
 

ABSTRACT 

 

XU, CHAO. Ultrafast Optical Characterization of Surfaces and Interfaces. (Under the 

direction of Dr. Kenan Gundogdu). 

 

In my thesis work, I studied a variety of materials using noninvasive optical techniques. 

These materials are: 1) metallic zirconium (Zr), which is used as nuclear fuel cladding 

material; 2) bismuth selenide (Bi2Se3), a low band gap semiconductor and a layered material 

that is commonly used in thermoelectric applications and recently shown to exhibit exotic 

topological insulator behavior; 3) atomically thin transition metal dichalcogenides (TMDCs), 

which are recently discovered two dimensional semiconductors. The common property of all 

these systems is that the most important physics or chemistry is taking place at the surface or 

interface of the material with other materials. For instance, on Zr, naturally, the oxidation 

forms an interface between Zr and ZrO2 layers. Under extreme conditions such as 

experienced in nuclear reactor environment, this formation later on evolves into cracks that 

leads to failures in a reactor. In Bi2Se3, the topologically important state is at the surface 

where the bulk terminates and forms a 2D topologically protected electronic state. In TMDC, 

the whole material itself is a surface and interfacial interactions with the substrate becomes 

very important to characterize for completely understanding the material properties. 

Therefore I have developed optical techniques that are specifically sensitive to characterize 

the variety of physics on surface or interface without using electrical contacts.  

First, second harmonic generation (SHG) anisotropy using ultrafast laser, has been 

applied on studying the bonding between Zr and its oxide film on the top. It was found that 

the amorphous strain has a big impact on the bonding between Zr and its oxide. With the aid 



 

of ultra-high vacuum (UHV) technique and Auger electron spectroscopy (AES), the 

oxidation of fresh Zr has been studied. A two-stage process of oxidation on Zr, with the first 

stage of oxygen adsorption and the second stage of further oxidation slowed down by the 

already formed oxide, was revealed. 

Second, I will show the near surface electric field on Bi2Se3, one promising topological 

insulator (TI), can be monitored by electric field induced second harmonic (EFISH) 

generation using ultrafast laser. With controlled doping level and external environment, it 

was found that three different physical and chemical processes (near surface charge transfer, 

chemical adsorption and chemical reaction) take place on Bi2Se3 in ambient air. 

Third, exciton dynamics has been monitored using self-developed transient reflection 

spectroscopic microscopy (TRSM) on substrate-supported and suspended MoS2 and WS2 

monolayers, which are in the category of transition metal dichalcogenide (TMDC) materials. 

It was found that substrate will assist in the non-radiative exciton recombination. On different 

substrates, exciton dynamics remains the same while the doping level on monolayer from the 

charge transfer into substrate plays an important role on photo-luminescence. Moreover, 

exciton-exciton annihilation (EEA) rate can be extracted from the exciton dynamics and it 

can be mitigated by the presence of substrate. 

All my works suggest the significance of ultrafast optical techniques as useful tools on 

the characterization of surfaces and interfaces, which could give guidance on material 

optimization and novel device fabrication. 
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Chapter 1 Introduction 

 

1.1 Background 

As most of the physical and chemical processes take place on surfaces and 

interfaces, there are urgent demands for understanding these processes. For example, the 

thin oxide film on Si plays a crucial role on its performance in devices, and the most 

commonly used method to characterize the dielectric properties of thin films is 

ellipsometry. However, ellipsometry has limited sensitivity to the interface underlying its 

oxide film. For this purpose, the nonlinear optical tool, SHG and its related methodology 

have been exploited to investigate the buried interface on Si.1-5 

As comes to the material platform, devices based on traditional bulk semiconductors 

(such as Si and GeAs), have several blooming decades since their birth. Nevertheless, as 

they are getting compacter, the necklace seems to be touched because of their limit in 

density, considering the thermal conduction and device-to-device interference. Hence, 

people are pursuing more efficient materials to satisfy the unmet needs beyond the scope 

of traditional semiconductors. 

The finding of graphene opened a new decade for 2D-materials. Figure 1-1 shows a 

transistor made using exfoliated graphene from a lump of graphite. The unprecedented 

physical properties on atomically scaled graphene triggered a realm of rediscovering 

existing materials, in their 2D-state. Such novel 2D-materials have superior physical 

properties and compactness that cannot be matched by traditional materials. 
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As these 2D-materials have dimensions in the atomic scale, the characterizations 

seem to be challenging. Traditional methods are not applicable on these materials 

because of their small scale and fragility. Therefore, more new methods need to be 

developed to characterize these new 2D-materials. 

Driven by those challenges in surface and interface characterization, during my PhD 

study, I exploited nonlinear optical methods to investigate three categories of materials, 

Zr, TI (Bi2Se3), and TMDC (MoS2 and WS2) monolayers. 

First, I started with employing SHG to study the bonding on the interface between Zr 

and its protective oxide film. Moreover, I investigated the initial oxidation of fresh Zr in 

UHV with SHG after the successful removal of the oxide film. Second, by controlling the 

 

Figure 1-1 A lump of graphite, a graphene transistor and a tape dispenser. Donated to the Nobel Museum in Stockholm 

by Andre Geim and Konstantin Novoselov in 2010. 
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gaseous environment, I used SHG to investigate the near surface physical and chemical 

processes on Bi2Se3. Lastly, to understand the exciton dynamics on MoS2 and WS2 

monolayers, I developed Transient Reflection Spectroscopic Microscopy (TRSM), which 

yields real time imaging on these monolayers in micrometer scale.  

 

1.2 Zirconium (Zr) 

 

 

Figure 1-2 Nuclear fuel cladded by Zr alloys. 

Zr has a unique combination of properties such as strong mechanical resistance and 

low neutron-capture cross-section. Thus Zr alloys are chosen as the cladding material 

(Figure 1-2) in commercial nuclear fission reactors. Zr is highly reactive to oxygen and 

water, while the native dense oxide film around Zr plays a crucial role in its corrosion 

resistance as a barrier. However, under high temperatures, the phase change (from cubic 

to tetragonal to monoclinic) of ZrO2 can introduce large stresses that are responsible for 

the crack formation on the oxide cladding6. Under high temperatures, severe cracking 

will lead to the rapid formation of hydrogen and accelerated degradation of the fuel 

cladding: 
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Zr + 2H2O → ZrO2 + 2H2  

Equation 1-1 

 The accident in Fukushinia Nuclear Power Plant on Mar 11, 2011 occurred due to 

the interruption of cooling by the earthquake and tsunami disaster, leading to the 

accumulation of hydrogen through the reaction in Equation 1-1, which was responsible 

for the explosion inside the reactor. To better optimize and stabilize the property of Zr 

and its protective oxide film, many experimental and theoretical tools have been applied 

to learn the oxidation of Zr in clarifying the detailed processes. Spectral ellipsometry and 

X-ray photoelectron spectroscopy (XPS) experiments have been conducted to investigate 

the dependence of oxide growth kinetics for different crystallographic orientations on 

temperature and on oxygen partial pressure7, 8. A detailed study9 shows that there are two 

stages during the oxidation of Zr: while in the first and fast stage, a Zr suboxide interlayer 

is formed containing three suboxide components (Zr+1, Zr+2 and Zr+3); and a 

stoichiometric ZrO2 overlayer grows in a second, slow stage. These suboxides stay in the 

interface with the stoichiometric ZrO2 on top. Auger electron spectroscopy (AES) and 

followed theory10 have proved that these suboxides give further opportunities for 

oxidation. As a result, stress builds up on the interface resulting in cracking in the oxide 

film as transmission electron microscopy (TEM) observed11. The inner interface plays an 

important role in protecting the structure of Zr or Zr alloys. Raman scattering study12 

suggests that the inner oxide composes of mostly tetragonal crystallites and while the 

external layer is monoclinic. A debates exists here because tetragonal form of ZrO2 is not 

stable below 1400 K. One potential explanation is that tetragonal structure is only stable 

in the form of small crystallites (<30 nm) and the surface energy my change the 

https://en.wikipedia.org/wiki/2011_T%C5%8Dhoku_earthquake_and_tsunami
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thermodynamic energy. Another significant factor is the compressive strain built up 

during the growth, which could change the thermodynamic stability as well, since it 

exists along the plane of interface, and is free in the normal direction. 

 

1.3 Topological Insulator (TI) 

In recent years it has been discovered that a very useful method of categorizing 

insulating solids is by topological invariants of their bulk band structure.13-15 These 

invariants are reflected in unique electronic surface states that are "protected" by 

symmetry and that are of interest for spintronic16 and quantum computing17 applications. 

Solids with strong spin-orbit coupling often have nontrivial topological invariants that 

require the existence of unique topological surface states (TSS's).18-20 As the analogy21 in 

Figure 1-3, surface states acts as the bridge of nontrivial and trivial TIs due to the abrupt 

change in topology. 

 

 

Figure 1-3 One anology of topological surface states between trivial TI and nontrivial TI. 

These TSS's have special properties such as linear dispersion22 and spin23 and orbital 

angular momentum24 “textures” correlated with crystal momentum. Furthermore, due to 
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their origination from bulk invariants, they are insensitive to non-magnetic surface 

perturbations25 and thus robust enough to be of potential value in applications. The most 

valuable experimental probe of these states has been angle resolved photoelectron 

spectroscopy (ARPES) due to its extraordinary surface sensitivity and ability to produce 

direct band structure maps.26 Recent ARPES measurements confirmed existence of TSS 

for several TI crystals. Among those, Bi2Se3 is a TI that has one single Dirac cone and a 

relative large bulk band gap ~300 meV.21-23, 27, 28 Bulk Bi2Se3 has layered structure, with 

every five atomic layers consisting one quintuple layer as indicated in Figure 1-4(a). 

Within the quintuple layer, the bondings are covalent; between quintuple layers, they are 

connected through van der Waals interaction. With mechanical exfoliation, Bi2Se3 can be 

easily cleaved between quintuple layers. Figure 1-4(b) and (c) illustrate the band structure 

of Bi2Se3 and its Brillouin zone. 
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Figure 1-4 (a) Structure of crystalline Bi2Se3. (b) The electronic structure of Bi2Se3 as measured by ARPES, showing 

the signatures of the exotic metallic surface states in TI.21, 22, 29 (c) Brillouin zone for Bi2Se3 with space group R3̅m.28 

By contrast, less experimental progress has been made in directly observing the 

electrical transport properties of charge carriers in TSS’s because of simultaneous 

contributions from bulk and surface carrier transport due to heavy–doping from Se 

vacancies.30, 31 In addition, ARPES measurements have shown that downward band 

bending near the surface creates an inversion layer that supports topologically trivial 2D 

electron gas states.32 Only a few experiments on very thin, exfoliated samples that have 

surfaces modified by strong acceptor layers have shown evidence for ambipolar transport 

in the Dirac-like surface state band on Bi2Se3.
33 Intentional bulk doping of Bi2Se3 (e.g., 

with Ca31 or As34, 35) has also been used to compensate heavy n-doping due to Se 

vacancies that are prevalent after crystal growth. This has the goal of moving the Fermi 
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level into the bulk band gap to enhance the sensitivity of electrical transport 

measurements of the TSS.31 

In addition to intrinsic doping effects, the near surface electric fields in Bi2Se3 are 

also influenced by adsorbed molecules from the environment. This inspires one way to 

access the electrical carrier transport on Dirac-like surface band by tuning Fermi level 

towards the Dirac point inside the band gap through surface molecule adsorption. As one 

example in Figure 1-5, the Fermi level is tunable via surface oxygen doping36. However, 

the general reactivity of the Bi2Se3 surface to ambient gases is a complex topic. Though 

correlations between Fermi level shifts and residual gas exposure have been made,37 the 

Bi2Se3 surface is remarkably inert to oxidation by individual adsorbed gases.38-40 

Significant oxidation occurs only in the presence of both water and oxygen40 such as 

found in ambient conditions.41  

 

 

Figure 1-5 (A) Different carrier type regions. (B) Evolution of Fermi level by photon-assisted surface doping by 

oxygen. 

In order to understand the complex interplay of electric fields, dopant distribution, 

and surface adsorbate effects near TI surfaces the technique of SHG is a valuable tool.42-
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44 Pioneering work using SHG on Bi2Se3 by Hsieh et al. has shown significant charge 

transfer process over time near the solid surface (~10 nm) after a mechanical cleave in 

ambient air.34 SHG is a surface-sensitive probe of this material that is particularly 

valuable for investigating near-surface electric fields due to band bending that breaks 

bulk inversion symmetry and allows SHG. To this end, this so-called electric field 

induced second harmonic (EFISH) generation has been used extensively to study electric 

fields at semiconductor surfaces.44, 45  

In the case of Bi2Se3, it was found that near surface charge transfer arises from 

downward band bending34, 35 similar to that observed in ARPES46-48 and can saturate in 

less than 100 min in ambient air. Moreover, cleaving samples in an O2 environment 

dramatically changes the qualitative character of the time dependence due to the acceptor 

character of O2 adsorbates.34, 35 This has led to the conclusion that EFISH in Bi2Se3 acts 

as a sensitive probe of the near surface electric field that complements other experimental 

techniques. 

 

1.4 Transition Metal Dichalcogenide (TMDC) Monolayers 

The ultra-high carrier mobility in excess of 2×105 cm2/(V∙s)49 on graphene implied 

possible applications on novel devices. However, the current frame of switching device 

fabrication found its limitations on utilizing graphene due to its absence of band gap on 

the Dirac point50, 51. While some scientists are looking for means to open the gap by 

introducing small perturbations on graphene52-55, other scientists now turned their wheels 

towards other 2D-materials. The transition of indirect band gap to direct band gap in the 

visible wavelength region on MoS2 with decreasing thickness, and the improved 
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photoluminescence (PL) quantum yield (QY) by more than 104 declared a new era of 2D 

materials for optical and electrical devices56. 

 

 

Figure 1-6 (a) Representative optical image of mono- and few-layer MoS2 crystals on a silicon substrate with etched 

holes of 1.0 and 1.5  μm in diameter. (b) PL image of the same samples. The PL QY is much enhanced for suspended 

regions of the monolayer samples, and the emission from the few-layer sample is too weak to be seen in this image.56 

As shown in Figure 1-6, the PL is much enhanced on the MoS2 monolayer in the PL 

image. The mystery implies in the upward energy shift (Eg
′ in Figure 1-7) by more than 

0.6 eV from bulk to monolayer, shifting into direct gap at K valley. 
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Figure 1-7 Lattice structure of MoS2 in both the in- and out-of-plane directions and simplified band structure of bulk 

MoS2. A and B are the direct gap transitions at K valley, Eg
′
 is the indirect gap near Γ valley and Eg is the direct gap at 

H valley.56 

What’s more, the strong spin-orbit coupling from inversion symmetry break induces 

the spin splitting at K valley and K’ valleys (Figure 1-8) with relatively high energy (148 

meV57) in valence band maximum. Valley polarization has been found on MoS2 

monolayer by selective optical pumping58, 59. Ultrafast transient absorption60 or 

reflection61 confirmed that hole valley relaxation will last about several picoseconds, 

implying potential applications in valley spintronics devices. 
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Figure 1-8 Spin degeneracy at the valence-band edges is lifted by the spin–orbit interactions, and K and K’ valleys 

show time reversal symmetry.59 

The generalization can also be extended into other TMDC materials, such as 

MoSe2
62, WS2

63 and WSe2
62, which were found to have similar properties as MoS2. 

With their pristine properties, TMDC materials present an atomic scale 

semiconductor platform that promises for scaling of semiconductor devices to truly 

atomic level.64-70,71 For the same reason, the atomically thin 2D TMDC materials makes 

the device development very challenging. Both the stability of 2D TMDC materials and 

the impact of external environment are important before further device development. In 

particular, the functionalities of 2D TMDC devices are strongly susceptible to the 

influence of substrates.72-75 As substrates are often required to support and house 2D 

TMDC devices, it is necessary to thoroughly understand the effects of substrates on them. 

