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Abstract

Pump-probe spectro-microscopy combining the imaging modality of far-field opti-
cal microscopy with the time-resolved property of ultrafast spectroscopy has become a
valuable technique for studying electronic and vibrational dynamics toward the growing
applications in material science and biomedical imaging. The development of pump-probe
techniques to resolve temporal or spectral features is highly desirable. However, current
time-resolved spectroscopy mainly focuses on carrier dynamics, and few reports address
the ultrafast nonlinear optical behaviors in the temporal domain. As for vibrational prop-
erties in pump-probe techniques, they usually suffer from insufficient sensitivity due to

low-efficiency electronic transition.

In this study, under the scope of pump-probe spectroscopy, two major aspects are
expanded, which are (A) characterizing the ultrafast carrier dynamics in semiconductors
nanostructures to explore transient nonlinear behaviors and (B) investigating the vibra-
tional properties of biomedical samples with highly sensitive detection through electronic

pre-resonance effects.
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In the first part of the research, ultrafast carrier dynamics of silicon nanostructures

are characterized based on a confocal time-resolved spectro-microscope, revealing an

unusual transient nonlinear behavior based on Auger mechanisms. Most previous re-

ports mainly focus on instantaneous nonlinear behaviors such as multi-photon absorption

and four-wave mixing; that is, the nonlinearities occur within pulses duration. Here, we

demonstrate transient nonlinearity featuring an unconventional off-time-zero property and

presenting temporal evolution among various nonlinear behaviors, including sub-linear,

full-saturation, and super-linear responses. The first part is devoted to the characterization

and application of transient nonlinearity based on nonlinear carrier dynamics.

In the second part, we focus on the development of an advanced supercontinuum

light source to acquire the vibrational information of molecules, offering the contrast on

chemical bonds. Pump-probe spectro-microscopy is capable to perform vibrational map-

ping of chemicals and biological samples without fluorescence labeling. However, de-

spite the chemical specificity, the sensitivity is still far behind those in fluorescence tech-

niques. This is attributed to the far-off resonance of the laser excitation, not efficiently

promoting electronic transition among vibration levels. The development of the advanced

light source in pump-probe spectro-microscopy is crucial in optimizing the electronic pre-

resonance effects, where vibrational signals are significantly enhanced via tuning laser

excitation close to the excited energy levels.

vii doi:10.6342/NTU202300045



In the research described herein, our developed pump-probe spectro-microscopy has

been utilized to characterize the temporal and spectral features in semiconductor nanos-

tructures and biomedical samples, respectively. The study of transient nonlinearity in-

duced by the nonlinear recombination process adds new degrees of freedom in tempo-

rally manipulating nonlinear behaviors. On the other hand, the research on electronic pre-

resonance effects sheds light on high-sensitive vibrational spectroscopic measurement and

biomedical imaging.

Keywords: pump-probe spectro-microscopy, silicon nanostructures, ultrafast carrier dy-

namics, Auger recombination, transient nonlinearity, multiple-plate continuum, coherent

Raman scattering, electronic pre-resonance
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Chapter 1

Introduction

As a pioneer of femtochemistry, Ahmed Hassan Zewail received the Nobel Prize in
Chemistry in 1999 for the study of chemical reactions across femtoseconds based on ul-
trafast pump-probe techniques [1-3]. Pump-probe spectro-microscopy has become an at-
tractive tool for investigating the electronic and vibrational properties of materials [4-10].
Leveraging various nonlinear processes and the unique time-resolved property, pump-
probe techniques provide spatial-temporal dynamics characterization, and chemical speci-
ficity by probing electronic and vibrational levels of molecules toward the study of ma-
terial science and biological fields [11—13]. This chapter offers an introduction and moti-
vation for this dissertation. In Sec. 1.1, the general concept and instrumentation strategy
of pump-probe spectro-microscopy are introduced. Sec. 1.2 and Sec. 1.3 specialize in
the application of pump-probe spectro-microscopy within semiconductors nanostructures

and biological samples, respectively. Sec. 1.4 gives an overview of the dissertation.
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1.1 Pump-probe Spectro-microscopy

Modern optical nonlinear microscopy accompanied by molecular spectroscopy has
been employed to explore the physics of advanced material and reveal unconventional phe-
nomena, facilitating the comprehension of spatial-temporal dynamics as well as molecular
structure and function in material science and biological fields [4, 9]. Conceptually, var-
ious nonlinear mechanisms such as multiphoton excited fluorescence and high harmonic
generation are able to provide distinct contrast in optical spectro-microscopy [14]. As the
underlying mechanism and imaging modality vary, different light-matter interactions are
taken as the contrast, featuring different physical and chemical properties. For example,
second harmonic generation stems from second-order nonlinearity, which is sensitive to
materials that present a non-centrosymmetric property [15]. Furthermore, a third-order
nonlinearity, coherent Raman scattering effects deduce the vibrational information if the

beating frequency of pump and probe pulses matches the vibrational levels.

Among these nonlinear processes, fluorescence and photoluminescence are known as
the most prominent contrast in current nonlinear spectro-microscopy, which is popular in
biomedical studies [16—18] and advanced semiconductor materials [19, 20] due to its high
sensitivity up to a single-molecule level and background-free detection. Despite its suc-
cess, fluorescence encounter some limitations: (1) Fluorescent molecules have a finite life-
time since a long-time illumination leads to the photo-chemical alteration of the molecules,

resulting in loss of fluorescence, i.e., photobleaching. (2) Through non-radiative energy

7 doi:10.6342/NTU202300045



transfer, fluorescent molecules would form oxygen radicals, which is fatal to bio-samples,
i.e., phototoxicity. (3) Most molecular species are intrinsically non-fluorescent and there
may be no suitable fluorescent markers for the target species. Therefore, optical spectro-
microscopy based on non-fluorescence contrast with high sensitivity is highly desirable

in biomedical and materials science.

Unlike fluorescence as an incoherent process, the advent of coherent nonlinear molec-
ular spectroscopy helps to overcome these limitations, where coherent nonlinear processes
do not involve non-radiative relaxation pathways, and thus electrons are not allowed to
relax via intersystem crossing, i.e. no photobleaching and phototoxicity. Moreover, the
coherent nonlinear optical process can provide intrinsic contrast for spectro-microscopic

measurements. Usually, those processes are classified into two distinct groups [4, 5, 9]:

1. Parametric generation spectroscopy, in which materials act as a frequency mixer,
allowing energy exchange between the incident and resulting light fields. In such
a way, materials return to the ground state after the parametric process. This group
includes second harmonic generation (SHG), third harmonic generation (THG), and

coherent anti-Stokes Raman scattering (CARS).

2. Pump-probe spectroscopy, in which materials exchange energy with incident light
fields, resulting in the quantum state of material changed after nonlinear interac-
tion. This group covers stimulated Raman scattering (SRS), excited-state absorp-

tion (ESA), stimulated emission (SE), and ground-state depletion (GSD).
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Parametric generation spectroscopy Pump-probe spectroscopy

Excited
A states

Jr O Intermediate
....... states

= ] N T : Ground
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Figure 1.1: Coherent nonlinear mechanisms. SHG: second harmonic generation; THG:
third harmonic generation; CARS: coherent anti-Stokes Raman scattering; SRS: stimu-
lated Raman scattering; ESA: excited-state absorption; SE: stimulated emission; GSD:

ground-state depletion. Black dashed lines indicate intermediate virtual states.

Figure 1.1 illustrates the energy level diagram for coherent nonlinear mechanisms.
On the left side of the dashed line, each parametric process generates a new frequency,
which is spectrally separated from the incident radiation using optical filters and detected
with a photomultiplier. Except for the CARS process, the remaining parametric processes
only involve virtual intermediate states, resulting in the lack of molecular specificity. On
the contrary, the pump-probe process carries specific spectroscopic signatures by probing
the electronic resonance energy levels and vibrational levels of molecules, thus facilitating
the characterization of excited-states dynamics and chemical analysis. Since pump-probe
processes do not generate the new frequency, it requires more sophisticated measurement

techniques, that is, a modulation transfer scheme.
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Figure 1.2: Schematic of modulation transfer scheme.

1.1.1 Modulation Transfer Scheme

Figure 1.2 depicts a typical modulation transfer scheme. The incident pump pulse
train is imposed by an intensity modulation with a chopper, an electro-optic modulator
(EOM), or an acousto-optic modulator (AOM). As the pump-probe nonlinear process re-
quires participation with both pump and probe pulses, the nonlinear signals of interest
would carry the modulation profiles in the probe pulse train. The pump transfers its mod-
ulation to the probe through transient gain/loss processes, whose signals are then detected

by a photodetector and demodulated by a lock-in amplifier.

Since multiple photons participate, the occurrence of different nonlinear effects in the
pump-probe process is related to various adjustable parameters, such as excitation wave-
lengths combination of pump and probe pulses, and the time delay between two pulses.
This leads to another unique time-resolved property in the pump-probe techniques, which
enables the characterization of vibration motion in the femtochemistry field [1] and ultra-

fast carrier dynamics in semiconductors [7, 21-26].
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1.1.2 Time-resolved Property

Time-resolved property in pump-probe techniques manifests in a way of the time
delay between pump and probe pulses. The pump pulse is responsible for the photoex-
citation and the probe pulse is accountable for the detection. By tuning the time delay,
one can sketch the signal variation as a function of delayed time, where the evolution of
pump-probe signals unravels the ultrafast dynamics in the materials. The delayed line
is usually controlled by the motorized translation stage with high precision to achieve a
femtosecond-scale resolution in each move step. We note that the temporal resolution is
defined as the cross-correlation between pump and probe pulses and is usually comparable

to the pulse duration themselves [27].

In brief, pump-probe spectro-microscopy combining the coherent nonlinear process
as contrast with the unique time-resolved property has facilitated the study of the elec-
tronic and vibrational properties of samples in the fields of material science and biology.
In the following section, we would specialize the introduction of pump-probe spectro-

microscopy in semiconductors nanostructures and biological samples.
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1.2 Pump-probe Spectro-microscopy in Semiconductors

Nanostructures

The study of ultrafast dynamics in semiconductors has gained lots of attention due to
the interest in the direct application of semiconductor devices, which require fast response
and high-speed information processing. For semiconductor devices, e.g. transistors, the
processing speed is highly related to the structure dimensions. As the length goes down to a
few nanometers, the electron transit time can be as short as a femtosecond to a picosecond.
This brings out the motivation to characterize the ultrafast dynamics of semiconductors.
For example, the carrier transit time of a 125-nm silicon nanodisk has been reported to be
65 fs [25]. Therefore, a fundamental understanding of non-equilibrium carrier dynamics
in semiconductors would facilitate the development of high-speed semiconductor devices.
Over the past few decades, thanks to pump-probe techniques, ultrafast dynamics covers
photoexcited carrier density, and the subsequent carrier recombination process has been

well-studied on femtosecond to subpicosecond time scales [11, 28—32].

With the development of nanotechnology, excited-state dynamics of semiconductor
nanostructures have recently attracted significant attention due to the ability to modify
material features by controlling their dimensionality, morphology, defects, and interface
properties, thereby manipulating ultrafast behaviors [7, 22-26]. Moreover, high optical
index semiconductor nanostructures, e.g., silicon and germanium with strong field con-

finement, exhibit more complex optical behaviors, which present electric and magnetic
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Mie resonances that can significantly enhance both linear and nonlinear light-matter in-
teractions [33, 34]. Inspired by the time-resolved property in pump-probe techniques and
Mie resonance-induced multipole electromagnetic responses in semiconductor nanostruc-
tures, we propose and demonstrate the concept of transient nonlinearity based on nonlin-
ear carrier dynamics [35]. For a more detailed theoretical background and experimental

demonstration, see chapter 2 and 3, respectively.

