdisk cavities where the nonlinear light-matter interaction can be further enhanced 
[34] [35]. Moreover, the resonance energies and oscillator strengths of exciton states in monolayer 
TMDs are very sensitive to carrier concentration, which can be conveniently controlled by 
electrostatic gating [5] [22] [19], providing new solutions to electrically tunable nonlinear 
susceptibilities [18]. In addition, many nonlinear optical techniques are also crucial for the 
development and characterization of 2D semiconductor materials and twisted heterostructures, 
such as the determination of crystal orientation with second harmonic generation (SHG) [36] [37] 
[38], probing excitonic dark states and measuring exciton binding energies with two-photon 
photoluminescence excitation spectroscopy [24] [23], imaging edge states and grain boundaries 
[39], etc. 

The major nonlinear optical processes studied in this dissertation are sum frequency 
generation (SFG), second harmonic generation (SHG), and two-photon photoluminescence (TPPL) 
from monolayer and twisted bilayer TMDs as well as multi-layered silver benzeneselenolate.  
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The study of SHG and SFG are important for practical nonlinear applications of 2D 
semiconductors, in devices such as laser frequency converters, optical parametric amplifiers and 
oscillators, and spontaneous down conversion for generating quantum entangled photons. The 
second order nonlinear responses also play important roles in the determination of crystal structure 
and spectroscopy-based interface-sensitive sensing applications, since inversion symmetry 
breaking is required. Both SHG and SFG are governed by the second order nonlinear susceptibility 

(2)χ  as described in Eq. (1.2.1). Since SHG is a special case of SFG, here we focus on discussion 
of the more general SFG process in a monolayer TMD lattice.  

 
Figure 1.4.1 (a) Schematic of top view of crystal structure of monolayer TMD, with red (orange) 
representing the transition metal atom (the pair of chalcogenide atoms). (b) Intensity of sum 
frequency generation (SFG) as a function of laser excitation polarization angle when collection 
polarization is parallel to excitation.  

The space group of a monolayer and other odd layers of TMD or hexagonal boron nitride 
(hBN) lattice is D3h, which lacks inversion symmetry, and therefore has the following non-
vanishing elements of the (2)χ tensor [40].  

(2)| | (1.4.1)yyy yxx xxy xyxχ χ χ χ χ= = − = − = −  

For a generic D3h crystal system, the y direction in Eq. (1.4.1) refers to the mirror plane direction 
as shown by Figure 1.4.1. In the case of TMDs, this is the armchair direction. Therefore, by 
measuring second order nonlinear signal such as SHG or SFG as a function of polarization 
direction, the crystal orientation can be determined.  
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Figure 1.4.2 Schematic level diagram of (left) the sum frequency generation (SFG) process, which 
is a more generalized case of second harmonic generation (SHG), and (right) two photon 
photoluminescence (TP-PL). 

One part of this thesis is to explore the exciton resonance enhancement and helicity 
selection rules of second order nonlinear processes. As shown by Figure 1.4.2, the SFG process 
involves three transitions. First, one photon with energy of 1ω is absorbed to bring the system 
from ground state | g >  to an intermediate state | i >  which is a virtual state in most cases. Then a 
second photon with energy of 2ω is absorbed to bring the system from the intermediate state to 
the excited state | e > . Finally, one photon with the energy of  1 2Sω ω ω= +    is scattered/emitted 
and the system goes back to the ground state | g > . The net transition is a triple resonant process, 
which can be described by the product of three transition matrix elements [40]. 

, , , , , ,
(2)

1 2
| 1 2

( ) (1.4.2)
( )( ) ( )( )

g e e i i g g e e i i g
i j k i k j

ijk
i e e i i e e i ii i i i

χ ω ω ω
ω ω ω ω ω ω ω ω>

  = + + − + Γ − + Γ − + Γ − + Γ  
∑

p p p p p p


 

where ,i g
kp is the electric dipole transition matrix element from |g> to |i> with the polarization k, Γe 

(Γi) and ωe (ωi) are relaxation rates and resonance frequencies for the excited state (intermediate 
states). The transition rate is expected to be greatly enhanced when at least one of the three 
respective photon energies matches with allowed optical transitions. The SHG response of 
monolayer WSe2 has been measured as a function of excitation energy [15], showing great 
enhancement when twice the excitation energy matches both s-type bright excitons and p-type 
dark exciton states. When twice the excitation photon energy matches the s-type exciton states, the 
enhancement mainly arises from the second harmonic emission resonance, which is a strong dipole 
allowed transition. When twice the excitation photon energy matches the p-type exciton states, the 
enhancement mainly arises from the successive two-photon excitation process, which is also dipole 
allowed. It’s proposed that in both cases, two electric dipole transitions and one magnetic dipole 
transitions are involved. For SHG experiments it’s difficult to directly show whether a certain 
process is enhanced by excitation resonance or emission resonance, because the two excitation 
photon energies are identical. In the SFG experiments described in Chapter 4 of this dissertation, 
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by separately varying the two excitation photon energies, more insights into the emission and 
excitation resonance of a second order process can be obtained. 

Two-photon photoluminescence can probe the unique p-type excitonic dark states, which 
are dipole-forbidden for one photon transitions. In this dissertation, a two-photon 
photoluminescence excitation (TP-PLE) technique is employed to probe p-type dark states in silver 
benzeneselenolate, providing important support for the quantification of exciton binding energy. 
In a TP-PLE experiment, a femtosecond pulsed laser is used to excite the sample providing large 
instantaneous population of the intermediate states as shown by Figure. 1.4.2. These intermediate 
states are virtual states with fast relaxation, so only with a high instantaneous pump pulse can they 
be further excited to the excited 2P states. Both of the transitions from ground state to the 
intermediate state, and from intermediate state to the 2P excitonic dark state are electric-dipole 
allowed. However, the direct transition from ground state to the 2P excitonic state is dipole 
forbidden, because the envelope exciton wavefunction of 2P states have an odd spatial symmetry, 
owing to a vanished amplitude at zero relative position of electron and hole. This is also evident 
from the Elliot formula shown in Equation (1.3.8) showing that the linear polarizability contributed 
by exciton state λ is proportional to 2| ( 0) |λΨ =r . Therefore, two photon PLE can provide crucial 
information of the excited states and binding energies of a Wannier exciton system. 
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Chapter 2 – Carrier induced renormalization of quasiparticle band 
gap and exciton binding energies in monolayer MoS2 
2.1 Introduction 

Monolayer transition metal dichalcogenide (ML-TMDC) semiconductors are exquisite 
optoelectronic materials that synergize the effects of strong confinement [2] [3] [4], intense many-
body interactions [21] [41] [42] and spin-coupled valley degrees of freedom [43] in a robust, 
atomically-thin semiconductor with extended two-dimensional (2D) crystalline order. In ML-
TMDCs, electronic excitations are collective phenomena that are described by a quasiparticle band 
structure which condenses the excitations into particles with momentum and energy that reflect 
the underlying many-body physics and crystal structure [44, 45]. The energetic separation between 
the quasiparticle valence and conduction bands, termed the ‘quasiparticle band gap’, governs the 
electronic properties in ML-TMDCs such as transport, formation of Ohmic contacts and band 
alignment in heterostructures [46] [47] [48] [49] [50]. Meanwhile, photoexcitations, which are 
essential to optoelectronic functionality [6] [7] [17] [51] [52], create electron-hole pairs within the 
quasiparticle band structure, forming a rich manifold of bound exciton states. The lowest-energy 
exciton – a strong dipole transition in these materials – determines the ‘optical band gap’ (i.e., the 
energetic threshold of optical absorption), which is energetically smaller than the quasiparticle 
band gap because of the electron-hole binding energy [53] [54] [55]. Strong physical and dielectric 
confinement make Coulombic interactions central to determining these quasiparticle and optical 
bandgaps, and an incredibly compelling aspect of ML-TMDCs is the ease by which the strength 
of this interaction can be manipulated, providing an unprecedented tunability of the quasiparticle 
and exciton energies [28] [29] [22] [5] [56]. 

In this letter, we experimentally disentangle and quantify the carrier-induced 
renormalization of both quasiparticle and optical band gaps in ML-MoS2, providing a unified 
picture of these rich and complex effects in two-dimensional semiconductors. This quantification 
is enabled by the direct, all-optical identification of the carrier-density-dependent quasiparticle 
band gap using photoluminescence excitation (PLE) spectroscopy combined with steady state 
electrostatic gating to control the strength of the Coulombic interactions in the ML-MoS2. 
Importantly, renormalization effects on the quasiparticle band gap and exciton binding energy tend 
to counteract each other, leading to only minimal changes in the optical band gap [57]. Thus, in 
conventional optical absorption spectroscopy, without direct identification of the quasiparticle 
band gap, quasiparticle and excitonic renormalization effects must be inferred from higher-lying 
excitonic states [22] [56, 58] [59]. Central to our approach, we demonstrate that the relative 
photoluminescence from defect-bound excitons (DXs) [60] [61] diminishes with increased carrier 
doping and can identify the onset of photoexcitation of free carriers at the quasiparticle band gap. 
When combined with ground-state absorption and PLE spectroscopy, we can (1) track carrier-
induced renormalization of the quasiparticle band gap and (2) fully deconvolve excitonic and 
quasiparticle renormalization effects. For both effects, we find renormalization of more than 
150 meV over a moderate range of doping concentrations, agreeing remarkably well with previous 
theoretical predictions [28]. Further, we observe that at low doping levels the band gap and exciton 
binding energy can be larger than 2.7 eV and 800 meV, respectively. 

2.2 Identification of quasiparticle band gap from photoluminescence excitation 
spectroscopy 
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Figure 2.1(a) shows a schematic of the PLE spectroscopy of back-gated ML-MoS2 that 
reports the excitation dependent photoluminescence as a function of free carrier density (MoS2 
grown on 285 nm SiO2 on Si [62]). Complete experimental details are provided in the 
Supplemental Material [34], but we note that all measurements were performed at 80 K where 
radiative recombination from the DX states is activated [60]. At unbiased gating, ML-MoS2 flakes 
were found to be heavily n-doped with a residual carrier concentration of 8.7×1012 cm-2, which 
likely results from interactions with the underlying substrate [59] [63]. Figure 2.1(b) shows the 
gate dependence of the relative intensities of the ground state excitonic emission at ~1.86 eV (A 
exciton) and of the DX states at ~1.72 eV. At an unbiased gate voltage (e.g., Vg=0 V), the PL of 
our samples is dominated by the trion. Upon reducing the free carriers with increasingly negative 
gate voltages, the lower-energy emission from the DXs emerge: decreasing the concentration of 
free carriers increases the relative PL yield of the DX states with respect to the A excitonic 
emission. To quantify this effect, we estimate the relative yield of the DX emission by comparing 
the relative amount of emission below 1.80 eV with respect to the total emission (inset, Fig. 2.1(b)). 

 
Figure 2.1. (a) Schematic of gate dependent photoluminescence excitation (PLE) spectroscopy on 
monolayer MoS2. (b) Normalized PL spectra measured under different gate voltages with 2.5eV 
excitation. Inset shows the dependence of defect PL yield as a function of gate voltage. 

The precise relaxation dynamics that govern the balance of excitonic and DX emission are 
still not yet fully understood [60] [61]. We speculate that the reduction in the relative yield of the 
DX emission with increasing carrier density is a combination of increased defect screening and 
state filling by the free carriers. A similar trend was also noted in ML-WSe2 [22]. Regardless of 
the exact mechanism, it is clear that the relative yield of the DX emission depends on the 
concentration of free carriers, providing a spectroscopic route to detect the photoexcitation of free 
carriers.  
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Figure 2.2. Identification of the quasiparticle band gap in monolayer MoS2 from PLE spectroscopy. 
(a) Dependence of the yield of defect PL on excitation energy (blue dots), overlaid on the 
absorption spectrum (gray, taken from samples transferred to a quartz substrate). Inset shows the 
color contour of normalized PL spectra measured at different excitation energies. (b) Comparing 
the defect PL spectra (normalized to the A exciton; full spectra are shown in section 2.5) under 
excitation energies that are on and off resonance of the continuum edge and B exciton. (c) 
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Schematic level diagrams showing the relevant relaxation pathways of photo-generated excitations. 
A complete diagram is shown in section 2.5. (d) Experimental PLE spectrum (gray dots) and total 
fit (black solid line) with contribution from the continuum (blue dotted line, with offset) and tail 
of the C exciton (magenta dotted line). 

Figure 2.2 shows PLE spectroscopy of ML-MoS2 at an intermediate carrier concentration, 
where emission intensities from the DXs and main A exciton states are comparable. In Fig. 2.2(a), 
the relative PL yield of the DX as a function of excitation energy is overlaid with the absorption 
spectrum, and the three prominent excitonic ‘A’, ‘B’ and ‘C’ absorption resonances are identified 
[2] [26]. Note first that the ratio of the DX emission to the A exciton emission generally increases 
with increasing excitation energy nearly in unison with the absorption from the higher-energy ‘C’ 
band [26] [13]. Secondly, a pronounced dip is observed at 2.07 eV, which nicely corresponds to 
the resonance energy of the ‘B’ exciton state. And finally, at 2.64 eV a small but pronounced 
decrease, deviating from the otherwise monotonic increase, is observed. Four individual PL spectra 
at representative energies are shown in Fig. 2.2(b) which exemplify the differences in the relative 
yield of DX emission.  

The level diagram in Fig. 2.2(c) summarizes the absorption resonances and coupling 
pathways at these excitation energies in ML-MoS2 [59] [26]. Although the C exciton is peaked at 
~2.9 eV, its absorption resonance is broad, yielding a tail of closely spaced excited states that spans 
nearly to the optical bandgap. The narrower resonant excitations of the A and B excitons are 
superimposed on the C exciton at ~1.9 and ~2.1 eV, respectively. At each excitation energy, a 
fraction of the C excitons can relax to form A excitons [59] [26] and DX states. The generally 
increasing trend of the DX emission yield vs. excitation energy indicates that the relative coupling 
of C excitons to DXs strengthens with increasing energy. Direct excitation of B excitons, on the 
other hand, enhances the relative number of A excitons, presumably because this additional set of 
absorbing states lies in the same region of the Brillouin zone and preferentially couples to the A 
exciton, decreasing the relative DX yield at 2.07 eV.  

For the higher energy decrease in the DX yield at 2.635 eV, which is weaker than its lower 
energy counterpart at ~2.07 eV, neither a strong excitonic resonance exists [59] [58] [30] [64] nor 
are there any corresponding features in the absorption spectrum. Yet the PLE spectrum (Fig. 2.2(d)) 
of the total emission intensity exhibits a step-like increase at the same energy, which is well-
described as the sum of a broad increasing background (from the C exciton tail) and a broadened 
step function (see section 2.5 for details), similar to a feature observed in our previous work [59]. 
Such a step-like increase in photoexcitation is anticipated for the absorption at the band edge of 
non-interacting electrons in two dimensions [44] [30] [64]. In conjunction with the decrease in the 
DX yield, we reason that this energy marks the onset of photoexcitation of the continuum of 
unbound electrons and holes [64] [65] near the quasiparticle band gap at the K/K’ valleys. These 
unbound carriers reduce the emission yield of the DX states following the same mechanism as 
observed under electrostatic gating (Fig. 2.1(b)). The approximate reduction of defect PL yield at 
2.64 eV is 2%. Using the linear trend fitted from Fig. 2.1(b), such a reduction corresponds to an 
injected carrier concentration of 3×1011cm-2 which is on the same order as the estimated number 
of photoexcitations produced at these energies, of ~8×1010 cm-2 (see section 2.5). 
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2.3 Experimental observation of carrier induced renormalization effects  

 
Figure 2.3. Gate dependent PLE spectroscopy of monolayer MoS2. (a) PLE spectra of the 
integrated emission measured at different gate voltages. Experimental data, total fit, and the 
continuum contribution (with offset) are represented as gray dots, blue solid lines, and blue dashed 
lines, respectively. The PLE intensities are normalized to the oscillator strength (i.e., step height) 
of the fitted continuum function. (b) The excitation-energy dependent relative yield of defect PL 
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at different gate voltages. The arrows in (a) and (b) represent the same energy of Econ fitted from 
(a) as described in the text. 

If our assertion is correct, the spectral signatures of direct excitation of the quasiparticle 
continuum in the PLE and relative DX yield should energetically shift with gate voltage as the 
quasiparticle band gap renormalizes [28]. Gate-dependent PLE and DX emission yield spectra are 
shown in Figure 2.3. At each gate voltage, the step feature in the PLE spectrum (Fig. 2.3(a)) and 
corresponding reduction in the relative emission yield of the DX (Fig. 2.3(b)) are observed 
(complete PLE data sets are shown in the section 2.5). Using the PLE spectra alone, the energetic 
threshold for optical excitation of the continuum of unbound quasiparticles (i.e., the “continuum”, 
Econ) is extracted from the position of a fitted step function (as described in Fig. 2.2) and are 
marked by the arrows in both the PLE and the relative DX emission yield spectra. Clearly, the two 
spectral features exhibit nearly identical renormalization effects. Starting at the residual doping 
concentration, Econ first shifts to lower energies as the gate voltage decreases to -40 V and then 
reverses directions, shifting to higher energies as gate voltage further decreases to -90 V, which 
was our lowest obtainable gate voltage before dielectric breakdown. For positive gate voltages, the 
continuum excitation features rapidly diminish and are no longer clearly discernible possibly due 
to increased broadening of the continuum feature [65] and/or increased indirect optical absorption 
at higher carrier densities [66]. The strongly-correlated renormalization of the step feature in the 
PLE and the reduction in DX emission yield offer compelling evidence that these spectral features 
are indeed related to the quasiparticle band gap, and that their spectral shifts with gate voltage 
provide important insight into carrier-induced renormalization effects.  