Progress has been achieved in understanding the substrate effect74, 76-79. For instance, 

substrates have been reported to affect luminescence of TMDC monolayers by 

introducing strain or doping.77, 80-83  

By contrast, less experimental progress has been made on directly observing the 

photoexcited exciton relaxations on different substrates84. Transient absorption/reflection 

(TA/TR) have been demonstrated as a useful tool in characterizing the exciton formation 
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and relaxation85-91 on TMDC monolayers. By selecting the pump and probe energies, 

different physical processes could be characterized. 

In order to understand the detailed exciton recombination processes on different 

substrates, TA/TR would be a useful tool. A recent work by Wang84 resolved the slightly 

differences in exciton dynamics between supported and suspended MoS2 mono- and few- 

layers. However, the substrate conditions were not well controlled, such as the chemical 

properties, which will have a significant impact on the doping level of MoS2 monolayer. 

And also the size of the suspended area was as small as ~ 1 µm, similar to or smaller than 

the size of laser beam, thus the contribution from the edge or the supported region cannot 

be dismissed. A comprehensive study is still necessary to clarify the effects of substrates 

using ultrafast TA/TR spectroscopy. 

 

1.5 Outline 

This thesis is organized as follows:  

In Chapter 2, fundamental theories about nonlinear optics are introduced, including 

SHG and TA/TR. 

In Chapter 3, my experimental results are presented and discussed on the three 

categories of materials. 

In Chapter 4, there are a summary of all my works and my proposal on future works. 
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Chapter 2 Theory of Nonlinear Optics 

 

2.1 Second Harmonic Generation (SHG) 

2.1.1 Brief history of SHG 

With the invention of the first laser by Theodore Maiman92 (Figure 2-1), one of its 

important applications on the light-matter interactions is SHG, which was observed first 

by Peter Franken and his coworkers in the Randall Laboratory at the University of 

Michigan93. The formulation of SHG was initially elucidated by N. Bloembergen and P. 

S. Pershan at Harvard in 196242. With the aid of well-developed ultrafast lasers, non-

destructive SHG probing is possible on novel materials. 

 

 

Figure 2-1 Dr. Theodore Maiman with the first working Ruby laser. (Photographed by HRL Laboratories, LLC) 

 

https://en.wikipedia.org/wiki/University_of_Michigan
https://en.wikipedia.org/wiki/University_of_Michigan
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2.1.2 SHG on interface 

Due to the inversion symmetry of most crystals and poly-crystals, SHG in the bulk 

can be suppressed (𝝌𝟐 = 𝟎 in the bulk), thus SHG can only be contributed from the 

surface or interface where the inversion symmetry is broken. This makes SHG extremely 

sensitive to the surface or interface. SHG has been proven to be an important tool in 

studying surface or interface on traditional semi-conductors (Si94) and novel 2D semi-

conductors (MoS2
95-97 and WS2

98). 

 

2.1.3 Microscopic bond model – Anisotropic Bond Model (ABM) 

An instructive model of SHG is the anisotropic bond model (ABM)99. The 

calculation of SHG can be separated into 3 steps (demonstrated in Figure 2-2): 

1. Solve the force equation of the charge for each bond. 

2. Calculate the far field radiation from the motion of the charge for each bond. 

3. Combine the radiation from each bond together coherently. 
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Figure 2-2 Demonstration of the anisotropic bond model (ABM). 

A diagram of SHG is shown in Figure 2-3 (a). Figure 2-3 (b) is the potential diagram 

of a bounded electron. When the electron motion is small, as shown in Figure 2-3 (b), the 

potential of the electron can be approximated by the parabolic curve: 

𝑽(𝒙) =
𝟏

𝟐
∗ 𝜿𝟏 ∗ (𝒙 − 𝒙𝟎)

𝟐 

Equation 2-1 
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Figure 2-3 (a) Energy level scheme of SHG process. (b) Potential diagram of a bounded electron. 

𝜿𝟏 is the harmonic spring constant, x is the position of the electron, and x0 is its 

equilibrium position. The electron-light interaction problem can be solved easily as a 

harmonic oscillation problem. When the electron-light interaction is greater, to yield 

better approximation, a second term must be introduced to approximate the true 

potential100: 

𝑽(𝒙) =
𝟏

𝟐
∗ 𝜿𝟏 ∗ (𝒙 − 𝒙𝟎)

𝟐 +
𝟏

𝟑
∗ 𝜿𝟐 ∗ (𝒙 − 𝒙𝟎)

𝟑 

Equation 2-2 

 𝜿𝟐 is the anharmonic spring constant. After including the charge 𝒒𝒋, the friction 

(with coefficient - b) and the applied electric field (�⃗⃗� 𝒆−𝒊𝝎𝒕), with the simple 1D force 

model, the force on the electron along the bonding direction �̂� will be99: 

𝑭 = 𝒒𝒋�⃗⃗� ∙ �̂�𝒆
−𝒊𝝎𝒕 − 𝜿𝟏 ∗ (𝒙 − 𝒙𝟎) − 𝜿𝟐 ∗ (𝒙 − 𝒙𝟎)

𝟐 − 𝒃
𝒅𝒙

𝒅𝒕
= 𝒎

𝒅𝟐𝒙

𝒅𝒕𝟐
 

Equation 2-3 

Solve Equation 2-3 and we can get: 
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𝒙 = 𝒙𝟎 + ∆𝒙𝟏𝒆
−𝒊𝝎𝒕 + ∆𝒙𝟐𝒆

−𝟐𝒊𝝎𝒕 

Equation 2-4 

The linear term 𝒑𝟏𝒋 = 𝒒𝒋∆𝒙𝟏 and the first order nonlinear term 𝒑𝟐𝒋 = 𝒒𝒋∆𝒙𝟐 of 

the induced dipole �⃗⃗� 𝒋 = 𝒒𝒋∆�⃗⃗� 𝒋 are given: 

𝒑𝟏𝒋 = 𝒒𝒋∆𝒙𝟏 =
𝒒𝒋
𝟐�⃗⃗� ∙ 𝒃�̂�

𝜿𝟏 −𝒎𝝎𝟐 − 𝒊𝒃𝝎
= 𝜶𝟏𝒋(�̂�𝒋 ∙ �⃗⃗� ) 

𝒑𝟐𝒋 = 𝒒𝒋∆𝒙𝟐 =
𝒒𝒋𝜿𝟐∆𝒙𝟏

𝟐

𝜿𝟏 − 𝟒𝒎𝝎𝟐 − 𝟐𝒊𝒃𝝎
= 𝜶𝟐𝒋(�̂�𝒋 ∙ �⃗⃗� )

𝟐 

Equation 2-5 

By combining different bondings together, the associated polarization per unit 

volume can be written as: 

�⃗⃗� = 𝝌𝟏 ∙ �⃗⃗� + 𝝌𝟐 ∙∙ �⃗⃗� �⃗⃗�  

Equation 2-6 

The far-field radiation intensity can be expressed as: 

�⃗⃗� 𝒇𝒇 =
𝒆𝒊𝒌𝒓

𝒓
[𝑰 − �̂� ∙ �̂�]∑ �⃗⃗� 𝒋

𝒋

 

Equation 2-7 

I is the unit tensor and �̂� is the unit vector in the direction of the observer. The 

far-field SHG is from the first order dipole component only:  

�⃗⃗� 𝒇𝒇(𝟐𝝎) =
𝒆𝒊𝒌𝒓

𝒓
[𝑰 − �̂� ∙ �̂�]∑ �⃗⃗� 𝟐𝒋

𝒋

 

Equation 2-8 

A self-developed Matlab code for ABM is shown in Appendix D. 
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2.1.4 Macroscopic phenomenological model (MPM) 

Besides ABM, the other well accepted model is the tensor based 

phenomenological model developed by Sipe et al.101, 102, as mentioned above in 

Equation 2-6. The nonlinear electric field can be calculated once the nonlinear 

susceptibilities (the elements in 𝝌𝟐)  are known. The polarization can be expressed 

as: 

(

𝑷𝒙
(𝟐)

𝑷𝒚
(𝟐)

𝑷𝒛
(𝟐)

) =

(

 

𝝌𝒙𝒙𝒙
(𝟐)

𝝌𝒙𝒚𝒚
(𝟐)

𝝌𝒙𝒛𝒛
(𝟐)

𝝌𝒚𝒙𝒙
(𝟐)

𝝌𝒚𝒚𝒚
(𝟐)

𝝌𝒚𝒛𝒛
(𝟐)

𝝌𝒛𝒙𝒙
(𝟐)

𝝌𝒛𝒚𝒚
(𝟐)

𝝌𝒛𝒛𝒛
(𝟐)

    

𝝌𝒙𝒙𝒚
(𝟐)

𝝌𝒙𝒙𝒛
(𝟐)

𝝌𝒙𝒚𝒛
(𝟐)

𝝌𝒚𝒙𝒚
(𝟐)

𝝌𝒚𝒙𝒛
(𝟐)

𝝌𝒚𝒚𝒛
(𝟐)

𝝌𝒛𝒙𝒚
(𝟐)

𝝌𝒛𝒙𝒛
(𝟐)

𝝌𝒛𝒚𝒛
(𝟐)
)

 

(

 
 
 
 

𝑬𝒙𝑬𝒙
𝑬𝒚𝑬𝒚
𝑬𝒛𝑬𝒛
𝟐𝑬𝒙𝑬𝒚
𝟐𝑬𝒙𝑬𝒛
𝟐𝑬𝒚𝑬𝒛)

 
 
 
 

 

Equation 2-9 

Considering the macroscopic crystal symmetry of the medium, not all elements 

in the tensor 𝝌𝟐 are independent. For instance, for the (111) surface of crystals with 

𝑪𝟑𝒗 symmetry, such as Bi2Se3, when the y axis perpendicular to the plane of 

symmetry: 

(

𝑷𝒙
(𝟐)

𝑷𝒚
(𝟐)

𝑷𝒛
(𝟐)

) = (
𝝌𝒙𝒙𝒙
(𝟐)

−𝝌𝒙𝒙𝒙
(𝟐)

𝟎
𝟎 𝟎 𝟎

𝝌𝒛𝒙𝒙
(𝟐)

𝝌𝒛𝒙𝒙
(𝟐)

𝝌𝒛𝒛𝒛
(𝟐)
    
𝟎 𝝌𝒙𝒙𝒛

(𝟐)
𝟎

𝝌𝒙𝒙𝒛
(𝟐)

𝟎 −𝝌𝒙𝒙𝒙
(𝟐)

𝟎 𝟎 𝟎

)

(

 
 
 
 

𝑬𝒙𝑬𝒙
𝑬𝒚𝑬𝒚
𝑬𝒛𝑬𝒛
𝟐𝑬𝒙𝑬𝒚
𝟐𝑬𝒙𝑬𝒛
𝟐𝑬𝒚𝑬𝒛)

 
 
 
 

 

Equation 2-10 

Now there are only four independent tensor elements: 𝝌𝒙𝒙𝒙
(𝟐)
, 𝝌𝒙𝒙𝒛
(𝟐)
, 𝝌𝒛𝒙𝒙
(𝟐)
 𝒂𝒏𝒅 𝝌𝒛𝒛𝒛

(𝟐)
. 

These elements can be determined by rotationally anisotropic SHG103.  
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2.1.5 Electric Field Induced Second Harmonic (EFISH) Generation 

SHG as described above neglects the effect of a DC electric field applied on the 

bulk, which may build up when there are charge traps on the surface or interface. 

With the DC electric field, the bulk inversion symmetry might be broken within its 

range, the new polarization from Equation 2-6 will be: 

�⃗⃗� (𝟐𝝎) = 𝝌𝟐 ∙∙ �⃗⃗� �⃗⃗� + 𝝌𝟑 ∙∙∙ �⃗⃗� �⃗⃗� �⃗⃗� 𝑫𝑪 

Equation 2-11 

Usually, the SHG contribution from the second term in Equation 2-11 is small. 

However, when �⃗⃗� 𝑫𝑪 is large enough, especially when there is an intrinsic DC electric 

field building up due to band bending in semi-conductors, EFISH will contribute 

significantly into the whole SHG. As a matter of fact, band bending can be monitored 

through EFISH104 in this way. 

 

2.2 Time Resolved Spectroscopy 

2.2.1 Brief history of Pump-Probe experiment 

As a famous prototype of high-speed photography, The Horse in Motion shows 

images of the horse with all feet off the ground. In Figure 2-4, Muybridge placed 12 

cameras in a line along the edge of the track and the shutter of each was triggered 

by a thread as the horse passed. The motion of the horse was frozen while it passed 

through the camera, as the freezing time was limited by the shutter opening time in 

the order of milliseconds.   
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Figure 2-4 The Horse in Motion, photographed with an array of 12 cameras in a line by Eadweard Muybridge. 

Similar ideas could be applied to optical pump-probe experiment (Figure 2-5), the 

process of a substance is clocked when it absorbs radiation from the pump pulse, which 

defines the zero time, as the horse passes the first camera. The passage of the second 

pulse-the probe pulse, through the substance at some later time point provides a snapshot 

of the status of the system at that time, as the horse passes through the following cameras. 

Thus the information of the substance after the pump excitation can be recorded with 

probe at different time delays controlled by the time spacing (t) between them, which is 

usually controlled by the spatial distance (d) between them (t=d/c, c is the speed of light), 

instead. Here, the resolution of pump-probe experiment is determined by the duration of 

the pulses, usually in the order of femtoseconds as most commercial ultrafast pulsed 

lasers can provide. 
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Figure 2-5 Diagram of pump-probe experiment. 

 

2.2.2 Ultrafast Transient Absorption/Reflection (TA/TR) Spectroscopy 

TA/TR measures the change in absorption/reflection of probe pulse due to the pump 

pulse. Since their similarity in nature, let’s demonstrate TA first. 

The change in absorption of the probe due to the pump is defined as: 

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆(𝒐𝒇 𝒑𝒓𝒐𝒃𝒆 𝒘𝒊𝒕𝒉 𝒑𝒖𝒎𝒑)(𝑨𝒑𝒖𝒎𝒑)

− 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 (𝒐𝒇 𝒑𝒓𝒐𝒃𝒆 𝒘𝒊𝒕𝒉𝒐𝒖𝒕 𝒑𝒖𝒎𝒑)(𝑨) 

=  𝜟𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆(𝜟𝑨) 

Equation 2-12 

ΔA records any change in the absorption spectrum as a function of time and 

wavelength. Thus, it reflects Ground State Bleaching (GSB, ΔA<0), Photo-Induced 

Absorption (PIA, ΔA>0), Stimulated Emission (SE, ΔA<0). GSB reflects the depletion of 

the ground state carriers to excited states. PIA refers to further excitation of excited 

carriers to higher energy levels. SE is the process that the incoming of a photon interacts 
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with an excited carrier and causes it to drop to a lower energy level by releasing another 

photon. 

Conventionally, ΔA is scaled by the absorption of probe without pump, which is 

called differential absorption (DA): 

𝑫𝑨 =
𝜟𝑨

𝑨
=
𝑨𝒑𝒖𝒎𝒑 −𝑨

𝑨
 

Equation 2-13 

The same definition can be generalized to ΔR and DR as well: 

𝑹𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏(𝒐𝒇 𝒑𝒓𝒐𝒃𝒆 𝒘𝒊𝒕𝒉 𝒑𝒖𝒎𝒑)(𝑹𝒑𝒖𝒎𝒑)

− 𝑹𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏(𝒐𝒇 𝒑𝒓𝒐𝒃𝒆 𝒘𝒊𝒕𝒉𝒐𝒖𝒕 𝒑𝒖𝒎𝒑)(𝑹) 

=  𝜟𝑹𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏(𝜟𝑹) 

Equation 2-14 

𝑫𝑹 =
𝜟𝑹

𝑹
=
𝑹𝒑𝒖𝒎𝒑 − 𝑹

𝑹
 

Equation 2-15 

When TA/TR are measured as a function of wavelength and time, it is called time 

resolved TA/TR spectroscopy (TRTRS). The TA/TR curve along wavelength provides 

information of different signatures (GSB, PIA, SE and so on) about the substance. Like 

finger printing, it gives the spectrum with signatures depending on materials. Different 

processes can also be extracted from the TA/TR curve along time, which can reveal the 

lifetimes of true physical processes upon the pump excitation. As a matter of fact, with 

selected pump and probe energies, it can give insights on different processes, such as hot 

carrier cooling, nonradiative exciton recombination, radiative recombination and so on. 