1.3 Pump-probe Spectro-microscopy in Biological

Samples

The other aspect of pump-probe techniques would focus on the contrast based on
the various nonlinear mechanisms, generating coherent nonlinear optical signals. These
signals carry specific spectroscopic features via interrogating electronic energy levels or
probing the vibrational states of the molecules [9]. Among these nonlinear mechanisms,
coherent Raman scattering holds a unique position in that it provides the chemical speci-
ficity to probe intrinsic molecular vibrations without exogenous labeling [8, 9, 36]. Typi-
cally, vibrational modes have energies in the range of 1—4000 cm~! that corresponds to the
wavelength in the mid-infrared domain (2.5— 10000 pm). By switching from mid-infrared
to visible excitation, the overwhelming absorption from water molecules is suppressed,
making this technique particularly useful for biomedical applications [10, 37—41]. More-
over, benefiting its overall quadratic and cubic dependence on the excitation intensities, a

nonlinear CRS process naturally possesses the capability of optical sectioning, allowing

8 doi:10.6342/NTU202300045



three-dimensional volume imaging. However, despite its prominent chemical specificity,
the CRS spectro-microscopy remains a secondary candidate in biomedical applications
because of its relatively low sensitivity compared with fluorescence. To further boost the
Raman sensitivity, electronic pre-resonance (EPR) is a promising solution to overcome
the bottleneck [42—45]. By addressing the pump wavelength close to the absorption peak
of the sample, the Raman cross-section could be significantly enhanced [46, 47]. Inspired
by the CRS contrast in pump-probe technique and EPR effects to enhance the sensitiv-
ity towards biomedical applications, we propose the advanced laser system: double-pass
multiple-plate continuum with enough excitation strength to offer sufficient responses and
flexible wavelength tuning ability to support desired Raman mode interrogation and EPR
detection [48]. For a more detailed theoretical background and experimental demonstra-

tion, see chapter 4 and 5, respectively.

1.4 Structure of dissertation

This work aims to apply the pump-probe techniques to both ultrafast carrier dynam-
ics and biomedical imaging. In this dissertation, leveraging the time-resolved property of
pump-probe techniques, ultrafast carrier dynamics of silicon nanostructures are investi-
gated and a novel concept of transient nonlinearity generation is presented. In addition,
by adjusting the excitation wavelength of pump and probe pulses with ultra-broadband
supercontinuum, vibrational information of pure chemicals or biological samples can be

probed, allowing coherent Raman scattering bio-imaging without exogenous chemical la-
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beling. This dissertation would cover two original publications [35, 48] in chapter 2-5. In
these chapters, the background knowledge and relevant theory are given before presenting
experimental results. A summary of this dissertation and future outlook are discussed at

the end.

Chapter 2 provides the physical principles of ultrafast dynamics in a semiconductor
nanostructure as well as the basic Mie scattering theorem. We link the carrier dynamics to
the Mie scattering via the key parameter, the refractive index that carrier dynamics induce
the refractive index variation, further resulting in the Mie spectrum shift, which alters the

optical properties of semiconductors.

Chapter 3 introduces the concept of transient nonlinearity generation, where the
underlying mechanism is fluence-dependent carrier lifetime. This effect is exemplified
via nonlinear Auger recombination. Auger-induced transient nonlinearity is then applied

to the point-spread-function engineer, demonstrating the sub-diffraction imaging.

Chapter 4 provides the physical principles of the Raman effect. By adopting a clas-
sical forced damped oscillator model, the theory of spontaneous Raman scattering and
coherent Raman scattering is introduced. The electronic pre-resonance (EPR) theorem is
also described. This effect is achieved by bringing the excitation wavelength close to the

absorption peak of the sample, leading to the enhancement of the Raman cross-section.

Chapter 5 contains the results of coherent Raman spectro-microscopy driven by a
double-pass multiple-plate continuum. This ultra-broadband supercontinuum not only

provides pump and Stokes beams but also supports dual-wavelength tunability. That is,

10 doi:10.6342/NTU202300045



two beams can be adjusted independently, facilitating spectroscopic measurement and
EPR detection. Its intense octave-spanning spectrum also allows for conducting imaging

in biological samples.

Chapter 6 summarizes the entire work. Potential improvement of the system and the

future outlook are discussed.

11 doi:10.6342/NTU202300045



Chapter 2

Ultrafast Carrier Dynamics in

Semiconductors Nanostructures

In this chapter, the physics of ultrafast carrier dynamics of semiconductors and Mie
theory related to nanostructures scattering are introduced, starting from the photoexcita-
tion and the subsequent carrier recombination process to the Mie spectrum shift resulting
in transient signals variation. The key physical parameter: the refractive index helps to

link these two mechanisms.

2.1 Introduction

The requirement of fast response and high-speed information processing microelec-
tronics devices has driven the study of ultrafast carrier dynamics in semiconductors, in-
cluding carrier - carrier scattering, carrier-phonon scattering, and recombination process

(Figure 2.1). Typically, these fundamental dynamics occur ranging from femtosecond to
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Figure 2.1: Illustration of the flow of the energy in a photoexcited semiconductor.

nanosecond time scale [11, 49]. To resolve the temporal dynamics, the most adopted tech-

nique is pump-probe, where the semiconductors are first excited by pump beams, under-

going several states of relaxation before back to the thermodynamic equilibrium. Based

on scanning the time delay between pump and probe pulses, ultrafast carrier dynamics

are then characterized. In the following sections, we review the primary mechanism of

ultrafast carrier dynamics, and specifically, we focus on the case of highly-dense carrier

densities (N > 10 em~?) [50, 51]. In addition, we introduce the concept of pump-probe

techniques.
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2.2 Photoexcited Carriers Generation and Carrier Ther-

malization

The ultrashort pulses with photon energy 7w, higher than the silicon band gap energy
E, are absorbed either via linear and two-photon interband absorption or free-carrier ab-
sorption. Initially, few free-carrier densities are present in the system, and thus the former
process dominates, leading to the generation of electron-hole pairs with the kinetic energy

hwy — E,. The photoexcited carrier density can be calculated from [31]

0% 6(1 — Rn)Feff (0%
Ny = (1—R,)F, ~ (1 —R)F,rj—o 2.1
0= ( Vs B + T ) = ( VEery B (2.1)

where R,, = 0.328 is the normal incidence reflectivity of silicon, Tewyy 1s the full width at
half maximum (FWHM) of the pulse width, F% ;s represents the incident laser fluence, o is
the linear absorption coefficient [52], and § = 6.8 cm/GW is the two-photon absorption
parameter. In the comparison of the linear and two-photon absorption processes, linear
absorption dominates to generate the carrier density. Therefore, the portion of two-photon
absorption is negligible. In addition, in the case of nanostructures, the value of o has an

order of magnitude larger than the bulk silicon, estimated to be cv,q,, ~ 10* cm™1.

Subsequently, the electrons and holes thermalize with other carriers for the transi-
tion from a non-thermal regime to a hot-carrier regime [49]. Note that in the non-thermal
regime, the distribution function of carriers is not able to be characterized by a temper-

ature. Within ~ 107 s, electron-electron and hole-hole collisions bring the electrons
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and hole into thermalized Fermi- Dirac distributions with the characterized temperature
T, and T}, respectively. Then, within ~ 1072 s, electron-hole scattering thermalize two
separated carriers system into a common carrier temperature 7, = 7},. In the process of
carrier thermalization, the carrier energy does not transfer to the lattice, so typically carrier
temperature is initially higher than the lattice temperature 7'. At the end of the hot-carrier
regime, the carriers relax via optical phonon emission, and the optical phonons decay by
the emission of acoustics phonons, bringing phonons into equilibrium with the lattice [53].
But still, in comparison to thermodynamic equilibrium, there are extra electrons and holes
present in the conduction and valence bands. The excess electron-hole pairs then recom-
bine in either radiative or non-radiative ways (Figure 2.1). In brief, as time evolves, the
carrier energy attempt to transfer the kinetic energy to the lattice through various scattering

and recombination mechanisms.

2.3 Carriers Recombination Process

After the carrier thermalization, both electrons and holes share the common carrier
temperature. To characterize the relationship between these two levels, we have to con-
sider the recombination process, further relaxing the energy and reducing the carrier den-
sities. The recombination process is classified into radiative and non-radiative ways. The
time scale for radiative recombination in direct band gap semiconductors is hundreds of
picoseconds to nanoseconds, while in indirect band gap semiconductors it is microsec-

onds to milliseconds. On the other hand, the non-radiative recombination occurs on the
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time scale of tens to hundreds of picoseconds in indirect band gap semiconductors [22].
Consider our observation time scale and the measured samples (silicon). Here, we only

consider non-radiative recombination.

In general, the spatiotemporal evolution of carrier density /V is governed by two

processes: diffusion and recombination, written by

dN(z,t) D82N(2,t) _ N(z1)

dt 022 Teff

(2.2)

where D is the diffusion coefficient and 7. is the effective lifetime of various recombi-
nation processes. In the case of nanostructures, spatial confinement suppresses the carrier
diffusion process [54]. The first term in Eq. 2.2 is ignored and the recombination pro-

cesses are described by the polynomial function of carrier density N, written by

dN(z,t) Nt o py?_ on? (2.3)
dt Teff

where the first term is the Shockley-Read-Hall (SRH) term, the second term is the bi-
molecular recombination with radiation emission, and the third term represents Auger
recombination [55-57]. SRH is typically the dominant recombination process in indirect
band gap semiconductors like silicon. As the carriers recombine, the energy is released via
phonon emission. The bimolecular recombination occurs in direct band gap semiconduc-
tors, and the band-to-band recombination is accompanied by photon emission [58]. For
high carrier density (N > 10'° cm ), the Auger process becomes the dominant recombi-

nation process [50]. This process involves the transfer of recombination energy from an
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electron-hole pair to a third carrier, which is excited to a higher energy state. Equation 2.3
also highlights that in low carrier density, carriers primarily recombine in the SRH chan-
nel and typically 7.4 stays constant, while in high carrier density, 7.s is carrier-density

dependent, reducing with increasing carrier density.

In our work, we manipulate in the condition of high carrier density of silicon sample
(N =~ 10%° — 10?* em~3) [35]. Therefore, Auger recombination is the dominant process.

Eq. 2.3 is then recast as

dN
yre —CN? (2.4)

with an analytic solution [59]

N(t) = ——20 (2.5)

V14 2CNgt

where N is the carrier density that is photoexcited by the optical pulses at time zero and
C represents the Auger coefficient. Moreover, we introduce the Auger lifetime, defined

by

1
- CON?

t=0

dN\ "
TAuger = —-N (E) (26)

However, as the carrier density is high enough (Ny ~ 10 ¢m™?), screen effects of

Coulomb interaction need to take into consideration, and the rate equation in Eq. 2.4

has to be modified as [50, 60]

ON CN3
= _ 2.7
< ot )Auger (1 + ()\/k'g)Q)Q ( )
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where ) is the screening wave vector and k, is the wave vector corresponding to the re-
combination transition (energy band gap). Similarly, following the Eq. 2.6, the modified

Auger lifetime is derived as

ON\ !
TAuger — -N (W)

Auger

1N
= (A2l 28
CN? <k§+ izt ) 28)

t=0

The high carrier temperature leads to nondegeneracy so that \> ~ N,. Without loss of
generality, we assume that carrier density Nj is linearly proportional to the excitation
fluence F'. Equation 2.8 can thus be rewritten as

1 F? F b c
TAugeer(k_g—i_Qk_g—'_l):a—i_F—i_ﬁ (29)

Note that as increasing the fluence, the Auger lifetime decreases asymptotically to a con-
stant ”a”, which refers to saturation lifetime. Overall speaking, understanding the carrier
dynamics and the carrier density evolution function helps to interpret the behaviors of

transient signals in pump-probe spectroscopy. In the following section, we link the carrier

dynamics to transient signals, where the key physical parameter is the refractive index.

2.4 Carrier Dynamics Induced Refractive Index Varia-

tion

The photo-induced refractive index change An is usually described with two physical

parameters: carrier density N and lattice temperature 7', corresponding to the effects of
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carrier evolution and lattice heating [29, 30]. The refractive index change is given as
An = Any + Anar (2.10)

According to the classical Drude model, carrier densities inducing refractive index change
can be written as [30]
N 2
Any=——C <y @2.11)

2nom?, egw? ~
where e is the electron charge, n is the refractive index without perturbation, m}, is
the reduced mass of electrons and holes, ¢ is the vacuum dielectric constant, and w is
the angular frequency of optical fields. Equation 2.11 highlights that carriers provide a
negative contribution to the refractive index. On the contrary, lattice temperature provides

the variation of refractive index in a positive manner, given as

Anap = (g—;) AT >0 (2.12)

Lattice heating stems from two sources: direct heating and Auger heating. Direct heating
stems from the emission of optical phonons by photoexcited carriers, which are allowed
to relax toward the band edge on the time scale of a few picoseconds. On the other hand,
Auger heating results from Auger recombination, which leads to reheating the electronic
systems. In principle, it slows down the carrier relaxation process, remaining hundreds of
picoseconds [61]. For the high carrier density N > 102 cm—3, band-filling effects reduce
the portion of the direct heating process to less than 15 % of the incident photon energy, and

thus Auger heating dominates the lattice heating process [29, 62]. So far, refractive index
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variation induced by carrier density N and lattice temperature rise AT is discussed. The
change in the refractive index will affect the spectrum profile of nanostructures according

to the Mie theory, further leading to the deviation of transient signals.