Notably, direct band-edge and excitonic transitions are expected to behave markedly 
differently in response to changes in carrier density [57] [65]. In Figure 2.4, the renormalization 
of the quasiparticle band gap is quantified and compared to previous theoretical studies. The 
dependence of the continuum onset energy, Econ, on carrier concentration is summarized in Fig. 
2.4(a) where the gate voltage has been converted to the electron concentration, ne (see section 2.5). 
Careful distinction must now be drawn between the energetic onset of continuum excitations (Econ) 
and the quasiparticle band gap (Eg). In a doped system, Econ is larger than Eg due to Pauli blocking, 
as direct transitions can only occur from occupied states in the valence band to unoccupied states 
in the conduction band above the Fermi energy, EF (Fig. 2.4(a), inset). Using a parabolic 
approximation for the band extrema, Eg is related to Econ by Eg= Econ-neπћ2/2μq, where ћ is the 
reduced Planck constant, q is the electron charge, and μ is the exciton reduced mass [21]. From 
effective masses reported in literature [13], the quasiparticle band gap (Eg) at the residual doping 
level (ne = 8.7×1012cm-2) is calculated to be 2.57 ± 0.01 eV where the uncertainty reflects the 
variations of multiple measurements. With decreasing electron concentration, the measured 
quasiparticle band gap increases nonlinearly, reaching 2.70 ± 0.01 eV at the lowest carrier 
concentration (ne = 1.8×1012 cm-2; Vg = -90 V) achieved in our measurements. By fitting a line to 
quasiparticle band gap Eg at the four lowest electron concentrations, we estimate that Eg of our 
samples at intrinsic doping concentrations is 2.78 ± 0.02 eV. Remarkably, the majority of the 
theoretical predictions of quasiparticle band gap from previous studies (Fig. 2.4(a); orange crosses) 
[28] [13] [67] [68] [69] are within 100 meV of our estimated value. We also note that the band gap 
we measured at the residual doping condition is comparable to recent photocurrent [70] and PLE 
[59] [58] measurements, but substantially higher than scanning tunneling microscopy (STM) 
measurements of ML-MoS2 on conductive substrates [55] [71]. And further, a recent STM study 
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of suspended ML-MoS2 [72] finds a gap approaching the value we determined for the zero-doping 
condition. 

 
Figure 2.4. Carrier induced renormalization of the quasiparticle band gap of monolayer MoS2. (a) 
Dependence on electron doping concentration ne of the measured continuum onset energy Econ (red 
squares) and quasiparticle band gap Eg (blue dots). Predicted quasiparticle band gap energies from 
previous studies ( [28] [13] [67] [68] [69]) are also plotted for comparison (orange crosses). (b) 
Direct comparison of the measured change of quasiparticle band gap (blue dots) to previous 
theoretical predictions (orange crosses, [28]).  

Such a large, nonlinear renormalization of the quasiparticle band gap has previously been 
theoretically predicted and attributed to carrier-induced screening [28]. In Fig. 2.4(b), our 
experimental measurement of the quasiparticle band gap renormalization is compared to 
theoretical predictions [28] where ΔEg denotes the change of the band gap from the residual doping 
concentration. We find that for the relative changes in the quasiparticle band gap, the experimental 
and theoretical results agree remarkably well. Moreover, the observed band gap renormalization 
of over 150 meV is more than one order of magnitude larger than any excitonic renormalization 
effects in ML-TMDCs [2] [5] [56], further corroborating our assignment of the observed step 
feature in PLE spectra to be the continuum.  
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Figure 2.5. Carrier-induced renormalization of the exciton binding energy in monolayer MoS2. (a) 
Dependence of the absorption energies of the neutral A exciton (blue dots) and charged A- trion 
(red diamonds) on gate voltage. (b) Renormalization of the binding energy of neutral A exciton 
with electron concentration. 

Finally, in Figure 2.5, the renormalization of the exciton binding energy is directly 
quantified by combining the PLE-derived values of the quasiparticle band gap and the optical band 
gap measured with gate-dependent absorption and PL spectra (see section 2.5). The extracted 
energies of the neutral A exciton (A0) and charged A trion (A-) states from absorption spectra are 
shown in Fig. 2.5(a). The corresponding carrier-dependent binding energy of A0 can be calculated 
from its energetic separation from the quasiparticle band gap (Fig. 2.5(b)) and is found to be as 
large as 790 ± 17 meV at the lowest measured electron concentration. Extrapolating to lower 
concentrations, we estimate that the exciton binding energy at the zero-doping condition is 866 ± 
31 meV, which is comparable to what is predicted by GW-BSE calculations [13] [68]. As the 
electron concentration is increased, the exciton binding energy rapidly decreases to 690±15 meV 
at an electron concentration of ~4.0×1012 cm-2 and then more gradually decreases to 660±12 meV 
at the residual doping condition. This nonlinear behavior likely arises from the combined effects 
of increased Coulombic screening and phase space filling [73]. Notably, the carrier dependence of 
the exciton binding energy (Fig. 2.5(b)) follows that of the quasiparticle band gap (Fig. 2.4(a)), 
experimentally demonstrating how the two renormalizations counteract each other, resulting in 
comparatively modest changes in the ground-state optical transitions [57]. 

2.4 Conclusion 
In conclusion, using the suppression of defect emission by free carriers in combination 

with PLE, PL and absorption spectroscopies, we have directly quantified carrier-induced 
quasiparticle and excitonic renormalization effects in gated ML-MoS2 devices. At the lowest 
achieved doping level, the quasiparticle band gap is determined to be 2.70 ± 0.01 eV leading to a 
binding energy for the A exciton of 790 ± 17 meV. Both the quasiparticle band gap and binding 
energy renormalize by nonlinearly decreasing by over 150 meV as the electron concentration is 
increased to the residual doping level. Notably, our experimental results agree very well with 
previous theoretical predictions of the quasiparticle band gap [13] [67] [68]and renormalization 
effects [28]. As such, this spectroscopic approach serves as a facile way to identify the 
quasiparticle band gap in monolayer TMDC semiconductors in a broad range of device 
configurations, providing an all-optical compliment to STM [53] [55] [71] [72] [74]. Directly 
quantifying the fundamental quasiparticle band gap and exciton binding energies and their 
corresponding renormalization effects is essential for developing exciton-based optoelectronic 
devices in monolayer TMDC semiconductors that capitalize on their remarkable ability to tune the 
underlying many-body interactions.  
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2.5 Additional contents 
2.5.1 Material growth and device fabrication 

Monolayer MoS2 (ML-MoS2) was grown by chemical vapor deposition (CVD) [62]. The 
CVD growth was carried out in a two-zone tube furnace. Sulfur and MoO3 precursors were placed 
inside a quartz tube and located in zone 1 and zone 2, respectively, of the tube furnace. The SiO2/Si 
substrates for MoS2 to grow on were placed on top of the crucible that held MoO3 precursor in 
zone 2. N2 gas was flown through the quartz tube during the entire growth process. The temperature 
for zone 1 and zone 2 was kept at 105 °C for 3 hours, and then ramped up to 517 °C (over 30 
minutes) for zone 2 and stayed at 517 °C for 30 minutes while zone 1 was kept at 105 °C during 
this time. Before this point, the N2 gas was flown at 200 sccm and was changed to 9 sccm 
afterwards. The temperatures for zone 1 and 2 were then increased to 400 °C and 820 °C, 
respectively, and stayed at these temperatures for 10 minutes. After this 10 minutes’ growth was 
over, the tube furnace was turned off and cooled down naturally to room temperature. 

The back-gated devices were fabricated by conventional optical lithography, followed by 
metal (Ti/Au 2nm/50nm) evaporation and lift-off. Electrical transport measurements reveal the 
typical n-type doping behavior at the residual condition, as shown in Fig. 2.5.1. 

 
Figure 2.5.1. Typical transfer characteristics of fabricated monolayer MoS2 field effect transistors 
measured at 80K. Inset shows the device photograph. 

2.5.2 Photoluminescence excitation spectroscopy and analysis 

Photoluminescence excitation (PLE) spectroscopy was performed with a supercontinuum 
laser (5ps pulse width, 40MHz repetition rate) passed through an acoustic optical tunable filter as 
excitation source. The laser beam was expanded to approximate a parallel incident beam. Diameter 
of the illumination area was ~10μm. The laser power was kept very low (less than 5W/cm2) to 
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ensure that photoluminescence (PL) intensity scales linearly with excitation power. The PL spectra 
were collected with a cooled CCD.  

Here we estimate the photo-generated excitation density as following. The typical laser 
power used for PLE is ~7μW measured at the back aperture of objective, corresponding to a photon 
pump fluence of 5.3×1011cm-2 for 2.65eV. The absorbance of ML-MoS2 at this energy is estimated 
as 15% from Figure 2(a) of the main text. Then the density of photons absorbed by MoS2 per pulse 
is estimated to be 8×1010cm-2. At our measurement temperature of 80K, carrier lifetime is expected 
to be much longer than the laser pulse width of 5ps, due to the rapid thermalization of photo-
generated carriers, and the reduced efficiency of nonradiative processes [75]. Hence, the 
photoexcitation density at the quasiparticle band edge is estimated to be 8×1010cm-2 for our 
experiments. 

For PLE measurements on back-gate devices, the 285nm-thick SiO2 dielectric layer impose 
a strong interference effect in the range of our excitation energies. The reflected waves from the 
SiO2/Si substrate carry different amplitudes and phases, interfering coherently with the incident 
wave. Therefore, the actual electromagnetic field intensity felt by the atomically thin MoS2 on top 
of the SiO2 is not proportional to the measured incident laser power. We account for this effect by 
calculating the interference correction factor which is defined as the ratio of the actual local 
electromagnetic field intensity felt by MoS2 on the SiO2/Si substrate over intensity of the incident 
field. The directly measured PLE spectra are then scaled per the interference correction factor so 
that the effective excitation photon flux is the same for each excitation energy. The calculation is 
performed by the transfer matrix method [76], with wavelength dependent indexes of Si and SiO2. 
The optical path length of MoS2 flake is much shorter than that of 285nm SiO2, and we hence 
neglect its effect in interference correction. Fig. 2.5.2(a) shows the calculated interference 
correction factor. To verify this correction method, similar CVD-grown monolayer MoS2 flakes 
were transferred from the growth substrate (SiO2/Si) to thick quartz substrates for PLE 
measurements. The PLE spectrum measured on quartz is compared with our interference-corrected 
PLE spectrum measured on SiO2/Si, as shown in Fig. 2.5.2(b). The larger noise is due to 
significantly decreased (estimated to be about two orders of magnitude) quantum yield after the 
transfer process. We see that the uncorrected PLE spectrum acquired on SiO2/Si takes a declining 
trend due to the interference effect (red dots in Fig. 2.5.2(b)), which does not reflect the intrinsic 
material property, as detailed in our previous work [59]. After correction, the spectrum shows a 
similar growing trend as that acquired on the interference-free quartz substrate. 
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Figure 2.5.2. Correcting substrate induced thin film interference effect on PLE spectra of ML-
MoS2. (a) Calculated interference correction factor, as defined in the text. (b) Raw PLE spectrum 
measured for ML-MoS2 on a 285nm-thick SiO2/Si substrate (red dots), the interference-corrected 
PLE spectrum (black dots), and PLE spectrum measured for ML-MoS2 transferred onto thick 
quartz substrate (blue dots). All three spectra are normalized to the peak of B exciton. 

The experimental data of PLE intensity can be well fitted by an exponentially-tailed step-
function plus a polynomial background. The absorption contribution from C exciton tail and the 
ensemble of high-energy Rydberg exciton states of the spin-split B series are accounted for by the 
polynomial background. The absorption due to the continuum of A band, 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.(𝐸𝐸𝑒𝑒𝑒𝑒𝑐𝑐), as a first 
approximation, may be expressed as: 

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.(𝐸𝐸𝑒𝑒𝑒𝑒𝑐𝑐) = �
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐., 𝐸𝐸𝑒𝑒𝑒𝑒𝑐𝑐 > 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.𝑒𝑒
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒−𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝑈𝑈 , 𝐸𝐸𝑒𝑒𝑒𝑒𝑐𝑐 < 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐
               (2.1) 

Here 𝐸𝐸𝑒𝑒𝑒𝑒𝑐𝑐 is the excitation energy, 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 is the continuum onset energy, EU describes the width of 
low energy tail, and 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  is a proportionality factor representing oscillator strength of the 
continuum. The step-like function for 𝐸𝐸𝑒𝑒𝑒𝑒𝑐𝑐 > 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 is the expected function for free carrier density 
of states of a non-interacting 2DEG [44] [64, 77] [30]. In a system with strong electron-hole 
interaction, the absorption lineshape due to free carriers near the quasiparticle band edge may 
deviate slightly from the simple step-function [14]. Precise modeling of the band edge absorption 
lineshape warrants future computational works. In this work, however, we find that a step-function 
with an exponential tail can adequately capture the experimental spectral features. The exponential 
tail possibly accounts for band edge disorder states and the ensemble of highly excited Rydberg 
exciton states of the A series close to the continuum edge. Equation (1) is further convolved with 
a Gaussian function with full width half magnitude (FWHM) of 10meV to account for possible 
heterogeneous broadenings.  

The PLE spectra shown in Fig. 2.2 and Fig. 2.3 of the main text are constructed by 
integrating the total PL counts in the spectrometer collection range, including emission from both 
the free A excitons and the defect-bound DX excitons. In Fig. 2.5.3 we compare the PLE spectra 
obtained by integrating different portion of the PL spectra. Fig. 2.5.3(a) shows the color contour 
of absolute PL counts measured at each different excitation energies complimentary to the inset of 
Fig. 2.2(a) of the main text, where the PL counts have been normalized to the A emission peak in 
order to visualize the variation of relative defect PL yield with excitation energy. Fig. 2.5.3(b) 
compares the PLE spectra obtained by integrating the total PL counts (green dots), A exciton PL 
counts (magenta dots), and defect PL counts (yellow dots). All three spectra show identical 
features (B exciton resonance and the change of slope at ~2.63 eV) only with background 
differences. 
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Figure 2.5.3. (a) Color contour of the absolute PL counts measured at each different excitation 
energies, with a Vg of -60V. Note that this is the same data set as the inset of Fig.2b in the main 
text, but without normalization. (b) PLE spectra obtained by integrating the total PL counts (green 
dots), the A exciton PL counts (magenta dots), and defect PL counts (yellow dots). All three spectra 
are normalized to their intensities at the B exciton peak at ~2.07eV. 
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Figure 2.5.4. Color contour of normalized PL spectra measured with varying gate voltages, 
complementary to Fig. 2.3 of the main text. 

2.5.3 Identification of exciton and trion states from reflectivity spectra. 

Absorption spectra are obtained from reflectivity measurements. A Halogen lamp was used 
for illumination. A 100μm pinhole was used with a 60X objective (NA=0.6) to ensure that the 
collected signal comes from a localized area of ~2μm in diameter, much smaller than the typical 
flake size. The reflectance spectra from the flake Rf and from the substrate (quartz or SiO2/Si) Rs 
are collected, and the reflectivity contrast was calculated as 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑅𝑅𝑓𝑓−𝑅𝑅𝑠𝑠

𝑅𝑅𝑠𝑠
. For samples on quartz 

substrate, the absorbance A is directly proportional to Rcon as 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 = 4𝐴𝐴
𝑐𝑐𝑠𝑠−1

 [78] where ns is index 
of substrate. For samples on SiO2/Si substrate, Kramers-Kronig method [21] is employed for fitting 
the reflectivity ratio (Rf/Rs) spectra (Fig. 2.5.5(a)) and obtaining the absorption spectra (Fig. 
2.5.5(b)). The absorption peak energies of exciton and trion states are determined by fitting gate-
dependent absorbance with two Lorentzian functions representing the A0 neutral exciton (blue 
dashed line) and negatively-charged A- trion (red dashed line), and a polynomial background 
representing the contribution from oscillators located at higher energies outside the fitting range 
[21]. A 10meV Gaussian broadening has been applied. The fitted resonance energies are shown in 
Fig. 2.5(a) of the main text. Note that the vertical error bars in Fig. 2.5(a) come from standard 
deviation of the fitting process.  
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Figure 2.5.5. (a) The experimental data (yellow thick lines) of reflectance ratio Rf/Rs is fitted by 
Kramers-Kronig method [21] (black thin lines) at different gate voltages as labeled. (b) The gate 
dependent absorption spectra (yellow thick lines) obtained from the Kramers-Kronig analysis. 
These absorption spectra are further fitted to identify exciton and trion states. Black thick lines 
show total fitting results, with blue (red) dashed lines representing the contribution from the A0 
neutral exciton (negatively-charged A- trion) states. 

2.5.4 Determination of gate induced doping concentration from Stokes shift 

In this section, we discuss the determination of electron doping concentration at each gating 
voltage by measuring gate-dependent Stokes shift [21]. Stokes shift here is defined as the energy 
difference between the absorption peak and PL peak of the same exciton states, which is expected 
to be linearly proportional to the Fermi energy and carrier doping concentration in a 2D system 
[21].  