Usually, TRTRS is combined with other optical techniques like time resolved 
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photoluminescence, time resolved THz spectroscopy to distinguish different signatures or 

processes.  



 

25 

 

Chapter 3 Experimental Results 

 

3.1 Zr 

3.1.1 Overview 

Fresh Zr is highly reactive and it will be immediately oxidized when exposed to 

ambient air. To access the bonding information on the interface between Zr and its oxide 

film, SHG anisotropy has been applied. It was found that strain introduced in the 

polishing process (if not well-controlled) could have an important effect on biasing SHG 

anisotropy, indicating a rough interface. Thus, a new sample preparing recipe was 

developed to achieve a smoother interface. ABM has be utilized for modeling the SHG 

anisotropy. 

Besides the well-formed interface, to study the oxidation of Zr, SHG and AES have 

been used. With SHG, it was found that the initial oxidation of Zr obeys Langmuir 

kinetics with a time constant of 0.57 Langmuir. Moreover, the phase change of ZrO2/Zr 

interface has a time constant of 2.93 Langmuir. With AES, the subsequent oxidation 

following an exponential decay with a time constant of 10.8 Langmuir was revealed. The 

combination of SHG and AES successfully shows the two-stage oxidation process on Zr 

surface which gives insights into the detailed oxidation process of Zr. 

 

3.1.2 Experimental Methods 

3.1.2.1 In ambient air 

The sample (Figure 3-1) in the investigation was a one-side polished plate (surface 

roughness <0.03 µm) of polycrystalline Zr (~2 cm in diameter, ~1 mm in thickness) with 
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several crystalline grains in an orientation (0001) of accuracy <1°. The sample was first 

cut into small pieces along grain boundaries. These small pieces have cross-sectional 

areas approximating 0.25 cm2 in roughly shaped triangles or squares. One thing that 

needs to be paid attention is that even if the surface is very smooth, it does not indicate a 

well-structured interface. Since Zr is highly reactive to oxidizers in ambient air, the 

sample is naturally covered by a layer of hard, transparent Zr oxide105. Consequentially, a 

fine polish on the surface, which is mostly the last step of a complete mechanical 

polishing process, may not be able to access the interface, rendering a smooth oxide 

surface instead of a smooth interface between oxide film and Zr. 

 

 

Figure 3-1 Picture of Zr (0001). 

To eliminate possible confusion, the surface of Zr here is defined as the surface of 

fresh Zr when there is no oxide film, or the interface between Zr and its oxide film when 

oxide film presents.  

Interface roughness and/or unknown strain are adverse effects while applying 

reflective optical methods. Thus, preparation of an atomically clean surface is crucial. 
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The goal of sample preparation is to achieve an optically smooth and a clean surface of 

single-crystal Zr. In ambient air, a clean surface here indicates that the surface of Zr 

maintains macroscopic crystalline structure even it’s oxidized, i.e. oxidization changes 

only its microscopic structure, and its macroscopic symmetry won’t be destroyed by 

other factors like polishing.  

Accordingly, post processing in ambient air was applied. First, rough polish with 

320, 400 and 600 grit SiC polishing wheels, step by step. Any finer sand paper than the 

aforementioned proved to be ineffective due to the hardness of the oxide layer on the 

surface. Second, fine polish 4 hours on a vibratory polisher using a 0.05 colloidal silica 

solution. A heavy weight was placed upon the polishing fixture to avoid leaving a 

residual film on the surface of sample. Third, acid etch by dipping into 37% nitric acid 

and 1.5% HF diluted with nanopure water. To etch the sample slowly and evenly, the 

etching solution with beaker was placed in a mixture of ice and water and the sample was 

sonicated in the etching solution for approximately 10 seconds. After acid etching, it was 

clear that the oxide had been removed in the acid solution because the new Zr surface 

became rougher and the new oxide surface appeared thinner observed by eye, and also 

revealed by SHG anisotropy. It is worth to mention that a diluter solution cannot 

penetrate into the relatively stable oxide film. To reduce the roughness on Zr surface, fine 

polishing again on a vibratory polisher was conducted. As a result, one relatively smooth 

interface with slight strain can be achieved, verified by SHG anisotropy below.  

SHG anisotropy experiments were performed in reflection geometry using ultra-short 

laser pulses tuned at 800 nm with a repetition rate of 76 MHz (refer to Appendix A for 

detailed specifications of laser) and incident on the sample at 45 degrees (Figure 3-2). 
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Without otherwise stated, all the experimental conditions were in ambient air. The SHG 

anisotropy at 400 nm was collected as the sample was rotated along its azimuthal axis in 

ambient air. The beam was focused to a ~40 µm spot on the sample with a power density 

less than 8 kW/cm2
 or a laser fluence less than 100 µJ/cm2, which is below the damage 

threshold. Excitation and detection paths utilized wave-plates, polarizers and analyzers to 

measure the resulting SHG for Pin/Pout, Pin/Sout, Sin/Pout, and Sin/Sout excitation and 

radiation polarization configuration as needed, where P means light polarization in the 

plane of incidence and S means polarization perpendicular to the plane of incidence. The 

PMT (P30CWAD5A, Electron Tubes Limited) was operating in photon-counting mode, 

having a uniform sensitive surface to make sure that SHG anisotropy was not biased by 

slightly change in the direction of SHG upon the rotation of the sample. 

 

 

Figure 3-2 Diagram of SHG setup. 
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3.1.2.2 In UHV chamber 

In UHV, a clean surface is classically defined to be an annealed surface at ambient 

temperature with a total surface contamination of less than a few percent of a monolayer. 

Because Zr is highly interactive to gaseous molecules, further processing, was 

conducted in UHV to access the fresh Zr and to delay its oxidation process. Cleaning 

procedure specifically for Zr (0001) in the UHV involves heating to a high temperature 

requiring pressures ideally near 1×10-11 Torr at room temperature, argon ion sputtering, 

annealing, and in-situ element-specific analysis of the surface. 

 

 

Figure 3-3 (a) Residual Gas Analysis inside UHV chamber. (b) Zr(0001) under sputtering. 

The UHV chamber was step-pumped (Rough, Turbo, Ion, TSP pump, plus baking) to 

a base pressure about 1×10-9 Torr, which took about 5 days. Once the pressure of near 

1×10-9 Torr was reached, it became difficult to detect leaks and contamination in the 

chamber. Figure 3-3 (a) shows a typical residual gas analysis of the ambient environment 

inside UHV chamber before baking at 7.4×10-9 Torr. We researched exhaustively to find 

an ideal “baking” recipe to achieve the lowest pressure possible for our UHV chamber. 
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However, there is a very small room for error when trying to reach the pressures ideally 

needed for a clean Zr surface (i.e. 1×10-11 Torr), but we were still able to achieve a clean 

surface for a small period of time (as indicated later). Then the chamber was back-filled 

with ultra-high purity Argon (purity > 99.999%) to 5×10-5 Torr. The emission current 

was set to 25 mA and the beam voltage was at 3 kV during the period of sputtering for 

about 4 hours (Figure 3-3 b), followed by annealing. Annealing insures the 

reproducibility of a nearly defect-free crystallinity surface. Sputtering and annealing were 

repeated several (4-7) times to ensure complete oxide removal.  

AES is the surface characterization method we utilized since this method has 

detection limits of about one percent of a monolayer for individual elemental 

contamination of the surface. The quality of our oxide removal is shown by AES 

spectrum peaks representing relative ratios of Zr to amounts of carbon and oxygen 

contaminations on the surface. Peak to peak magnitude of an AES peak in a differentiated 

spectrum is directly related to the surface concentration of the element which produces 

Auger electrons. Figure 3-4 shows a typical AES results before and after 140 min 

sputtering. It is clear that the contaminants containing C atoms can be removed by Ar+ 

sputtering and Zr atoms show up as accessing to fresh Zr. As a side note, the arise of the 

O atom peak is due to the insufficient sputtering time (140 min) here, in which stage, 

most of the contaminants are removed or “cleaned” by Ar ions. Actually, after several 

rounds of sputtering (~4 hours), O atom peak will almost disappear on AES. 
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Figure 3-4 AES before (black) and after (red) sputtering. 

The SHG experiment was conducted by passing the 800 nm light through the 

window on the UHV chamber onto the sample, with the reflected SHG collected through 

another window by the PMT (Figure 3-5). The set-up is very similar to the diagram in 

Figure 3-2, however, due to the different experimental conditions (limit in geometry, 

noise level), there are mainly two differences. First, the sample was sitting in the center 

of the UHV chamber, which was at least 20 cm from the nearest accessible window, thus 

a 30 cm focus lens was used, so the beam size on the sample would be ~150 µm in 

diameter (see Eqt. B-5 in Appendix B); the incidence angle was also changed to 60° 

limited also by the geometry. Second, because of the increased noise, the PMT (H10721, 

HAMAMATSU) operating in current mode was used with lock-in amplifier (SR810, 

Stanford Research Systems) in a chopping frequency of 400 Hz to eliminate the 

background noise. The azimuthal angle of the sample can be rotated in a range of ~180°, 

where the maximum SHG was found at a certain angle θ0 before the processing in UHV. 

The azimuthal angle θ0 was fixed without otherwise stated. Excitation and detection paths 
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utilized wave-plates, polarizers and analyzers to measure the resulting SHG for Pin/Pout 

excitation and radiation polarization, where P means light polarization in the plane of 

incidence. 

 

 

Figure 3-5 Picture of SHG experiment combined with UHV chamber: the arrowed lines indicate the path of 800 nm 

laser into the UHV chamber. 

 

3.1.3 Experimental Results 

3.1.3.1 SHG anisotropy from the interface of Zr/ZrO2 

Zr has hexagonal close-packed (HCP) structure, and the surface of (0001) has a 3-

fold structure. It106, 107 was suggested theoretically that the initial adsorption of oxygen 

atoms will favor the surface face-centered cubic (SFCC) sites; as the adsorption of 

oxygen increases, oxygen atoms will start to occupy octahedral sites in the alternative 

layers such as Octa (2,3), Octa (4,5) and Octa (6,7). We can reasonably extend it to the 
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interface of well-formed Zr-ZrO2 interface that oxygen atoms occupy the octahedral sites 

on the interface.  

 

 

Figure 3-6 Oxygen atoms are in octahedral sites in alternative layers on the interface of Zr/ZrO2. 

As shown in Figure 3-6, due to the symmetry, there are only 6 independent bonds 

(numbered 1, 2, 3, and -1, -2, -3). Figure 3-7 shows the SHG anisotropies in Pin - Pout and 

Pin - Sout geometries simulated with ABM. The SHG anisotropy shows a 3-fold symmetry 

and a 6-fold symmetry, for Pin - Pout and Pin - Sout geometries, respectively. MPM will 

give the similar pattern based on the symmetry of the interface. For simplicity, here we 

excluded other effects, such as the EFISH. In real experimental measurements, the 

interface conditions could be much more complicated by the emergence of other factors, 

like surface roughness, strains, locally trapped charges and so on. 
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Figure 3-7 ABM simulation of SHG from a perfect interface between Zr and its oxide film. 

To confirm the quality of the interface, SHG anisotropy (Figure 3-8) was measured 

in Pin - Pout geometry without any further processing on the as-received Zr (0001). There 

was no 3-fold pattern as predicted in Figure 3-7. To confirm our assumption that there is 

no SHG from the interface of oxide and air, we did SHG anisotropy on ZrO2 single 

crystal and there was no SHG signal at all. Thus we can safely attribute SHG signal from 

the interface between Zr and its oxide.  
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Figure 3-8 SHG anisotropy of as-received Zr (0001) single crystal. 
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While it’s well studied that strain could have a significant impact on the SHG 

anisotropy108, we suspected that the interface experienced strong strain effect. To confirm 

our suspect, we did SHG anisotropy on the as-grown Ti film, which has a (0001) 

direction as well. Ti also has a thin film of native oxide, and has very similar structure 

and properties as Zr. Generally, in Figure 3-9, SHG anisotropy on Ti shows the 3-fold 

symmetry. Hence, we can tentatively conclude that the erratic SHG anisotropy on Zr in 

Figure 3-8 is due to the effect of strain.  

 

 

Figure 3-9 SHG anisotropy on as grown Ti. (a) P-P (black) and P-S (red) geometries. (b) S-S (black) and S-P (red) 

geometries. 

To relieve the strain on the interface, acid etching was conducted on the Zr sample as 

described in the experimental methods. After the etching, SHG anisotropy was measured 

again, shown in Figure 3-10 (black dots). The appearance of 3-fold structure indicates 

that strain had been removed mostly. SHG anisotropy can be fitted by ABM well (red 

curves in Figure 3-10) except some outliers. The greater fluctuation in the data was 

concluded into that the aggressive solution induced a rougher interface. Therefore, we 

fine polished the Zr sample again, and the SHG anisotropy results are in Figure 3-11. 
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While fluctuation in SHG signal was reduced, however, the peaks are irregular and ABM 

is not applicable. We suspect that strain was again introduced in the polishing. We tried 

slightly diluter chemical solution but the oxide film was not etched even in a much longer 

time. The carefully controlled polishing won’t improve SHG anisotropy, either. 

 

 

Figure 3-10 SHG anisotropy after chemical etching. 

 

 

Figure 3-11 SHG anisotropy after fine polishing. (a) P-P geometry. (b) S-S geometry. 
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Our studies show that chemical etching can remove polishing-induced strain on the 

interface in the sack of a rougher surface. And the polishing can get smoother interface in 

the sack of introducing strain. Future works should be done to achieve a better balance 

between chemical etching and polishing in ambient air, which requires extremely delicate 

controls if possible. 

 

3.1.3.2 Time dependent AES and SHG results during the oxidation of fresh Zr 

As Zr will be oxidized immediately if exposed to ambient air, to extend the oxidation 

time of fresh Zr for study, we introduced Zr into UHV chamber and removed the oxide 

film with Ar ion sputtering and recovered the crystal with annealing. After the removal of 

oxide film, fresh Zr was sitting in the ambient environment with a vacuum of 1×10-9 

Torr, as the residual gaseous components analyzed in Figure 3-3 (a) before baking. 

AES gives an overview on the amounts of different atoms in its sensitive region near 

the surface of the sample. As we can see in the AES figure (Figure 3-12), after the 

exposure of processed fresh Zr, Zr peak decreases as O peak and C peak increase. O atom 

is from oxidation since Zr is highly reactive to oxidizers in the ambient environment, 

such as H2O and CO2 (Figure 3-3 a). C atom is from the contamination or the adsorption 

of CO2.  
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Figure 3-12 AES upon oxidation of fresh Zr in ambient environment of UHV. 

A detailed trend can be found in Figure 3-13 on selected signature peaks. 

 

 

Figure 3-13 Change of Zr and O peaks in AES upon exposure of fresh Zr in ambient environment of UHV. 
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The thickness of Zr oxide can be derived from the ratio of Zr/O peaks in the AES. 