2.5 Refractive Index Variation Induced Mie Spectrum Shift

In this section, we briefly introduce the Mie theory to interpret the relationship be-
tween the change of refractive index and the Mie spectrum shift. Mie theory is used to
describe the scattering of the light fields by a spherical particle with a different refraction
index from the surrounding [63]. Compared with the well-known Rayleigh scattering,
Mie theory deals with the case that the wavelength of light fields is comparable to the size
of the scattering particles. Here, rather than deriving the theory from the basic Maxwell’s
equation, we highlight some crucial formulas to interpret the fundamental concept. To be-
gin with, consider a spherical particle with radius a (labeled 1) isolated in the host medium
(labeled 2) as shown in Fig. 2.2. The incident optical field is assumed to be a plane wave
with wavelength \,, angular frequency w, propagation direction u, and polarization e. The
electromagnetic field is thus given by

Ei(r,t) = Egexpli(kou - r — wt)]e

(2.13)

ko
Hin(r, 1) = ——[u X Ejpe(r, ¢
(1.0) =~ fu X Eue(r.)

where Ej is the amplitude of Ei.(r,t), po is the magnetic permeability, and ko is the

wavenumber of the host medium. The analytic form of the scattered electric field Eq,(r)
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Figure 2.2: Incident light fields scattered by a spherical particle. {E;.;H;,} and
{Esca; Hsea } refer to incident and scattered electromagnetic fields in the host medium.
{E; H, } is the internal fields of the sphere particle.

can be further derived under the continuity condition at the interface and far-field approx-

imation, written as [63, 64]

Eqo(r,0,¢) = ZE [ianNIT, (7, 0, 6) — b MU (7,0, )]
(2.14)

Hoa(r,0,6) = —2 S B, [ia,M™2,(r,0,6) — N2 (1,0, 6)]

W2

The notation in Eq. 2.14 is explained below:

* The coefficients E),, are related to the amplitude of electromagnetic fields, which

arc

2n+1

E, =i"Ey— "
! “n(n+1)

(2.15)

* Two sequences a,, and b,, are known as Mie sequences, weighting the contribution

of electromagnetic normal modes, expressed by

71 doi:10.6342/NTU202300045



U (@) = (@), (ma)
(#) = &ul@)¢hy, (ma)
) —
) =

_ ma,(mx)y
" ml/Jn(mx

)€
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where 1,,(p) and &, (p) are the Ricatti-Bessel functions.! The quantity z is defined

n / (2.16)
mi, (), (mz)

bn = mé, (2) ), (ma)

by © = ksa, the product of the wavenumber and the radius of the particle. It is
dimensionless and referred to as a size parameter. The quantity m is also dimen-
sionless, describing the contrast of the complex optical index? between the spherical
particle and the host medium, defined by m = m;/ms. Equation 2.16 highlights
that Mie coefficients a,, and b,, are determined by two dimensionless parameters:
size parameter x and optical index contrast m, providing the viewpoint that Mie
scattering profiles are size- and refractive index dependent.

« The functions M"? (r,0,¢), M2 (r,0,¢), N"2 (r,0,¢), and N2

o (1,0, ¢) are vec-

tor spherical harmonics, whose analytic expression is provided in Ref. [64]. These
functions are also known as the electromagnetic normal modes of the spherical par-
ticle [65]. For a,, series, they are related to electric multipoles. On the other hand,

the b, series describe magnetic multipoles.

Moreover, the scattering cross-section can be derived as

o0

o
Clea = 2 S0+ 1)(Jal® + baf?) (2.17)

n=1

The Ricatti-Bessel functions are defined by v, (p) = pjn(p) and &,(p) = phn(p), where j,(p) and
hn(p) is the spherical Bessel and Hankel functions.

2The complex optical index is expressed by m = n + i, where n is the refractive index and  is the
extinction index.
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We can also derive the scattering cross-section of the first four multipoles, which are

o

CED — _|a1|2
sca k%

sca

6
CMD — ﬁ|bl|2
2

2.18)
107
Cid = F’@ﬂ?
2
107
Ol = F’aﬂ?
2

where ED, MD, EQ, and MQ represent the electric dipole, magnetic dipole, electric quadrupole,
and magnetic quadrupole, respectively. Figure 2.3a provides an example of the multipole
decomposition of scattering cross-section. We simulate a nanosphere with a diameter of
150 nm and refractive index n; = 4 embedded with the host medium with refractive in-
dex ny = 1 and Eq. 2.18 helps to calculate the contribution from each mode. Figure 2.3b
and 2.3c show that the scattering cross-section varies under the different diameters of a
nanosphere and refractive index. As the refractive index or diameter increases, the peaks

of scattering spectra exhibit a redshift.

So far, we introduce the fundamental concept of Mie theory that two key parameters:
size parameter = and optical index contrast m determine the Mie coefficients and Mie
spectrum profile. We note that the analytical solution of Mie theory is only valid in the
case of a nanosphere. Thus, numerical methods must have to be introduced to deal with
non-spherical structures. The main idea highlighted in this section is that the variation of
refractive index leads to the Mie spectrum shift as shown in Fig. 2.3c. The variation of

the refractive index may be affected by carrier density and lattice temperature, resulting
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Figure 2.3: The simulation of Mie scattering cross-section. (a) Multipole decompo-
sition of scattering cross-section by nanosphere with diameter 150 nm and refractive in-
dex 4. The solid lines correspond to electric dipole (ED), magnetic dipole (MD), electric
quadrupole (EQ), magnetic quadrupole (MQ), and total scattering cross-section. (b) Scat-
tering cross-section by nanosphere with various diameters: 140, 150, and 160 nm with the
fixed refractive index 4. (c) Scattering cross-section by nanosphere with various refrac-
tive index: 3.9, 4.0, and 4.1 with the fixed diameter 150 nm. All scattering spectra are
calculated by a Python package: PyMieScatt.

in the change of transient signals in pump-probe spectroscopy. By probing the evolution

of transient signals in pump-probe spectroscopy, we can then speculate on the underlying

carrier dynamics.
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Chapter 3

Transient Nonlinearities in Silicon

Nanostructures

In this chapter, the concept of transient nonlinearity is first introduced. Auger-induced
transient nonlinearity in silicon nanostructures is exemplified to prove the concept, whose
nonlinear behavior is characterized by intensity-scan and pump-probe techniques to ac-
quire spatiotemporal information. The temporal evolution of Auger-induced transient

nonlinearity and its related application are demonstrated and discussed.

3.1 Introduction

Thanks to its natural abundance on earth and mature fabrication engineering, silicon
(Si1) has long been a preferred material in the microelectronics industries. This prominent
position leads to great success in applications such as diodes, detectors, and transistors

in electronic fields. However, the optical properties of Si are relatively poor due to its
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indirect bandgap nature and weak nonlinear light-matter interactions, which restrict effi-
cient light emission. Recent developments of Si nanostructures are starting to change the
picture owing to the high refractive index of Si (n ~ 4) and nanoscale light confinement
[33, 66, 67]. The strong spatial confinement and field localization helps to enhance the
intrinsically weak optical nonlinearity, facilitating various nonlinear effects such as mul-
tiphoton absorption [25, 68], harmonic generation [69], and photothermal effects [70, 71],
leading to the emerging fields, nonlinear Si nanophotonics [33, 72] with applications such

as all-optical signal processing, super-resolution imaging, and wavelength conversion.

Traditionally, the characterization of optical nonlinearity is based on intensity-scan
techniques, e.g. z-scan [73, 74]. A single laser beam is first tightly focused in the z-axis to
provide z-dependent intensity illumination. Then, the sample moves along the propaga-
tion direction (z-axis) and z-dependent transmittance or divergence in the far field is mea-
sured. When there is z-dependent divergence/transmittance, the real/imaginary nonlinear
susceptibility of the sample is expected to be observed and can be quantitatively deduced
(Figure 3.1a). However, the z-scan method is suitable for the thin sample. If the sample
is not uniformly distributed in the transverse direction, like an array of nanoparticles, the
resulting nonlinear contribution is an ensemble contribution. To address this issue, our
group recently announces another intensity-scan method called the x-scan method, which
is specifically designed for analyzing isolated nanoparticles [70, 75], based on the lateral
laser scanning in both the x and y axis to acquire the emission pattern of nanostructures. If
there is no nonlinear response, the resulting image is simply the linear convolution of the

nanostructures and laser point spread function (PSF), where its profile is often a Gaussian
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Figure 3.1: Schematic of intensity-scan methods. (a) z-scan methods. (b) x-scan
method. PSF: point spread function.

function (Figure 3.1b). On the contrary, if the nanostructure presents nonlinear behavior,
the emission image will differ from its original Gaussian profile, and this deformation
is exactly related to the nonlinear index [76, 77]. Nevertheless, intensity-scan methods
limit the nonlinearity characterization in the spatial domain and they are not capable of

exploring the transient nature.

To resolve the temporal responses, especially in the ultrafast domain, the most com-
monly adopted method is pump-probe techniques, probing the dynamics by scanning the
time delay between two pulses [23, 78]. In most cases, linear transient responses are char-
acterized by the pump-probe scheme, including stimulated emission [79], excited-state
absorption [80], and ground-state depletion [81]. In addition, the study of nonlinear tran-
sient effects has been reported based on the mechanism such as absorption saturation [82],
four-wave mixing [83], and multiphoton absorption [84]. Typically, most transient sig-
nals are instantaneous, occurring within the pulse duration, and have a solitary nonlinear

power dependency (square, cubic, etc.).
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Here, we present a new concept based on fluent-dependent carrier relaxation time
to generate transient nonlinearity in Si nanostructures, whose nonlinear behaviors are
characterized by the combination of intensity x-scan methods in the spatial domain and
pump-probe techniques in the temporal domain. It is well-known that carrier relaxation
depends on the recombination processes via, for example, Shockley-Read-Hall (SRH)
effects and Auger recombination (AR) [57, 85]. If the carrier relaxation time exhibits
fluence-dependent property, we speculate that transient nonlinearities with either sub-
linear or super-linear properties would emerge at a certain time delay ¢p. Note that previ-
ous research mainly focuses on the study of the characteristic relaxation time as a function

of fluence and few studies report the nonlinear behaviors at different temporal intervals.

In this chapter, a general concept of the transient nonlinearity generation based on
fluence-dependent lifetime is introduced. As a proof-of-concept experiment, transient
nonlinearity in Si nanostructures is exemplified through the nonlinear Auger process.
Moreover, Auger-induced transient nonlinearity is further applied to microscopic imaging,
resulting in the broadening and shrinking of single-particle images. All of the contents in

this chapter have been published in Advanced Optical Materials, 10(5):2101711, (2022).

3.2 Concept of Transient Nonlinearity Generation

In a pump-probe experiment, transient nonlinear behaviors are characterized by the
transient signals as a function of pump fluence. Consider the general case of the transient
nonlinearity induced by the fluence-dependent carrier recombination lifetime. According
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Figure 3.2: Concept of fluence-dependent carrier lifetime inducing transient nonlin-
ear behaviors. (a)-(c) Simulated pump-probe traces with constant (a), decreasing (b), and
increasing (c) carrier lifetimes at various pump fluences (F, 2F, 3F, 4F). (Right) Tran-
sient signals as a function of fluences at a specific time delay to show linear (a), sub-linear
(b), and super-linear (c) fluence dependencies. (d) Pump fluence dependence of normal-
ized transient signals in a logarithmic scale, corresponding to (a)-(c).

to Eq. 2.3, the effective carrier recombination time 7. is given as

1
— = AN + BN? + CN? (3.1)

Teff

where N is the carrier density. A, B, and C refer to SRH, bimolecular recombination, and
Auger effects, respectively. It is obvious that for low carrier density, i.e., low pump flu-
ence, Tegr 18 constant, leading to the exponential decay of carrier densities over time. While
for high carrier density, 7.¢ is carrier-density/fluence dependent, reducing with increasing

pump fluence.