 
Figure 2.5.6. Determination of the neutral gate voltage that corresponds to zero electron doping 
concentration. (a) PL spectra measured at different gate voltages Vg, fitted with two Lorentzian 
functions representing the emission from A and B bands. (b) Dependence of the absorption peak 
energy of neutral exciton A0 (blue dots), negatively-charged trion A- (black dots), and the PL peak 
energy (red dots) on gate voltage. (c) Dependence of Stokes shift on gate voltage, with two possible 
assignments of the PL peak. The assignment of A- state is favored (see text). 
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The absorption peak energy for trion and excitons states have been determined as in Section 
III above. In PL measurements, the defect PL overlaps significantly with the direct A exciton PL 
peak, and cannot be well fitted with simple Gaussian profiles. Since the defect PL has a sublinear 
power dependence and saturates at higher excitation density [60], the excitation density is 
increased (~1000W/cm2) to saturate defect PL for more accurate fitting of exciton energies. We 
note that this excitation density is still several orders below Mott transition [29], and the A exciton 
PL peak is not observed to shift or broaden between the relatively higher and lower excitation 
densities in our experiments. Fig. 2.5.6(a) shows the gate-dependent PL spectra and fitting results. 
Under all gate voltages, the major PL peak can be well fitted with one single Lorentzian function. 
Fig. 2.5.6(b) shows the fitted results of peak energies from PL and absorption measurements. The 
PL peak is red-shifted with increasing electron doping concentration, agreeing well with the 
previously reported trend of negatively charged trion A- [21]. Fig. 2.5.6(c) shows the gate 
dependent Stokes shift, and compares the results for two different assignments (neutral exciton A0 
or negatively-charged trion A-) of the PL peak. The neutral gate voltage (corresponding to zero 
doping) is determined as the linearly extrapolated point where the Stokes shift becomes zero. If 
the PL peak was assigned as from neutral exciton A0, the neutral gate voltage would be -163V and 
the electron doping concentration at Vg=-90 V would be as high as ~6×1012cm-2. However, the 
trion feature in absorption spectra has already disappeared at Vg=-90 V (Fig. 2.5.5), indicating that 
the electron doping concentration at this gate voltage is already close to intrinsic [22]. Hence, 
based on the gate-dependent energy shift of the PL peak, as well as the gate-dependent absorption 
oscillator strength of A- trion versus A0 exciton, we determine that the PL peak is from A- trion 
instead of neutral exciton A0. PL from the neutral exciton A0 is not appreciable, as a possible result 
of the high residual doping concentration, as well as the low measurement temperature which 
favors luminescence from the lower energy trion state [21]. With this assignment, the neutral gate 
voltage Vg0 is determined to be -114±6V. The electron concentration ne at each applied Vg is then 
determined from the capacitance (per area) of the 285nm-thick SiO2 dielectric layer Cox as ne= 
Cox(Vg-Vg0). The horizontal error bars in Fig. 2.4 and Fig. 2.5 of the main text come from the 
standard deviation of the fitted neutral gate voltage. 

The binding energy of the ground state neutral exciton A0 is determined as the energy 
difference between quasiparticle band gap Eg and the energy 𝐸𝐸𝐴𝐴0  (i.e., the optical band gap) 
required to create an A0 exciton. We note that 𝐸𝐸𝐴𝐴0 could ideally be obtained from the PL peak of 
A0

. However, as discussed above, the PL spectra we measured at low temperature is dominated by 
A- and the features of PL from A0 is not appreciable. On the other hand, A0 and A- can be well 
deconvolved from absorption spectra as in Fig. 2.5.5, and the measured absorption peak energy 
𝐸𝐸𝐴𝐴0
𝑎𝑎𝑎𝑎𝑎𝑎of the A0 neutral exciton state is expected to be only slightly higher than the optical band gap 

𝐸𝐸𝐴𝐴0 by the Stokes shift Ests [21]. Thus, the optical band gap is rigorously obtained as 𝐸𝐸𝐴𝐴0=𝐸𝐸𝐴𝐴0
𝑎𝑎𝑎𝑎𝑎𝑎 −

𝐸𝐸𝑎𝑎𝑐𝑐𝑎𝑎. Hence the binding energy is calculated as Ebnd=𝐸𝐸𝑔𝑔 -𝐸𝐸𝐴𝐴0=Eg-𝐸𝐸𝐴𝐴0
𝑎𝑎𝑎𝑎𝑎𝑎+Ests, and shown in Fig. 

2.5(b) of the main text as a function of electron concentration, where the error bars of Ebnd sum up 
that of Eg, 𝐸𝐸𝐴𝐴0

𝑎𝑎𝑎𝑎𝑎𝑎and Ests. 

2.5.5 Additional results 
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Figure 2.5.7. Full PL spectra showing the suppression of defect photoluminescence with resonant 
excitation of B exciton at ~2.07 eV and the continuum at ~2.65 eV, as complimentary to Figure 2 
(b) of the main text. Semi-transparent thin lines represent the raw data. Solid thick lines show the 
smoothed spectra using a second order Savitzky Golay filter with a window size of 20 meV. 

 
Figure 2.5.8. Complete level diagram as complimentary to Figure 2.2 (c) of the main text.  

  



31 
 

Chapter 3 – Strongly quantum confined excitons in two-dimensional 
layered hybrid metal chalcogenide multi quantum wells 
3.1 Introduction 

Two-dimensional (2D) transition metal dichalcogenide (TMD) materials represent the 
extremum of quantum confinement in semiconductors - down to only one monolayer of unit cells. 
At this limit, many-body interactions dominate optical responses leading to excitons, trions and 
biexcitons with binding energies significantly larger than those in bulk semiconductors and robust 
for manipulation at room temperature [30] [13] [24] [19] [21] [79] [80]. In addition to fundamental 
interests, the strong excitonic effects greatly enhance light-matter interaction, allowing one 
monolayer of TMD to show strong absorption, reflection, emission, and nonlinear optical 
responses absorb more than 10% of light on its exciton resonances [19] [59] [17] [16] [81] [39]. 
Notably, applications such as light emitting diodes [82], excitonic lasers [6] [83] [84], and ultrafast 
modulators [85] would benefit from creating stacks of such monolayers separated by insulating 
barriers, effectively resulting in a multi-quantum-well (MQW) structure with atomic-level 
confinement and exceptionally high optical cross sections. Such an ideal three-dimensional system 
allows for efficient interactions between excitons and photons over the full volume of a photonic 
cavity mode, which is critical for most device platforms, particularly those aiming for control and 
utilization of exciton-polaritons [86] [87] [88]. Recently, significant efforts have been dedicated 
to the development and facile chemical synthesis [89] [90] of such structures based on the halide 
perovskite materials system, resulting in hybrid organometallic “bulk” crystals of stacked, 
minimally interacting 2D layers with tunable exciton energies [91] [92] [93]. However, the metal-
chalcogenide analog of such systems has yet to be realized, despite offering a compelling 
combination of strain-, field-, and polarization- tunable excitonic structure and material stability.     

In this work, we report the optical properties of a new metal chalcogenide direct-gap 
layered 2D semiconductor, silver benzeneselenolate ([AgSePh]∞), also named as “mithrene” in 
short, which is engineered to form the desired three dimensional multi quantum well structure via 
facile self-assembly [94] [95]. We find that the optical transitions are dominated by tightly-bound 
excitons with ultrafast dynamics. A family of bright and dark exciton states are revealed by one-
photon and two-photon photoluminescence excitation (PLE) spectroscopy. The ground state 
excitons have a large binding energy of approximately 0.4 eV,  similar to those in monolayer 
TMDs and layered 2D perovskites [19] [92] and significantly higher than conventional three 
dimensional semiconductors such as GaN, ZnO, etc. [96] [97]. Exciton lifetimes below 20 ps are 
determined from time resolved photoluminescence measurements, consistent with the intrinsically 
strong oscillator strength of the ground state exciton. Density functional theory calculations imply 
significant quantum confinement of electronic carriers within inorganic layers and that the ligand 
has only a small impact on the electronic structure of the band gap. Finally, to further elucidate the 
quantum confinement nature within these materials, mithrene derivatives are studied where the 
composition of organic barrier layer is varied while the semiconducting layer remains unchanged. 
PLE measurements on these derivatives establish how structural modifications can affect excitonic 
optical properties.  

3.2 Crystal structure and electronic band structure of mithrene 
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Figure 3.1. Crystal structure and electronic band structure of mithrene. (a) Perspective view of the 
multilayered crystal structure. The inorganic semiconducting monolayers of AgSe are 
electronically decoupled via the benzene moieties oriented above and below. (b) Top view of the 
in-plane lattice of one AgSe layer. Silver atoms are crystalized in to a distorted hexagonal lattice 
with Ag-Ag separation of 3 Å. (c) The conventional unit cell of mithrene. Silver is represented as 
the grey spheres, selenium in dark orange, and carbon in black. Aromatic rings are accented in 
blue. (d) Electronic band structure and density of states of bulk mithrene crystal from density 
functional theory calculations. The band structure calculated for a monolayer shown in section 3.8 
is indistinguishable from bulk crystals. A direct band gap is found at the Γ point. Band color 
signifies the fractional contribution of states centered on inorganic (orange) and organic (black) 
layers in the crystal. The total density of states is shown in grey. Low energy carriers at band edges 
are predominantly from inorganic AgSe layers. (e) Electronic band structure of a ligand-modified 
mithrene layer where phenyl rings are replaced by hydrogen atoms. (f) The Brillouin zone for the 
conventional cell. The path in the Brillouin zone used for displaying the band structure is identified 
by yellow lines and k-point labels. (g) Side view of the charge density maps of band edge electrons. 
The valence band maximum (VBM) and conduction band minimum (CBM) at Γ are accented in 
yellow and blue, respectively. The band edge carriers are confined within the 2D monolayer of 
AgSe. 

Mithrene is an organic-inorganic layered hybrid material with a self-assembled multi 
quantum well structure as shown by Figure 3.1a. Ag and Se atoms form an inorganic 
semiconducting layer, and each AgSe layer is sandwiched between two organic layers of benzene 
molecules. The adjacent benzene layers are bonded together by van der Waals forces, and the 
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interlayer spacing between two neighboring AgSe layers is 1.4 nm [95] [94]. In contrast to 
manually stacked heterostructures consisting of monolayer TMDs separated by few-layer 
hexagonal boron nitride (hBN) barrier layers [98] [99], these layered crystals are grown at 
immiscible water-toluene interfaces, or via a bulk solution based synthesis, both are  in a single 
pot synthesies [94] [95]. Within the semiconducting layers of AgSe shown schematically in Figure 
3.1b, the Ag atoms adopt an elongated hexagonal lattice, with each Ag atom bonded to four 
surrounding Se atoms in a tetrahedral geometry. The Ag-Ag in-plane separation is determined to 
be 3 Å [100] . Each AgSe layer is sandwiched between two organic layers of benzene molecules 
which have a large energy gap of above 5 eV between its highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO). Intuitively, the organic layers 
naturally serve as the barriers for confining electrons and holes within the AgSe layers. Figure 3.1c 
shows the conventional unit cell. 

The electronic band structure of mithrene calculated by density functional theory (DFT) is 
shown in Figure 3.1d, with the first Brillouin zone sketched in Figure 3.1f. A direct band gap of 
about 2.4 eV is found at the Γ point. To better understand the system, we calculate band structures 
for bulk mithrene and monolayer mithrene and found them to be indistinguishable at the DFT level 
as shown in section 3.8. This implies that interlayer coupling is extremely weak. As shown by the 
layer-resolved fractional contribution of states, the low-energy electron states close the band edges 
are predominantly contributed by Ag and Se atoms in the inorganic layer, while the organic phenyl 
layers only affect the states energetically far away from the band edge, consistent with the 
relatively large HOMO-LUMO gap of benzene. In Figure 3.1e, we show part of the band structure 
for a ligand-modified monolayer mithrene layer where the phenyl rings are replaced by hydrogen 
atoms. The full band structure is included in section 3.8. The low energy states in the AgSe layer 
are minimally affected by ligand modifications, as experimentally verified by optical spectroscopy 
in later parts. Figure 3.1g shows iso-surfaces of the square of the wavefunction for mithrene’s 
conduction band minimum (CBM) and valence band maximum (VBM) states at the Γ point. While 
the state at the VBM exhibits directional bonding associated with Ag 4d and Se 3p character, the 
CBM is more delocalized, featuring significant Ag 5s character. As seen in Figure 3.1e, the 
minimal contribution of p states from phenyl groups to band edge states – with VBM and CBM 
iso-surface density visible only on the carbon atoms adjacent to the AgSe layer – reflects the weak 
coupling between AgSe layers. The DFT calculated band structure and electronic wavefunctions 
present the multi quantum well electronic structure of mithrene. 

3.3 Optical characterization of mithrene samples 
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Figure 3.2. Optical characterization of mithrene samples. (a) Atomic force microscopy of mithrene 
micro-platelet crystals dropcasted on quartz substrate. (b) Raman spectrum and (c) temperature 
dependent photoluminescence (PL) spectra of mithrene. (d) Confocal PL imaging of the same 
sample. (e) Typical PL photon emission rate as a function of carrier generation rate (photon 
absorption rate). Data for a piece of mithrene single crystal is compared with a monolayer MoS2 
flake. An extrinsic quantum efficiency of ~2% can be extracted for mithrene. (f) Absorption 
spectrum and photoluminescence excitation (PLE) spectrum at room temperature, showing two 
prominent excitonic resonances at 2.73 eV and 2.84 eV, labeled as A and B excitons respectively. 
The normalized PL spectrum is also plotted with grey filling for comparison. 

An atomic force microscopy (AFM) image of a typical single crystal mithrene sample is 
shown by Figure 3.2a. The mithrene sample crystallizes into a micro platelet shape with an edge 
angle of ~77o, resembling the shape of its first Brillouin zone. The average thickness for this 
sample is approximately 75 nm corresponding to roughly 53 layers of quantum wells. A Raman 
spectrum of mithrene is shown in Figure 3.2b, where we identify strong A1g benzene ring breathing 
modes around 1000 cm-1 and the E2g benzene C-C in-plane stretching mode at 1580 cm-1. The 
multiple peaks around the A1g mode may be induced by symmetry breaking due to C-Se bonding. 
The low energy Raman peaks at 310 cm-1 and 265 cm-1 are observed for AgSe quantum wells 
confined with different organic ligands (see section 3.8), and thus are likely to be intrinsic optical 
phonon modes of the AgSe lattice. 

Selected temperature-dependent photoluminescence (PL) spectra are shown in Figure 3.2c, 
and PL spectra at more temperature points are included in section 3.8. At room temperature the PL 
is dominated by a single peak at 2.66 eV with a lower energy tail. As temperature is reduced to 
80K, the major PL peak blue shifts to about 2.70 eV and the lineshape becomes more symmetric, 
indicating that the asymmetric PL lineshape may be related to exciton-phonon interaction. A more 
detailed analysis of temperature dependent PL lineshape is included in section 3.8 as well. 
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Moreover, a new emission band at much lower energy around 1.8 eV gradually emerges with 
decreasing temperature. We assign this feature as photoluminescence from defect-bound excitons 
based on the sublinear dependence of its emission intensity versus excitation power section 3.8. 
Figure 3.2d shows a confocal PL imaging of the same sample in Figure 3.2a but at a different area. 
In order to estimate photoluminescence quantum yield, the excitation and collection efficiencies 
of the confocal microscope and the single photon detector used for measurement are quantitatively 
calibrated at the excitation laser wavelength and photoluminescence peak wavelength of mithrene 
and a reference sample of monolayer MoS2 grown by chemical vapor deposition on sapphire 
substrate [101]. Figure 3.2e shows the PL photon emission rate as a function of generation rate. 
The generation rate is the photon flux (number of photons per unit area per second) being absorbed 
by the sample. The incident laser power is measured and then converted to generation rate based 
on sample’s optical absorption. For the 75-nm-thick mithrene crystals we estimate an optical 
absorption of 60% for the 430nm laser based on transmission spectra in Figure 3.2f. For monolayer 
MoS2 the absorption is estimated to be 30% at 430 nm according to previous literatures [19]. The 
PL emission rate is the photon flux directly measured by an avalanche photo diode, and then 
multiplied by a calibration factor accounting for microscope collection efficiencies. More 
experimental details are included in section 3.8. The ratio of PL emission rate over generation rate 
directly gives the extrinsic quantum efficiency at room temperature, which is determined to be ~2% 
for mithrene and 0.02% for monolayer MoS2. The measured extrinsic quantum efficiency of 
monolayer MoS2 agrees well with other reports [102] [83]. We note that, inside 75-nm-thick 
platelet, the emitting photons are likely being trapped inside the crystal due to cavity effect or total 
internal reflection. If the lateral size of the platelet is significantly larger than exciton diffusion 
lengths, the intrinsic quantum yield may be estimated as 4n2 times the extrinsic quantum efficiency 
with n being the refractive index [103]. Thus, the 2% extrinsic quantum efficiency would point to 
an even higher internal quantum yield which makes mithrene promising for constructing active 
optoelectronic components. 

Figure 3.2f shows the spectrum of 1- transmission measured from an individual 75-nm-
thick mithrene crystal on quartz. A collection pinhole is used to spatially filter the light for 
minimizing edge scattering effects. Figure 3.2f also shows the PLE spectrum which is obtained by 
plotting integrated PL intensity as a function of excitation laser energy and further normalized to 
the excitation photon flux [19] [59]. Both data show two prominent exciton peaks with similar 
oscillator strength at 2.73 eV and 2.84 eV, and are labeled as A and B excitons respectively. These 
two peaks may be arising from excitons comprising of holes from the two closely-spaced valence 
bands near the VBM at Γ point in the band structure in Figure 3.1c. The A and B absorption peaks 
may also arise from band splitting induced by spin orbital coupling which is not considered in the 
current DFT calculation. It’s also interesting to note that the lowest A exciton absorption peak is 
about 70 meV higher than the PL peak at 2.66 eV. The large energy separation is unlikely to be 
simply due to a large spatial-heterogeneity effect, since the PL emission peak energy is very 
uniform across one piece of crystal as revealed by hyperspectral PL imaging section 3.8. In fact, 
we notice that there is a very subtle change of slope in the absorption spectra in Figure 3.2f around 
2.67 eV. It suggests that the PL could come from the trion state [21] of the A exciton, or another 
exciton state closely degenerate to the A exciton. 