We apply two assumptions: 

1. The oxide is stable after 360 min in UHV ~1.5 nm109 (Figure 3-14) 

2. AES sensitive range ~2 nm110. 

 

 

Figure 3-14 Diagram of Zr oxide on the surface of Zr 

Because AES sensitivities to different atoms are different. Here we use NZr, NO, SZr 

and SO to denote the number of Zr atoms, the number of O atoms, the sensitivity to Zr 

and the sensitivity to O, respectively, in its sensitive region. The ratio between Zr peak 

and O peak is equal to: 

𝑨𝒖𝒈𝒆𝒓(𝒁𝒓)

𝑨𝒖𝒈𝒆𝒓(𝑶)
=
𝑵𝒁𝒓
𝑵𝑶

∗
𝑺𝒁𝒓
𝑺𝑶

 

Equation 3-1 

When stable, in Figure 3-13 after 360 min: 

𝑨𝒖𝒈𝒆𝒓(𝒁𝒓)

𝑨𝒖𝒈𝒆𝒓(𝑶)
= 𝟎. 𝟑 

Equation 3-2 
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During the oxidation of Zr, O atom will penetrate into the Zr oxide film and form 

oxide and\or suboxide on the interface of Zr and Zr oxide. Since the thickness of Zr 

suboxide is negligible, a reasonable approximation is that Zr bi-oxide thickness grows on 

the surface of Zr. If 𝑻𝒁𝒓𝑶𝟐 denotes the thickness of Zr bi-oxide, assuming that Zr atom 

and O atom occupy similar space, the ratio of Zr atoms and O atoms detected by AES is: 

𝑵𝒁𝒓
𝑵𝑶

=
𝑻𝒁𝒓𝑶𝟐 ∗ 𝟏 𝟑 + (𝟐 − 𝑻𝒁𝒓𝑶𝟐) ∗ 𝟏⁄

𝑻𝒁𝒓𝑶𝟐 ∗ 𝟐 𝟑⁄
 

Equation 3-3 

When stale after 360 min, according to the Zr oxide diagram (Figure 3-14), we can 

get: 

𝑵𝒁𝒓
𝑵𝑶

=
𝟏. 𝟓 𝒏𝒎 ∗ 𝟏 𝟑⁄ + (𝟐 − 𝟏. 𝟓 𝒏𝒎) ∗ 𝟏

𝟏. 𝟓 𝒏𝒎 ∗ 𝟐 𝟑⁄
= 𝟏 

Equation 3-4 

Combine Equation 3-1, Equation 3-2 and Equation 3-4, and we get: 

𝑺𝒁𝒓

𝑺𝑶
=
𝑨𝒖𝒈𝒆𝒓(𝒁𝒓)/𝑨𝒖𝒈𝒆𝒓(𝑶)

𝑵𝒁𝒓 𝑵𝑶⁄
=0.3 

Equation 3-5 

Thus we get the ratio between the sensitivities of Zr and O.  

With Equation 3-1, Equation 3-2, Equation 3-3 and Equation 3-5, the thickness of Zr 

oxide can be derived: 

 𝑻𝒁𝒓𝑶𝟐 =
𝟑

𝟏 +
𝑵𝒁𝒓
𝑵𝑶

=
𝟑

𝟏 +
𝑨𝒖𝒈𝒆𝒓(𝒁𝒓)/𝑨𝒖𝒈𝒆𝒓(𝑶)

𝑺𝒁𝒓 𝑺𝑶⁄

=
𝟑

𝟏 +
𝟏𝟎
𝟑 ∗

𝑨𝒖𝒈𝒆𝒓(𝒁𝒓)
𝑨𝒖𝒈𝒆𝒓(𝑶)

 

Equation 3-6 
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Now the relationship between AES and ZrO2 thickness has been established. Figure 

3-15 is the plot of the ZrO2 thickness growth versus the exposure in Langmuir1, and the 

single exponential function 𝒚 = 𝑨𝟎 + 𝑨𝟏 ∗ 𝒆
−𝒙/𝝉 fits well with A0 = 1.78±0.03 nm, A1 = 

-1.81±0.03 nm and τ = 10.8±0.5 L. 

 

 

Figure 3-15 Change of ZrO2 thickness along with the exposure in Langmuir (black dots). The fitting (red curve) using a 

single exponential function 𝒚 = 𝑨𝟎 + 𝑨𝟏 ∗ 𝒆
−
𝒙

𝝉 gives A0 = 1.78±0.03 nm, A1 = -1.81±0.03 nm and τ = 10.8±0.5 L. 

AES can provide the atomic information of its sensitive region, whereas SHG has the 

power of extracting the bonding information between atoms108. We introduced pulsed 

800 nm lasing into the UHV chamber, directed it on the surface of Zr plate and collected 

the reflected beam through a 400 nm bandpass filter into the PMT. Figure 3-16 shows the 

                                                 

1 1 Langmuir = 1×10-6 Torr∙s 
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collected SHG upon the exposure of fresh Zr with an exponential fitting. And the two 

exponential function 𝒚 = 𝑨𝟎 + 𝑨𝟏 ∗ 𝒆
−𝒙/𝝉𝟏 + 𝑨𝟐 ∗ 𝒆

−𝒙/𝝉𝟐   fits well with A0 = 

1.079±0.004, A1 = 22.88±0.08, τ1 = 0.360±0.002 L, A2 = 4.21±0.05 and τ2 = 2.52±0.03 L 

(adjusted R2 = 0.99773), implying a two-stage process in the oxidation of fresh Zr. The 

general trend shows that SHG decays fast at the beginning and starts to decay slowly 

later. To explain the underlying physical meanings, a detailed discussion is demonstrated 

below. 

 

 

Figure 3-16 Change of SHG from Zr surface along with the exposure in Langmuir (black) with the fitting (red curve). 

The fitting (red curve) using a two exponential function 𝒚 = 𝑨𝟎 + 𝑨𝟏 ∗ 𝒆
−𝒙/𝝉𝟏 + 𝑨𝟐 ∗ 𝒆

−𝒙/𝝉𝟐 gives A0 = 1.079±0.004, 

A1 = 22.88±0.08, τ1 = 0.360±0.002 L, A2 = 4.21±0.05 and τ2 = 2.52±0.03 L (adjusted R2 = 0.99773). 

Zr and crystalline or poly-crystalline Zr oxide have inversion symmetry, thus, SHG 

can only be generated at the surface of Zr or the interface between Zr and Zr oxide if 

oxidized. In other words, SHG is only sensitive to the surface of Zr. As a metal, electrons 
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are free on the fresh Zr surface. Whereas the electrons will be confined in the valent 

bondings between Zr atoms and O atoms once oxide forms on the interface. Thus, fresh 

Zr surface will have a much higher SHG intensity compared to oxidized Zr surface 

because the surface nonlinearity is mostly dominated by free electrons111. In the exposure 

of Zr surface to the ambient environment in UHV, the density of free electrons decreases 

as molecules are adsorbed on Zr surface, rendering to a decrease in SHG, which is shown 

in Figure 3-16 as well. To establish the relationship between SHG and the coverage of 

oxide at the beginning stage, we tentatively assume the ratio of the 2nd order nonlinear 

coefficients from fresh Zr surface versus Zr/ZrO2 interface is 1:R (R<<1).  

𝝌𝒁𝒓
(𝟐)
: 𝝌𝒁𝒓𝑶𝟐/𝒁𝒓

(𝟐)
= 𝟏:𝑹 (𝑹 ≪ 𝟏) 

Equation 3-7 

The initial adsorption of molecules can be described by Langmuir kinetics: 

𝝉 ∗ �̇� = 𝟏 − 𝜽 => 𝜽 = 𝟏 − 𝒆−𝒕 𝝉⁄  

Equation 3-8 

θ is the surface adsorption coverage, τ is the adsorption time constant (the inverse of 

adsorption rate), and t is the exposure duration in Langmuir. Set 𝝌𝟎
(𝟐)

 as the 2nd order 

nonlinear coefficient when the oxidation is stabilized. We can get 𝝌(𝟐)  during the 

oxidation is: 

𝝌(𝟐) = 𝜽 ∗ 𝑹 + (𝟏 − 𝜽) ∗ 𝟏 

Equation 3-9 

Thus, assuming I0 as the SHG intensity when the surface is stable, then, during 

oxidation, SHG intensity I is equal to: 
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𝑰 = 𝑰𝟎 ∗ |𝟏 − 𝜽 ∗ (𝟏 − 𝑹)|
𝟐 

Equation 3-10 

Combine Equation 3-8 and Equation 3-10: 

𝑰 = 𝑰𝟎 ∗ |𝟏 − (𝟏 − 𝒆
−𝒕 𝝉⁄ ) ∗ (𝟏 − 𝑹)|

𝟐
 

Equation 3-11 

Besides the Langmuir kinetics, we need to include one more process, as observed in 

the continuous decrease of SHG within our exposure window after several Langmuirs, 

which can be reasonably concluded into the further change on the interface after the 

formation of the first several monolayers. We tentatively attribute an exponential term in 

addition to Equation 3-11, thus we have: 

𝑰 = 𝑰𝟎 ∗ |𝟏 − (𝟏 − 𝒆
−𝒕 𝝉𝟏⁄ ) ∗ (𝟏 − 𝑹)|

𝟐
+ 𝑨𝟎 ∗ 𝒆

−𝒕/𝝉𝟐 

Equation 3-12 
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Figure 3-17 Change of SHG from Zr surface along with the exposure in Langmuir (black) with the fitting (red curve). 

The fitting (red curve) using Equation 3-12 gives I0 = 25.73, R = 0.20, τ1 = 0.57, A2 = 3.42, τ2 = 2.93 (adjust R2 = 

0.99847) 

The fitting using Equation 3-12 gives: I0 = 25.73, R = 0.20, τ1 = 0.57, A2 = 3.42, τ2 = 

2.93 (adjust R2 = 0.99847). The time constant of the Langmuir kinetics is in the same 

order of 1 Langmuir, showing that any molecule that hits the surface of Zr will be 

trapped, an indication of Zr’s high reactivity. A direct compare between Figure 3-16 and 

Figure 3-17 shows that Equation 3-12 fits the experimental data slightly better (adjust R2 

= 0.99847 > 0.99773). While the estimates in the time constants yield similar values, in 

future works, we can adopt the two exponential function fitting for convenience. 

In Figure 3-18, when the x-axis (exposure time) is in log-scale, a two-stage process 

for both SHG and ZrO2 growth is clear, while the transition point is right around 1 

Langmuir, when Zr is covered by one monolayer of adsorbed gas molecules on the 

surface. 
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Figure 3-18 Change of ZrO2 thickness (black squares) and SHG (blue squares) along with the exposure in Langmuir 

(x-axis in log scale). 

 

3.1.4 Conclusions 

A recipe is developed for surface processing on Zr. SHG anisotropy has been 

successfully applied to access the interface between Zr and its oxide film and is very 

sensitive to the interface conditions, such as the strain and roughness. ABM could be 

used as the model to extract the bonding information.  

Under the ambient environment in UHV, SHG and AES have successfully revealed 

the two-stage oxidation process on Zr. With SHG, it was found that the initial oxidation 

of Zr obeys Langmuir kinetics with a time constant of 0.57 Langmuir. In addition, the 

phase change of ZrO2/Zr interface has a time constant of 2.93 Langmuir. With AES, the 

subsequent oxidation follows an exponential decay with a time scale of 10.8 Langmuir. 
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The two-stage oxidation process on Zr surface gives insights into the detailed oxidation 

process of Zr. 

 

3.2 Bi2Se3
2 

3.2.1 Overview 

The time evolution of electrostatic fields near a Bi2Se3 surface after a mechanical 

cleave was observed using SHG. By comparing samples with different bulk doping levels 

and samples cleaved in different gas environments, these observations indicate multiple 

contributions to electric field evolution. These include the intrinsic process of Se vacancy 

diffusion as well as extrinsic processes due to both reactive and nonreactive surface 

adsorbates. 

Here, new experiments that monitor the very long time evolution of SHG from 

Bi2Se3 surfaces cleaved under different conditions are reported. These experiments allow 

deconvolution of the impact of multiple surface processes, both intrinsic and extrinsic. 

We resolve intrinsic SHG changes due to the accumulation of electrons and Se vacancies 

near the surface. In addition, extrinsic electrostatic impacts of surface adsorbates are 

observed by cleaving in different gas environments. Finally gradual and extensive 

chemical modification of the surface due to long-time exposure to ambient air is 

observed. 

 

                                                 

2 This work is in part published in the reference112. C. Xu, A. Hewitt, J. Wang, T. Guan, J. Boltersdorf, 

P. A. Maggard, D. B. Dougherty and K. Gundogdu, Journal of Applied Physics 116 (4), - (2014). 
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3.2.2 Experimental Methods 

Single crystal samples were grown from the binary melt by sealing Bi shot (Aldrich, 

99.999%; 1-5 mm) and an excess of Se pellets (Aldrich, 99.999%; < 5 mm) in two 

different Bi:Se ratios of 0.62 and 0.54 in vacuum-sealed fused-silica ampoules. Details of 

growth and characterization can be found as described previously.113 SHG experiments 

were performed in reflection geometry using ultra-short laser pulses tuned at 800 nm with 

a repetition rate of 250 kHz and incident on the sample at 45 degrees. The beam was 

focused to a ~40 µm spot with a power density of 0.06 kW/cm2, which is below the 

damage threshold. Detailed laser specifications can be found in Appendix A and the 

diagram of SHG set-up is similar to that in Figure 3-2. SHG Anisotropy at 400 nm was 

collected as the sample was rotated along its azimuthal axis. Excitation and detection 

paths utilized wave-plates, polarizers and analyzers to measure the resulting SHG for 

Pin/Pout, Pin/Sout, Sin/Pout, and Sin/Sout excitation and radiation polarization configurations, 

where P means light polarization in the plane of incidence and S means polarization 

perpendicular to the plane of incidence. To control the gaseous environment, the sample 

was sealed in a glove box, which was purged with desired gas. 
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3.2.3 Ambient Air Cleave 

 

 

Figure 3-19 Normalized SHG Anisotropy from the Bi2Se3 (111) surface as a function of azimuthal angle φ. 

Measurements taken (a) 5 min and (b) 5 day after cleavage in ambient air. <1> Pin-Pout, <2> Pin-Sout, <3> Sin-Pout, <4> 

Sin-Sout indicate different incident and outgoing photon geometries. 

Figure 3-19 shows the SHG response of (111) oriented Bi2Se3 (Bi:Se=0.62) surface 

after cleaving mechanically in air with scotch tape. Panels (a) and (b) display the 

experimental results measured in ambient air conditions 5 minutes and 5 days after 

cleaving the surface, respectively. The 3-fold rotational symmetry of the surface results in 

this flower pattern with 3 major and 3 minor peaks. The evolution of the anisotropy of the 

SHG response after 5 days is evident in Figure 3-19 (b) in which the relative intensity of 

the major and minor peaks is reversed compared to the early time pattern in Figure 3-19 

(a). 
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Figure 3-20 Time dependent SHG anisotropy after cleavage in ambient air for Pin-Pout geometry.  

 

Figure 3-20 displays the complete time evolution of the SHG response on Bi2Se3 

(Bi:Se=0.62) during the 69 hours after a mechanical cleavage in ambient air. In Figure 

3-20, the SHG evolution for all azimuthal angles is shown for only p-polarized excitation 

and emission (Pin-Pout), whereas in Figure 3-21, only the minor and major peak evolutions 

are shown for all different input and output polarization combinations. The results exhibit 

a very complex dynamic response. For the first ~2 hours, there is a rise or plateau in the 

SHG for both major and minor peaks similar to the reports of Hsieh and co-workers for 

related samples.34, 35 After this initial rise, the SHG response decays during the next 10 

hours. At the end of this decay, the anisotropy of the response exhibits a remarkable 

phase shift that changes the relative intensity of the major and minor peaks. 

Subsequently, all the peaks rise monotonically for the next 57 hours. The 3-fold 
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rotational anisotropy with reversed phase prevails with less difference between the major 

and minor peaks. We note that the four different polarization configurations in Figure 

3-21 all follow the same trend. Therefore, in the following part, we will mainly focus on 

p-polarized excitation/emission configuration for our analysis. 

 

 

Figure 3-21 Evolution of SHG signal at high symmetric angles for different photon geometries. 

The SHG evolution in Figure 3-19, Figure 3-20 and Figure 3-21 is substantially more 

complex compared to previous early-time measurements reported by Hsieh et al. that 

showed only a monotonic change in SHG intensity over ~100 minutes after cleaving in 

air.34, 35 We thus infer that there are multiple processes that contribute to the evolution of 

SHG in our samples. In order to isolate the contributions of various processes to the 
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SHG, we performed experiments that vary first the bulk carrier concentration and then 

ambient gas environment. 