To present the general scenario of how non-constant 7.¢ generates transient nonlinear-

ity, we start by simulating the pump-probe traces with four carrier lifetimes (7, 7o, 73, 74)
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under four different pump fluences (F' — 4F) with three conditions. Figure 3.2a shows
the case of constant 7.¢ over various pump fluences, leading to a linear pump fluence de-
pendency. In Fig. 3.2b, carrier lifetime 7.4 decreases with the increasing pump fluences
(11 > 1 > 73 > 74) that transient signals |AS/S| reduce as increasing pump fluences,
leading to the sub-linear behaviors. On the other hand, in Fig. 3.2¢, carrier lifetime 7
increases with the increasing pump fluences (71 < 75 < 73 < 74) and the transient signals
exhibit a super-linear fluence dependency. Figure 3.2d depicts the fluence dependency of
normalized transient signals, where nonlinear behaviors are quantified through the slope
of pump-fluence dependence in a logarithmic scale: linearity (slope = 1), sub-linearity
(slope < 1), and super-linearity (slope > 1), manifesting that transient nonlinearity is a

universal incident under the condition of fluence-dependent carrier lifetimes 7.

As mentioned in Sec. 2.3 and Eq. 3.1, usually the carrier lifetime is not constant at
high-fluence excitation and transient nonlinearity is expected. In the following section,
Auger-based nonlinear carrier dynamics in Si nanoblocks (SiNBs) are taken as a proof-

of-concept experiment to verify our idea.

3.3 Experimental Methods and System Performance

3.3.1 Experimental Setup

Figure 3.3 shows a schematic of the home-built pump-probe confocal microscope.

The front-end laser was a Ti:Sapphire oscillator (Tsunami 3960C-15HP, Spectra-Physics),
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Figure 3.3: Schematic of the confocal pump-probe microscope. BS: beam splitter,
PBS: polarized beam splitter, EOM: electro-optic modulator, PMT: photomultiplier tube.

providing a pulse train at 785 nm with an 80-MHz repetition rate. To avoid heat accumula-
tion in the damage to the Si sample, the repetition rate was reduced to 8 MHz with a pulse
picker (Model 3980, Spectra-Physics). Pulses were divided into pump and probe beam
paths using a 50/50 beamsplitter. The intensity of the pump was modulated by an electro-
optical modulator (Model 25D, Conoptics) at a frequency of 100 kHz. A linear motor stage
(M-ILS150PP, Newport) served as an optical delay line that offers a time delay between
pump and probe pulses. A long-pass filter (LP02-785RE-25, Semrock) and a short-pass

filter (SPO1-785RU-25, Semrock) were used to select the excitation spectra of the pump
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Figure 3.4: Spectra of pump and probe pulses.

and probe pulses and avoid spectral overlap (Figure 3.4). Pump and probe beams were
coupled collinearly with a polarized beam splitter. Half-wave plates (10RP02-46, New-
port) in individual light paths were used to change the polarization direction and adjust
the excitation fluence on the sample. Subsequently, two beams were directed onto gal-
vanometric mirrors (GVS002, Thorlabs) to perform a raster scan. A 100x oil immersion
objective (UPLSAPO 100XO NA1.4, Olympus) was used to focus laser beams on sam-
ples. Backward scattering was reflected by a beamsplitter, spectrally blocked the pump
beam using a short-pass filter (SPO1-785RU-25, Semrock), and then focused into a pin-
hole in front of a photomultiplier tube PMT(R928, Hamamatsu). The photocurrent from
the detector was then sent into a lock-in amplifier (SR844, Stanford Research), which was
phase-locked to the modulation frequency of EOM (100 kHz) in order to demodulate the
pump-probe signals, i.e., AS. The backward scattering .S intensity of the probe beam
which was not experienced by the pump beam was measured using another lock-in ampli-

fier (SR830, Stanford Research) while the probe beam was mechanically chopped at 320
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Hz. Time-resolved signals AS/S were then calculated. Through raster scanning mode,

pump-probe images were formed at a specific pump-probe delay.

3.3.2 System Performance

In the pump-probe system, the most important factor, temporal resolution is neces-
sary to be clarified to ensure the viability before conducting the experiments. Optical au-
tocorrelator is well-known for the measurement of the duration of ultrashort pulses, which
determines the temporal resolution. Figure 3.5a displays a schematic of a second harmonic
generation (SHG) intensity autocorrelator. The beam is first split into two pulses train and
the time delay between two replicas of the pulse is controlled by a delay stage. Two par-
allel beams are then focused on a crystal to generate a delay-dependent SHG signal. This
signal is collected with a photodetector, which measures

Tsna = / " EOE( - )2t = / I - )t (3.2)

(e 9] — 00

, where Iy is the intensity autocorrelation function and E(¢) is the complex electric
fields. The temporal resolution is then determined by the intensity autocorrelation band-
width as shown in Fig. 3.5b. For our pump-probe system, temporal resolution is calculated

to be 1.25 ps with a Gaussian fitting.
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Figure 3.5: Intensity autocorrelator for pulse characterization. (a) Schematic of an
intensity autocorrelator. SHG: second harmonic generation. (b) SHG intensity autocorre-
lation trace. The temporal resolution is calculated to be 1.25 ps (FWHM of the trace).

3.3.3 Fabrication process of SiINBs

The fabrication process of SiNBs was reported [34]. A 150-nm thick chemical resists
was spin-coated on a Si layer with a thickness of 150 nm on a quartz substrate. Custom
shapes were drawn on the chemical resist using electron beam lithography (ELS-7700T,
ELIONIX Inc.). A 30-nm thick Cr layer was then applied as a hardmask using a heat-
resistant evaporator, and the chemical resist was removed in a lift-off process. Then,
reactive ion etching methods with SF¢ and C4Fg plasma were used to remove the Si layer
without a Cr hardmask. Lastly, a Cr solution (Diammonium Cerium(I'V) Nitrate) was used
to etch the Cr hardmask. SiNBs with various lateral dimensions and fixed 150-nm height

were then fabricated.
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Figure 3.6: Confocal pump-probe microscope with intensity x-scan and pump-probe
temporal scan capabilities. (a) Schematic of a confocal pump-probe microscope. PMT:
photomultiplier tube. ¢p: time delay between pump and probe pulses. The inset displays
the scattering image of a single SiNB (w, = w, = 200 nm). Scale bars, 500 nm. (b)
Schematic of confocal x-scan and pump-probe temporal scan.

3.4 Optical Properties of SINBs Characterized by Confo-

cal Pump-probe Spectro-microscope

Optical properties of SiNBs are investigated using a confocal pump-probe micro-
scope, which contains the capabilities of intensity x-scan and pump-probe temporal scan
(Figure 3.6a and b) [86]. According to the Mie theory, SiNBs exhibit multipole reso-
nances, whose Mie scattering profiles are determined by physical dimensions [34, 70].
As mentioned, the Mie analytical solution is only valid in the case of nanospheres. For
the case of nanoblocks, numerical methods are introduced to calculate the size-dependent
Mie scattering cross-section under 785-nm laser excitation, based on the COMSOL soft-
ware. The simulation results and multipole decomposition analysis are presented in Fig.

3.7a. We note that as the fabrication error results in strong deviation in the measure-
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Figure 3.7: Multipole decomposition and size-dependent backward scattering of
SiNBs under 785-nm excitation. (a) Simulation of total size-dependent 785-nm scat-
tering. ED: electric dipole, MD: magnetic dipole, EQ: electric quadrupole, MQ: magnetic
quadrupole. (b) Simulation and experiment results of 785-nm backward scattering with

various dimensions of SiNBs.

ments, we characterize the size-dependent backward scattering with various dimensions
of SiNBs (Figure 3.7b, black dot) and also simulate size-dependent tendency (Figure 3.7b,
red curve). Experimental and simulation results show good agreement with each other,
verifying the dimensions of SiNBs as expected. In this work, w, = w, =200 nm and 290-
nm SiNBs are chosen to conduct the transient nonlinearity demonstration since these two
dimensions allow to induce the magnetic and electric dipole Mie resonances, providing

relatively strong backward scattering signals under 785-nm laser illumination.

To characterize the transient nonlinearity, ultrafast carrier dynamics of SiNBs are
first carried out in our pump-probe system. Figure 3.8 are the long- and short-term tran-
sient scattering AS/S response of a 200-nm SiNB under five pump fluences excitation.
At the first few picoseconds, each trace initiates with a drastic decrease to reach its global
minimum, contributed by the high carrier densities (N ~ 10%° —10*! cm~?), where the es-

timation is calculated by Eq. 2.1. Then, AS/S quickly recovers via non-radiative carrier
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Figure 3.8: Ultrafast carrier dynamics of a 200-nm SiNB. (a) Transient scattering
AS/S of a 200-nm SiNB at at 3.6 — 12.7 mJcm™2. (b) The corresponding data of (a)
on a short time scale (~ 250 ps). The inset highlights the enlarged traces near the crossing

point (¢, ~ 80 ps).

recombination processes dominated Auger process (Section 2.3), leading to not only car-
rier density reduction, but also lattice heating due to Auger heating [29, 53]. The former
leads to AS/S relaxation towards zero and the latter results in AS /S growth in a positive
manner. Together these two contributions give rise to a common crossing point at £, ~ 80
ps for various pump fluences. AS/S increases gradually to reach its maximum at tp ~ 1
ns, resulting from the lattice heating. Then, AS/S starts to relax towards zero after a few

nanoseconds due to thermal diffusion to the surroundings.

It is worth recapping the background in Sec. 2.4 and 2.5 that the sign of scattering
deviation is determined by not only the carrier dynamics inducing the Mie spectrum shift
but also the wavelength of excitation. In the experiment, the 785-nm laser excitation is on
the red side of the scattering spectrum (Figure 3.9a). Recap that carrier density provides a
negative contribution to the refractive index, leading to spectrum blueshift and scattering
deviating negatively. On the contrary, lattice temperature results in the spectrum redshift,

and scattering deviates in the negative manner as shown in Fig. 3.9b.
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Figure 3.9: Mie scattering spectrum of a 200-nm SiNB. (a) Simulation of a 200-nm
SiNB Mie scattering spectrum. The red dot line points out the 785-nm laser excitation.
(b) Schematic of Mie spectrum shift due to the refractive index variation, presenting the

positive or negative deviation of transient scattering.

Instead of presenting the global fitting of the pump-probe trace in the whole observed
window (8 ns), we focus on the analysis in the first 250 ps since, in this time window, we
don’t have to consider the competition between the lattice heating and thermal diffusion
and the simple Auger analytical model can be adopted to describe the carrier dynamics.
Both carrier densities reduction via Auger recombination and lattice temperature rise via
Auger heating share the same analytic form [29]. Based on the Eq. 2.5, the AS/S traces

are analyzed with the following equation:

AS() 1 1o 1 (3.3)
S A/ 1 + Qt/TAuger \ 1 + 2t/TAuger

where A, term corresponds to Auger recombination, and the A; term relates to Auger
heating. Figure 3.10 reveals the Auger fitting of the pump-probe trace at pump fluence
12.7 mJcm~2. The red and blue curves represent the contribution of Auger heating and
Auger recombination, respectively. Their sum ((purple curve) is well-fitted with the trace,

confirming the underlying Auger mechanism. The fitting results (Ao, A1, and Tayger) are
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Figure 3.10: Auger fitting of the pump-probe traces of a 200-nm SiNB. (a) Auger
fitting of AS /S at pump fluence 12.7 mJ cm~2. The red and blue curves present the com-
ponents of Auger heating (AH) and Auger recombination (AR) contributions. (b) Fitted
amplitudes A, and A; correspond to AR and AH, respectively. (c) Fitted Auger lifetime
Tauger at five different fluences. (d) Simulated transient scattering fluence dependency
0(AS/S)/OF as a function of tp, calculated with the fitting results in (b) and (c), mani-

festing the existence of a common crossing point, whose fluence dependence equals zero.

summarized in Fig. 3.10b and c. Figure 3.10b shows that Auger amplitudes are linearly
proportional to the pump fluence, which is governed by photoexcited carrier density /Ny
and Fig. 3.10c depicts that Auger lifetime 75y reduces with the increment of pump
fluence I . Asmentioned in Sec. 2.3, in the case of high carrier density (Ny ~ 10! cm™3),
due to the Coulomb screen effects [50], Tauger Will decrease asymptotically to approach the
saturation lifetime a. Equation 2.9 fits well with the results. Then, based on the amplitude,
Auger lifetime tendency (solid lines in Fig. 3.10b and c) and Eq. 3.3, we can simulate

the fluence dependence of transient signals, denoted as 9(AS/S)/OF. In Fig. 3.10d, the
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Figure 3.11: Auger fitting of the pump-probe traces of a 290-nm SiNB. (a) Transient
scattering AS/S of a 290-nm SiNB at 0.75 — 3.74 mJ cm~2.(b) Auger fitting of AS/S at
pump fluence 3.74 mJ cm~2. The red and blue curves present the components of Auger
heating and Auger recombination contributions. (c) Fitted amplitudes Ay and A; corre-

spond to AR and AH, respectively. (d) Fitted Auger lifetime 7 at various fluences.

zero-value features the common crossing point ¢, ~ 80 ps, that is, transient scattering is

fluence-independent at this special time point.