3.4 Revealing bright and dark excitonic states and exciton binding energy with 
photoluminescence excitation spectroscopy 
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Figure 3.3. Revealing bright and dark excitonic states and exciton binding energy with one photon 
and two photon photoluminescence excitation (PLE) spectroscopy. (a) Color map of PL emission 
spectra versus one-photon excitation energy. (b) Dependence of integrated PL intensity (blue) and 
defect PL yield (green) versus excitation energy. A representative PL spectrum (black with grey 
shade) excited at 2.9 eV is also shown for comparison. A strong B1s exciton is observed at 2.87 
eV, while the weaker features at higher energy are assigned as exciton excited states A2s and 
quasiparticle band edge features EgA and EgB. Quenching of the defect PL yield is observed upon 
resonant excitation at quasiparticle band edge, as discussed in the text. (c) Color map of two-
photon excited PL spectra versus twice the excitation photon energy. (d) Two photon PLE (2P-
PLE) spectrum showing the intensity of 2P-PL emission versus twice the excitation photon energy. 
Dark excitons at 3.04 eV, 3.15 eV and 3.32 eV are observed, and the lowest two peaks are assigned 
as A2p and B2p. The data shown here are collected at 5K. Temperature dependent PLE data are 
included in section 3.8.  

To gain further insight into the nature of the optical transitions, we perform 
photoluminescence excitation (PLE) spectroscopy under both one-photon and two-photon 
excitation conditions. This allows us to reveal bright and dark exciton states, and also to quantify 
exciton binding energies, as shown previously in monolayer TMD semiconductors [19] [24]. The 
data measured at 5K are shown in Figure 3.3 with temperature dependent results reserved for 
section 3.8. Figure 3.3a shows a color map of PL spectra collected under different one-photon 
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excitation energies. The PL emission peak is at 2.72 eV at all excitation energies. The integrated 
PL emission intensity is shown as a function of excitation photon energy in Figure 3.3b as the PLE 
spectrum. Four main features are observed and assigned as exciton Rydberg series: the ground 
state B exciton (B1s) peak at 2.87 eV, the A2s exciton excited state at 3.0 eV, and two broad peaks 
labeled as EgA and EgB at 3.13 eV and 3.27 eV, respectively. The spectral feature of the B2s exciton 
excited state is likely obscured due to its energy overlap with the EgA transition. As shown 
previously in Figure 3.2c, PL from defect-bound excitons are observed at low temperatures. Here 
in Figure 3.3b we also show the relative PL yield of these defect-bound excitons over the total PL 
emission from all spectrum range. Importantly, quenching of relative defect PL is also clearly 
observed at EgA, consistent with previous observations for free carrier excitation at the energy of 
the quasiparticle band gap within monolayer TMDs [19]. This is due to the additional screening 
of Coulomb interactions between defect sites and free excitons by the photo-excited free carriers. 
Therefore, we assign EgA to be the quasiparticle band gap, yielding an exciton binding energy of 
410 meV as indicated by Eb in Figure 3.3b. EgB is tentatively assigned to be the quasiparticle band 
gap for the B exciton, resulting in a B exciton binding energy of 400 meV. The exciton binding 
energy obtained from PLE spectroscopy agrees well with quantitative GW-Bethe-Salpeter 
equation (GW-BSE) calculation of mithrene as reported in a separate work [104]. The large exciton 
binding energy in three dimensional crystals of mithrene is already comparable to that of 
atomically thin two-dimensional semiconductors [54] [30] [19]. This is a direct result of the multi-
quantum-well structure of self-assembled mithrene crystals. 

Excitonic optical transitions follow selection rules based on the net spatial symmetry of the 
envelope exciton wavefunction and the underlying electronic orbitals [105] [14]. Linear 
spectroscopies only access the excitonic bright states with s-type symmetry. On the other hand, 
excitonic dark states with p-type symmetry are probed by nonlinear two-photon PLE [24] [54]. In 
this measurement, near-simultaneous absorption of two low energy photons can excite excitonic 
dark states, which subsequently relax to the bright A exciton states. The resulting two photon PL 
emission spectra are collected at each two-photon excitation energy as shown by Figure 3.3c. It’s 
verified that the two photon PL emission intensity indeed scales quadratically with the infrared 
excitation laser power section 3.8. The integrated two photon PL intensity of the A exciton is 
plotted versus twice the excitation energy in Figure 3.3d. Three sharp excitonic dark states can be 
identified at 3.04 eV, 3.15 eV, and 3.31 eV. The lowest two resonances have comparable oscillator 
strength, and have the same energy splitting as that between the A1s and B1s bright excitons. 
Therefore they’re assigned as the 2p excited states of A and B Rydberg exciton series. The 3.31 
eV resonance has a much stronger oscillator strength than the 2p excitons, so we exclude the 
possibility of it being a 3p dark state. Instead, we speculate that it could be a dipole-forbidden 
transition from other bands [14]. The unambiguous identification of dark excitons and the large 
energy separation between 1s and 2p states in the Rydberg series corroborate the finding of giant 
exciton binding energy, and clearly evidence the strong many-body interaction and quantum 
confinement of charge carriers in the system. 

3.5 Ultrafast exciton dynamics of mithrene 
Exciton oscillator strength, or optical transition probability, is generally proportional to its 

binding energy [14]. Therefore, tightly-bound excitons are expected to be manifested in ultrafast 
recombination dynamics [106]. Figure 3.4a shows the temperature dependent photoluminescence 
decay traces of the major PL exciton around 2.7 eV measured at selected temperatures. The data 
are fitted with a biexponential decay model, with a fast picosecond-scale decay component and a 
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slow nanosecond-scale decay component. At all temperatures, amplitudes of the fast picosecond-
scale components are about 50 times larger than the slow nanosecond-scale components. Complete 
data and fitting results are included in section 3.8. The extracted exciton lifetimes of the major fast 
decay are shown in Figure 3.4b versus temperature from multiple repeated measurements. We 
found that mithrene has an exciton lifetime of below 25 ps across the whole temperature range 
from 5 K up to room temperature. The short exciton lifetime is comparable to those observed in 
monolayer TMDs [107]. This is consistent with the knowledge that mithrene’s ground state exciton 
is confined within an atomically thin layer of AgSe. It is also interesting that the temperature 
dependence of the lifetime shows opposite trends below and above approximately 150 K. At lower 
temperatures, the exciton’s decreasing lifetime with increasing temperature is most likely due to 
increased nonradiative recombination rates. At higher temperatures, it has been suggested that the 
excitons can be effectively thermalized with a significant population out of the light cone, resulting 
in an increasing lifetime with temperature [107].   
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Figure 3.4. Ultrafast exciton dynamics of mithrene. (a) Photoluminescence decay traces measured 
at different temperatures. The measured data are deconvolved by the instrument response function 
(I.R.F.) to obtain PL lifetime. (b) Extracted PL lifetime versus temperature.  

3.6 Effect of different organic ligands on exciton states 
Finally, we demonstrate the tuning of optical properties by changing the organic ligands 

that form the quantum well barrier layers. DFT calculation suggests that the wavefunction of band 
edge electrons and holes are mostly constructed by Ag 4p, Se 4p, and Ag 5s orbitals, with very 
little contribution from the organic barrier layer. However, the extremely strong quantum 
confinement within these quantum-well layers is expected to push a portion of the exciton 
wavefunction into the barrier layers. Therefore, to further investigate such quantum confinement 
effects, we perform PL and PLE measurements on mithrene analogs prepared with different 
ligands. The benzene rings that construct the organic barrier layers are changed to biphenyl and 
methoxybenzene, and these structural modifications are verified by Raman spectra (section 3.8) of 
the synthesized materials that show characteristic vibrational modes of these substituted organic 
ligands. All three samples are direct band gap semiconductors, as evidenced by PL at room 
temperature as shown in Figure 3.5 a b c. The PL peak energies for mithrene, biphenyl-mithrene, 
and methoxybenzene-mithrene are close and are at 2.66 eV, 2.58 eV, and 2.59 eV, respectively. 
The insensitivity of PL energy to ligand modifications suggests that the band edge carriers forming 
the ground state exciton are not significantly affected by atoms in the barrier layer, thus further 
consolidating the multi quantum well nature of the system. Notably, the PLE spectra show features 
of A and B excitons close to the optical band gap for all three samples, but show very different 
absorption lineshapes at higher energies. As shown by the layer-resolved band structure in Figure 
3.1c, the electronic states with energy far away from VBM and CBM take significant contribution 
from the organic layers, opening up the possibility of tuning optical response in the blue and 
ultraviolet region by ligand modifications. The three ligands used in this work all have much larger 
HOMO-LUMO gap compared with the AgSe layer. The relative alignment of the organic and 
inorganic states as shown by DFT calculations in Figure 3.1 also suggests an opportunity to tune 
the near-band edge character of each component by choosing a ligand with a smaller HOMO-
LUMO gap, such as pentacene, which could contribute states hybridizing with those of AgSe at 
the band edges. Thus, it may be possible to achieve complete tunability of electronic properties of 
this system, as well as the coupling between layers, by ligand design. 
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Figure 3.5. Effect of different organic ligands on exciton states. (a, b, c) Room temperature PL 
and (d, e, f) PLE spectra of samples where benzene, biphenyl, and methoxybenzene ligands, 
respectively, are used as quantum well barrier layers. Insets of (a, b, c) show the schematic 
structure of each crystal, and insets of (e, f) show the confocal PL imaging of biphenyl mithrene 
and methoxybenzene mithrene samples with scale bars of 20µm and 5µm, respectively. We note 
that (a, d) are from the same PLE dataset shown in Figure 3.2f, and are re-plotted here for 
comparison purpose. 

3.7 Conclusion 
In summary, we report a detailed study of the strongly excitonic optical properties of 

mithrene, a direct band gap metal chalcogenide semiconductor in the form of multilayered 
atomically-thin 2D quantum wells. The quasi 2D confinement in the multilayered structure results 
in a large exciton binding energy of about 0.4 eV, allowing clear observation and robust control 
of excitons at room temperature, making this family of mithrene materials a promising candidate 
for exploring and engineering many-body states in three dimensions. For device applications, 
mithrene features high photoluminescence efficiency, ultrafast exciton dynamics, and structural 
tunability with the potential to exchange ligands, metal atoms and chalcogen atoms [108] to tailor 
its properties. Mithrene could open up new possibilities for novel hybrid metal chalcogenolate 
based photodetectors, light emitting diodes, solid-state lasers, quantum cascaded devices, and 
ultrafast optical modulators, etc. As such, we anticipate the emergence of a whole family of easily-
synthesized, mithrene-inspired layered excitonic materials in the form of multi-quantum-wells for 
both fundamental research and practical applications.  

3.8 Additional contents  
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3.8.1 Raman spectra of AgSe quantum wells confined by barrier layers of different organic 
ligands 

 
Figure 3.8.1. Raman spectra of mithrene, biphenyl-mithrene, and methoxy-mithrene. In 
mithrene/biphenyl-mithrene/methoxy-mithrene, the monolayer AgSe quantum wells are confined 
by barrier layers of benzene/biphenyl/methoxybenzene molecules, respectively. Excitation laser is 
633 nm. 

Different organic molecules can be used to substitute benzene to form the barrier layer, and 
these structural modifications are revealed by Raman spectra. On benzene-coordinated mithrene 
samples, a strong peak is observed at 1006 cm-1 which is attributed to the A1g ring breathing mode 
of the benzene molecules. The energy of this mode is slightly blue-shifted compared with that 
observed on isolated benzene [109]. More peaks are observed at 1025 cm-1 and 1068 cm-1 which 
are likely the appearance of originally-inactive vibrational modes (for example, the E1u in-plane 
C-H bending mode originally at 1037 cm-1) due to the broken symmetry in the hybrid crystalline 
system. In addition, we do not clearly observe the double-peak Fermi resonance features at 1584 
cm-1 and 1606 cm-1 which are characteristics of stand-alone benzene molecules [110]. Instead, a 
single peak with a very weak low energy shoulder is observed at 1575 cm-1 which is likely the 
fundamental E2g C-C stretching mode [109] [110]. In comparison, the biphenyl-mithrene samples 
show two obviously additional Raman peaks: a 230 cm-1 peak corresponding to the low frequency 
phenyl-phenyl stretching mode, and a 1280 cm-1 peak corresponding to the inter-ring C-C 
stretching mode [111] [112], proving the successful substitution of benzene molecules with 
biphenyl molecules in the system. On methoxy-mithrene samples, a strong peak is observed at 795 
cm-1 which has been identified as the B1U ring stretching mode which is sensitive to the –OCH3 
group [113]. Finally, we notice that the low energy Raman peaks at 310 cm-1 and 265 cm-1 are 
observed on all three samples and thus assigned to be intrinsic optical phonon modes of the AgSe 
lattice. 

3.8.2 Temperature dependent photoluminescence and emergence of defect-bound excitons 
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Figure 3.8.2. Experimental signatures of photoluminescence from defect-bound excitons in 
mithrene. (a) Temperature dependent PL spectra, showing the emergence of a low energy PL band 
at ~1.9 eV with decreasing temperature. (b) Change of relative defect PL yield (defined as the ratio 
of defect PL over total PL intensity) with temperature. A thermal activation energy of 45 meV can 
be deduced from the slope of the linear part at high temperatures. (c) Power dependence of the PL 
intensity of free exciton (FX) and defect-bound excitons (DX) at 79 K. The sublinear trend of DX 
at high power is a signature of defect PL due to saturation of limited amount of lattice defect sites. 
(d) Temperature dependent PL taken with a finer grating centered around the PL peak, for a 
different sample. As temperature goes up, the PL peak becomes more and more asymmetric with 
a second low energy peak showing up, indicating an exciton-phonon interaction. 

3.8.3 Measurement of photoluminescence quantum yield 

 
Figure 3.8.3. Power dependent quantum yield measurement of mithrene ([AgSePh]∞) and 
compared with monolayer MoS2. (a) PL emission rate measured as a function of generation rate. 
(b) External quantum efficiency (EQE) as extracted from raw data presented in (a). (c) Intrinsic 
quantum yield of mithrene as calculated from the directly-measured EQE. 
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Mithrene is shown to be an efficient blue light emitter. We perform power-dependent 
emission intensity measurements on single crystal samples at room temperature. For this 
experiment, we use a 100X NA=0.95 objective and 430nm excitation laser which is in close 
resonance with the B exciton. We first perform a diffraction-limited confocal imaging with an 
avalanche photodiode (APD) to locate a piece of single crystal and then measure power-dependent 
PL intensity. The excitation laser power is continuously tuned across four orders of magnitude 
using a motorized neutral density filter wheel. We measure the laser power before entering the 
microscope in the real time of data collection with a pick-off beam splitter. The ratio between the 
laser power coming out of the objective and the laser power measured at the pick-off position is 
calibrated by replacing the sample with a silicon photodiode powermeter.  In order to calibrate 
collection efficiency, the laser is tuned to the emission wavelength and kept at a low power, and 
the sample is replaced with a spectralon diffuse reflector which provides isotropic reflectance close 
to 100%. The laser reflection intensity is then measured by the APD with a protective neutral 
density filter. The same experiments are performed on a sample of monolayer MoS2 on sapphire 
substrate as a comparison. In Figure 3.9.3a, the measured PL emission rates are plotted as function 
of generation rate with a laser energy of 2.82 eV. We note that the generation rate has taken into 
account the absorption and reflection of the samples. We consider that 30% of excitation power at 
this energy is absorbed by the monolayer MoS2 in accordance with previous literatures [19]. For 
the mithrene sample with average thickness of 75nm, we consider that the 60% of incident power 
is all absorbed by the material. Fig. 3.9.3b shows the directly-measured EQE (extrinsic quantum 
efficiency) of mithrene and monolayer MoS2. In Fig. 3.9.3c the EQE data is converted to intrinsic 
quantum yield (QY) based on the light trapping model [103], i.e., QY = 4n2×EQE. Our results 
show that mithrene has a very high PL QY of about 40% using a refractive index of 2 at the PL 
peak wavelength as measured by ellipsometry on Ag-tarnished thin film samples. The measured 
QY slightly decreases with increasing generation rate, which is likely due to stronger Auger 
recombination and/or thermal heating effects under high excitation power. 

3.8.4 Hyperspectral PL imaging showing uniform distribution of PL energy 

 
Figure 3.8.4. Hyperspectral imaging of mithrene micro-crystals. (a) Map of PL emission 

intensity. (b) Histogram of PL peak energy measured at different positions in the boxed region of 
(a). Inset of (b) shows the spatial distribution of PL emission energy. 
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In order to investigate sample homogeneity, we perform confocal hyperspectral 
microscopy with diffraction-limited resolution of about 200 nm. A 100X NA1.3 objective is used 
to image the micro-crystal sample with a 400 nm excitation laser. The map of PL intensity is shown 
in Figure 3.9.4a and the distribution of exciton emission energy in the boxed region is presented 
in Fig. 3.9.4b. We find that mithrene has an extremely homogeneous distribution of PL peak 
energy within only 5 meV which is much smaller than the PL spectral linewidth, indicating that 
any inhomogeneous broadening is beyond the diffraction limit. This is in stark contrast to 
monolayer transitional metal dichalcogenides which typically has a very large emission energy 
variation of several tens of meV over one flake. The homogeneous emission property of mithrene 
implies that the micro-crystal samples have minimal defects and edge states. 

3.8.5 Photoluminescence excitation (PLE) experiments and temperature dependent PLE 
spectra 

The one photon PLE experiments performed in this work use the second harmonic 
generation signals from a femtosecond Ti:Sapphire laser as a continuously tunable laser source to 
excite the sample. For two photon PLE experiments, the main output beam of the Ti:Sapphire laser 
is used for excitation. In both cases, a continuously tunable neutral density filter wheel and a pick-
off powermeter is being automated together and controlled with a PID program to maintain a 
uniform photon excitation flux. The transmission efficiency for the excitation beam path is also 
calibrated. The reported PLE and two photon PLE data are all normalized in such a way that the 
photon excitation flux are constant across the excitation energy range. The samples are mounted 
in a liquid helium cryostat and optically accessed with a 50X NA 0.55 objective. To minimize 
chromatic aberration and sample drifting at low temperature, the laser beam is typically slightly 
defocused to about 5-10 µm with an additional lens before the objective. The photoluminescence 
spectra are collected in a back-scattering fashion with the same excitation objective, dispersed by 
a 150g/mm grating, and measured by a cooled CCD camera. Proper filters are used to clean out 
the excitation laser signals from the collection beam. 
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Figure 3.8.5. Photoluminescence excitation (PLE) spectra measured at different temperatures. All 
the four spectra are normalized to the B exciton peak at about 2.8~2.9 eV. Both the B exciton peak 
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and the band edge feature around 3.1~3.2 eV red shifts with increasing temperature, an expected 
behavior for semiconductor band gaps. We note that only in the room temperature (300K) 
experiments can we resonantly excite the A exciton at 2.73 eV. This is simply due to lab 
availability of suitable fluorescence filters.  