 

 

Figure 3-22 Time dependent SHG at 0° and 60° for different Bi2Se3 samples. (a) Bi:Se = 0.62 (~6×1018 cm-3); (b) Bi:Se 

= 0.54 (~5×1017 cm-3) after cleavage in ambient air in Pin-Pout photon geometries. 

 First we focused on the intrinsic effect of bulk carrier concentration in the Bi2Se3 

samples due to Se vacancies. Figure 3-22 (a) and (b) show the SHG evolution in ambient 

air for two samples grown with different melt compositions of Bi and Se that are known 

to result in an order of magnitude difference in carrier density. The melt composition of 

0.62 is expected to give a carrier density of ~6×1018 cm-3 and the composition of 0.54 is 

expected to give ~ 5×1017 cm-3.30 While the qualitative evolution is the same for both 

samples, there is a difference in the time scale of the early evolution. The early SHG rise 

and decay occurs within the first 10 hours in the high carrier concentration sample, 

whereas it takes about 4 hours in the low concentration material. However, the slow rise 

at very long time takes place over a similar time period for the different samples. After 

about 30 hours, SHG for the high concentration sample increased to its saturation level, 

whereas it took about 28 hours for the low concentration sample. This dependence on 
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carrier concentration will be discussed in more details below. Generally, it shows an 

important impact of electrostatic band bending near the surface in line with the general 

picture of SHG evolution in Bi2Se3 developed in previous work.34, 35 

 

3.2.4 Cleaves in Controlled Gas Environments 

Given that ambient air is a mixture of O2, H2O, N2, and other gases, interactions with 

several adsorbate molecules could modify the surface and may potentially lead to 

chemical and/or structural changes. In order to study the effect of surface adsorption, we 

performed controlled experiments with different gas exposure conditions. Based on 

previous studies, highly electronegative O2 is a strong electron acceptor34, 35, 114 and H2O 

is a strong electron donor.115 Generally, N2 can be treated as chemically inert to the 

Bi2Se3 surface. Thus, we used an N2 (ultra-high purity) environment to isolate samples 

from reactive gases and to establish direct proof of the two-component intrinsic 

dynamics. 
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Figure 3-23 Time dependent SHG intensity with Bi2Se3 (Bi:Se = 0.62) cleaved in N2 and kept for 25.23 h before 

exposure to ambient air at the time indicated by the dashed line. 

Figure 3-23 shows the SHG evolution of a high carrier concentration sample cleaved 

in N2. Both 0° and 60° azimuthal angles show a monotonic increase in about the first 3 

hours, similar to Figure 3-22 (a), and a decrease afterwards. Unlike the evolution in 

ambient air, the decrease occurs over a much longer initial time. Once the sample is 

introduced to ambient air, marked by the dashed line, the signal rapidly decreases and 

then the whole trend of SHG repeats the slow evolution already observed for ambient air 

cleaves.  
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Figure 3-24 Time dependent SHG intensity with Bi2Se3 (Bi:Se = 0.62) cleaved in zero-air and kept for 25.38 h before 

exposure to ambient air at the time indicated by the dashed line. 

We then performed experiments in a water-free environment by using a mixed gas 

(Air, zero grade) of O2 (20%) and N2 (80%) (also known as "zero air"). This simulates 

the composition of ambient air while excluding the impact of H2O. In Figure 3-24, the 

results for cleaving in zero air show remarkable differences compared to the evolution in 

either an inert N2 environment or in normal ambient air. In the first 4-5 hours the SHG 

rises to its maximum amplitude for both 0 deg and 60 deg azimuthal angles. Then it stays 

almost constant up until the sample is exposed to ambient air. In ambient air, the SHG 

signal behaves in a manner broadly consistent with the ambient air evolution in Figure 

3-19, Figure 3-20 and Figure 3-21.  
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3.2.5 Discussion 

In this section, we sketch a qualitative picture of the time dependence of electrostatic 

fields near the cleaved Bi2Se3 surface based on the SHG observations just presented. It is 

clear that the SHG response in Bi2Se3 depends on multiple processes including the 

intrinsic effects of charge and ionized impurity redistribution and the extrinsic effects of 

surface doping and impurity composition due to ambient gases. As a result, SHG exhibits 

a complex evolution over multiple time scales. 

 

 

Figure 3-25 Schematic depiction of the different regimes of time evolution of the surface electric field considered in the 

discussion section. The top and bottom panels are schematics of the crucial physical processes in each regime and the 

time evolution of SHG intensity, respectively. Regime I involves gradual band bending due to redistribution of Se 

vacancy donors and their associated conduction band electrons. Region II shows surface adsorption of ambient gases 

where the arrow indicates arrival of a molecule (H2O here, can also be N2 or O2) to the surface from the gas phase. 

Region III depicts more extensive surface oxidation where a clear chemical bond is drawn between O atoms and the 

surface. 
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The general evolution is depicted schematically in Figure 3-25. We divide the time 

evolution into three separate regimes that we propose are dominated by distinct physical 

processes. The initial rise in regime I is dominated by Se vacancy and associate free 

carrier motion that establishes a depletion region near the surface. The intermediate time 

evolution in Regime II shows the most variability depending on ambient conditions and 

thus inferred to be controlled by the electrostatic impact of ambient adsorbates. In 

ambient air, the presence of water convolutes some chemical reactivity with the 

electrostatic effects in this regime. The very long time evolution in Regime III shows 

dramatic surface changes in the SHG anisotropy and corresponds to significant surface 

chemical reactions in ambient air due to the combined presence of O2 and H2O. 

 

3.2.5.1 Regime I: Intrinsic charge redistribution 

The initial SHG response in Regime I after cleaving a sample is always dominated 

by the motion of the Se vacancies and free carriers results in the build-up of a depletion 

region near the surface. The associated electrostatic field increases the SHG signal 

monotonically as described by Hsieh and co-workers.34, 35 This process is also apparent in 

samples cleaved in ultra-high vacuum and cryogenic conditions where ARPES 

measurements show a slow shift in the Dirac point due to downward band bending at the 

cleaved surface.46, 47 The time constant for such processes is temperature dependent and 

at room temperature was reported to saturate in ~ 22 hours for a nominally stoichiometric 

sample with carrier density of ~ 1019 cm-3.47 In our experiments the rate of initial SHG 

evolution is significantly faster, which we attribute to lower bulk carrier concentration in 
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our samples due to growth in excess Se. In addition, SHG evolution can be complicated 

by air cleaves owing to the simultaneous contribution of reactive gas adsorption.  

The observation that the rate of electric field build-up near the surface depends on 

the sample composition (hence on carrier density) suggests a composition-dependence of 

Se-vacancy mobility. The larger the Se vacancy concentration inferred from melt 

composition, the longer the initial rise period lasts. This trend also includes the nominally 

p-doped samples considered in previous SHG studies34, 35 which observed a much more 

rapid initial rise than in any of our observations. Alternatively, Zhu et al. used ARPES to 

monitor band bending for UHV cleaves and observed a much slower initial evolution, as 

has already been mentioned for ~22 hours of very highly n-doped samples.47  

We hypothesize that this dependence of Se vacancy diffusion time scale on carrier 

density is connected to vacancy clustering at high Se vacancy concentrations that limits 

their mobility. A similar decrease in arsenic donor ion mobility in Si with increasing As 

concentration has been attributed to the formation of immobile vacancy clusters at very 

high impurity concentrations.116 From this perspective, the high rate of evolution reported 

in earlier SHG studies most closely reflects the diffusion of independent Se vacancies 

while our measurements correspond to an increasing contribution of less mobile vacancy 

clusters. More dedicated studies of defect dynamics are required to provide insights into 

the dynamics of defects in TI materials. While perhaps outside the main trend of 

enthusiasm in this new field, such ideas must be carefully considered in assessing 

possible applications. 
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3.2.5.2 Regime II: Adsorbate Modifications of Electrostatic Fields 

Following the initial rise in Regime I the SHG intensity drops in both N2 and 

ambient air. In the “zero air” mixture of N2 and O2, the SHG is approximately constant, 

with only a weak decreasing trend over multiple hours in this environment. We attribute 

the evolution in this time regime to be dominated by the electrostatic impact of ambient 

gas adsorption, especially in the controlled gas environments of nitrogen and zero air 

(Figure 3-23 and Figure 3-24).  

The physics behind this physical process is similar to that underlying adsorbate-

induced work function changes.117 The work function of a metal surface is determined by 

the barrier created due to the surface dipole layer. Even very inert adsorbates such as rare 

gases (or N2 in our experiments) can have a significant impact on the surface dipole layer 

due to dielectric screening and Pauli repulsion.118 These changes have been measured 

using SHG intensity and correlations with direct work function changes in response to 

controlled gas adsorption.119 

In an N2 environment, the change in electrostatic field near the surface due to 

adsorption is attributed mostly to Pauli repulsion that tends to undo the downward band 

bending upon cleavage. This can be viewed as weakly adsorbed N2 molecules slightly 

pushing back the negative charge that has moved toward the surface to create the surface 

dipole associated with downward band bending.  

In “zero air”, the more reactive O2 molecules adsorb in addition to N2 and interact 

with the surface primarily by a tendency to accept electrons. In fact, an early study of the 

impact of work function changes on SHG intensity revealed a strong increase in SHG 

associated with O2 - induced work function increase.120, 121 The net effect of the 
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competing processes of N2 and O2 adsorption is only a weak net modification of near-

surface electric fields that leads to a nearly constant SHG intensity in Regime II. Finally, 

evolution in Regime II after cleaving in ambient air is more similar to N2 and these 

changes are attributed to combined effects of N2, O2, and H2O from the air, which are 

known to lead to extensive oxidation.40, 41 In addition, water is expected to be a strong 

donor adsorbate115 that moves the Fermi level in the opposite direction as O2 so that the 

net effect is plausibly a work function reduction as observed in our SHG evolution. 

Furthermore, in ambient air the evolution in regime II may not be entirely electrostatic in 

origin due to simultaneous contributions from surface chemical changes due to O2 and 

H2O. This possibility is suggested in the 2D plot in Figure 3-20 where a reversal in 

relative intensity of the SHG anisotropy occurs already near the end of the slow Regime 

II decay. This suggests that reactive surface restructuring occurs simultaneously with the 

electrostatic effects in the controlled gas environments. 

 

3.2.5.3 Regime III: Chemical Modification of the Surface 

After long exposure to ambient air, the changes in SHG signal are dramatic and 

independent of sample composition or previous sample environment. After 1 day in air, 

the SHG signal shows a monotonic rise toward saturation. This time scale corresponds 

with the onset of observable oxidation due to air exposure in X-ray photoelectron 

spectroscopy experiments41. In addition, the reversal of relative intensities in the SHG 

anisotropy shows that at these long times the surface structure is altered significantly 

compared to the pristine cleaved surface. This is consistent with new surface covalent 

bond formation as indicated schematically in Figure 3-25. 
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 It is important to note that this surface chemical reaction only occurs in the 

presence of ambient air, which has been previously shown to be due to the combination 

of O2 and H2O.40 In either N2 or zero air (N2+O2) the gradual electrostatic-dominated 

decay persists for very long times without a change in relative intensities in SHG 

anisotropy. This is consistent with the recent XPS study that showed minimal reactivity 

of the Bi2Se3 surface to O2 alone and only significant oxidation due to the presence of O2 

and H2O.40 It is likely that at least some surface covalent bonds to hydroxyl species are 

formed in this situation, though explicit demonstration of this specific surface species 

does not yet exist. 

 Finally, we remark that the very significant changes in SHG anisotropy due to 

surface oxidation in ambient air could be amenable to treatment within the bond models 

of SHG developed by Aspnes and co-workers99 and applied extensively to Si surface 

oxidation.94, 122-124 This would lead to important microscopic insights into surface 

chemical bonding via the associated changes in bond hyperpolarizabilities. 

3.2.6 Conclusions 

The results presented here show that the time evolution of electrostatic fields near the 

surface of the topological insulator after a mechanical cleave exhibits extraordinary 

complexity that can involve both intrinsic charge redistribution and extrinsic effects due 

to gas adsorption and surface chemical reactions. These changes were probed by 

monitoring SHG intensity over time for different samples and in different gas 

environments. Our analysis of the SHG evolution suggests a general trend that near 

surface electric field evolution is faster with fewer Se vacancies and hence lower carrier 

densities. This is probably due to a reduction in Se vacancy mobility for higher vacancy 
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concentrations, which leads to clustering. Furthermore, the evolution of an electric field 

is substantially impacted by an ambient gas environment that can lead to adsorption-

induced changes in electrostatic fields near the surface by Pauli repulsion and charge 

transfer. Finally, it was shown that significant oxidation in ambient air over the course of 

1-3 days changes the electrostatic field near the surface as well as the surface symmetry 

by monitoring qualitative changes in SHG anisotropies. 

 Our SHG observations exemplify the materials science challenges associated with 

even the simplest topological insulators, like Bi2Se3, are significant. Complexities of 

charge redistribution and surface contamination and reactivity effects mean that the 

details of sample surface preparation will play a major role in determining the 

measureable sample properties. We note in particular that SHG evolution shows marked 

sample variations would be expected depending on the time scale of experiments up to 

several days after mechanical cleaving of a new surface. Even though the topological 

character of Bi2Se3 is expected to be extremely robust to surface contaminants and field 

effects, experimental access to the unique TSS is not robust to surface and near surface 

effects. Controlling these interfacial complexities is contingent upon careful sample 

handling, preparation, and experimental design. 

 

3.3 MoS2 and WS2 Monolayers3 

3.3.1 Overview 

Two-dimensional (2D) transition metal dichalcogenide (TMDC) materials such as 

monolayer MoS2 and WS2 promise the development of atomic-scale light emission 

                                                 

3 This work is in part submitted for publication on peer reviewed journal. 
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devices, but their luminescence efficiencies are very low despite perfect surface 

passivation and strong exciton binding energy. Here it is demonstrated that the 

luminescence efficiency is significantly limited by the substrate and can be improved by 

orders of magnitude through substrate engineering. The substrate effects mainly lie in 

doping the monolayers and affecting the monolayers’ exciton dynamics, including 

facilitating the non-radiative recombination and slowing the radiative decay. Using 

proper substrates like mica and Teflon can minimize the adverse effect of doping, and by 

suspending the monolayer can mitigate both effects. Suspended monolayers generally 

show luminescence efficiency more than one order of magnitude higher than supported 

monolayers, which can be up to 40% at room temperatures. The result provides useful 

guidance for the rational design of high-performance 2D TMDC light emission devices. 

Here is this thesis, the focus is mainly on the ultrafast exciton dynamics of the suspended 

and substrate-supported MoS2 and WS2 monolayers. 

 

3.3.2 Experimental Methods 

The MoS2 (WS2) monolayers were grown using a chemical vapor deposition (CVD) 

reported previously125. Typically, 1 g sulfur powder (Sigma-Aldrich) and 15-30 mg 

MoO3 (WO3) (99.99%, Sigma-Aldrich) source material were placed in the upstream and 

the center of a tube furnace, respectively. And substrates (usually sapphire) were placed 

at the downstream of the tube. Typical growth was performed at 750 °C (900 °C) for 10 

(30) minutes under a flow of Ar gas in rate of 100 sccm and ambient pressure.   

The transfer of the monolayers followed a surface-energy-assisted transfer approach 

reported previously126. In a typical transfer process, 9 g of polystyrene (PS) with a 
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molecular weight of 280 kg/mol was dissolved in 100 mL of toluene, and then the PS 

solution was spin-coated (3000 rpm for 60 s) on the as-grown monolayers. This was 

followed by a baking at 80−90 °C for 1 hour. A water droplet was then dropped on top of 

the monolayer. Due to the different surface energies of the monolayer and the substrate, 

water molecules could penetrate under the monolayer, resulting the delamination of the 

PS-monolayer assembly. We could pick up the polymer/monolayer assembly with a 

tweezers and transferred it to different substrates. After that, we baked the transferred PS-

monolayer assembly at 80 °C for 1 h and performed a final baking for 30 min at 150 °C. 