In brief, the above analyses manifest that ultrafast carrier dynamics in SiNBs is domi-
nated by the Auger process, whose lifetime 7, 1s found to be fluence-dependent. More-
over, mathematically we prove the existence of a common crossing point, featuring a full
saturation nonlinearity. The same measurements and analyses are conducted for the 290-
nm SiNBs, as shown in Fig. 3.11. In the following section, we characterize the evolution

of Auger-induced transient nonlinearities at different time delays ¢ p.
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Figure 3.12: Schematic of Auger-induced transient nonlinearity. (a) Schematic of the
emergence of transient nonlinearity. The red and green curves are simulated pump-probe
traces with the same lifetime 7y, but different excitation fluences (F' and 2F"). The green
curve considers Auger effects, resulting in the reduction of a lifetime (7, < 71). By sam-
pling the traces at a specific time delay ¢, the sectioning AS/S values are projected onto
a plane to present the relation between AS/S and pump-fluence, i.e., pump-fluence de-
pendency. (b) Three cases of Auger-induced transient nonlinear behaviors: sub-linearity,
full saturation, and super-linearity associated with three temporal intervals. (c¢) Tempo-
ral evolution of Auger-induced transient nonlinearity, which is quantized by the slope of
pump-fluence dependence on a logarithmic scale.

3.5 Auger-induced Transient Nonlinearity in SINBs

Figure 3.12a is a schematic that depicts the appearance of Auger-induced transient
nonlinearity through the varied Auger lifetime. If the Auger lifetime is a constant, the
projected AS/S onto the ”pump-fluence dependence” plane presents the linear behavior,
as shown by the red and blue curves. On the contrary, in our experiment, we have to take
into account the Auger effects that reduce the lifetime with increasing pump fluence as

shown by the green curve. The projection manifests the nonlinear behaviors. Remark-
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ably, the reduction of the Auger lifetime leads to various nonlinear behaviors, including
sub-linearity, full saturation, and super-linearity. The common crossing point 7. serves as
a demarcation time point of nonlinear behaviors as shown in Fig. 3.12b. Figure 3.12¢
presents the temporal evolution of Auger-induced transient nonlinearity. Nonlinear re-
sponses are quantized by the slope of pump-fluence dependence on a logarithmic scale.
For 0 < t’ < t., the slope initiates from unity, and then decreases to zero value, i.e., from
linearity to sub-linearity. Att’ = t., the slope equals zero. A full saturation behavior is
observed as expected. For t” > t., the slope is greater than 1 and decays asymptotically

to the value of 1, that is, from super-linearity to linearity.

Based on the concept of Fig. 3.12a, we then extract the data points from Fig. 3.8a,
sampling at various time delays. In Fig. 3.13a, where ¢ is set to be 0 ps, namely, the
global minimum in the traces, the AS/S is primarily determined by photoexcited carriers
generation with the incident pump pulse. A linear pump-fluence dependence is expected
to be observed [87]. At a long time delay (¢, = 7815 ps), the thermal diffusion process
dominates. As shown in Fig. 3.13b, the observed linear behavior confirms the fact the
thermal relaxation time of nanostructures is independent of the pump fluence [88]. To re-
veal the transition of nonlinear behaviors around the common crossing point (t. ~ 80 ps),
pump-probe traces at 75, 80, and 90 ps are specifically sampled, and their pump-fluence
dependencies are depicted in Fig. 3.13c — e, respectively. It is obvious that fluence-
dependence has a transition from sub-linear (slope < 1), full saturation (slope ~ 0), and
then super-linear (slope > 1) behaviors. Figure 3.13f presents the temporal evolution of

Auger-induced transient nonlinearity over the whole temporal window. For tp = 0-80
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Figure 3.13: Temporal evolution of Auger-induced transient nonlinearity of a 200-
nm SiNB. (a) — (e) Normalized |AS/S| as a function of pump fluence on a logarithmic
scale for five different time delays ¢p: (a) 0 ps, (b) 7815 ps, (c) 75 ps, (d) 80 ps, (€) 90 ps.
The fitting slope values are listed in the lower right of each panel. (f) Temporal evolution
of Auger-induced transient nonlinearity of a 200-nm SiNB. The colored rectangles are
corresponding to (a) — (e). The red curve is calculated through Auger analytic solutions
with Eq. 3.3.

ps, presenting the negative AS/S, the slopes decline from 0.94 to 0.01. For tp =90 —
200 ps, presenting the positive AS/S, the slope initiates from 2.08 and decays toward
unity, denoting the termination of the Auger nonlinear process. For long-term behaviors
(tp = 1—8ns), no nonlinear carrier dynamics are anticipated, and thus linear pump depen-
dence is presented. The red curve is calculated through analytic solutions with Eq. 3.3,
and the great agreement verifies the underlying Auger mechanism. Similar analyses in a
290-nm SiNB are also performed (Figure 3.14). A common crossing point is observed

(Fig. 3.14b), but occurs at a shorter time delay (¢, ~ 64 ps) as compared with 200-nm one

43 doi:10.6342/NTU202300045



(a) (b) (c)
ip= 234 ps tp= 64 ps tp= 77 ps
~ L — ] ~ o 1] w1 1 {oone 200 M
s 21 Jos R T e e
= | Z oo, - 0.6 {064
% 1% AS/S=0 | 0‘133 04 0.4 {041
< T Ommmmmmmmmemmms e e o - R <
= o =
k=] 1% B 02 0.2 {024
g 2 1oz g
© -2 g ©
g d Crossing peint (~64 ps) %
z slope =0.8 slope =09 =z slope = 0.001
— 4l
1 234 1234 45 50 55 60 65 70 75 80 1234 1 234 1234
Pump Fluence (mJ cm?) Pump-probe Delay (ps) Pump Fluence (mJ cm?)
(d)
3
L
24
[}
o
o
)
-
04 \I [ ] I

0 40 80 120 160 200 240
Pump-probe Delay (ps)

Figure 3.14: Temporal evolution of Auger-induced transient nonlinearity of a 290-
nm SiNB. (a)(c) Normalized |AS /S| as a function of pump fluence on a logarithmic scale
for five different time delays ¢p: 0 ps, 234 ps, 47 ps, 64 ps, 77 ps. The fitting slope values
are listed in the lower right of each panel. (b) Enlarged traces near the crossing (t. ~ 64
ps) in Fig. 3.11a. (d) Temporal evolution of Auger-induced transient nonlinearity of a
290-nm SiNB. The colored rectangles are corresponding to (a) and (c). The red curve is

calculated through Auger analytic solutions with Eq. 3.3.

(t. ~ 80 ps). Nonlinear behaviors transition from sub-linear to super-linear behaviors are
presented in Fig. 3.14a and c. The temporal evolution of Auger-induced transient nonlin-
earity is depicted in Fig. 3.13d. A similar carrier dynamics process has been mentioned

in the 200-nm SiNB case.

The simulation in Fig. 3.15 shows that the location of the common crossing point
relies on two parameters: saturation lifetime a and the ratio of Auger heating and recom-
bination amplitudes |Ay/A;|. According to Eq. 2.9, the saturation lifetime « is determined
by the Auger coefficient, where the related Auger lifetime has been reported to be size-

dependent on particle radius (Tauger ~ R?) as the particle size is at a few nanometers scales
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Figure 3.15: Contour mapping of the common crossing point ¢.. The location of the
common crossing point relies on two parameters: saturation lifetime a in Eq. 2.9 and the
ratio of the Auger amplitudes |Ag/ A4 |.

[89]. However, in our case, the nanostructures with a dimension of hundreds of nanome-
ters, the Auger coefficient seems not to vary too much with the particle diameter. The fact
i1s shown in the saturation lifetimes of the 200-nm and 290-nm SiNBs, which are calcu-
lated to be 35 and 42 ps, respectively. Hence, we speculate the distinct factor that changes
the position of ¢, is the ratio of Auger amplitudes | Ag/A;|. For the amplitude of Auger re-
combination Ay, it is related to the photoexcited carrier generation, which can be boosted
by the Mie resonance. Besides, for the amplitude of Auger heating, A, is related to the
efficiency of carrier-phonon conversion, which is affected by resonance types. As shown
in Fig. 3.7a, an electric dipole and a magnetic dipole perform the contribution of the res-
onance mode of a 200-nm SiNB. On the contrary, for the 290-nm SiNB, it is dominated
by the electric dipole. It has been reported that for a large particle, the heating efficiency
depending on electric pole resonance is far higher than a small one with magnetic dipole
resonance [90]. Thus, we expect the more considerable A; value found in the 290-nm
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SiNB. After computing the ratio of Auger amplitudes |Ay/A;| in Fig. 3.10b and 3.11c,
the values are found to be 1.38 and 1, respectively. This leads to a common crossing point
occurring at a shorter time delay, as shown in Fig. 3.15. Our findings add a new degree

of freedom of temporally manipulating the nonlinear behaviors.

3.6 Application: Transient Nonlinearity for Point-spread-

function Engineering

Transient nonlinearities can facilitate numerous applications such as all-optical switch-
ing and super-resolution imaging. Here, we exemplify the point-spread-function (PSF)
engineering with Auger-induce transient nonlinearity, where the types of anticipated non-
linear behaviors modify the microscopic imaging PSF. The size of PSF shrinks with super-
linearity [91] while broadening via sub-linearity. From Fig. 3.13f, as nonlinear behaviors
transition from sub-linearity to super-linearity, we expect PSF width to enlarge and then
shrink as the time delay increases. The experimental results are presented in Fig. 3.16a —
d, showing the pump-probe confocal images and the calculated FWHM values at different
nonlinear situations. The tendency of size variation has a good agreement with our expec-
tations. For the linear behaviors (Figure 3.16a and 3.16d), FWHM values are calculated
around 260 nm, which supports the concept that there should not be size variation of PSF
in the linear state. In contrast, in the nonlinear state, the width of PSF expands to 290
nm (Figure 3.16b) and reduces to 200 nm (Figure 3.16¢). This demonstration not only

provides the application example but also confirms the underlying nonlinear responses.
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It is worth noting that both sub-linearity and super-linearity can be utilized to reduce the

PSF, which has been reported in metal or semiconductor nanoparticles [70, 92].

3.7 Discussion

In brief, we first introduced the general concept of transient nonlinearity generation
with fluence-dependent carrier lifetime, based on nonlinear carrier recombination pro-
cesses, as depicted in Fig. 3.2 and mentioned in Sec. 3.2. As a proof-of-concept exper-
iment, a practical example is the fluence-dependent Auger mechanism of semiconductor
nanostructures under high fluence, i.e., high carrier density conditions. Leveraging the
combination of intensity x-scan and temporal pump-probe scan, we feature unconven-
tional temporal dynamics of transient nonlinearity in Si nanostructures. Through analyz-
ing the pump-probe traces at various time delays, sub-linear, full saturation, and super-

linear behaviors are indeed observed. An unexpected “crossing point” across several re-
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laxation curves with different pump intensities is unraveled. The key underlying principle
is the fluence-dependent carrier lifetime based on the nonlinear Auger process. Moreover,
the presented transient nonlinearities are applied to PSF engineering, demonstrating the

potential of sub-diffraction microscopy.

In the temporal window of interest (0 — 200 ps), we assume that the dominant re-
combination process is the Auger mechanism under the high carrier density condition
(N > 10 cm—3. However, as the carrier densities gradually decrease, other recombi-
nation processes might have to take into account. Here, we verify that in our analyzed
temporal window, carrier density still satisfies the high plasma condition and the Auger
mechanism remains dominant. According to Eq. 2.1 and Eq. 2.5, the carrier density

decaying over 200 ps is calculated to be

Ny 10%

VI+20N2t 1+22%

N(t) = ~ 3.3 x 10*° (cm™?) (3.4)

which is still in the high plasma regime. Therefore, within the 200 ps temporal observed
window, it is reasonable to claim that Auger recombination is the dominant mechanism in

our works.