 

 
Figure 3.8.6. Two photon photoluminescence excitation (TPLE) spectra measured at different 
temperatures. The dark excitons can be observed up to about 190K, and they experience red shift 
with increasing temperature. We note that the peak at ~3.55 eV is observed on some samples but 
not others. 
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Figure 3.8.7. Intensity of two photon photoluminescence versus the power of femtosecond laser 
operated at 800 nm. The data can be well fitted by a power law relationship with power of 1.93, 
indicating that it’s indeed a two photon process. 

3.8.6 Temperature dependent time resolved photoluminescence measurements and data 
fitting 

In TRPL measurements, sample are mounted in liquid helium and optically accessed by a 
50X NA0.55 objective. Second harmonic generation of Ti:Sapphire laser at 390 nm is used for 
excitation. A 400 nm short pass filter is used to clean up laser signal. The pulse width is about 150 
fs. Photoluminescence from mithrene samples are filtered with a 470/100 nm bandpass filter to 
ensure that the collected PL signal does not include contributions from defect-bound excitons. A 
bi-exponential decay model is used for extracting PL lifetime. 

 
Figure 3.8.8. TRPL traces measured at all temperature points as supplementary data to Figure 
3.4 in main text. 
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Figure 3.8.9. (a) Fitted lifetime of the second minor component. (b) Amplitude ratio of the second 
minor component over the first major component. 

3.8.7 Additional results from DFT calculation 

Methods and more details regarding density functional theory (DFT) calculation of silver 
benzeneselenolate are included in the [114]. Here we only include some key results. 

 
Figure 3.8.10. HSE band structures for bulk and single-layer [AgSePh]∞ and single layer 
[AgSePh]∞ with the phenyls replaced with hydrogens Dashed lines show the Fermi level (at 0 eV) 
and the HSE band gap for bulk and single-layer [AgSePh]∞. Color of band signifies the fraction of 
band occupations by inorganic atoms (Ag and Se) versus organic atoms (C and H).  

3.8.8 Material synthesis 

The mithrene materials used for this work are synthesized based on previously reported 
method [115] [94]. Ligand modified mithrene materials were prepared using similar methods, 
and varying the diselenide ligand used. The synthesis of all diselenide precursor ligands have 
been previously reported. Work expanding the set of ligand modified mithrene materials is 
currently ongoing, and more synthetic details will be included in future publications. 
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Figure 3.8.11. Scanning electron microscopy images of samples of (a) biphenyl mithrene and (b) 
methoxybenzene mithrene.  
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Chapter 4 – Continuous-wave nonlinear optics with atomically thin 
semiconductors and van der Waals heterostructures 
4.1 Introduction 

As noted in section 1.4, atomically thin semiconductors and van der Waals heterostructures 
has opened exciting new opportunities in novel nonlinear optical device applications with the 
benefits of strong and tunable light matter interaction. In the meanwhile, nonlinear optical 
spectroscopy and imaging techniques are also powerful tools in the development of two-
dimensional (2D) materials and the exploration of intriguing many body physics in these systems.  

Nonlinear optical experiments on 2D semiconductors are conventionally performed with 
pulsed excitation lasers where an extremely high instantaneous pump irradiance on the order of 
several to hundreds of TeraW/m2 is typically delivered to the material [116] [37] [36] [38] [33]. 
Since nonlinear optical responses scale with high order of powers of the instantaneous pump 
irradiance [40], the pulsed excitation scheme can allow easy detection of the nonlinear signals of 
interest with high signal-to-noise ratio. However, realization of robust continuous-wave (CW) 
operation would be highly desirable for many practical applications such as low-cost on-chip laser 
sources and modulators, compact frequency converters for optical communications, and highly 
integrated optical sensors [117] [118]. Moreover, CW operation could also inspire the 
development of convenient, tunable, and multimodal spectroscopy and imaging techniques for the 
study of quantum materials. The CW nonlinear signals inherit the ultrafine linewidth of the CW 
pump laser, which is typically a few wavenumbers down to even sub-wavenumber, allowing the 
probe of exciton, plasmon, and phonon polariton fine structure with nonlinear excitation 
spectroscopy [119] [15] [120]. Many other complex nonlinear characterization techniques such as 
sum frequency generation (SFG), differential frequency generation, and four wave mixing would 
require simultaneous excitation of the sample with multiple laser beams. These applications may 
also be greatly simplified if CW operation would be possible since it relieves the necessity of 
delicate temporal overlap of multiple pump pulses.  

The previous reports of CW-generated nonlinear signals are mostly achieved using optical 
cavities with exceptionally high quality factors [117] [118] [35], or waveguides made of nonlinear 
crystals with millimeter-long integration lengths and carefully-designed phase-matching 
conditions [121] [122]. When operated close to the phase-matched cavity resonance, these devices 
can provide very high enhancement factors for efficient generation of second or third harmonic 
waves. However, the possibility of generating broadband CW nonlinear signals based on a 
material’s intrinsic polariton resonance enhancement has remained unexplored, and it would also 
hold great potential for further Purcell enhancement in an integrated device. 

In this work, we demonstrate the CW generation of SHG and SFG from 2D TMDs and van 
der Waals heterostructures. By performing CW dual-beam excitation spectroscopy with SHG and 
SFG signals, we show that second order nonlinear transitions in 1L-TMDs are enhanced when the 
emission energy becomes resonant with the broadband of high energy exciton states. The peak 
values of 2nd order susceptibilities for 1L-MoS2, 1L-MoSe2, 1L-WS2, and 1L-WSe2 are all 
measured to be on the order of 10 nm/V. Compared to SHG, SFG has the unique advantage of 
allowing independent manipulation of the properties of the two pump photons. We show that SFG 
from monolayer TMDs can only be generated if the two pump photons have the same circular 
polarization, which could be a novel method for generating and probing of carriers in selected 
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valleys [43] [8] [9]. We also demonstrate dual-beam confocal nonlinear imaging of twisted 
heterobilayer TMDs, where the interlayer electronic coupling in selected regions can be 
strengthened by the “nano-squeegee” process [123] [124]. The SHG and SFG signals can be 
imaged together providing a direct visualization of local strength of interlayer electronic coupling. 

4.2 Second harmonic generation with continuous-wave excitation  
We demonstrate that SHG signals from atomically thin transition metal dichalcogenides 

can be directly observed under CW laser excitation, with pump irradiance three orders of 
magnitude lower than conventional schemes employing pulsed laser excitation. The CW-SHG 
reported in this work shares the same dependence on crystal symmetry and laser polarization as in 
previous pulsed experiments [36] [37] [116]. Figure 4.1a shows a representative confocal SHG 
image of mechanically exfoliated WSe2 flakes on SiO2/Si substrate excited by an 885 nm CW laser 
with a power density of 1010W/m2. Strong CW-SHG intensities are observed in the monolayer and 
trilayer region where inversion symmetry is broken, while the bilayer region as indicated by the 
dashed box with a preserved inversion symmetry shows negligible CW-SHG. The inset of Figure 
4.1a shows the polarization-resolved CW-SHG when excitation and collection polarizations are 
parallel, measured at the location indicated by the star marker. The polar angle represents laser 
polarization direction and is already aligned to the coordinate of the confocal image. The six-fold 
flower pattern is characteristic of the crystal structure of odd-layered TMDs which belongs to the 
D3h point group. The only nonvanishing 2nd order susceptibility tensor elements are |χ(2)|=χ(2)

yyy=-
χ(2)

yxx=-χ(2)
xxy =-χ(2)

xyx with y being the armchair direction and x being the zigzag direction [40]. 
Figure 4.1b shows the emission spectra of CW-SHG with a linewidth as narrow as 4 cm-1 which 
is 50 times narrower than conventional pulsed SHG. With the benefits of ultra-narrow linewidth, 
CW-SHG could serve a desirable excitation spectroscopy technique for revealing excitonic fine 
structures such as Moire excitons [12], and probing quantum interference effects at cryogenic 
temperatures [120]. In this work, room temperature CW-SHG excitation spectroscopy is 
performed on monolayer WSe2 and monolayer MoS2 flakes as shown by Figure 4.1c. The samples 
for excitation spectroscopy are first mechanically exfoliated onto SiO2/Si substrates and then 
transferred onto quartz substrates assisted by a handle layer of hexagonal boron nitride (hBN, 
typically 20-40 nm thick) which is between the monolayer and the quartz substrate in the final 
structure. Values of the 2nd order susceptibility χ(2) are obtained after proper calibration of system 
collection efficiency and substrate effects as detailed in section 4.7. Note that χ(2) in this work is 
defined as the effective nonlinear susceptibility which are related to the sheet nonlinear 
susceptibility χ(2),S as χ(2)= χ(2),S/d where d is the thickness for monolayer samples. On the sample 
of 1L-WSe2, giant enhancement of χ(2) are observed when twice of excitation energy is at 2.4 eV 
and 2.9 eV which are matching the resonances of the A’ and B’ excitons, respectively. The nature 
of the A’ and B’ excitons are believed to be the splitting of ground state A and B excitons induced 
by strong perturbation of Se p-orbitals to W d-orbitals [4]. In addition we notice that both of the 
two peaks of χ(2) are further split into two finer peaks separated by about 75 meV, which are not 
observed in linear optical absorption [4] and may originate from dark exciton states warranting 
further theoretical investigations. For 1L-MoS2 samples χ(2) is greatly enhanced when twice of 
excitation energy is resonant with the C exciton at about 2.85 eV [13]. Figure 4.1d summarizes the 
measured values of χ(2) on the C exciton peaks for monolayer MoS2 and WS2, on the B’ exciton 
peaks for monolayer MoSe2 and WSe2, which gives the highest nonlinear susceptibilities. Shown 
as comparison are reported χ(2) values from previous literatures [38] [37] [36] [125] [116] [126] 
[18] [127]. As a direct result of the strong wavelength-dependence shown in Figure 4.1c, large 
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variations of χ(2) values have been previously reported obscuring the practical application of 
atomically-thin TMDs in nonlinear optical devices. Here we confirm that the peak χ(2) values of 
monolayer TMDs are in fact about three orders of magnitude higher than conventional bulk 
nonlinear crystals such as BBO and LiNbO3 [40] [128], which is also directly corroborated by our 
observation of continuous-wave pumped SHG.  

 
Figure 4.1. Continuous-wave (CW) second harmonic generation (SHG) from atomically thin 
semiconductors with high second order susceptibilities. (a) SHG confocal image of an exfoliated 
WSe2 flake excited with a CW 885 nm laser. Inset shows the polarization-dependent SHG intensity 
in the parallel configuration and is aligned to coordinate of the image. Red dots are experimental 
data and blue lines are fitting results based on the χ(2) tensor of the D3h point group. Scale bar is 10 
µm. (b) Ultra-sharp SHG emission spectra with 4 cm-1 linewidth excited by CW laser, compared 
with conventional broad SHG emission excited by pulsed laser. Inset shows the dependence of 
SHG irradiance on pump irradiance for both CW (blue) and pulsed (red) excitation at 885 nm. For 
pulsed excitation data the irradiance represents the peak irradiance of a laser pulse. (c) 
Measurement of effective second order susceptibility χ(2) for monolayer (1L) WSe2 and 1L-MoS2 
on quartz substrate. Second order nonlinear cross-sections are greatly enhanced on A’ (2.4 eV) 
and B’ (2.9 eV) exciton resonance of 1L-WSe2 and C exciton (2.85 eV) resonance of MoS2. (d) 
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Peak χ(2) values measured on exciton resonances for 1L-MoS2, 1L-MoSe2, 1L-WS2, and 1L-WSe2. 
Values reported in literatures are shown for comparison. 

4.3 Revealing the role of excitonic emission resonance in nonlinear transitions 
by sum frequency excitation spectroscopy 

Second harmonic generation (SHG) is a special case of the more general sum frequency 
generation (SFG) process where two photons at different frequencies ω1 and ω2 are absorbed by 
the system generating one photon at the frequency of ω1+ω2 as illustrated in Figure 4.2a. The inset 
shows a schematic level diagram of the SFG process where |g> is the ground state, |i> is the 
intermediate state, and |e> is the excited state. The entire SFG process is a combination of three 
optical transitions as shown by the diagram. Figure 4.2b shows a representative emission spectra 
from 1L-WSe2 when excited by two spatially-overlapped CW laser beams at ω1 and ω2 together. 
The two lasers are collinearly polarized in this measurement. Three pronounced peaks at 2ω1, 
ω1+ω2, and 2ω2 can be observed corresponding to the SHG of ω1 laser, SFG of the combined 
excitation, and SHG of the ω2 laser. The inset of Figure 4.2b shows the dependence of intensities 
of the three signals on pump irradiance of ω2, which are clear support for our assignments of the 
three peaks.  

Nonlinear response of two-dimensional semiconductors are highly dependent on excitation 
energy and strongly enhanced by exciton resonance, as shown by the wavelength dependent CW-
SHG in Figure 4.1 as well as conventional pulsed SHG in [15] [18] [38]. In this work we 
investigate the exciton induced dispersion of the more general sum frequency generation (SFG) 
where energies of the two individual pump photons can be separately controlled. Figure 4.2c shows 
the result from dual-beam nonlinear excitation spectroscopy on 1L-WSe2 on quartz substrate. In 
this experiment, photon energy ℏω2 is scanned while ℏω1 is kept at a constant value of 1.27 eV. 
Emission spectra are collected at each combination of ω1 and ω2. Since the intensities of different 
signals have different power dependences as shown in Figure 4.2b, a feedback control loop is 
implemented to maintain a constant excitation photon flux when the laser at frequency ω2 is being 
tuned. Figure 4.2d shows the extracted intensities of the 2ω2 SHG and SFG signals as a function 
of emission energy. Interestingly, the intensities of ω1+ω2 and 2ω2 are both greatly increased when 
the emission energies approach 2.4 eV and 2.9 eV, regardless of how the summed energy is 
distributed between the two contributing pump photons. The 2.4 eV and 2.9 eV resonances 
correspond to the A’ and B’ excitons in 1L-WSe2. Moreover, SFG and SHG shows very similar 
spectral lineshape for their intensity dependence on emission energy. We also note that the SFG 
intensity becomes strongly suppressed compared to SHG when emission energy goes above 2.9 
eV. In this regime, the excitation energy ℏω2 exceeds the optical band gap at 1.65 eV resulting in 
the generation of large concentration of excess carriers. The continuous wave ω2 irradiance for this 
experiment is about 1010 W/m2. Considering an optical absorption of 5% [129] and a room 
temperature excited state relaxation time of 300 picoseconds [130], the photo-induced excess 
carrier density can be estimated to be about 5×1013 cm-2 when ℏω2 become resonant with the optical 
gap. The high excess carrier density will induce strong renormalization effects [19] [29] which 
greatly reduce the excitonic optical oscillator strengths, leading to decreased nonlinear cross 
section. In our pulsed excitation experiments with photon energies above the optical band gap, 
monolayer samples are easily burned in ambient environment, since the instantaneously generated 
excess carrier density is several orders of magnitude higher than the CW excitation scheme as 
shown previously by Figure 4.1b. The strong renormalization effects suggest that direct excitation 
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above optical gap is not desired for nonlinear applications. In addition, Figure 4.2 e and f shows 
the dual-beam nonlinear excitation spectroscopy performed on monolayer MoS2 samples. Similar 
to the results obtained from 1L-WSe2, both SHG and SFG of 1L-MoS2 are greatly enhanced when 
emission energies are resonant with the C exciton at about 2.85 eV. In addition, since excitation 
energy never goes above the optical band gap of 1L-MoS2 [19] [13], renormalization effects on 
nonlinear transitions are not observed, leaving the spectral lineshape of SFG and SHG almost 
exactly overlapping with each other in Figure 4.2f.  