Finally, PS was removed by rinsing with toluene several times.  

PL measurement was performed using a home-built setup that consists of a confocal 

microscope (Eclipse C1, Nikon) connected with a monochromator (SpectraPro, Princeton 

Instruments) and a detector (Pixis, Princeton Instruments) with an excitation wavelength 

of 532nm (Verdi G5, Coherent). Photoluminescence (PL) mapping was carried out by 

Horiba Labram HR800 system with a 532 nm laser. Raman spectra were collected on a 

Renishaw-1000 Raman spectroscopy with an excitation wavelength of 514.5 nm. 

Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer and Edinburgh FL/FS920 

Spectrometer were used to measure the absorption and PL of rhodamine-6g (R6G) doped 

PMMA film and rhodamine-6g solution (300 μM in methanol). 

We performed the first-principles calculations by using Vienna ab initio simulation 

package (VASP) within the framework of density functional theory (DFT). Van der 

Waals corrected functional with Becke88 optimization (optB88) was adopted to consider 

the dispersive interaction between the MoS2 and the substrate. A kinetic energy cutoff of 

400 eV of the plane wave basis was used. We used a criterion for the k-point sampling 
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based on Monkhorst-Pack (MP) grid such that the number of the k points along the in-

plane periodic direction was determined by the smallest integer that fulfills nkL=60 Å, 

where L is the lattice constant of the supercell in the periodic direction. The various 

substrates supported MoS2 systems were simulated by creating slab models and 

supercells were created by consider the lattice commensuration between each type of 

substrate and the MoS2 layer. A vacuum layer with thickness greater than 15 Å was 

adopted to avoid the spurious interaction due to the periodic image and dipole corrections 

were implemented to consider the asymmetry of the slabs. The structures were relaxed 

until the forces on each atom are less than 0.005 eV/Å. To analyze the charge dynamics 

across the MoS2-substrate interface, we calculated the differential charge density (DCD) 

∆ρ(r) and the plane-averaged DCD ∆ρ(z) along the direction normal to the interface by 

integrating DCD within the x-y plane. The amount of transferred charge at the z point 

from the bottom layer was obtained according to ∆𝑸(𝒛) = ∫ ∆𝝆(𝒛′)
𝒛

−∞
𝒅𝒛′. 
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Figure 3-26 Diagram of Transient Reflection Spectroscopic Microscopy (TRSM). 

Exciton dynamics was studied by transient reflection (TR) spectroscopy. Because of 

the limited sample size (typically in ~10 µm), regular pump-probe experiment cannot 

image the sample and focus pump and probe beams precisely within the sample region. 

For this purpose, we investigated the exciton dynamics in the suspended and substrate-

supported monolayers by self-developed transient reflection spectroscopic microscopy 

(TRSM), as diagramed in Figure 3-26. The pump pulse at 2.10 eV was used to pump 

electrons from the valence band into conduction band of the monolayers. The pump 

fluence was chosen to be small enough such that the differential reflection (ΔR/R) of the 

probe beam is linearly dependent on the concentration of photoexcited charge carriers at 

the band edges. The differential reflection (ΔR/R) of a time-delayed pulse, whose 

wavelength was chosen to match the A exciton (~1.88 eV for MoS2 and ~2 eV for WS2, 

respectively), was used to probe the monolayers after the photoexcitation.  
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In Figure 3-26, the pump and probe beams were collinearly polarized before entering 

into a 50X long working distance objective (TU Plan EPI ELWD, Nikon) and the 

reflected probe pulse was collected using the same objective. The size of the focused 

beam was about 2 μm in diameter. The reflected probe beam was collected through a 

monochromator (CM110, Spectral Products) into a Si photodiode (DET10A, Thorlabs). 

The signal from the Si photodiode was pre-amplified by a photodiode amplifier 

(PDA200C, Thorlabs) and DR was measured using a lock-in amplifier (SR810, Stanford 

Research Systems). The pump beam was mechanically chopped (SR540, Stanford 

Research Systems) at 400 Hz yielding to the narrowed bandwidth (1kHz) of the 

photodiode amplifier while operating at high amplification mode. Typical pump fluence 

used in the experiment was 10 µJ/cm2. This was to ensure that only a minor fraction of 

the density of state at the band edges could be filled (<5% as estimated). The time delay 

between pump and probe pulses was controlled by changing the optical path length of the 

probe beam with the probe beam reflected by a retroreflector fixed on a mechanical delay 

stage (ILS250CC, Newport) controlled by a motion controller (ESP300, Newport). The 

motion controller, the monochromator, and the lock-in amplifier were connected to a 

computer, where all the controls and signal processing were finished with a self-compiled 

LABVIEW code.  

The microscopic image of the sample was resolved by inserting a LED light source 

between the monochromator and BS3 and shining whitelight onto the sample through the 

objective. The reflected image by BS2 and BS3 was focused through a lens (f=15 cm) 

onto a CCD camera (EO-5012, Edmund Optics). The inset at the upper-right corner 
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shows a typical image of the sample with pump and probe beams overlapped on it. As a 

side note, the LED light source was removed during the DR measurement. 

Unless otherwise specified, all experiments were performed at room temperature in 

ambient air. The detailed laser specifications can be found in Appendix A. Temperature 

dependent experiments were performed with the sample stored in a cold finger 

continuous-flow cryostat (ST-500, Janis) cooled by liquid nitrogen. 

 

3.3.3 Exciton dynamics on MoS2 and WS2 monolayers 

In this section, we will focus on the investigation of exciton dynamics on suspended 

and substrate supported MoS2 and WS2 monolayers. Through the compare of exciton 

dynamics, we can find out the underlying effects from the substrate.  

Specifically, we can also quantitatively evaluate the rate of exciton-exciton 

annihilation (EEA) based on the exciton dynamics. The substrate has a significant effect 

on the EEA rate as revealed by TRSM. 

 

3.3.3.1 Suspended versus substrate-supported monolayers 

We started with examining the PL of suspended MoS2 and WS2 monolayers and 

compared it with that of as-grown monolayers. The monolayers were synthesized on 

sapphire substrates using a chemical vapor deposition (CVD) process reported 

previously.127-129 The suspended monolayers were prepared by manually transferring126 

the synthesized monolayers from sapphire substrates onto SiO2/Si substrates pre-

patterned with holes (Figure 3-27 a&b). The power density of the incident laser (532 nm) 

used in the PL measurement was controlled to be small enough to ensure no substantial 



 

69 

 

heating generated in the monolayers. Significantly, the suspended monolayers show PL 

intensities more than one order of magnitude (~30-60 times) stronger than the as-grown 

counterparts (Figure 3-27 c&d) under the same incident power. We quantitatively 

evaluate the quantum yield (QY, the number of photons emitted versus the number of 

photons absorbed) of the monolayers by using R6G dye molecules as a reference.130, 131 

The evaluation takes into account the different absorption efficiencies of the suspended 

and as-grown monolayers for the incident light. The QYs (PL efficiency) are found to be 

0.15% and 5% for the supported and suspended MoS2, and 3% and 40% for the 

supported and suspended WS2 monolayers, respectively. The PL measurements were 

performed in ambient environment, but we can exclude out the effect of air-borne 

moistures on the measured PL as we did not observe any changes in the PL and topology 

of the monolayer with increased ambient exposure time. According to previous studies, 

changes in the PL and topology would be expected when substantial amount of air-borne 

moistures are adsorbed.132 
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Figure 3-27 Dramatically improved PL efficiency of suspended monolayer MoS2 and WS2.  (a) Optical image of a 

typical suspended monolayer. Inset: optical image of as-grown monolayers with a scale bar of 10 μm. (b) PL mapping 

of a typical suspended monolayer. The colorbar of PL intensity is in log scale. (c) PL spectra of as-grown monolayer 

MoS2, suspended monolayer MoS2, and the monolayer MoS2 transferred onto SiO2/Si substrates. The spectra of the as-

grown monolayer and the monolayer MoS2 transferred onto SiO2/Si substrates are multiplied by 50 for visual 

convenience. (d) PL spectra of as grown monolayer WS2, suspended monolayer WS2, and the monolayer WS2 

transferred onto SiO2/Si substrates. The spectra of the as-grown monolayer and the transferred monolayer on SiO2/Si 

substrates are multiplied by 25 and 50, respectively, for visual convenience. 

We can exclude out the transfer process to be the reason for the improved PL 

efficiency of the suspended monolayers. The transfer process has been previously 

demonstrated able to transfer the synthesized monolayers onto arbitrary substrates 

without compromising the crystalline quality126. The preservation of the crystalline 

quality during the transfer process is also supported by the uniform, strong PL observed 

at the suspended monolayers (Figure 3-27 b). Additionally, the supported part of the 

transferred monolayer, which has experienced the same transferring process as the 

suspended part, shows PL intensities even weaker than that of the as-grown one (Figure 

3-27 c). Should the transfer process have introduced defects in the monolayers,133, 134 

which could enable improvement in the PL efficiency, we would expect a non-uniform 
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spatial distribution of PL intensity in the suspended monolayer and would also expect 

similarly improved PL efficiencies at both the supported and suspended parts of the 

transferred monolayers. This is apparently not what observed in experiments here. 

Actually, we found that the transfer process may likely lower the PL efficiency by 

inducing n-doping to the monolayers. For instance, the monolayer transferred onto 

sapphire substrates shows much weaker (by more than one order of magnitude), broader, 

and red-shifted PL compared to the as-grown one on sapphire substrates, indicating more 

n-doping in the transferred monolayer. This doping can be correlated to the residual 

moisture trapped between the monolayer and the substrate.132 We have confirmed that the 

other chemicals involved in the transfer process, including polymer (polystyrene), solvent 

(toluene), and the moisture adsorbed on top of the monolayer, can all be readily removed 

by the baking(200°C under Ar) in the transfer process and may leave only minor effects 

to the PL afterward. Moisture is able to dramatically lower the PL efficiency by orders of 

magnitude through n-doping the monolayers,135 and the n-doping may facilitate the 

formation of trions (charged excitons) that have lower luminescence, broader emission 

peaks, longer emission wavelengths than neutral excitons.136 Therefore, we can conclude 

that the absence of the substrate, instead of the involvement of the transfer process, leads 

to the improved PL efficiency of the suspended monolayers. 
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Figure 3-28 Exciton dynamics of suspended and supported monolayers. The normalized DR of the probe pulse from (a) 

suspended and as-grown MoS2 monolayers and (b) suspended and as-grown WS2 monolayers as a function of the probe 

delay. The insets are magnified versions for the measured results around the zero-ps decay. Both experimental (doted 

lined) and fitted (solid lines) results are plotted. 

To better understand the mechanism underlying the improved PL efficiency of the 

suspended monolayers, we investigated the exciton dynamics in the suspended and 

supported monolayers using TRSM. Figure 3-28 shows the normalized ΔR/R results 

measured at the suspended and as-grown MoS2 and WS2 monolayers. Upon 

photoexcitation, ΔR/R arises to its maximum value within ~500 fs.  This corresponds to 

the cooling of photoexcited charge carriers down to the band edges and the measured 

timescale of ~500 fs is due to the limited resolution because of the chirp in the 

supercontinuum light used as the probe, consistent with what previously reported86. It is 

followed by a decrease of ΔR/R with time that results from the decay of the charge 

carriers at band edges. We confirmed no substantial heating effect in both suspended and 
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supported monolayers at the pump fluence used in the experiment (Figure 3-29 and 

Figure 3-30). 

 

 

Figure 3-29 Dependence of transient reflection ΔR/R of suspended monolayers on pump fluence. (a) For suspended 

MoS2 monolayer and (b) For suspended WS2 monolayer.  The ΔR/R at the peak is linearly dependent on the pump 

fluence, and this indicates no substantial heating effect with the applied pump fluence. 

 



 

74 

 

 

Figure 3-30 Dependence of transient reflection ΔR/R of as-grown monolayers (sapphire substrates) on pumping 

fluence. (a) For MoS2 monolayer and (b) For WS2 monolayer.  The ΔR/R at the peak is linearly dependent on the pump 

fluence, and this indicates no substantial heating effect with the applied pump fluence.   

The dynamics measurement provides useful insights into the improved PL of 

suspended monolayers. There is no obvious resolved difference in the cooling of hot 

charge carriers between the suspended and supported monolayers as both show similar 

time for the ΔR/R to rise to its maximum value. However, the decay of the charge 

carriers in the suspended monolayers is substantially slower than that in the supported 

monolayers. We fit the experimental result using multiple exponential functions 

𝐀𝟏𝐞
−𝐭/𝛕𝟏 + 𝐀𝟐𝐞

−𝐭/𝛕𝟐 + 𝐀𝟑𝐞
−𝐭/𝛕𝟑 (fitted parameters are in Table 3-1) as what previously 

done by other groups84, 85, 87.  
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Table 3-1 Fitting parameters for the measured dynamic results on as-grown MoS2 and WS2 monolayers. 

 A1 A2 A3 τ1 (ps) τ2 (ps) τ3 (ps) 

As-grown MoS2 0.44 0.49 0.13 1.72 21.3 ~250 

Suspended MoS2 0.31 0.56 0.13 12.0 132 ~5000 

As-grown WS2 0.42 0.44 0.07 7.5 49 ~3200 

Suspended WS2 0.55 0.39 0.04 18.8 192 ~3750 

 

Although the physical processes involved in the decay is not well understood at this 

moment, the fitting nevertheless may provide useful quantitative insight into the 

dynamics. It indicates that τ1 changes from ~1-3 ps to ~12 ps and τ2 from ~20 ps to ~100-

130 ps for the supported and suspended MoS2, and for the supported and suspended WS2 

τ1 changes from ~6-8 ps to ~20 ps and τ2 from ~50 ps to ~170-200 ps, respectively. The 

less increase at the suspended WS2 is related with the materials’ stronger exciton binding 

energy, which may make the dynamics less susceptible to the influence of the substrate. 

The time scale τ3 substantially varies from hundreds to thousands of picoseconds even in 

the same kinds of samples and no obvious difference can be found between the 

suspended and supported monolayers. It is safe to conclude that the decay process of τ3 

does not provide any significant contribution to the PL and thus is not of our interest. The 

increase of exciton lifetime indicates the suppression of non-radiative recombinations that 

dominate the exciton decay as indicated by the observed PL efficiency. Previous studies 

have demonstrated that the interband recombination of charge carriers in supported 

monolayers is assisted by defects,137, 138 and this is also confirmed by our own results of 

no pump or temperature dependence (Figure 3-31). The observed increase of exciton 

lifetime also indicates that the substrate stands as a major source for the defects involved 
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in the decay. The removal of the substrate essentially eliminates the non-radiative decay 

mediated by the defects at the surface of the substrates.  

 

 

Figure 3-31 Independence of the transient reflection ΔR/R on pumping fluence and temperature. Normalized 

differential reflection ΔR/R of (a) as-grown monolayer MoS2 and (b) as-grown monolayer WS2 on sapphire substrates 

as a function of pumping fluence. Normalized differential reflection ΔR/R of (c) as-grown monolayer MoS2 and (d) as-

grown monolayer WS2 on sapphire substrates as a function of temperatures, 75K, 150K, 220K, and 295K. The result 

indicates negligible dependence of the differential reflection on the pumping fluence and temperature, suggesting the 

dominance of defect-assisted recombination as reported previously. 
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3.3.3.2 Different substrate-supported monolayers 

 

 

Figure 3-32 Comparable exciton dynamics in the supported monolayer MoS2 on typical substrates.  Normalized 

transient reflection ΔR/R shows similar decay trends for all the supported monolayers. 

It is worthwhile to point out that all the supported monolayers, show similar exciton 

lifetimes (Figure 3-32 and Table 3-2). Nevertheless, in Figure 3-27 c&d, dramatic 

differences in PL intensities have been observed on as grown and SiO2/Si supported 

MoS2 (WS2) monolayers, which indicates factors other than exciton dynamics affecting 

the PL. 

 

Table 3-2 Fitting parameters for the measured dynamics results on different substrate supported MoS2 monolayers. 