For the Auger mechanism, it has been widely studied through fluence dependency
[59, 93] and photoluminescence decay [89, 94]. Despite this wealth of knowledge, few
experimental works have been conducted to characterize the intrinsic nonlinear properties
of the Auger process. The reason is that Auger recombination belongs to nonradiative

recombination, whose properties determine such as lasing efficiency [95] and the conver-
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Figure 3.17: Transient nonlinearity of a Si nanowire. Normalized |AT'/T'| as a function
of pump fluence on a logarithmic scale for two different pump-probe delay times ¢p: 50
and 100 ps. The data is reanalyzed from Ref. [23] (Figure 4a).

sion rate of solar energy [96]. The essential factor is the Auger lifetime, obtained through
analysis of the entire relaxation traces as shown in Fig. 3.10. On the contrary, after an-
alyzing the relaxation traces, we concentrate on interrogating each time point within the
traces, revealing the nonlinear pump-fluence dependency (Figure 3.13). After the litera-
ture review, we find similar behaviors in Ref. [23]. By re-analyze their pump-probe traces
of Si nanowires, transient nonlinearity is also found (Figure 3.17), verifying our concept.
Note that the common crossing time point is not observed in Ref. [23], as depicted in Fig.
3.17a. The reason stems from that their excitation fluence is not high enough to induce
the saturation of Auger lifetime. This phenomenon is the critical factor to produce the

common crossing point.

In Fig. 3.8b and 3.14b, a common crossing point exists in both cases of 200-nm
and 290-nm SiNBs and our calculation (Figure 3.15) highlights that crossing points shall
emerge in multiple conditions. As long as Auger recombination is the dominant recom-

bination process, the carrier lifetime following the tendency in Eq. 2.9, crossing point is
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expected to be observed in various dimensions of nanostructures and different excitation
wavelengths. We note that the value of transient scattering at the crossing point does not
equal zero, but slightly deviates to the negative side (AS/S < 0). Therefore, the signal-
to-noise ratio at this time point is too low to be performed in the practical application.
We expect more efforts in the future, based on nanostructures morphology or excitation

wavelengths to optimize transient nonlinearity magnitudes.

To further generalize our concept, we would like to emphasize that the Auger pro-
cess is a universal effect on semiconductors, characterized by several methods, including
absorption [59], transmission [23], and photoluminescence [93] in various nanostructures
such as quantum dots [93] and nanowires [23, 24, 93]. In addition, the carrier density-
dependent lifetime has also been reported in amorphous silicon thin film [97]. Therefore,
we believe that this demonstration provides the general scenario of transient nonlinear-
ity generation and the presented Auger-based mechanism is generally applicable to other
semiconductor nanomaterials, shedding light on temporal tuning nonlinear behaviors and

semiconductor super-resolution imaging.

For the application of PSF engineering in Fig. 3.16, super-linearity is utilized to re-
duce the size of PSF. As shown in Fig. 3.13, the slope increases asymptotically near the
crossing point, which enhances the spatial resolution greatly. In addition, sub-linearity is
applicable in spatial resolution enhancement via saturation excitation (SAX) microscopy
[70, 98]. Full saturation nonlinear behavior occurs at the crossing point, potentially result-

ing in an unrestricted enhancement based on the combination of pump-probe techniques

50 doi:10.6342/NTU202300045



and SAX microscopy [99]. Certainly, the signal-to-noise ratio is always a limitation in
the measurement. For practical applications, our concept has the potential for defect map-
ping. Defects in semiconductors are known to present trap-assisted Auger recombination
[100] and they may perform different transient nonlinear behaviors as compared with the
normal one. In addition, defect-assisted transient nonlinearity can potentially enhance the

optical inspection resolution.

In summary, we unravel the novel time-dependent nonlinearity in the fields of Si
nanophotonics via the combination of intensity x-scan and temporal pump-probe spec-
troscopy to provide the spatiotemporal nonlinear information. The general concept is
based on the fluence-dependent carrier lifetime and the nonlinear Auger mechanism is
taken as a practical example. Nonlinear behaviors transition from sub-linearity to super-
linearity over time are observed, manifesting that transient nonlinearity can be temporar-
ily manipulated. The presented transient nonlinearity represent a new type of nonlinear Si

nanophotonics, which is valuable in all-optical switching and nanoscale imaging.
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Chapter 4

Theory of Coherent Raman Scattering

This chapter provides an overview of the basic concepts of Raman effects, which is
described with a classical harmonic oscillator model. Specifically, the theoretical back-
ground of coherent anti-Stokes Raman scattering and stimulated Raman scattering is in-
troduced. Moreover, the electronic pre-resonance effect for Raman signals enhancement

is described.

4.1 Spontaneous Raman Scattering

The spontaneous Raman scattering was first experimentally observed by C.V. Raman
in 1928 [101]. As the light is scattered by the matter, most photons encounter an elastic
process (Rayleigh scattering). However, only a small proportion of photons undergo an
inelastic process, exchanging the energies with the matter known as spontaneous Raman
scattering, as illustrated in Fig. 4.1a. In general, the Raman scattered light contains new

frequencies different from the incident light source. Those new components can be clas-
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Figure 4.1: Spontaneous Raman scattering. (a) Light scattering by molecules. Three
types of scattering: Rayleigh, anti-stokes, and Stokes Raman scattering can be observed in
the scattered light spectroscopically. (b) Energy level diagrams describing Rayleigh and
Raman scattering. Rayleigh scattering: electrons transition from the ground state and fall
back to the ground state. Stokes Raman scattering: electrons transition from the ground
state to a vibrational state. Anti-Stokes Raman scattering: electrons transition from a
vibrational state to the ground state.

sified into two types: Stokes and anti-Stokes Raman scattering. Stokes components have
a redshift, possessing less energy than incident photons. By contrast, anti-Stokes Raman

components shift to higher frequencies with more energy than the incident light.

These frequency-shift properties can be understood through the energy level diagram
in Fig. 4.1b. The incident light interacts with the molecules to distort the electron clouds

and form a virtual state. Stokes scattering is a process that consists of the electrons transi-
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| Optical Process | Cross-section of | o (cm?) |

absorption [5)Y 10718
absorption IR 1072
emission Fluorescence 1071
scattering Rayleigh 10726
scattering Raman 1072

Table 4.1: Comparison between different optical cross-sections for various optical
processes. Adapted from Ref. [102].

tion from the ground state to a vibrational state. On the other hand, anti-Stokes scattering
starts from a vibrational state and ends up at a ground state. However, spontaneous Ra-
man scattering is an extremely weak process since the Raman cross-section is relatively
small, where a typical value is listed in Table 4.1 [102]. Small cross-section issue for the
spontaneous Raman process restricts itself to limited sensitivity and high-speed imaging
modality in biological applications. This problem is alleviated by the coherent Raman
scattering (CRS) process, which is a resonant and coherent nonlinear process that offers
an enhanced factor of 10° — 10® as compared to the spontaneous Raman process [103],

thus opening a new avenue for high-speed label-free spectro-microscopy [37-39].

4.2 Coherent Raman Scattering

Coherent Raman scattering (CRS) is a third-order nonlinear optical effect, which is
classified into a four-wave mixing process. That is, the interaction between three input
fields in a x® material leads to the generation of a new fourth field, where the input
and output frequencies can be either identical or differentiated [15]. Four fields exchange

energies in the y(®) materials, reflecting several important chemical information such as
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Figure 4.2: Conceptual scheme for the four possible CRS signals generation.
electronic, magnetic, and vibrational features. In the CRS process, two optical fields are
applied to materials, where one centering at a frequency w, is called pump field and the
other with a frequency w; is called Stokes fields. Notice that one of the incident fields
(pump or Stokes) will also serve as the third field in the four-wave mixing interaction (Fig.
4.2a). Typically, the frequency of the pump is higher than the Stokes (w, > w;). When
their beating frequency matches the vibration frequency of a Raman mode (w, —w, = wy),
the presenting electric fields can efficiently drive the Raman vibrational modes coherently,
leading to four possible CRS interactions [36]: coherent anti-Stokes Raman scattering
(CARS) at frequency wears = wp+ (w, —ws), coherent Stokes Raman scattering (CSRS)
at frequency wesrs = ws — (wp — w;), stimulated Raman gain (SRG) at frequency ws =
wp — (wp — ws), and stimulated Raman loss (SRL) at frequency w, = w, + (w, — w;)
(Fig. 4.2b). The SRG and SRL processes are collectively named as stimulated Raman

scattering (SRS).
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In the following section, the CRS mechanism with a classical harmonic oscillator
model is presented to provide the basic physical interpretation. We will mainly focus on
the CARS and SRS processes and will not discuss the CSRS process more since its fre-
quency lies in the infrared region hindered by no ideal photodetector for the measurement,

resulting in noisy signals and low signal-to-noise ratio (SNR).

4.3 Classical Theory for Raman Effect

4.3.1 Forced Damped Oscillator Modeling Molecular Vibration

The classical description of Raman effects provides an intuitive picture of the molec-
ular motion driven by external optical fields [8, 15, 36]. In this model, a classical forced
damped harmonic oscillator with resonance frequency w, and damping coefficient 7 is
used to describe the molecular vibrational modes when the molecules interact with in-
coming light fields. For the sake of simplicity, we consider an isolated diatomic molecule,
which is suitable for describing the electronic and nuclear motions. As illustrated in Fig.
4.3, ¢(t) is the induced deviation of the internuclear distance from its equilibrium ¢y. The

equation of motion for a damped oscillator is then written as

THD 4 9780 gy = T @1

where F (t) is the time-varying force acting on the molecule originating from the incoming

electric fields and m,. represents the reduced nuclear mass. To understand the Raman ef-
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E® > qo + G(t)

Y

Figure 4.3: Classical view of a diatomic molecule driven by an incoming electric field.

fects in this classical theory, the key concept is that the polarizability « is not a constant, but
varies with the internuclear distance ¢(t). Time-varying polarizability «(¢) would induce
the variation of dipole moment p, which acts as a source for generating electromagnetic

waves with new frequency components.

4.3.2 Spontaneous Raman Scattering

In the spontaneous Raman scattering process, an optical field F(z, t) is presented on

the sample and the linear induced dipole moment i located at coordinate z is given by
IU(Z, t) = 6OCVEW(Z’ t) (42)

For small displacement, polarizability « is expanded in a Taylor series with a first-order

approximation:

a(t) = ag + @_Z)o q(t) (4.3)

where « is the polarizability of a molecule at its equilibrium ¢o. G(¢) is associated with
molecular vibrational modes w,,, which is written as G(t) = ¢(w, )cos(w,t), where q(w,)

is the amplitude.
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In the presence of the optical field E/(z,t) = E cos(wyt), the induced dipole moment

is expressed as

oo

=cofoa+ (a—q)oqwcos(wvw] By cos(wt)

= egap By cos(wpt)
(4.4)
+3 (Z_Z) a(w.) o {cos [(wr, = wi)t] + cos [(wy, +w, )]}

= p(wr) + plwr — wy) + plwr + wy)

The first term is related to elastic Rayleigh scattering, where the dipole moment oscil-
lates at the incident frequency wy. The second and third terms with frequencies offset by
the vibrational frequency w, represents the inelastic Raman scattering. New frequency
components w; — w, and w;, + w, are known as Stokes and anti-Stokes Raman scatter-
ing, respectively. Note that the spontaneous Raman signals are proportional to the term
(0 /0q),, which describes how the applied optical fields drive the vibration mode, lead-
ing to the change of polarizability. The polarizability change depends on the symmetry of

the nuclear mode, constructing the basis of the selection rule in Raman effects [8, 104].

4.3.3 Coherent Raman Scattering

As mentioned in Sec. 4.3.1, the applied fields will provide the driving force F and

induce the dipole moment x.. The energy to construct the dipole moment is given by [15]

W= L i t) - Bet) = % (eon (2, 1) - B(z,1)) = %eoa<E2(z,t)> (.5)

N | —
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and the associated driving force is a derivative of the energy with respect to spatial coor-

dinates.
-5 =5 (%) @6)

In the case of the CRS process, two optical fields (pump/Stokes fields) with amplitude
A,/ A, and frequency w,/w; are presented in the system. The total illumination field is

the sum of the pump and Stokes fields,
E(z,t) = Ayeltbrzment) A eilhaz=ws) o o 4.7)

According to Eq. 4.6, the driving force is thus given as
ApAy + AGA;

2t(kpz—wpt) A A 2i(ksz—wst)
~ P +A,Ape + AsAqe
=2 ( O‘) (4.8)
0

+2ApAs ei[(k‘p +ks)z—(wptws)t)]

+2ApAzei[(kP7kS)zf(wpf‘*’s)t)] + c.C.