With the capability to distinguish between two pumping photons, SFG excitation 
spectroscopy provides additional insights on how nonlinear transitions are enhanced by exciton 
states. The 2nd order susceptibility tensor χ(2)

ijk can be expressed as [40]: 
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where ,i g
kp is the electric dipole transition matrix element from |g> to |i> with the polarization k, Γe 

(Γi) and ωe (ωi) are relaxation rates and resonance frequencies for the excited state (intermediate 
states). The first term in the summation is as sketched by the level diagram of Figure 4.1a, while 
the second term switches the absorption sequence of ω1 and ω2. It can be seen that SFG, which 
becomes SHG when ω1 equals ω2, is a triple resonant process. It has also been suggested that when 
the excited state |e> is an optically bright exciton, the ω1 absorption transition has to be mediated 
by a magnetic dipole transition from the ground state to a 2P-type exciton state, followed by 
electric dipole transition from this 2P-type intermediate state to the bright exciton state |e> [15]. 
Our data shows that χ(2) is not sensitive to variation of ω1 and ω2 as long as the sum frequency is 
constrained, indicating that ω1 and ω2 are far away from any strong excitonic resonances within 
the energy range of our experiments, and that the triple resonance condition is dominated by the 
(ω-ωe+iΓe) term. Therefore, combing the analysis above and the strong nonlinear renormalization 
effects, it will be highly desirable to utilize the excitonic emission resonance for maximizing 2nd 
order nonlinear efficiencies in 2D semiconductors. 
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Figure 4.2. Continuous-wave sum frequency generation (CW SFG) and giant enhancement of 
nonlinear response on excitonic emission resonance. (a) Schematic of SFG process in an excitonic 
2D semiconductor where two photons at frequencies ω1 and ω2 are combined to generate an 



56 
 

emission photon at ω1+ω2. In the level diagram |g> is the ground state, |i> is the intermediate state, 
and |e> is the excited state. (b) A typical SFG emission spectra excited by two spatially-overlapped 
CW lasers. Inset shows the dependence of emission intensity at 2ω1 (red), ω1+ω2 (yellow), and 2ω2 
(blue) as a function of the CW excitation irradiance at ω2. Dots are experimental data and solid 
lines are powerlaw fitting results with powerlaw coefficients of 0.03, 0.88, and 2.11 for the 
emission at 2ω1 (red), ω1+ω2 (yellow), and 2ω2 (blue), respectively. (c) Heatmap of excitation 
energy (ℏω2) dependent SHG (2ω2) and SFG (ω1+ω2) spectra on 1L-WSe2. The excitation photon 
energy ω1 is kept constant while ω2 is scanned. Each row shows the color coded emission spectrum 
excited by a varied combination of ω1 and ω2. (d) Intensity of SHG and SFG as a function of 
emission energy extracted from (c). Both SHG and SFG are enhanced when emission energy is 
resonant with A’ and B’ excitons of 1L-WSe2. Inset shows a schematic level diagram of SFG 
process. (e) Heatmap of excitation energy dependent SHG and SFG spectra of 1L-MoS2. (f) 
Intensity of SHG and SFG as a function of emission energy extracted from (e). 

4.4 Linear and circular polarization dependence of sum frequency generation 
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Figure 4.3. Linear and circular polarization dependence of sum frequency generation (SFG). (a) 
Illustration of monolayer transition metal dichalcogenide crystal and the electric fields of two laser 
beams for linear polarization experiments. The polarization of ω1 is kept constant along the 
armchair direction, while the polarization of ω2 is dynamically rotated. (b) Intensity of SFG signal 
as a function of cross-polarization angle Δθ between the two laser beams. Grey dots are for non-
polarized collection showing that the SFG intensity remains constant with cross polarization angle. 
Blue (red) dots are data with collection along the zigzag (armchair) direction of the crystal. Blue 
(red) lines are fitting with sin2(Δθ) (cos2(Δθ)) functions. (c) SFG spectra excited with different 
combinations of circular-polarization states of two laser beams, where σ+(-) represents right (left) 
circularly polarized light. (d) Illustration of the valley-coupled helicity selection rule for sum 
frequency generation that requires σω1+σω2-σω1+ω2=3N with N being an integer. 

SFG offers the unique capability of separately controlling the polarization state of the two 
pump photons which could inspire new optical methods for probing complex crystal orientations 
and novel designs for polarization optical devices. In the all experiments presented so far the two 
CW laser beams are kept to be collinearly polarized. Figure 4.3 presents investigation of the 
dependence of CW SFG on linear and circular polarization states of the two pump beams, using 
1L-WS2 as an example. In linear polarization experiments, the pump beam at ω1 is polarized along 
the armchair direction of the lattice, while polarization of the other pump beam at ω2 is rotated. 
It’s observed that the total SFG intensity does not depend on the cross-polarization angle Δθ of the 
two beams, as shown by the nonpolarized collection data in the polar plot of Figure 4.3b. However, 
the SFG electric field components along the armchair direction and zigzag direction are strongly 
modified by Δθ. Using the characteristic form of χ(2) tensor for D3h space group, it can be derived 
that: 
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where 1 2
yIω ω+ and 1 2

xIω ω+  represents the SFG intensity along armchair and zigzag direction, 
respectively, 1Iω  and 2Iω are intensities of the two pump beams, and θ1 is the angle between 
polarization of pump beam ω1 and the armchair crystal direction. The solid lines in Figure 4.3b are 
fitting results of the experimental data with θ1 being fixed at zero. 

Figure 4.3c shows the CW SFG and SHG spectra when the two laser beams have different 
circular polarizations with σ+(-) representing right (left) circularly polarized light. In this 
experiment one 976 nm CW laser and one 1080 nm CW laser are used for excitation. No analyzers 
are used in the collection path. The 2ω2 peak and ω1+ω2 peak are much stronger than the 2ω1 peak 
because 2ω2 and ω1+ω2 are close to the B exciton resonance of 1L-WS2 at 2.4 eV [129]. 
Surprisingly, the SFG signals at ω1+ω2 show a pronounced helicity selection rule: strong SFG can 
be generated when the two pump beams have the same circular polarization, while very weak SFG 
are observed when the two pump beams have different circular polarizations. In contrast, the SHG 
signals are not appreciably affected by circular polarization states of the two pump beams. This 
observation of SFG originates from the threefold rotational symmetry of the crystal lattice of 
monolayer TMDs. A general helicity selection rule for SFG can be derived (section 4.7) as: 

1 2 1 2
3 , 0,1, 2... (4.3)N Nω ω ω ωσ σ σ ++ − = =  
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where
1ω

σ ,
2ω

σ , and
1 2ω ωσ + are the circular polarizations of the two pump photon and the generated 

SFG photon. In monolayer TMDs, a direct gap forms at K and -K valleys which are selectively 
coupled to σ+ and σ- photons for linear optical transitions as a result of inversion symmetry 
breaking and spin orbital coupling [9] [8]. For second harmonic generation it has been shown that 
two σ-(+) photons can selectively excite the K (K-) valley and generate SHG with opposite helicity 
σ+(-) to that of the pump photons [18], which is a special case of Eq (4.3). SFG provides the 
capability to separately control the helicity of two excitation photons and to directly probe the 
resulting signal, and thus could be employed for probing valley coherence and inter-valley 
coupling. 

4.5 Imaging interlayer electronic coupling in twisted heterobilayer transition 
metal dichalcogenides 

 
Figure 4.4. Imaging of interlayer electronic coupling in twisted heterobilayer transition metal 
dichalcogenides. (a, b, c) Dual-beam continuous-wave confocal nonlinear imaging of a 62o twisted 
heterobilayer of 1L-MoSe2 on 1L-WSe2, providing maps of simultaneously collected sum 
frequency generation (SFG, a) and second harmonic generation (SHG, b and c) intensities. The 
black (red) dashed triangles in (a) illustrates the edges of the 1L-WSe2 (1L-MoSe2) flakes. The 
two black dashed boxes in (b) label the regions that have undergone the “nano-squeegeed” process 
to enhance interlayer electronic coupling. (d, e, f) shows the average intensities of (d) SFG, (e) 2ω2 
SHG and (f) 2ω1 SHG collected from different regions of interest. Blue bars are the average 
intensities from the squeegeed (‘sqgd’) region and olive bars are averaged intensities from as-
stacked un-squeegeed region. The enhancement factors η are the percentage increase of nonlinear 
emission intensity from as-stacked regions to squeegeed regions. 
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Finally, we demonstrate the application of CW nonlinear confocal imaging for 
investigating interlayer electronic coupling in twisted heterobilayer transition metal 
dichalcogenides. The sample studied is a heterobilayer of 1L-MoSe2 and 1L-WSe2 grown by 
chemical-vapor-deposition (CVD), and sandwiched between bottom and top hBN layers. The 
whole structure is on a 280 nm SiO2/Si substrate. The twist angle is determined to be 62o±1o using 
polarization-dependent SHG technique, and measured to be 61o±1o based on the angle between 
major edges of the overlapped flakes. More details on sample characterization are reserved for 
section 4.7. The slight discrepancy in twist angles determined by the two different methods may 
be due to local strain effects. Moreover, part of the sample has undergone the “nano-squeegee” 
process where the tip of an atomic force microscopy (AFM) cantilever is scanned in contact mode 
with a relatively high normal force. It has been shown that this method can enhance interlayer 
electronic coupling between TMDs and induce photoluminescence from interlayer exciton states 
even at room temperature [123]. The two squeegeed regions are outlined by dashed black boxes 
in Figure 4.4b. 

Figure 4.4 shows the confocal hyperspectral imaging of nonlinear signals generated by the 
sample when excited by two collinearly-polarized spatially-overlapped CW lasers with ℏω1=1.27 
eV and ℏω2=1.48 eV. The intensity map at ω1+ ω2, 2ω2, and 2ω1 can be simultaneously obtained 
during one scan, as shown by Figure 4.4 a, b, and c, respectively. For our sample with a twist angle 
very close to 60o, if interlayer electronic coupling is weak, very low SHG and SFG intensities are 
expected in the heterobilayer region, as a result of the destructive optical interference of signals 
generated by the top and bottom TMD layer [131]. This is consistent with our observation in the 
as-stacked heterobilayer region where the SFG and SHG signal intensities are significantly 
reduced compared to the monolayer regions. However, the nano-squeegeed heterobilayer region 
shows significantly enhanced SFG and SHG signals. Specifically, in the SFG image in Figure 4.4a, 
the squeegeed heterobilayer region shows a high emission intensity at 2.75 eV which is even 
comparable to the intensity from monolayer regions. In the SHG images in Figure 4.4b and c, the 
emission intensities at 2.96 eV and 2.54 eV from the squeegeed heterobilayer region are still 
appreciably stronger than from the as-stacked heterobilayer region, although being much weaker 
than the SFG emission at 2.75 eV. These observations are quantified by Figure 4.4 d, e, and f 
which show the average values and standard deviations of the emission intensity data collected in 
different regions. The enhancement factor η is defined as η=(Isqgd-I0)/I0 where Isqgd and I0 are the 
averaged intensities from the squeegeed region and the as-stacked region, respectively. In all 
images the enhancement factor η for the heterobilayer region are about 40%-60%. The effect of 
nano-squeegee process on interference of optical waves may be neglected since pressing the 
heterobilayer with an AFM tip is not expected to induce a large change in sample thickness 
compared with the optical wavelength. Therefore, we attribute the enhanced nonlinear emission to 
be originated from interlayer excitonic resonance which is strengthened by the squeegee process. 
Furthermore, the strong dependence of nonlinear emission intensity on emission energy suggests 
that 2.75 eV may be more close to a high energy interlayer exciton state which resonantly enhances 
nonlinear emission. Based on the clear contrast observed from confocal imaging, we envision that 
a full excitation spectroscopy study of twisted heterobilayer samples can provide critical 
information on interlayer exciton states. 

4.6 Conclusion 
In conclusion, continuous-wave generation of second harmonic and sum frequency signals 

are realized with atomically thin transition metal dichalcogenides and van der Waals 
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heterostructures, with pump irradiance about three orders of magnitude lower than conventional 
pulsed generation. The strong nonlinearity originates from the strong exciton effects in these 
materials. We demonstrate the application of CW SFG for excitation spectroscopy with the 
capability of controlling energy and polarization of individual pump photons independently, which 
were not possible with previous SHG experiments. We find that both SFG and SHG processes are 
greatly enhanced when the emission rather than excitation energy becomes resonant with high 
energy exciton states in monolayer TMDs, and reveal the unique helicity selection rule that forbids 
SFG generation from two photons with opposite circular polarizations. In addition, confocal CW 
dual-beam imaging is performed on twisted heterobilayer TMDs to provide simultaneous mapping 
of nonlinear signals emitted at different energies, revealing the local strengths of interlayer 
electronic coupling in van der Waals heterostructures.  

4.7 Additional contents 
4.7.1 Accounting for interference local field effects on nonlinear characterization and 
excitation spectroscopy 

Atomically thin layers of transition metal dichalcogenide (TMD) samples are typically 
mechanically exfoliated on to SiO2/Si substrates which provide higher optical contrast for easy 
and fast identification of monolayer, bilayer and trilayer flakes of interest under microscope. 
Significant interference effects will be induced by the stratified substrate in the wavelength range 
of our experiments, as sketched by Figure 4.7.1. For linear photoluminescence excitation 
spectroscopy [19] such interference effects can be reliably corrected. However, for broadband 
nonlinear excitation spectroscopy, the signal wavelength changes with the pump wavelength, and 
both of them are strongly affected by interference. SHG intensity scales with the square of 
excitation power, so the interference effect on pump beam will be amplified as well. Moreover, 
tightly-focused laser beams generated by high numerical aperture (NA) objectives are desired for 
nonlinear excitation. For our experiments objective with NA=0.95 is used. This also makes it 
inaccurate to use plane wave approximation for the calculation of interference-induced local field 
factor. Therefore, we use finite difference time domain (FDTD) numerical simulation with 
Lumerical software to calculate the SHG local field factor on different substrates as shown by 
Figure 4.7.1b. The total local field factor totρ is the product of pump local field factor pumpρ  and 
collection local field factor .colρ as defined below. 
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The pump (excitation) local field factor is calculated as the fourth power of the ratio 
between electric field intensity of the incident wave into the objective and the local electric field 
intensity right on top of the substrate. In order to calculate the collection local field factor, dipole 
sources are placed on top of the substrate, and the ratio between the power collected within the 
angle of NA=0.95 and the total radiating power is calculated as the collection local field factor. 
With these, the relationship between SHG irradiance and pump irradiance can be expressed as: 

2 2 (2) 2 24 | | ( )totI k Iω ω
ωη χ ρ=  
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Where η is the impedance of surrounding environment (air),  kω is the wavevector of pump 
beam in air, and |χ(2)| is the absolute value of 2nd order susceptibility tensor elements. Here Iω and 
I2ω are the pump and SHG irradiance measured in experiments, after the calibration of system 
efficiency. We notice that when plane wave approximation and Fresnel equations are for 
calculating local field enhancement, the above equation is consistent with that derived in [132]. 
The above equation is also used for reporting quantitative values of |χ(2)| measured on quartz 
substrates. 

 
Figure 4.7.1. Accounting for substrate interference effects on nonlinear excitation spectroscopy. 
(a) Illustration of the excitation and collection interference effects induced by a stratified substrate 
where the atomically thin layers (orange color) are exfoliated. The net interference effects at ω and 
2ω gives the SHG local field factor. (b) The SHG local field factor for the experimental setup with 
a NA=0.95 objective, calculated by finite difference time domain (FDTD) numerical method. (c) 
Raw data of SHG excitation spectra for 1L-WSe2 measured on different substrates. The sample on 
quartz is encapsulated by thin (~10nm) hexagonal boron nitride (hBN) layers. (d) SHG excitation 



62 
 

spectra obtained after applying interference local field factor corrections on the raw data. For (c) 
and (d), the SHG intensities for all spectra are scaled with an arbitrary but the same number. 

As a demonstration of successful interference correction, Figure 4.7.1 c shows the raw data 
of SHG excitation spectra measured on 285 nm and 90 nm SiO2/Si substrates as well as bulk quartz 
substrates, and Figure 4.7.1 d shows the interference-corrected SHG excitation spectra. We can 
see that data measured for samples on 90 nm SiO2/Si and quartz substrates show large differences 
in raw SHG intensity, and this can be well accounted for by our FDTD calculation of local field 
factor. However, the interference effects induced by 285 nm SiO2/Si substrates are extremely 
strong, with the local field factor varying across two orders of magnitude as shown in Figure 4.7.1b, 
which imposes large uncertainties in interference correction. As a result, for quantitative nonlinear 
measurements and excitation spectroscopy, thin SiO2/Si substrate or bulk quartz substrate should 
be used.  

 

4.7.2 Layer-dependent continuous wave SHG and SFG 

SHG and SFG are both 2nd order nonlinear processes which are expected to vanish in 
centrosymmetric crystals, such as even layer TMDs, as shown by Figure 4.7.2. 

 
Figure. 4.7.2. Continuous-wave dual-beam excitation spectroscopy on monolayer, bilayer and 
trilayer WSe2. 

4.7.3 Second order helicity selection rules in monolayer TMD crystals 

The unique crystal structure of TMDs impose an interesting helicity selection rule for 
second order nonlinear transitions. As a result of the threefold crystal rotational symmetry, the 
matrix elements will be conserved under 3C operation giving that: 
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Here 1σ , 2σ , and Sσ represents the angular momentum of the two pump photons at 1ω , 2ω , and the 
sum frequency photon at Sω , respectively. In the derivation above, we used the rotational 
transformation of the momentum operators and the Bloch eigenstates, shown as following. 

 

 

Therefore, in order to have a non-vanishing (2)| |χ , the helicity selection rule requires that  

 
This means SFG can only be pumped by two photon with the same spin, and then generating a 
sum frequency photon with opposite spin. When the sum frequency photon is in resonance with K 
and K’ valley carriers, this SFG helicity selection rule further implies the locking of nonlinear 
processes with valley degree of freedom. 