 A1 A2 A3 τ1 (ps) τ2 (ps) τ3 (ps) 

As-grown MoS2 0.44 0.49 0.13 1.72 21.3 ~250 

MoS2 on Mica 0.56 0.29 0.14 1.5 21 ~290 

MoS2 on Teflon 0.37 0.49 0.18 1.7 24 ~1000 

MoS2 on hBN 0.26 0.58 0.19 2.1 25 ~700 
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To better understand the role of the substrate in the PL, we investigated the PL of the 

monolayers on a wide variety of substrates. Figure 3-33 (a) shows the PL collected from 

the monolayer MoS2 on typical substrates studied. As the absorption efficiencies of the 

monolayers on the different substrates for the incident laser (532 nm) are similar, the 

different PL intensities reflect different PL efficiencies (QY). Mica may enable the 

strongest PL among all the substrates tested, around three times as good as sapphire 

substrates. It is followed by Teflon. Hexagonal boron nitride (h-BN), which has been 

reported to be a good substrate for monolayer electronic devices,75, 139 is not as good as 

mica and Teflon in terms of promoting the PL. We can exclude out substrate-induced 

strains to be the major reason for the observed substrate-dependent PL efficiencies. 

Raman measurements show only minor difference in the frequency of the E1
2g peak, 

which is known to be sensitive to the strain140-142, in the supported monolayers (Figure 

3-33 b). It indicates that the strain in the supported monolayer is usually less than 1%.80, 

81, 140 The small substrate-induced strain is consistent with what reported previously and 

what intuitively expected given the weak interaction (van der Walls forces) of the 

monolayers with the substrates.143 The influence of such a small strain on PL efficiency is 

expected to be no more than 10-15%, far smaller than the observed difference. 

 



 

79 

 

 

Figure 3-33 Substrate-dependent PL efficiency of supported monolayers.  (a) PL spectra of monolayers MoS2 on 

typical substrates. (b) Raman spectra of monolayers MoS2 on different substrates.  The two dashed lines indicate the 

E1
2g and A1g peaks of the as-grown monolayer. (c) Calculated charge transfer between monolayer MoS2 and mica 

substrate, which shows plane-averaged differential charge density Δρ (red line) and amount of transferred charge ΔQ 

(blue line) as a function of the distance in the vertical direction. Also shown is a sideview of the structure used in the 

calculation (right). 

The different PL efficiencies of the supported monolayers can be mainly correlated 

to the effect of doping. The doping level is known to dictate the population ratio of 

neutral excitons and trions (charged excitons) in monolayer MoS2 and WS2.
82, 136 To 

compare the doping level in the supported monolayers, we evaluated the ratio of trion and 

exciton emissions by numerically fitting the PL spectra (see Table 3-3). The fitting result 

shows that the higher PL efficiency is indeed generally accompanied with a lower ratio of 

trion emission, indicating a lower n-doping level. For instance, the monolayer on mica 

substrates shows a ratio of trion emission obviously smaller than the as-grown monolayer 

on sapphire substrates, while the monolayer grown on GaN substrates, whose PL 

efficiency is lower, exhibits a higher ratio of trion emission. The different doping levels 

in the supported monolayers is also evidenced by Raman measurements.133, 140 The A1g 
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peak, which may red shift with increase of n-doping, of the monolayers transferred onto 

mica substrates can be found blue shifting compared to that of the as-grown monolayers 

on sapphire. While stronger van der Walls interaction in the vertical direction may also 

cause the A1g peak to blue shift,144 the observed blue shift is due to the change of doping 

level since the interaction of the transferred monolayer with substrates is expected not as 

intimate as the as-grown one. Additionally, we simulated the charge transfer between the 

monolayer and the substrates using DFT techniques (Figure 3-33 c). The simulation 

result (Table 3-3) confirms that mica can provide the best capability to attract electrons 

from monolayer MoS2 (positive charge transfer) among all the substrates studied, 

followed by Teflon.  

 

Table 3-3 Exciton peak versus Trion peak ratios in PL spectra and DFT simulated substrate-induced dopings. 

 Exciton : Trion Charge Transfer 

MoS2 – Teflon 1 : 0.12 -0.003 

MoS2 – Mica 1 : 0.08 0.067 

MoS2 – hBN 1 : 0.11 -0.005 

MoS2 – As-grown 1 : 0.13 -0.003 

MoS2 – Suspended 1 : 0.075 N/A 

MoS2 – GaN 1 : 0.213 -0.043 

 

3.3.3.3 Exciton-exciton annihilation (EEA) on MoS2 and WS2 monolayers 

Besides the dramatic differences in the exciton dynamics on suspended and 

substrate-supported MoS2 and WS2 monolayers, which is mostly from the single-body 

effect, many-body effects can show up on the well-confined monolayers as well60. For 

instance, the two-body effects, EEA will present obviously when exciton density is high 

(in the early time of pump excitation). Here, we can extract out the EEA rates from 
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exciton dynamics on suspended and substrate-supported monolayers, respectively. Our 

result shows strong EEA rates in the monolayers with amplitude depending on the 

presence of substrates. 

If assuming that the exciton decay is dominated by EEA, the rate equation of exciton 

density can be written as a function of the rate constant of EEA kee: 

dN

dt
= −k 

ee
N2 

Equation 3-13 

The solution to Equation 3-13 is: 

N(t) =
N0

1 + keeN0t
 

Equation 3-14 

And the exciton density N(t) can be correlated to the total photo-generated excitons 

N0 as: 

N0
N(t)

− 1 = keeN0t 

Equation 3-15 

Assuming that each absorbed photon may generate one exciton at the band edge, as 

our peak ΔR/R - (ΔR/R)t is linearly dependent on the pump fluence, we can get the 

relationship between DR and exciton density: 

N0
N(t)

=
(ΔR/R)0
(ΔR/R)t

 

Equation 3-16 

Thus, by combining Equation 3-15 and Equation 3-16, we get: 
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(ΔR/R)0
(ΔR/R)t

− 1 = keeN0t 

Equation 3-17 

 

 

Figure 3-34 Dependence of the exciton dynamics on pumping fluence for suspended MoS2 monolayers. (a) Normalized 

differential reflection of suspended MoS2 as a function of the time delay and with different pumping fluences, 1.5 

μJ/cm2 (red), 2.5 μJ/cm2 (black), and 5.0 μJ/cm2 (blue). Inset: the results for the early stage of the decay.  (b) The result 

of (ΔR/R)0/(ΔR/R)t -1 derived from the data in (a) as a function of the delay time. The result for the pumping fluence of 

5.0 μJ/cm2 is not shown for the visual convenience. (c) Fitting for the measured differential reflection of suspended 

MoS2 with different pumping fluences, The fitted results are plotted in dashed lines and the experimental results are 

dots, 1.5 μJ/cm2 (red), 2.5 μJ/cm2 (black), and 5.0 μJ/cm2 (blue). 

For MoS2 monolayer, we derive (ΔR/R)0/(ΔR/R)t − 1  from the data given in 

Figure 3-34a, which is plotted as a function of the delay time in Figure 3-34b. The result 

shows that (ΔR/R)0/(ΔR/R)t − 1 linearly depends on the delay time at the early stage of 

the decay (up to 50-100 ps) and the corresponding slope linearly increase with the 

pumping fluence (Figure 3-34b). This is consistent with what expected from Equation 

3-17, indicating that the decay of the exciton is indeed dominated by EEA at the early 

delay time. The same rules can be applied to WS2 monolayers as well in Figure 3-35. 
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Figure 3-35 Dependence of the exciton dynamics on pumping fluence for suspended WS2 monolayers. (a) Normalized 

differential reflection of suspended WS2 as a function of the time delay and with different pumping fluences, 1.5 

μJ/cm2 (red), 2.5 μJ/cm2 (blue), and 5.0 μJ/cm2 (black). Inset: the results for the early stage of the decay.  (b) The result 

of (ΔR/R)0/(ΔR/R)t -1 derived from the data in (a) as a function of the delay time. The dashed line serves to illustrate 

the slope of the result. (c) Fitting for the measured differential reflection of suspended WS2 with different pumping 

fluences, The fitted results are plotted in dashed lines and the experimental results are dots, 1.5 μJ/cm2 (red), 2.5 μJ/cm2 

(blue), and 5.0 μJ/cm2 (black). 

The total photo-generated excitons N0 can be calculated using the absorption 

efficiency of the monolayers (0.061 and 0.058 in suspended MoS2 and WS2 for the 

pumping wavelength), which can be estimated with the refractive index of the 

monolayers145. We can thus evaluate the rate constant kee to be 0.1 cm2/s and 0.3 cm2/s 

for suspended MoS2 and WS2 monolayers, respectively.  
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Figure 3-36 Dependence of the exciton dynamics on pumping fluence for as-grown MoS2 monolayers. (a) Normalized 

differential reflection of as-grown MoS2 as a function of the time delay and with different pumping fluences, 25 μJ/cm2 

(red), 50 μJ/cm2 (black), and 100 μJ/cm2 (blue). Inset: the results for the early stage of the decay.  (b) The result of 

(ΔR/R)0/(ΔR/R)t-1 derived from the data in (a) as a function of the delay time. The result for the pumping fluence of 

100 μJ/cm2 is not shown for the visual convenience. (c) The non-normalized differential reflection of as-grown MoS2 at 

pumping fluence 25 μJ/cm2 (red), 50 μJ/cm2 (black), and 100 μJ/cm2 (blue). 

We find that substrates may have significant effects on the EEA. We performed 

similar pump-probe measurements and data analysis for the as-grown MoS2 and WS2 

monolayers onto sapphire substrates (Figure 3-36 and Figure 3-37). The EEA rate of the 

supported monolayer is found smaller than that of the suspended counterpart, 0.05 cm2/s 

and 0.1 cm2/s for the supported MoS2 and WS2, respectively. Note that our result for the 

EEA rate of supported MoS2 monolayers is reasonably consistent with what previously 

reported (0.04 cm2/s)146.  
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Figure 3-37 Dependence of the exciton dynamics on pumping fluence for as-grown WS2 monolayers. (a) Normalized 

differential reflection of suspended WS2 as a function of the time delay and with different pumping fluences, 10 μJ/cm2 

(red), 25 μJ/cm2 (black), and 50 μJ/cm2 (blue). Inset: the results for the early stage of the decay.  (b) The result of 

(ΔR/R)0/(ΔR/R)t -1 derived from the data in (a) as a function of the delay time. The result for the pumping fluence of 

50 μJ/cm2 is not shown for the visual convenience. (c) Fitting for the measured differential reflection of as grown WS2 

with different pumping fluences, The fitted results are plotted in dashed lines and the experimental results are dots, 10 

μJ/cm2 (red), 25 μJ/cm2 (black), and 50 μJ/cm2 (blue). 

The smaller EEA rate in the supported monolayers can be understood from an 

intuitive perspective. Generally, the rate of EEA is related with the diffusion coefficient 

of excitons D and the annihilation radius R that represents the separation of two excitons 

when the annihilation may occur, kee = 4πDR147. The presence of substrates may lower 

the mobility of excitons148 as well as the exciton binding energy149, 150, the latter of which 

could subsequently lead to decrease in R. Other than lowing the EEA rate, the substrate 

may also affect the EEA by providing extra pathways for the exciton to decay. In 

particular, the defect at the surface of the substrate can dramatically facilitate the decay of 

excitons by trapping photo-generated charges in the monolayers151, 152. While the defect-

assisted decay does not change the EEA rate constant, it could make the observation of 

the EEA more difficult when the defect-assisted decay is comparable to or faster than the 
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EEA rate. For instance, the EEA in the supported MoS2 can be observed only in the first 

several ps (< 2 ps) and by using relatively high pumping fluence (> 25 μJ/cm2) (Figure 

3-36). We found in experiments that it was generally more difficult to observe the EEA in 

the monolayers showing lower PL intensities and faster exciton decay due to stronger 

interactions with the substrate. Given the significant effect of substrates on the EEA, we 

believe that the discrepancies in the previous studies, i.e., the demonstration of different 

EEA rates in the same materials by different groups151, 153-156, is likely due to different 

interactions of the monolayer with substrates.  

As a summary, we concluded the EEA rates on suspended and substrate-supported 

MoS2 and WS2 monolayers in Table 3-4 for convenience. 

 

Table 3-4 EEA rates on suspended and substrate-supported MoS2 and WS2 monolayers. 

 MoS2 WS2 

As-grown 0.05 cm2/s 0.1 cm2/s 

Suspended 0.1 cm2/s 0.3 cm2/s 

 

Although EEA will always present even at the lowest pump fluence as we observed, 

non-radiative decay of excitons will unambiguously dominate the exciton dynamics at 

low pump fluences in our experiments, especially for the substrate-supported monolayers. 

As a matter of fact, the previously fitted first exponential time constant in Table 3-1 and 

Table 3-2 is underestimated without considering the EEA. The underestimation is more 

on suspended monolayers than that on substrate-supported monolayers because of the 

higher EEA rate and longer affected time on suspended monolayers. Therefore, the effect 

of the substrate to the non-radiative decay of exciton should be slightly more than what 

we have evaluated before.  
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3.3.4 Conclusions 

In conclusion, we have demonstrated that substrates can significantly limit the PL 

efficiency of 2D TMDC materials. The main effects of the substrate lie in doping the 

monolayer and affecting the monolayers’ exciton dynamics, while the other effects of 

substrates, such as substrate-induced strains or changes in exciton binding energy, are 

expected to be minor. The result can provide very useful guidance for the rational design 

of high-performance 2D TMDC materials light emission devices. It indicates that key to 

improve the luminescence efficiency is to minimize the adverse effect of doping, 

decrease the non-radiative recombination. Suspended monolayers embedded in optical 

cavities would make the best platform for the development of light emission devices. In 

the case that substrates have to be involved, the substrates of mica or Teflon present a 

good choice to minimize the doping effect.  

We have also quantitatively evaluated the EEA in monolayer TMDC materials by 

their exciton dynamics. We also show that the EEA rate is dependent on the interaction of 

the monolayer with substrates and this interaction is likely the reason for the discrepancy 

in the results of previous studies. While our works mainly focus on monolayer MoS2 and 

WS2, we believe that the analysis and conclusion may be applied to other monolayer 

TMDC materials such as MoSe2 and WSe2. 

  



 

88 

 

Chapter 4 Summary and Future works 

 

4.1 Summary 

This thesis investigates the applications of ultrafast optical characterization on 

surfaces and interfaces. Due to its selective sensitivity to surface or interface and 

ultrashort resolution, processes that are not easily accessible to other methods can be 

characterized here.  

SHG anisotropy has been successfully used on evaluating the interface between Zr 

and its oxide film. This non-contact, easily accessible optical method is proven to be 

useful on buried interface characterization. Furthermore, with UHV techniques combined 

in controlling the surface chemistry, SHG can be applied to study in-situ process, such as 

adsorption mechanism and physical bonding during oxidation. By controlling gaseous 

environment and using SHG anisotropy, near surface charge transfer and surface 

modification were observed upon the cleavage, giving a full picture of surface physics 

and chemistry on the surface of Bi2Se3. With TRSM, the exciton dynamics of MoS2 and 

WS2 monolayers are characterized. Combined with PL, Raman spectroscopy and first 

principle calculation, the substrate effects have been revealed.  

All those nonlinear methods show unprecedented advantages on surface and 

interface characterizations and give insights on future surface and interface engineering. 

Furthermore, when complemented by other techniques, such as UHV technique, PL and 

Raman measurement, first principles calculation, a full picture on the properties of 

materials could be revealed. 
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4.2 Future works 

4.2.1 Zr 

Zircaloy, an important cladding material for nuclear active cores, has been shown to 

gradually brittle in nuclear reactors. Most of the studies have attributed this failure to a 

phenomenon known as hydrogen embrittlement157-159. At low temperatures, the surface of 

zircaloy forms a thick and dense zirconia film, posing as a barrier to hydrogen. As the 

temperature increases again, the zirconia film begins to crack, forming channels 

enhancing hydrogen re-entry. The interaction between hydrogen and Zr forms hydride, 

which reduces the hardness and ductility of Zr.  