Since the frequencies of the applied fields are far from the vibration frequency w,,
(wp Or ws > w,), the nuclear modes are not driven efficiently by the incident frequencies.
Moreover, when the applied fields contain two frequency components, the vibrational

coordinate will experience a time-varying force at their beating frequency w, — w; [8, 15].

59 doi:10.6342/NTU202300045



Under these conditions, we only need to consider the fourth term in Eq. 4.8, given by

- 0 ,
E(t) = e ( % ) R
/0

(4.9)
=€ (g—j)o [A,Aze =79 4 e ]

where we introduce the new notation: K = k, — k, and {2 = w, — w,. Time-varying force

F(t) and its associated time-dependent displacement §(t) allows energy transfer between

the oscillating electronic cloud and nuclear modes, which can be modeled as the solution

of an equation for the motion of a forced damped oscillator. Therefore, from Eq. 4.9, we

adopt the trial solution as
q(t) = q(Q)e' =M 4 ¢ e (4.10)

Substituting Eq. 4.9 and Eq. 4.10 into Eq. 4.1 yields

2 . 9 € [ Oa .
_ _ = [ == 4.11
2%q(Q2) — 2iQyq() + w,q() o ( 5 q>oApA5 (4.11)

The corresponding amplitude of the molecular motion is found to be

& (O« A A
a(@) = m, (8q>0 w2 — Q2 — 2iQy (412)

Equation 4.12 highlights the term (0a/0q)o plays an important role in determining the
efficiency of the CRS process since it reflects the response of Raman-active material to
the incoming fields. In addition, the amplitude is linearly proportional to the incident

fields and increases as the beating frequency €2 approaches to the vibration frequency w,,.
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The driving molecular motion in the applied force alters the optical properties of the
material, affecting the incoming fields £, or 5 when propagating through the medium.
These phenomena are described via polarization P, which is the sum of the dipole mo-

ments

P(z,t) = Nu = NegaE(2, 1)

= Neg {ao + (?9_3)0@@)1 E(z,1)

= NegaoE(z,t) + Neg (—O‘>O G E(z,1)

(4.13)

= PL<Z,t) + pNL(Z,t>

The term proportional to «y is related to the linear polarization of the medium. However,
The term proportional to (Jc/0q), represents the nonlinear polarization associated with
the three field interactions: two fields are utilized to drive the molecular motion §(t) and
the third field E, or F, induce the Raman-dependent nonlinear polarization, including

four different frequency components.

Pyi(t) = P(wcars)e D" 4 Pwgpg)e r
(4.14)

+ P(wCSRS)e_i(WS_Q)t + P(wSRL)e_i(wS+Q)t + c.c.

where wears = wp+§2 = 2w, —w; is referred to as coherent anti-Stokes Raman scattering
frequency, wsre = w, — ) = w;s is referred to as Stokes frequency, wesrs = wp —
(2 = 2w, — wy, 1s referred to as coherent Stokes Raman scattering frequency, and wsgy, =

wy — 2 = wj is referred to as pump frequency. By computing the part of this expression

61 doi:10.6342/NTU202300045



explicitly, we can derive the complex amplitude of Stokes polarization, given by

Oa . Né [da\? A,I° A j
_ da Aot (Q ikez] _ V6 [ 14 S thsz 4.15
P(ws) N€0<3Q)0[ 54" (Q)e™’] m, (8q>ow3—92+2ime 37

In Eq. 4.15, we introduce the expression of amplitude ¢(2) from Eq. 4.12. We now
define the third-order nonlinear susceptibility for coherent Raman interaction through the
expression [15]

P(ws) = 6egx r(ws) |Ay)* Agetts (4.16)

Note that the factor of six comes from the permutation of the interaction field frequency
that contributes to the same nonlinear polarization [8]. We thus write down the form of

Raman susceptibility

Ney [ Oa 2 1
G = — 4.17
Xales) 6m, <8q)0 w2 — Q2 4 2iQy @17)

At the Raman resonance condition, the Raman susceptibility x z(w;) is approximated as

Neo  [0a\? 1
_ Yo (dey - 4.1
Xr(ws) 12m,w, <8q)0 (wy — Q) + iy (19

The real and imaginary parts of the complex Raman susceptibility are calculated to be

. _ o o wy —
Xalteo) = Relxnlw)} o gy (4.19)
X;,%(WS) = Im{xr(ws)} (w, _;2;2 + 2

which are illustrated in Fig. 4.4. For the real part, the spectral dependence presents as the
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Figure 4.4: Raman susceptibility as a function of the Stokes frequency. \’;(ws) and
X'»(ws) are denoted as the real and imaginary part of Raman susceptibility, respectively.

typical resonance shape. On the other hand, the imaginary part shows a dispersive-like
shape. Eq. 4.19 shows that at the exact Raman resonance condition (w, = w, — w;), the
Raman susceptibility is a purely imaginary number. This links to the gain/loss of SRS

signals and the non-resonant background issue, which will be discussed in Sec. 4.3.4.

Different spectral contributions still describe with the same Raman susceptibility

equation (Eq. 4.17), taking xg(wcars) as an example

( ) NEO e 2 1

w = o

Xrlweans) = G0\ B ) G2 — (@ — 2y + ws)? 1 2wy — 20, + a0y (4.20)
_ Neg (00 1 = Xr(ws)
T 6m, \0q ) g 0 (w0 — w2y )y R

Similarly, We can further derive the nonlinear polarization at other frequencies and sum-

marize them below.
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P(ws) — 660XR<ws> |Ap‘2 Aseiksz
P(wy) = 6eoxp(ws) Ay || €™
(4.21)
P(wcars) = 6eox*R(ws)A§Azei(2krks)z
P(wcsrs) = 660XR(%)A;A§€¢(21@571<,,)Z
Eq. 4.21 presents that the amplitudes of all CRS nonlinear polarization depend on the same
magnitude of x z(w,), implying that four CRS signals share comparable signal strength.

However, the actual signal intensities are not similar. We will discuss the energy flow in

the next section.

4.3.4 Energy Flow in Coherent Raman Scattering

4.3.4.1 Coherent Anti-Stokes Raman scattering (CARS)

To understand the energy flow in the CRS processes, we have to deal with Maxwell’s
wave equation, which links the induced nonlinear polarization to the generated CRS fields.
Then, integrating the field equation with respect to the length of the Raman-active medium,
we are able to find out the energy flow among fields (parametric process) as well as the
energy exchange between fields and medium (dissipative process).

Starting from Maxwell’s wave equation,

2
V)E,— ——FEy=——P (4.22)
C
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where the subscript ”4” and superscript 3" denotes the generated fourth fields in a four-
wave mixing process originating from a source of third-order nonlinear polarization. We
first consider the case of the CARS process, where two pump fields and one Stokes field
have interaction to generate the CARS field in the medium. By utilizing Maxwell’s wave
equation (Eq. 4.22), we can derive the CARS field after propagating the length L in the

Raman-active medium, written as [8]
= AELY
Ecars(L) oc i{x'¥}* B2 E} Lsinc (T) eits” (4.23)

Y& represents the general third-order nonlinear susceptibility and Ak = kcars — (2k, —
ks) is the wave vector matching term, relating to the momentum conservation as well as
determining the emission direction of the CARS field. Under the assumption of a tight
focusing condition, which is the practical situation in microscopy measurement with high
numerical-aperture objectives, the phase matching condition relaxes (Ak # 0) since the
propagation length L is extremely small. Therefore, the term AkL is set to be zero and

the CARS intensity becomes
Icars(L) o |Ecars(L)[* oc [x®|*I2I,L* (4.24)

From Eq. 4.24, it is worth noting that first, the CARS intensity has a quadratic dependence
on the x®), which is linearly proportional to the number of oscillators (|x®)|? o< N?) as
3) ’2

shown in Eq. 4.17. Moreover, |x(®|? determines the intensity profile in the spectral do-

main. Second, it has a quadratic dependence on the pump intensity and linear dependence
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Figure 4.5: Jablonski diagrams of the resonant and non-resonant CARS process.

(a) Resonant scheme for the target molecules with vibrational frequency w,, leading to

xﬁ:‘? contribution. (b) Non-resonant scheme for the target molecules due to pure elec-

tronic response, resulting in XE\?;}% contribution. (¢) Non-resonant scheme for the non-target

molecules with vibrational frequency w! due to pure electronic response, resulting in Xﬁ}%

contribution.

on the Stokes intensity. Third, it is quadratically proportional to the length of the Raman

interaction region L. In general, x® is contributed from two terms. One is resonant con-

tribution related to CRS processes Xﬁ;’”) (Eq. 4.17), reporting the chemical information, and

the other is non-resonant contribution XE\%: which is not active with vibrational transitions

but dependent on the pure electronic response of the material. Away from electronic res-
(3)

onances, neither real electronic nor vibrational transitions are involved. Thus, xyp 1s a

real number and frequency-independent, defined by a real constant.

Figure 4.5 presents the vibrationally resonant and non-resonant transition in the CARS

process, leading to the Xg) and XE\% contribution, respectively. In general, the overall
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third-order nonlinear susceptibility x(®) is the summation of Xg) and XS\%, given by

X =8\ (4.25)

The non-resonant contribution X%% is typically referred to as the non-resonant background

(NRB) in CARS signals. From Eq. 4.24, it states that CARS intensity is quadratically

proportional to |y®|?, recast as

Teans o Y = X+ xWhl = P+ R +2Re{ x| - Xkl @26)

which highlights that the NRB is not simply a constant background. Instead, there is an

interference term, coupling resonant with the non-resonant contribution

To find out more about how NRB affects the CARS signals, the spectral profile of
individual |x®|? components are depicted in Fig. 4.6. Due to the interference term and
the pure non-resonant contribution, the theoretical CARS profile displays an asymmetric
spectral shape and the presence of the baseline. Compared with the typical Lorentzian
shape of Raman resonance (gray line in Fig. 4.6b), the peak of the CARS spectrum has a

redshift. The presence of NRB in CARS microscopy results in several limitations [8]:

* image artifacts
* spectral distortion
* no linear correlation between CARS intensity and concentration

+ limited sensitivity (weak Raman-resonant signals are buried in the NRB)
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Figure 4.6: Spectral profile of third-order susceptibility. (a) Spectral amplitude of
the square of the Raman resonant and non-resonant susceptibility. (b) Theoretical CARS
spectrum with consideration of the non-resonant contribution.

thus hampering its development in biomedical research. Fortunately, several methods are
developed to suppress the NRB, including epi-detection [105], polarization CARS [106]
and time-resolved CARS [107]. Stimulated Raman scattering is known as an inherently
background-free method of vibrational contrast, immunity from the NRB. The energy flow

of stimulated Raman scattering is introduced in the following.