4.7.4 Determination of the twist angle of heterobilayer sample with polarization dependent 
SHG 
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Figure. 4.7.3. Confocal SHG imaging and polarization dependent SHG measured at different 
locations on the twisted heterobilayer sample of 1L-MoSe2 on 1L-WSe2 as investigated in Figure. 
4.4. The twist angle is determined to be 62.4±0.5o. Note that only with SHG data on bare 
monolayer flakes we cannot tell whether it’s 62.4±0.5o or 2.4±0.5o. This is further determined by 
the darkness of the as-stacked (without being squeegeed) heterobilayer region indicating a 
destructive interference between SHG generated by the two layers. Instead, if twist angle was 
2.4±0.5o, the as-stacked heterobilayer region would be brighter than monolayer regions. 
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Chapter 5 - Two-dimensional materials and heterojunctions for 
applications in microelectromechanical systems (MEMS) 
5.1 Overview 

This section includes two cases of practical device applications of two-dimensional 
materials and heterostructures in MEMS. These devices are not limited to the demonstration and 
utilization of exciton properties, but involve a combination of general mechanical, electrical, and 
optical properties. In the first part, we introduce a solar-blind ultraviolet (UV) photodetector using 
graphene as a transparent electrode on top of microcrystalline diamond grown by hot filament 
chemical vapor deposition (HFCVD). A facile fabrication method is developed to peel-off wafer-
scale layers of microcrystalline diamond and transfer them onto a flexible substrate, and then 
transfer large area of CVD-grown monolayer graphene onto the diamond thin film as a transparent 
top electrode. The carbon-carbon heterojunction formed by the graphene layer and the diamond 
layer has a favorable band alignment for separating photo-excited carriers. Moreover, with 
analytical modeling we show that the interface states allows efficient photo-induced modulation 
of heterojunction barrier height which provides very high photocurrent sensitivity. The 
graphene/diamond photodetectors are only sensitive to UV photons with energies higher than the 
band gap of diamond. Therefore they’re very promising for outdoor MEMS sensing which requires 
minimization of solar background noise, such as the detection of corona discharge from high 
voltage power lines. In the second part, we describe MEMS strain sensor devices made using the  
electron gas (2DEG) formed at AlGaN/GaN interface. In this case a quantum well forms at the 
interface between AlGaN/GaN due to piezoelectric effect, and the electrons are confined within 
this quasi two-dimensional quantum well extending about ten nanometer range in the vertical 
direction, forming the conduction channel of the high electron mobility transistor (HEMT). The 
drain current of HEMT is expected to increase with increasing tensile strain, but we found quite 
the opposite trend after measuring several tens of devices that we fabricated. We further notice 
that our observation of the opposite strain-sensing trend and improved sensitivity are also 
confirmed by later works. Moreover, our devices show improved strain sensitivity despite the 
opposite trend, indicating that a new mechanism could be playing a role in improving HEMT for 
strain sensing. By combining high-low frequency capacitance-voltage measurements and device 
modeling, we determined the new mechanism to be piezoelectricity-induced variation of gate 
Schottky barrier height. Overall the two examples described in this chapter demonstrate the 
promising potential of using atomically thin semiconductors for MEMS sensors. With the more 
recent emergence of van der Waals heterostructure devices and the growing capability to grow and 
fabricate large-area and even wafer scale transition metal dichalcogenide materials and devices, 
more opportunities are expected to arise for pushing atomically thin semiconductors towards 
practical MEMS applications. 

5.2. A flexible solar-blind UV detector based on graphene-microcrystalline 
diamond heterojunctions 

Heterojunctions between graphene and conventional semiconductors such as Si [133] [134] 
[135], GaAs [136], Ge [137], etc. have been extensively investigated recently for optoelectronic 
applications in photodetectors and solar cells.  These systems are realized by the direct transfer of 
CVD-grown or exfoliated graphene films onto the semiconductor substrates as transparent 
electrodes to form Schottky junctions.  On the other hand, the advancement of material 
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technologies over the past decades has inspired research in several wide bandgap semiconductors 
such as GaN, GaP, ZnO, 4H-SiC, and diamond for ultraviolet (UV) sensing applications [138] 
[139] [140]. These wide bandgap semiconductors only respond to high energy UV photons without 
being affected by low energy illumination noises from the environment.  Among these materials, 
ZnO, 4H-SiC, GaN and GaP are considered as “visible blind” since they respond to part of the 
solar radiation arriving at the earth’s surface (280nm-400nm).  On the other hand, diamond has an 
ultra-wide bandgap (5.45eV) for a “solar-blind” material as it only responds to radiation shorter 
than 230nm, where solar radiation is completely absorbed by the ozone layer of the earth’s 
atmosphere. Therefore, for diamond photodetectors, the background noises from solar radiation 
are essentially zero [141].   

Experimental studies on the heterojunction between graphene and diamond have been 
difficult due to complications in the graphene transfer process [142].  There are four types of 
diamond films, including single-crystalline diamond, microcrystalline diamond (MCD), 
nanocrystalline diamond and ultrananocrystalline diamond [143]. Single-crystalline diamond is the 
ideal choice for the graphene/diamond heterojunction for its exceptional optical, electrical and 
thermal properties [144].  However, the manufacturing cost is very high since single-crystalline 
diamond is synthesized on limited substrates with either lattice matching crystalline structures with 
diamond or on natural diamond by the homoepitaxy chemical vapor deposition process.  
Microcrystalline diamond, on the other hand, can be deposited on silicon and SiO2 substrates while 
maintaining good physical properties with large grain sizes.  However, the surface roughness of 
as-grown diamond films is usually on the order of hundreds of nanometers.  Previously, it has been 
demonstrated that graphene can be transferred onto well-polished ultrananocrystalline diamond 

[142] composed of small single crystalline particles with degraded optical property. Here, a simple 
yet practical method has been developed to circumvent the surface roughness problem for the 
realization of the graphene-MCD heterojunction.  Specifically, large-scale MCD thin films have 
been peeled off directly from the growth silicon substrate to expose their back surfaces which are 
smooth originating from the flat growth substrates.  The grain boundaries of the MCD films are 
mostly in the direction perpendicular to the film surface such that the vertical device structure is 
more favorable as compared with the conventional lateral device structure layout based on 
interdigitated electrodes [145] [146] [147] [148].  In the vertical devices, carriers are transported 
in the direction parallel to the diamond grain boundaries to minimize losses due to boundary 
scatterings [149].  In this work, we are able to construct a flexible, sandwich-structured, solar-blind 
UV detector based on microcrystalline diamond using graphene and metal as the top and bottom 
electrodes, respectively, to allow carriers to move along the vertical direction in the device. 

Figure 5.1a is the conceptual illustration of the overall device structure.  A 2μm-thick MCD 
layer is sandwiched between a monolayer graphene, which serves as the top electrode, and an 
annealed metal electrode (Ti/Au – 150nm/300nm) as the bottom electrode.  A contact pad (yellow 
color in the figure) made of SiO2/Ti/Au with the size of 2mm by 5mm is deposited on the top 
surface of the MCD film.  For electrical measurements, the bottom electrode (Ti/Au) is kept 
grounded while the bias voltage is applied to graphene via the SiO2/Ti/Au contact pad.  Figure 
5.1b sketches the band diagram of the device when a negative bias voltage is applied to the MCD 
under UV illumination.  Both Ec, Ev are the conduction and valence bands of the diamond film, 
respectively and EFS and EFG correspond to the Fermi levels of diamond and graphene, respectively. 
Since graphene is transparent to UV light [150], incident photons with an energy (hv) higher than 
the bandgap of MCD (5.45eV) can excite the inter-band transitions to generate electron-hole pairs 
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which are then separated by the applied electric field and collected by top and bottom electrode, 
respectively. Figure 5.1c shows the optical photo of the flexible MCD/metal/tape film being peeled 
off from the growth substrate.  The film is 20 x 30 mm2 in size and is bended by two fingers with 
a radius of curvature of roughly 14mm.  

 

Figure 5.1. (a) Conceptual illustration of the solar-blind UV detector based on the graphene-
microcrystalline diamond heterojunction. (b) Schematic band diagram of the system under UV 
illumination. (c) Optical photograph of the flexible MCD/metal/tape bended between two human 
fingers. 

The device fabrication process is illustrated in Figures 2a and 2b.  First, MCD (blue-color) 
is grown on a 4-inch silicon wafer with a 1μm-thick, thermally grown oxide layer on top.  Diamond 
nucleation seeds with the size of about 10nm are first spin-coated on the silicon substrate.  The 
hot-filament chemical vapor deposition (HFCVD) process is conducted in a reactor chamber with 
200 sccm of CH4, 5,000 sccm of H2, 10,000 sccm of N2, and a reaction temperature of 720 ℃.  
Boron is introduced as the p-type dopant source via a controlled Trimethylboron (TMB) into the 
reaction gas.  Two types of MCD films, with and without TMB - denoted as pMCD and iMCD, 
respectively, have been grown and the field-effect measurements have been carried out to estimate 
the doping concentrations for the pMCD film as 4×1017cm-3 and the iMCD film as 5×1015cm-3, 
respectively.  The resulting grain size of the 2m-thick diamond films is approximately 1μm.  The 
Ti/Au (150/300nm) layers are evaporated afterwards on the front side.  In order to achieve ohmic 
contact, the wafer is subsequently annealed in forming gas at 500oC for 45mins following the 
standard recipe [151].  A 80-90 m-thick tape (NitoTM Revalpha thermal release tape 3195V, or 
3MTM XYZ conductive tape 9713) is firmly applied and flattened onto the front side.  Electrical 
contact areas are opened and filled with silver paste on the tape and the whole structure (tape, 
metal layer, and diamond film) is mechanically peeled off, as shown in Figure 5.2a.  The success 
of this mechanical peeling process relies on the internal residual stress due to the mismatch of the 
thermal expansion coefficients of the diamond film and silicon substrate and the poor adhesion 
force between them.  It is found that the MCD/metal/tape film from a whole 4-inch in diameter 
can be peeled off and transferred onto a new wafer (Figure 5.6a).  Furthermore, the exposed 
backside of the MCD film appears to be very smooth under naked eyes and microscope (Figures 
S1b and S1c).   

After these steps, the MCD/metal/tape film is placed on top of a flexible polymer substrate 
and a layer of SiO2/Ti/Au (500/20/100nm) is evaporated by electron beam evaporation with a 
shadow mask to construct the electrical contact pad for the graphene, in order to avoid direct 



68 
 

electrical shorting between the bias voltage and the MCD film.  A monolayer graphene is then 
transferred onto the back side of the MCD film by the widely used wet-transfer method [152].  The 
CVD-grown graphene (Graphene Supermarket, on copper foil) is first spin-coated with 300nm-
thick PMMA and then placed on the FeCl3 solution (1mol/L in DI water) to etch the Cu foil and 
further cleaned with the modified RCA process [152].  After being rinsed in DI water for several 
times, the PMMA/graphene film is scooped out of the DI water using the MCD/metal/tape 
structure.  After these steps, Figure 5.2b applies.  The optical microscope image of the transferred 
graphene in Figure 5.2c is taken with the illumination of a white light LED and the optical contrast 
is good enough for graphene identification as the area covered by graphene appears darker as 
compared to the exposed MCD in the scratched area on the top-right corner.  The transferred 
graphene is free of macroscopic contaminations.  Figure 5.2d shows the SEM image of the 
boundary between the transferred graphene and exposed MCD.  In the region covered by graphene, 
texture of the nanometer-sized diamond nucleation seeds can be observed, indicating an intimate 
and conformal coverage of graphene on MCD.   

 
Figure 5.2. (a-b) Illustration of the layer transfer process for making the graphene/MCD 
heterojunction. Yellow, blue, purple, grey and sliver color represent metal, MCD, tape, SiO2 and 
silver, respectively. (c) Optical microscope photo and (d) SEM image after the graphene transfer 
process onto the back side of MCD.  

It’s critical to use the back side of the MCD film for the graphene transfer process as it is 
very smooth.  The front side of the MCD film have large micrometer-sized diamond crystals as 
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seen in Figure 5.3a with a measured RMS (root mean square) surface roughness of 155nm in 
Figure 5.3c.  Another important factor is the surface hydrophilicity of the target substrate [152] as 
there is significant amount of residue water in the graphene transfer process.  A hydrophilic 
substrate is desirable since the spread of water resulting in flat and breakage-free PMMA/graphene 
films.  Specifically, the water contact angles on the front and back side of the MCD film has been 
measured as shown in Figure 5.3d.  It’s observed that the contact angle of ~67o for the front surface 
is much larger than the smooth back surface of ~33°.  Figure 5.3d shows the measured RMS 
surface roughness for the back side is as low as 7nm.  When the graphene film is directly 
transferred onto the front side, results show the breakage of graphene in Figure 5.6e.  In the high 
magnification SEM image (Figure 5.6f), graphene is punctured apart by the sharp crystal edges 
and corners of the diamond crystals.  The iMCD thin film has a sheet resistance of ~150 kΩ/sq as 
measured by the four-point probe method without measurable changes after the graphene transfer 
process.  On the contrary, the measured sheet resistance drops to only 130 Ω/sq after the graphene 
transfer process onto the back side of the diamond film. 

 

 
Figure 5.3. (a) SEM image of the rough front surface of the MCD.  (b) Water contact angles on 
the back and front side of the MCD film.  Confocal microscope photo of (c) front side and (d) back 
side of the MCD film in a 20μm by 20μm area. The bottom panels show the surface roughness 
profile measured along the dashed lines.  

Raman spectroscopy (532nm and 1mW) has been performed to study the graphene/iMCD 
and graphene/pMCD heterojunctions with a spot diameter of ~1μm.  The black curve in Figure 
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5.4a shows the characteristic G and 2D peaks of graphene while the defect-induced D peak is 
invisible.  The 2D peak can be well fitted by a single-peak Lorentzian function with a full width 
half magnitude (FWHM) of 30cm-1 (Figure 5.4b) with a much larger intensity as compared with 
the G peak (I2D/IG~4).  All these features imply that the transferred graphene is monolayer with 
low defect density [153].  The blue and red curve in the middle of Figure 5.4a shows the Rama 
spectrum of bare pMCD substrate and the graphene/pMCD heterojunction, respectively.  For the 
bare pMCD sample, a strong and sharp peak at ~1332cm-1 is observed as the sp3 bonds of diamond 

[150].  There are also shoulder-like bands around 1200cm-1 and 1580cm-1.  The former one is the 
vibrational mode due to the embedded boron atoms in sp3-bonded carbon atoms [154], and the 
latter one can be attributed to the sp2 phases due to the grain boundaries of MCD [155].  The 
spectrum of the graphene/pMCD heterojunction inherits the sp3

 peak, 1200cm-1 band and 1580cm-

1 band from that of the bare pMCD film.  Additionally, strong G and 2D peaks are observed due 
to the graphene film.  The blue and green curve on the top of Figure 5.4a are the Raman spectra of 
the bare iMCD film and graphene/iMCD heterojunction, respectively.  For these two samples the 
1200cm-1 bands are absent since boron dopants are not introduced while the 1580cm-1 band and 
sp3 peak are still present.  The graphene/iMCD spectrum shows additional G and 2D peaks as 
compared to the spectrum from the bare iMCD.  The intensity ratio I2D/IG for both heterojunctions 
are around 3~4. 

 
Figure 5.4. (a) Raman spectra of the same batch of CVD-grown graphene transferred onto SiO2/Si 
substrate, intrinsic MCD (iMCD) and p-type doped MCD (pMCD).  Raman spectra of bare iMCD 
and pMCD are also shown for comparison.  (b) Comparing positions of G and 2D peaks of 
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graphene/SiO2 (black), graphene/iMCD (green), and graphene/pMCD (red).  Circles are 
experimental data and lines are Lorentzian fits.  (c) G and 2D peak positions obtained from 
multiple measurements on multiple samples. 

Raman spectra of the graphene/MCD heterojunctions provide important information on the 
charge transfer between graphene and MCD.  Graphene’s carrier concentration strongly affects its 
phonon frequency due to the breakdown of Born-Oppenheimer approximation in graphene [156].  
As a result, positions of both G and 2D peaks will change upon doping.  Specifically, a major blue 
shift of G peak and a minor red shift of 2D peak are observed with an increasing electron 
concentration.  On the other hand, with an increasing hole concentration, a major blue shift of G 
peak and a minor blue shift of 2D peak will be observed [156] [157].  Figure 5.4b shows the zoom-
in view of the G peaks and 2D peaks, respectively, of graphene/SiO2 (black), graphene/pMCD 
(red), and graphene/iMCD (green) samples.  Circles are experimental data and lines are Lorentzian 
fits.  The Lorentzian fitting from Figure 5.4b shows that the G/2D peak frequency of our graphene 
transferred onto SiO2, iMCD, and pMCD is at 1584.5/2676.4, 1591.1/2679.1, and 1595.9/2680.1 
cm-1, respectively.  Raman spectra have been taken at several similarly-prepared samples, and at 
many different randomly-selected locations on each sample.  The spectra shown in Figures 4a and 
4b are typical spectra of all measurements.  In addition, Figure 5.4c shows the distribution of G 
peak and 2D peak positions over multiple measurements on multiple samples.  It's clearly observed 
that, in the order of graphene/SiO2, graphene/iMCD, and graphene/pMCD, the G/2D peak 
experiences a large to small blue shift, despite a sample-to-sample uncertainty of about 3cm-1.  The 
graphene/SiO2 sample has been measured to be p-type doped with a doping concentration of 
2×1012cm-2. Our results in Figure 5.4c show that the graphene on MCD substrate is p-type doped.  
Comparing our G peak positions with the results given by Das et al. [157], graphene on iMCD is 
estimated to have a doping concentration of 6×1012cm-2, and graphene on pMCD is estimated to 
have a doping concentration of 1.1×1013cm-2.  Since samples of graphene on pMCD show a 
significantly higher doping concentration than that of graphene on iMCD, the origin of such doping 
must be direct charge (hole) transfer from MCD to graphene, unlike the case of graphene on 
SiO2/Si where substrate impurity charge puddles play a major role in the doping of graphene [158].  
The direct hole transfer from MCD to graphene will leave a depletion region in MCD such that a 
heterojunction is built with an electrical potential barrier blocking the transport of holes from 
graphene to MCD. 

Current-voltage (J-V) characteristics of the fabricated heterojunctions are measured in dark 
and under illuminations of different wavelengths. All measurements are carried out at room 
temperature and in the atmospheric environment.  The black curves in Figures 5a and 5b are J-V 
characteristics of graphene/iMCD and graphene/pMCD, respectively, measured in dark.  Both of 
them show a strong rectification behavior: the forward bias (negative voltage) current increases 
exponentially with the forward bias voltage while the reverse bias current remains at a low level 
under the reverse bias voltage. According to our experiments, breakdown happens when the 
reverse bias voltage becomes larger than 5V.  Junctions between graphene and conventional finite-
gap semiconductors typically behave similar to metal-semiconductor Schottky junctions and can 
usually be described by the law of thermionic emission [159] [160]: 

2* exp( ) (exp( ) 1) (5.1)bq qVJ A T
kT kT
φ

= − − −  
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where J is current density, A* is the Richardson constant [161], k is the Boltzmann constant, T is 
temperature, φb is heterojunction barrier height, and V is the bias voltage.  A more accurate model 
for current-voltage characteristics of graphene-based Schottky-like junctions has been proposed 
by considering the dependence of φb on V [160].  Unlike metals, graphene has a limited density of 
states (DOS) around its Fermi level and therefore its Fermi-level position, as well as φb, will be 
shifted by the applied bias voltage V. Assuming under a constant φb, a fairly constant reverse 
current is expected according to Eq. (5.1).  However, the measured data show a clear trend of 
increasing J with the increasing magnitude of V, which implies that φb must decrease with the 
increasing magnitude of V.   