One promising study is to use SHG anisotropy to study the entry or interaction of 

hydrogen with Zr. Questions such as how hydrogen interacts with fresh and with oxidized 

Zr can be addressed with our nonlinear optical methods. With our experimental 

capability, through some optimization, we can introduce ultra-high pure hydrogen into 

our UHV chamber, and heat the Zr sample to relative high temperatures, thereby 

simulating the conditions within an actual nuclear reactor. If hydride forms on the 

interface, the bindings on the interface will change, which may be monitored by SHG 

anisotropy since its selective sensitivity to the interface. 

 

4.2.2 Bi2Se3 

Although nontrivial surface states retains due to the incontinuity of the topological 

numbers between two distinct insulators, the drifting in space will cause unforeseen 

problems in future application. Thus, how to stabilize or fix it, is still a question in the 
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research field. From my work, it shows that intrinsic doping will introduce the physical 

and chemical reaction near surface. 

One promising study may be first neutralize the bulk doping by improving material 

engineering or introduce extrinsic atoms. After a pure insulator is made, SHG anisotropy 

can be used to characterize its surface dynamics. In this way, we can find out if bulk 

doping is the trigger of all these physical and chemical processes. 

 

4.2.3 TMDC monolayers 

Although the exciton dynamics have been determined using TRSM on supported and 

suspended MoS2 and WS2 monolayers. One question may arise that why the exciton 

dynamics on supported and suspended TMDC monolayers show ambiguously two 

different non-radiative processes within 200 ps, which are also not temperature 

dependent. 

One possible explanation is that electron and hole experience different decay 

channels. One interesting study may be tuning the doping amount of TMDC monolayers. 

The easiest way is to control the doping electrically. Using TRSM while tuning the 

doping of TMDC monolayers, it may be able to reveal the two different non-radiative 

decay processes clearly. 
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Appendix A Specifications of Laser System 

 

We used a commercial ultrafast laser system from Coherent Inc. As in Fig. A-1, the 

laser system consists of 3 main components. First, Mira 900 is pumped by Verdi G7 at 

532 nm, and Mira 900 has pulsed lasing centered around 800 nm with pulse width of 

<200 fs, maximum pulse energy of ~13 nJ and repetition rate of 76 MHz. Second, the 

regenerative amplifier Rega 9000,  picks up part of the output from Mira 900, and 

amplifiers the lasing centered around 800 nm (same as Mira 900) with pulse width of 

<160 fs, maximum pulse energy of 5 µJ and repetition rate of 250 kHz. Third, the optical 

parametric amplifier OPA 9400, is pumped by Rega 9000. Once the output from Rega 

9000 enters into OPA 9400, the output splits into two beams: once is used to focus on 

sapphire crystal to generate supercontinuum whitelight; the other one is used to focus on 

SHG BBO crystal to generate SHG. The optical parametric amplification takes place 

twice (forward-1st and reflected backward-2nd) when whitelight and SHG are overlapped 

on OPA BBO crystal both in spatial and time domains. The wavelength of the signal (λs) 

can be controlled by the angle of OPA BBO crystal through the rule of phase matching. 

The relationship between the wavelength of the signal (λs) and that of the idler (λi): 

1

λs
+
1

λi
=

1

λSHG
=

1

400 nm
 

Eqt. A-1 
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Fig. A-1 Diagram of the laser system. 

The Gaussian fitting of cross correlation between OPA signal and whitelight with the 

monochromator fixed at one wavelength gives a full width half maximum (FWHM) of 

~450 fs, which is the resolution of the pump-probe experiment when using OPA signal as 

pump and a fixed wavelength component in whitelight as probe. 

 

Fig. A-2 Cross correlation of pump and probe pulses.  
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Appendix B Focused Laser Beam Size 

 

First, let’s estimate the focus limit of a collimated laser beam through a normal lens4. 

The diverging beam has a full angular width limit θ: 

θ =
4λ

πd
 

Eqt. B-1 

d is the diameter limit of the focus, and λ is the wavelength of the laser.  

Consider a collimated laser beam with a diameter of D on the lens, and a lens with 

focus distance F. θ is given by geometrical optics as the diameter illuminated on the lens, 

D, divided by the focal length of the lens, F: 

θ =
D

F
 

Eqt. B-2 

Equating Eqt. B-1 and Eqt. B-2, the focus limit in diameter is: 

d =
4λ

π
∙
F

D
 

Eqt. B-3 

For example, in the SHG anisotropy experiment, a collimated 800 nm laser with 

beam width 2 mm in diameter focused by a 7.5 cm lens will have a focus limit in 

diameter:   

                                                 

4 Cited partially from Gaussian Beam Optics Tutorial, Newport Inc. 
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d =
4λ

π
∙
F

D
=
4 ∗ 800 nm

π
∗
7.5 cm

2 mm
≈ 40 μm 

Eqt. B-4 

Whereas in the SHG experiment for sample sitting in the UHV system, because of 

the limits in geometry, a 30 cm focus lens was used, instead. Thus the focus limit in 

diameter is: 

d =
4λ

π
∙
F

D
=
4 ∗ 800 nm

π
∙
30 cm

2 mm
≈ 150 μm 

Eqt. B-5 

For microscopic objective, the focus limit can be approximated by: 

d =
2λ

N. A.
 

Eqt. B-6 

N.A. represents numerical aperture. In our microscopic experiment, a 50X long 

working distance (1.1 cm) objective with N.A. of 0.60 was used. With λ = 590 nm, the 

focus limit in diameter is estimated to be: 

d =
2λ

N. A.
=
2 ∗ 590 nm

0.60
= 2 μm 

Eqt. B-7 

The beam size can also be precisely measured by the knife edge experiment. The 

method is to record the total power of the beam as a knife edge is translated through the 

beam. In this way, the power measures the integral of the Gaussian beam between the 

position of the knife and +∞. Assume a Gaussian beam with intensity profile: 

I(x, y) = I0e
−2(x2+y2)/ω2 

Eqt. B-8 
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Assume Ptot is the total power of the laser beam, after the integration of Eqt. B-8 

from X to +∞, the transmitted power is: 

P(X) =
Ptot
2
[1 − erf (

√2X

ω
)] 

Eqt. B-9 

To fit the function in Matlab, the following function instead of Eqt. B-9 was used: 

Pmeasured =
p1

2
[1 − erf (

√2(x − p2)

p3
)] 

Eqt. B-10 

Where p1 corresponds to the full power, p2 corresponds to the central position of the 

beam, and p3 corresponds to the beam waist. Fig. B-1 shows a typical knife edge 

measurement (black dots) of the focused beam using the 50X long working distance 

objective, with pump wavelength 590 nm from OPA. The fitting using Eqt. B-10 gives p1 

= 5.67 µW, p2 = -0.45 µm and p3 = 1.41 µm. The estimate of r = d/2 = 1 µm in Eqt. B-7 

yields reasonable deviation from the measured beam waist ω = 1.41 µm. 
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Fig. B-1 Knife edge measurement (black dots) of the focused beam using a 50X long working distance objective. The 

fitting (blue curve) using Eqt. B-10 gives p1 = 5.67 µW, p2 = -0.45 µm and p3 = 1.41 µm.  
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Appendix C Pump Fluence Conversion 

 

Here is one example to calculate the laser fluence of 1 µW, with 250 kHz repetition 

rate laser, focused on the sample by a 50X long working distance objective. 

Here: 

Laser beam size D = 2 µm,  

Laser power P = 1 µW, 

Repetition rate Rep = 250 kHz. 

Laser fluence is defined as the energy density per laser pulse. The beam shape can be 

approximated as a square. Thus: 

Beam area (S) = D2 = 4 μm2 = 4 × 10−12m2 

Energy per pulse (E) = 
P

Rep
=

1μW

250kHz
=

1×10−6W

250×103s−1
= 4 × 10−12J 

Laser fluence = 
E

S
=

4×10−12 J

4×10−12 m2
=

1J

m2
=

1×106 μJ

1×104 cm2
= 100 μJ/cm2 

  



 

109 

 

Appendix D Matlab Code for Anisotropic Bond Model 

 

%################################## 

% Code outline (4 parts): 

% 1.Define incident angle, # of bond types and bond 

% directions. 

% 2.Construct functions of SHG_p and SHG_s with bond model. 

% 3.Plot SHG anisotropy with initial parameters. 

% 4.Fit parameters with experimental data. 

%################################# 

  

%################################# 

% Part 1: Define incident angle, # of bond types and bond 

% directions. 

% In reflection geometry: 

theta_i = 0; % Incident angle (deg) 

theta_0 = 0; % Outgoing angle (deg) 

  

  

% Unit cell information from quartz.cif 

a0 = 4.9160*[-1/2,sqrt(3)/2,0]; % In angstroms 

b0 = 4.9160*[1,0,0]; %[0.5,sqrt(3)/2,0]; % In angstroms 

c0 = 5.4054*[0,0,1]; % In angstroms 

  

% Locations of atoms in a unit cell 

Si_1=0.4697*a0+0*b0+0*c0; 

Si_2=0*a0+0.4697*b0+0.666667*c0; 
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Si_3=0.5303*a0+0.5303*b0+0.333333*c0; 

O_1=0.4135*a0+0.2669*b0+0.1191*c0; 

O_2=0.2669*a0+0.4135*b0+0.547567*c0; 

O_3=0.7331*a0+0.1466*b0+0.785767*c0; 

O_4=0.5865*a0+0.8534*b0+0.214233*c0; 

O_5=0.8534*a0+0.5865*b0+0.452433*c0; 

O_6=0.1466*a0+0.7331*b0+0.8809*c0; 

  

numofhypers=1; % # of different bond types 

  

% Bond directions 

% For quartz, here are 12 effective bonds, and all the bonds have the same 

% hyperpolarizabilities. 

bonds =  [      (Si_3-O_1)/norm(Si_3-O_1); % bond1 to Si3 

                (Si_3-O_2)/norm(Si_3-O_2); % bond2 to Si3 

                (Si_3-O_4)/norm(Si_3-O_4); % bond3 to Si3 

                (Si_3-O_5)/norm(Si_3-O_5); % bond4 to Si3 

                 

                (Si_1-O_1)/norm(Si_1-O_1); % bond1 to Si1 

                (Si_1+c0-O_3)/norm(Si_1+c0-O_3); % bond2 to Si1 

                (Si_1+b0-O_4)/norm(Si_1+b0-O_4); % bond3 to Si1 

                (Si_1+b0+c0-O_6)/norm(Si_1+b0+c0-O_6); % bond4 to Si1 

                 

                (Si_2-O_2)/norm(Si_2-O_2); % bond1 to Si2 

                (Si_2+a0-O_3)/norm(Si_2+a0-O_3); % bond2 to Si2 

                (Si_2+a0-O_5)/norm(Si_2+a0-O_5); % bond3 to Si2 

                (Si_2-O_6)/norm(Si_2-O_6) % bond4 to Si2 
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                ]; 

             

% Set the initial sample surface direction. 

% ST-cut (42.75 deg): Euler angle(0,132.75,42.75) 

theta_x = 35; % In degrees 

theta_y = 132.75; % In degrees 

theta_z = 42.75; % In degrees 

surface_x=[1            0                   0; 

           0 cos(theta_x*pi/180) -sin(theta_x*pi/180); 

           0 sin(theta_x*pi/180) cos(theta_x*pi/180)]; 

surface_y=[cos(theta_y*pi/180) 0 sin(theta_y*pi/180); 

                0              1         0; 

          -sin(theta_y*pi/180) 0 cos(theta_y*pi/180)]; 

surface_z=[cos(theta_z*pi/180) -sin(theta_z*pi/180) 0; 

           sin(theta_z*pi/180) cos(theta_z*pi/180)  0; 

           0                            0           1]; 

surface_rotate = surface_z*surface_y*surface_x;  

bonds = (surface_rotate*(bonds.')).'; % Rotate the unit cell 

  

numofbonds=size(bonds,1); % Get # of bonds 

hypers = sym('hyper',[1 numofhypers]); % Assign different hyperparameters based on the # 

% Assign other parameters: phi_0 is the starting angle of azimuthal  

% rotation; phi is the rotated angle 

syms phi_0 phi;  

% hypers, phi_0 and phi are in symbol (not numerical) 

Z_rotate   = [cos((phi+phi_0)*pi/180) -sin((phi+phi_0)*pi/180) 0; 

           sin((phi+phi_0)*pi/180) cos((phi+phi_0)*pi/180)  0; 

           0                   0                    1]; 
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bonds_rotated = (Z_rotate*(bonds.')).';% Azimuthal rotation 

  

%###################################### 

% Part 2: Construct functions of SHG_p and SHG_s with bond model. 

  

% Select the polarization of the incoming beam 

Ep = [-cos(theta_i*pi/180),0,sin(theta_i*pi/180)]; %p-polarized_input field 

% Ep=[0 1 0]; %s-polarized_input field 

% Calculate polarization 

Polz=zeros(1,3); % Initialize polarization 

for count=1:numofbonds; 

    Polz= Polz + hypers(1)*(bonds_rotated(count,:)*Ep.')^2*bonds_rotated(count,:); 

    % Sum up polarization from differennt bonds 

end 

% Calculate SHG light 

k_shg = [-sin(theta_0*pi/180),0,cos(theta_0*pi/180)]; % Wave vector along the SHG light 

E_shg = Polz - (k_shg*Polz.')*k_shg; % SHG radiation 

% P-polarized 

SHG_p = abs(E_shg*[1;0;0])^2+abs(E_shg*[0;0;1])^2; % P-polarized SHG 

disp('######SHG P polarized######'); 

disp(SHG_p); 

disp('############################'); 

% for n=1:numofhypers 

%     SHG_p=subs(SHG_p,hypers(n),strcat('a(',num2str(n),')')); 

% end 

%  

% SHG_p=subs(SHG_p,phi_0,strcat('a(',num2str(n+1),')')); 

% Convert SHG_p to matlab function 
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SHG_in_p = matlabFunction(SHG_p,'file','myfile','vars', {[hypers phi_0], phi});  

  

% S-polarized 

SHG_s = abs(E_shg*[0;1;0])^2; % S-polarized SHG 

SHG_in_s = matlabFunction(SHG_s,'vars', {[hypers phi_0], phi}); 

disp('######SHG S polarized######'); 

disp(SHG_s); 

disp('############################'); 

  

% P-polarized + S-polarized 

SHG_all = norm(E_shg)^2; % SHG all 

SHG_for_all = matlabFunction(SHG_all,'vars', {[ hypers phi_0 ], phi}); 

disp('######SHG total polarized######'); 

disp(SHG_all); 

disp('###############################'); 

  

%########################### 

% Part 3: Plot SHG anisotropy with initial parameters. 

clear hypers phi_0 phi; 

figure(1); 

hold off; 

plot(0:360,SHG_in_p([1 0],0:360)); 

hold all; 

plot(0:360,SHG_in_s([1 0],0:360)); 

plot(0:360,SHG_for_all([1 0],0:360)) 

axis tight; 

y_lim=ylim; 

ylim([y_lim(1) y_lim(2)*1.2]); 
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legend('Parallel','Perpendicular','Total'); 

title('SHG Anisotropy') 

  

%####################### 

%Part 4: Fit parameters with experimental data. 

%Initialize fitting parameters 

hyper_0=1; 

phi_0=0; 

hyper_fit0=[hyper_0 phi_0]; 

%for P-all 

data_all=load('Quartz_4mW.txt'); 

  

figure(2); 

hold off; 

plot(data_all(:,1),data_all(:,2),'o'); 

  

hyper_fit_all = lsqcurvefit(SHG_for_all,hyper_fit0,data_all(:,1),data_all(:,2)); 

hold all; 

plot(data_all(:,1),SHG_for_all(hyper_fit_all,data_all(:,1))); 

axis tight; 

y_lim=ylim; 

ylim([y_lim(1) y_lim(2)*1.2]); 

legend('Data','Fitting'); 

title('SHG Anisotropy-P'); 