 
Figure 5.5.  Current-voltage (J-V) characteristics of (a) graphene/iMCD and (b) graphene/pMCD 
heterojunctions in dark (black) and under an illumination of 220nm (purple) light source with a 
power density of 100μW/cm2. (c) Extrapolation of zero-bias barrier height from measured J-V data. 
(d) Dependence of normalized optical responsivity on illumination wavelength. 

To estimate the heterojuction barrier height, the thermionic emission equation (Eq. (5.1)) 
can be approximated by the equation below, when the bias voltage V is much larger than 3kT (when 
V>> 0.1V at room temperature). 

2 ( )* exp( ) (5.2)bq VJ A T
kT
φ

= −  
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The value of φb can be plotted as a function of V using the measured J-V data and Eq. 5.2, 
as shown in Figure 5.5c.  The zero-bias barrier height is extrapolated to be 0.947eV and 0.89eV 
for the graphene/iMCD and graphene/pMCD heterojunctions, respectively.  Deviations at the low 
voltage end might be caused by finite ideality factors1 which are neglected here. 

The purple curves in Figures 5a and 5b are J-V characteristics recorded under illumination 
at 220nm with a power density of 100μW/cm2.  Monochromatic illumination is generated by 
filtering a 350W broadband Xenon lamp with a monochromator (FWHM~15nm).  Incident optical 
power has been carefully calibrated with a commercial silicon photodiode.  Interestingly, it’s 
observed that the J-V rectification effect observed in dark is annihilated by the UV illumination, 
and the J-V characteristics become ohmic-like with high current under both forward and reverse 
bias voltages.  This could be explained by a significant reduction of heterojunction barrier by the 
UV illumination.  A large difference between the illuminated current and dark current can be 
obtained in the reverse bias region.  The responsivity under the 5V reverse bias for the 
graphene/iMCD and graphene/pMCD device reaches 0.2A/W and 1.4A/W, respectively.  For ideal 
photodiodes with a quantum efficiency of η, the responsivity R for illumination at frequency ν can 
be evaluated by [162]: 

                               (5.3)eR
h
η
ν

=  

The measured R values of our devices are larger than the maximum (η=100%) responsivity 
(Rmax=0.18A/W at 220nm), indicating the existence of a photocurrent gain which is absent in ideal 
Schottky photodiodes [162]. Similar non-ideal gain behaviors have also been observed on 
metal/diamond and metal/GaN Schottky-junction photodiodes [163] [164].  For those devices the 
defects at metal/semiconductor interface can capture and trap photo-generated carriers, and induce 
a reduction of Schottky barrier height upon illumination, leading to a photocurrent gain.  Non-
ideal behaviors of our graphene/MCD photodiodes here might be also due to interface defects.  
However, further experimental characterizations and theoretical analyses are required to clarify 
this.  Figure 5.5c plots the normalized responsivity measured at different illumination wavelengths 
ranging from 220nm to 770nm, showing the solar-blind feature of graphene/MCD as a 
photodetector.  Responsivity at 220nm is found to be almost three orders of magnitude higher than 
those within the visible (400-700nm) and near UV (300nm-400nm) ranges.   

In summary, a novel layer transfer process is developed to transfer monolayer graphene 
onto microcrystalline diamond (MCD) films which combining the benefits of low cost and 
excellent optoelectronic properties.  The surface roughness problem of the MCD film is 
successfully surpassed by using its smooth backside for the graphene transfer process.  Charge 
transfer between graphene and MCD is probed by Raman spectroscopy, showing that holes from 
MCD move towards the graphene layer on top and a graphene/MCD heterojunction is formed.  
Such a flexible device is demonstrated as solar-blind photodiode with graphene as a transparent 
electrode.  Current-voltage characteristics are measured both in dark and under illuminations of 
different wavelengths, showing high responsivity under UV illumination as well as high UV/solar 
rejection ratio. 

The followings are additional material and device characterizations involved in this work 
but not included in the main text above. 
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Figure 5.6. (a) Photograph of the whole 4-inch in diameter MCD film (partially broken on the left 
and top edges) being transferred to a silicon substrate.  The double-sided tape is used to attach and 
peel off the MCD film from the growth substrate and to transfer the film onto a new substrate with 
the flat MCD surface (the backside of the film on the original growth substrate) on top now. (b, c) 
SEM images of the exposed backside of the peeled-off MCD film. (d) Optical microscope photos 
after the graphene sheet is placed onto the back side of the MCD film. Arrows indicate graphene 
wrinkles. (e, f) SEM images showing results of the graphene sheet being placed on the rough front 
side of the MCD film.  Graphene (darker in contrast) is punctured apart by the sharp crystal edges 
and corners of the diamond crystals into smaller pieces as shown. 

MCD field effect transistors (FETs) are fabricated for material property evaluations using 
a 300nm-thick SiO2 layer as the gate dielectric material; ebeam-evaporated Au (50nm) as the gate 
metal and annealed Ti/Au (150nm/300nm) as the source/drain contact pads.  A shadow mask is 
used to define the channel length of 2mm and width of 4mm.  Doping concentration (NA) and the 
field effect hole mobility μ are estimated from the linear region of the ID-VG curve (Figure 5.7a) at 
room temperature by the least-square fitting.  In the linear region under small VD, experimental 
data can be fitted with the equation [162]:  

( ) (5.4)D G T D
W CI V V V

L
µ

= −  

For MCD FETs, C is gate capacitance (300nm SiO2) per unit area and VT is the threshold 
voltage.  Linear hole mobility μ is fitted (Figure 5.7a) to be 35cm2/(V-s) and 38cm2/(V-s) for the 
pMCD and iMCD, respectively.  Doping concentration (~carrier concentration) is estimated by 
combining the resistivity at the zero gate voltage and the linear region mobility calculated above.  
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It is noted that when VG is zero, both FETs based on the pMCD and iMCD films are in the linear 
region.  Doping concentration is calculated as: 

(5.5)D
A

D

I LN p
eV Wtµ

≈ =  

where t is channel thickness (~2μm) and NA is calculated as 4×1017cm-3 and 5×1015cm-3 for the 
pMCD and iMCD films, respectively. 

Electrical properties of CVD-grown graphene is also characterized (Figure 5.7b) by 
measuring a graphene FET (inset in Figure 5.7b) with heavily p-doped silicon substrate as the back 
gate, and ebeam-evaporated Cr/Au (20nm/100nm) as the source/drain contact pads.  The channel 
length and width are both 10μm.  The ID-VG curve is fitted (Figure 5.7b) with the following device 
equations taking quantum capacitance into consideration [165]: 

2 2

/ (5.6)

(5.7)

D
sd

D o

F
gD g

ox

I L WR
V q p p

v pqV V p
C q

µ

π

= =
+

− = +


 

Since only the low-field hole mobility is used in this work, only the p-type branch is fitted.  
Here Rsd is channel resistance; p0 is the initial impurity doping concentration of the CVD-graphene; 
p is the induced doping due to gate voltage; and Cox is gate capacitance (300nm SiO2) per unit area.  
The fitted mobility is 3500cm2/(V-s) and p0=2×1012cm-2.  

 
Figure 5.7. Field effect transistor characterizations of: (a) MCD thin film; and (b) CVD-grown 
graphene for the estimations of doping concentration and mobility. 
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Figure 5.8. (a) Fitting results of the Id-Vg transfer characteristics on the pMCD and iMCD FETs, 
with VD of 100mV. (b) Fitting results of the p-type branch of the Rsd-Vg transfer characteristics of 
the graphene FET, with VD of 100mV. 

5.3 Piezoelectricity-induced Schottky barrier height variations in AlGaN/GaN 
high electron mobility transistors 

High electron mobility transistors (HEMTs) based on the AlGaN/GaN heterostructure 
featuring two-dimensional electron gas (2DEG) have been actively studied for high frequency and 
high power electronics, as well as chemical and mechanical sensors [166]. Applications such as 
micro strain and pressure sensors have attracted great interests [167] [168] [169] [170] due to the 
good piezoelectric properties of AlGaN and GaN along the [0001] direction.  Externally applied 
strain can change the net polarization charge density at the AlGaN/GaN interface due to the 
differences in their piezoelectric coefficients which results in variations in 2DEG concentrations 
[167].  This phenomenon is defined as the direct piezoelectric effect in this paper.  For Ga-faced 
HEMT devices (this work), an external tensile strain will result in an increased 2DEG 
concentration.  However, an opposite trend to the direct piezoelectric effect has been recorded in 
this work. In order to explain the observed behavior, Schottky gate barrier height changes due to 
the applied strains for 2DEG devices are investigated.  Our findings show good consistency 
between analytical and experimental results.  As such, piezoelectricity induced Schottky barrier 
height change could be an important element to be considered for the design of AlGaN/GaN 
HEMT-based electronic and sensing devices. 

The fabrication process starts with custom-made wafers with Al0.2Ga0.8N/GaN 
(30nm/2μm) grown on Si (111) by using the metalorganic chemical vapor deposition (MOCVD) 
process [171]. Very low wafer bow (-0.5μm and -5.1μm) were measured by laser profilometry 
indicating small residual stress.  Mesas of 40 um in diameter are first etched by the Cl2/BCl3/Ar 
plasma with a depth of 180nm for electrical isolation.  A layer of Ti/Al/Pt/Au (20/80/50/100nm) 
is evaporated for source/drain ohmic contact with a rapid thermal annealing process at 850⁰C for 
35 seconds.  The contact resistance is measured using the transmission line geometry method as 
1.6x10-5Ω.cm-2.  The Schottky gate contact is constructed by using evaporated Ni/Au (20/200nm).  
Before the gate metal evaporation process, the exposed AlGaN surface has been first cleaned by 
oxygen plasma (1min with RF power of 50W and pressure of 180mTorr), and rinsed in diluted 
NH4OH solution (1:10) for 10 seconds to remove surface oxide.  A 200nm thick PECVD SiNx 
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layer is deposited at 350⁰C for the passivation.  Without the passivation layer, the drain current 
fluctuates and decreases greatly with time and can’t be recorded for meaningful results.  Finally, 
contact pads are opened on the SiNx layer.  

 
Figure 5.9.  The ID versus VG transfer characteristics of an AlGaN/GaN HEMT device measured 
with different magnitudes of externally applied strain εxx. Inset shows the schematics of four-point 
wafer bending setup with simulated εxx profile under a loading force F of 15N, and an optical photo 
of a fabricated device with detailed dimensions. 

Two wafers have been fabricated and cut into 5cm×2.5cm chips for the strain tests using a 
standard four-point bending method as shown in Figure 5.9.  A total of 11 devices have been 
measured and reported.  The uniaxial stress is applied along the x-direction and the magnitude of 
the applied force is monitored by a high-precision load cell.  The induced strains (εxx, εyy, and εzz) 
are calculated analytically [172] and simulated numerically using the commercial finite element 
software (COMSOL).  

Figure 5.9 presents the ID-VG transfer characteristics measured with different magnitudes 
of strain εxx, under VDS of 0.1V.  Inset of Figure 5.9 shows microscope photo of a fabricated HEMT 
device and the schematics of the four-point bending test setup. It is observed that the drain current 
decreases/increases with respect to tensile/compressive strain under a fixed VG, respectively.  
Furthermore, time-resolved variations of ID under fixed VG have been measured with stepwise 
changes of εxx (not shown here) to confirm that the measured trend of ID with respect to εxx is highly 
repeatable and hysteresis-free.   
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Figure 5.10. The gate-to-source J-V measurements under forward bias with different magnitudes 
of externally applied strain, εxx. Inset: extracted values of Schottky barrier height versus εxx, and a 
cross-sectional view of the measurement setup. 

To explain the opposite trend (external tensile strain results in decreased 2DEG 
concentration), the J-V characteristics between gate and source are characterized under different 
magnitudes of strain as shown in Figure 5.10. It is observed that under a fixed voltage, the resulting 
current density decreases under the tensile strain and increases under compressive strain. 
Previously, researchers have found that under a small forward bias, gate-to-source J-V 
characteristics follow the law of thermionic emission [173] with Schottky barrier height, φb. 
Therefore variations of current in Figure 5.10 indicate changes of φb, as shown by the inset.  The 
slope between the barrier variation Δφb and εxx is ~55μV per microstrain in this work. 

The gate Schottky barrier height φb has a strong effect on the transfer characteristics of 
AlGaN/GaN HEMT.  Threshold voltage Vth and 2DEG electron concentration ns are extracted from 
measured ID-VG curves under different strain using the published AlGaN/GaN HEMT device 
model [174] [175]. The Hall measurement hasn’t been employed here as the four point wafer 
bending setup is made of stainless steel.  Variations of Vth and ns (denoted ΔVth and Δns) in presence 
of εxx are plotted in Figure 5.11.  The analytical expression of Vth is given by [174]: 

(5.8)C tot AlGaN
th b

AlGaN

E dV
q

σφ
ε

∆
= − −  

where q is electron charge, σtot is the total polarization charge density at the AlGaN/GaN interface; 
dAlGaN and εAlGaN are the thickness and permittivity of the AlGaN barrier layer, respectively; and 
ΔEC is the AlGaN/GaN heterojunction band offset. In Figure 5.11a, the Schottky barrier effect 
calculation is simply the slope of measured Δφb-εxx, while the direct piezoelectric effect is 
calculated by: 
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31 31 33 33( )( ) ( ) (5.9)AlGaN GaN AlGaN GaN
tot xx yy zzp p p pσ ε ε ε∆ = − + + −  

where Δσtot is the strain-induced change of σtot; p31
AlGaN, p31

GaN, p33
AlGaN and  p33

GaN are material 
piezoelectric coefficients. In Figure 5.11b, the values of Δns are calculated based on [176]: 

2( ) (5.10)tot AlGaN
s b

AlGaN

n e
q d q
σ ε φ∆

∆ = − ∆  

The yellow and blue shaded areas indicate the calculation uncertainties based on previously 
reported piezoelectric and elastic stiffness coefficients [177] [178] [179] [180].  For both ΔVth and 
Δns, the Schottky barrier effect and direct piezoelectric effect give opposite contributions as shown. 
The experimentally measured results in this work matches well with the combined effect. 

 

Figure 5.11.  Comparison of the Schottky barrier effect, direct piezoelectric effect, and their 
combined effect with measured results for (a) ΔVth and (b) Δns with respect to εxx.  The yellow and 
blue shaded areas are calculation uncertainties based on previously reported piezoelectric and 
stiffness coefficients [177] [178] [179] [180]. 
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The above analyses and results support the proposed effect of piezoelectricity induced 
Schottky barrier height changes.  The external tensile stress results in tensile strain εxx and 
compressive strains εyy and εzz while p33 (pzz) is positive and p31 (pzx) is negative. The overall net 
piezoelectric effect is an increase of the negative polarization charges at the top surface of AlGaN 
barrier. In response, more interface donor states may be ionized to hold positive charges, and the 
conduction band edge energy of AlGaN at the Ni/AlGaN interface moves upward leading to an 
increase in gate barrier height.  Another factor is the charge changes at the gate due to the applied 
strain.  The gate capacitance, CG, is the parallel plate capacitance between gate metal and 2DEG 
before depletion.  For example, under a strain εxx of 1.5x10-4, ΔQG is calculated as 1.5×10-7VG 
C/m2 (using dielectric constant and poison ratio of AlGaN from [176]).  The charge changes due 
to the piezoelectric effect is calculated (right side of Eq. 5.11) as 7.2x10-5 C/m2, which is 2~3 
orders of magnitude higher than that of ΔQG (for typical VG in our experiments).  Therefore, the 
gate charge changes due to strain are neglected and net charge changes are expressed as: 

2
31 33( ) (5.11)AlGaN AlGaN

b it xx zz yyq D p pφ ε ε ε∆ ≈ + +  

where Dit is the interface state density.  Under the same applied strain, the right hand side of Eq. 
5.11 is the same and smaller Dit results in a larger Schottky barrier variation.  Here, capacitance 
and conductance of a circular-shape (70μm radius) Ni/Au Schottky contact have been measured 
with respect to frequency in Figure 5.12a and Dit is extracted as 4.5±0.4×1012cm-2eV-1 [50] -a low 
number as compared with prior reports [181] [182] [183].  Figure 5.12b shows the values of Δφb 
extracted from experimental data and compared with the model (Eq. 5.11) with very good 
agreements over the applied strain.  If Dit is 1.8×1013cm-2eV-1 or larger, the strain-induced Schottky 
barrier variation becomes negligible as shown by the red shaded area in Figure 5.12b.   
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Figure 5.12. (a) Capacitance-voltage characteristics of Ni/Au contacts on the AlGaN/GaN devices. 
Inset - dependence of conductance on angular frequency. (b) Comparing experimental and 
modeled Δφb-εxx relation. The red and yellow shaded areas are uncertainties based on reported 
material coefficients [44-48]. 
 

The nickel-based Schottky gate structure for the AlGaN/GaN HEMT devices has been 
studied and piezoelectricity induced Schottky barrier height variations have been characterized.  
The observed barrier height variations with respect to the applied strain are attributed to the 
Ni/AlGaN interface state charges. This effect is shown to have a strong influence on the HEMT 
threshold voltage and 2DEG electron concentrations. 
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