4.3.4.2 Stimulated Raman scattering (SRS)

Stimulated Raman scattering (SRS) is another class of interactions in the CRS pro-
cess. With the same concept in Maxwell’s wave equation (Eq. 4.22 and 4.23), we can

derive the SRS fields after propagating the length L in the Raman-active medium, written

as

. , . (AKL\ s
Esra(L) o< i{x®}|E,|*E,Lsinc (T) e = i{X®} B, |’ E,L

(4.27)

- AkL

. . ) NI ANE . .
Esrr(L) o< i{x®Y*E,| E,|* Lsinc (T) e = i{x®VE,|EAL
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where the phase-matching condition is automatically satisfied:

Ak =Fky+ky—ky—ky=0 (4.28)

Given that the generated SRG/SRL field possesses the identical frequency as the incident
Stokes/pump field, two fields would interfere in the far field. Therefore, the total intensity

at the detector is derived as

Isrg « |Es(L) + Espa(L)|?
(4.29)

= I, — 2AIm{x®}I,I,L + B|x® "I, L
where A and B are introduced to fulfill the equation. The first term is the intensity of the
incident Stokes beam, which is assumed not to be attenuated during the nonlinear process.
The second term is the interference between the generated SRG field and the incident
Stokes field. The last term represents the intrinsic SRG signals, whose power dependency
obeys the four-wave mixing mechanism. In practice, the amplitude of the incident Stokes
laser field overwhelms the intrinsic SRG amplitude, and thus the third term is typically
negligible. To probe the nonlinear process x*, the SRG experiment is then turned into
the measurement of the change in intensity of the Stokes beam [8]. This term is typically
measured via modulation-transfer geometry, where one of the beams (pump or Stokes) is
intensity modulated at high frequency (hundreds of kilohertz to tens of megahertz), and the
other beam carries this modulation profile via a nonlinear process. The generated signals

are then demodulated with a lock-in amplifier.
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Recast the interference term in Eq, 4.29,

Alspe(ws) o< —2Im{x® } I, I,L
o =2Im{x§ + xTr 1L (4.30)

x ~2im{x{ L I,L >0

The signals are proportional to the imaginary part of the nonlinear susceptibility and thus
the pure real number XE\% € R does not make any contribution. With the same concept

of derivation, the SRL signal is written as
Algpr(wp) o< +2Im{x§§)}fplsL <0 (4.31)

Note that Im{ Xg)} is a negative value as shown in Fig. 4.4 and Eq. 4.19. Hence, Eq.
4.30 and 4.31 manifest the gain and loss in the SRS process. Moreover, it is worthwhile

to highlight the properties of SRS signals:

* no phase-matching condition constraints (Ak = 0)

* no presence of NRB (X%% e R)

* linear proportion to the number of oscillators/concentration (Xg) x N)

* linear dependence on both pump and Stokes intensities (Algrs o< I, and )

* the SRS spectrum is directly linked to the spontaneous Raman spectra (Algrs

Im{XS)} X URaman) [8]
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4.3.5 Comparison between CARS and SRS

CARS and SRS techniques rely on the same Raman susceptibility to generate de-
tectable signals and probe the chemical information. The main difference between CARS
and SRS is how they exchange energy between the input fields and material, including the
dissipative and parametric ways. In fact, there is no difference in probing the chemical
information with either method. However, in reality, the choice of detection schemes is
determined by several practical factors and how convenient to extract and interpret the

collected signals.

The detection scheme of the CARS process is relatively straightforward since CARS
signals are spectrally separated from the input pump and Stokes fields and commercial
shortpass or bandpass filters help to block the pump and Stokes beam but extract CARS
signals. Another advantage is that the one-photon fluorescence background would not
contaminate into CARS channel. CARS frequency is blue-shifted from the input fields,
while the fluorescence is in the red-shifted region [105]. Still, just like conventional non-
linear microscopy, CARS microscopy provides 3D sectioning capability and allows high-
speed imaging [108]. However, as mentioned in Sec. 4.3.4.1, CARS suffers from NRB
problems, making signals hard to be interpreted and analyzed. On the contrary, SRS over-

comes the major difficulties in CARS microscopy.

First, the SRS signal is free from NRB and the spectra are linearly proportional to the

Raman cross-section. Thus, a direct link between SRS and spontaneous Raman spectra

71 doi:10.6342/NTU202300045



helps molecule recognition and spectra analysis [37]. Second, the SRS signal is linearly
dependent on the concentration, which helps in the performance of quantitative chemical
analysis with linear algorithm [39, 40]. Third, there is no phase-matching constraint in
SRS since the phase-matching term is automatically satisfied (Eq. 4.28). Therefore, no
spatial coherence artifacts exist. The resulting images allow conducting image deconvo-
lution with a well-defined point spread function [9]. Forth, for some biological samples,
broadband auto-fluorescence would result in a strong background in the CARS channel,
while SRS is free from it since SRS is detected as the intensity change of the incident pump
or Stokes beams [41]. Although SRS offers several advantages in Raman measurement,
there are still some drawbacks. Compared with the CARS setup, SRS measurement is
more complicated, which requires a modulation-transfer scheme to extract the interference
term [37]. This restricts multiplex or multichannel detection since the implementation of
a multichannel demodulation scheme is still demanding [109]. In addition, SRS suffers
from various non-Raman backgrounds due to nonlinear transient absorption or nonlin-
ear transient scattering based on the mechanisms such as two-photon absorption (TPA),
cross-phase modulation (XPM), and thermal lensing effects (TL) [110, 111]. Fortunately,
some methods are developed to suppress the nonlinear background, including stimulated
Raman gain and loss detection [110, 112], frequency modulation [113], dual-vibrational
excitation [114], and deep learning [115]. Table 4.2 summarizes the comparison between
CARS and SRS techniques. From the comparison, it is obvious that SRS provides several
outstanding advantages over CARS. Therefore, in this dissertation, we mainly focus on

the development of SRS microscopy.
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| Coherent anti-Stokes Raman scattering | Stimulated Raman scattering |

Parametric process Dissipation process
Presence of NRB Absence of NRB
Distorted Raman spectrum Identical spectrum to spontaneous Raman
Quadratic concentration dependence Linear concentration dependence
Spatial coherence artifact Absence of spatial coherence
Absence of pump-probe background Presence of pump-probe background

Table 4.2: Comparison between CARS and SRS processes. Adapted from Ref. [9].

4.4 Electronic Pre-resonance Effect (EPR)

A small cross-section problem is always a big issue for Raman effects. Although CRS
offers an enhanced factor of 10° — 108, the sensitivity is still relatively low as compared to
the fluorescence. This problem stems from a consequence of the ’far-off” resonance of the
excitation in the Raman process that electronic transitions are not coupled to enhance the
cross-section. To overcome this issue, the resonant Raman effects are well-known to boost
the Raman transitions by approaching the excitation frequency close enough to the absorp-
tion peak of molecules [116—118]. With the similar concept, resonant Raman effects have
been also demonstrated in both CARS [119] and SRS [120] spectroscopy. However, in
previous reports, when combining electronic resonance with SRS techniques, large non-
linear backgrounds would overwhelm SRS signals, resulting in no vibrational features
in the SRS spectrum [44, 120]. This leads to the interest in the pre-resonance region,
which seeks the balance between nonlinear background influence and sufficient SRS sig-
nal enhancement factor. Lu et al. have reported that the effective electronic pre-resonance
(EPR) region lies in the pump frequency detuning from the absorption peak of molecules

by 2—6 times the absorption bandwidth I to preserve adequate signal-to-background ratio
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(S/B > 5). The underlying concept is that SRS signals are known to decay much slower
than the absorption profile. Therefore, with the strategical detuning range, it 1s able to

enhance the SRS signals while attenuating nonlinear pump-probe background [45].

Theoretically, the behavior of EPR enhancement could be approximated by the Al-
brecht A-term expression in spontaneous Raman measurement [46, 47, 117], which de-

scribes the dependence between the excitation frequency and the Raman cross-sections:

2 2 72
L%} (4.32)

or(wy) = Kwp(wp, — w,)? [

where K is the frequency-independent factor, wy, represents the excitation frequency, w,
is the vibrational frequency, and w, refers to the frequency of the transition to the ex-
cited state. We can rewrite the Eq. 4.32 into the SRS version by replacing the excitation

frequency w;, with the pump frequency w,, [45]:

2

ety
Oh(wp) = Kwy(w, — w,)° [ﬁ] (433)

From Eq. 4.33, we note that the growth of Raman cross-sections follows the dependence

on the fourth power of the frequency detuning (w, — wy).

Occasionally, the expression in Eq. 4.32 results in the overestimation of the pre-
resonance enhancement. This occurs because the A-term approximation is under the as-
sumption that a single electronic transition determines the Raman intensities. In fact,
various transitions must provide the contribution that affects the Raman cross-sections.

Therefore, the Albrecht A-term expression is phenomenologically modified by adding
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a constant K, that refers to the contribution of an extremely high energy state with a

frequency-independent property [47, 117]. Recast Eq. 4.33 as

3 wg —Huﬁ
or(wy) = Kwy(wp — wy) —(oﬂ — ) + Ky (4.34)
e P

This highlights that not all vibrational modes in the molecules possess the EPR enhance-
ment. In a previous report, John et al. have demonstrated that compared C = Nand C — C
stretching modes in acetonitrile, there is no EPR enhancement in C — C stretching mode

since no suitable electronic transition exists to dominate the Raman intensity [47].

To examine the EPR enhancement of a single vibration mode in SRS measurement,
the frequencies of both pump and Stokes beams are required to detune accordingly. How-
ever, the current benchmark optical parametric oscillator laser systems in SRS spectro-
microscopy [37, 44] do not provide the dual-wavelength tunability to conduct the EPR
detection, where the wavelength of Stokes beam is usually fixed at 1030 or 1045 nm.
Therefore, in this dissertation, we introduce the new scheme broadband supercontinuum:
double-pass multiple-plate continuum (DPMPC) to offer multi-wavelength tunability [121],

facilitating the EPR detection.
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Chapter 5

Double-pass Multiple-plate Continuum
(DPMPC) for Coherent Raman

Scattering Spectro-microscopy

In this chapter, the performance of the DPMPC-CRS system is examined, including
spectroscopic measurement of pure chemical solution and imaging modality for biological
samples. Moreover, the dual-wavelength tunability of the DPMPC light source that facili-
tates the entire Raman-active Region interrogation and electronic pre-resonance detection

1s demonstrated.

5.1 Introduction

Raman scattering excited by a single laser beam carries the chemical information of
species based on the vibrational response of intrinsic chemical bonds, providing chem-

ical contrast. With Raman spectro-microscopy, chemical labeling is not a prerequisite
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to provide the chemical information. This allows bio-samples to remain unperturbed for
characterization, presenting their nature bio-function. However, spontanecous Raman scat-
tering is extremely weak due to the small cross-section, which is typical on the level of
1072 cm~2 [102]. The low efficiency results in a long integration time and slow acquisi-

tion speed, seriously restricting its application for live bio-imaging.

Compared with spontaneous Raman scattering, signals from coherent Raman scatter-
ing (CRS) implemented with two laser beams are enhanced by seven orders of magnitude,
thus enabling rapid chemical identification and label-free imaging in biological samples
[36, 122, 123]. The two most adopted effects in CRS techniques are coherent anti-Stokes
Raman scattering (CARS) and stimulated Raman scattering (SRS), which are typically
implemented with two synchronized ultrashort pulses with different frequencies (wyump
and wskes). These two beams are then tightly focused on the sample with superb tem-
poral and spatial overlapping to induce vibrational responses. If the frequency difference
matches specific vibrational modes (2 = wWpump — Wstokes), Molecular vibration is driven

resonantly and coherently, leading to the dramatic amplification of Raman signals.

For the CARS process, the frequency of the generated CARS signals is centered at
WeARS = Wpump 1 €2, which is relatively straightforward to separate from the incident ra-
diation with a filter for the detection. Therefore, CARS spectro-microscopy is on active
duty earlier for more than two decades [124]. Nevertheless, it is well-known that CARS
suffers from a non-resonant background problem due to four-wave mixing that arouses

image artifacts and Raman spectra distortion [9, 105], while SRS is free from this back-

77 doi:10.6342/NTU202300045



ground artifact (Sec. 4.3.4). Moreover, SRS signals share the identical spectra feature with
spontaneous Raman, and scale linearly with excitation intensities and molecular concen-
tration, thus giving merits to quantitative chemical analysis. This is the underlying reason
of provides the growing popularity in the development of SRS microscopy over CARS

[44, 125-128].

For both CARS and SRS modalities, the main requirement in the laser system is to
generate two tightly synchronized pulses with single wavelength tunability, adjusting ei-
ther pump or Stokes frequencies to match the desired Raman modes. The current bench-
mark laser system is a combination of picosecond or femtosecond mode-locked lasers
and synchronously pumped optical parametric oscillators (OPO) [44, 122]. Commercial
mode-locked solid-state lasers such as Ti:Sapphire lasers offer not only a wide frequency
tuning range but also a high repetition rate (tens of megahertz), allowing a shot-noise lim-
ited detection as well as high-speed imaging up to video rate [9, 114, 123]. Despite the
great success, OPO systems have several technical weaknesses. Due to the phase-sensitive
issue, OPO systems are difficult to access the low Raman shift region. Moreover, once
the OPO frequencies are set to observe the desired Raman shift, there is no freedom to
adjust the wavelengths anymore, restricting the highly sensitive electronic pre-resonance
(EPR) detection by bringing the pump frequency close to the absorption peak of samples

[44, 45].

In parallel, aiming to provide advantages in terms of a small footprint, low cost, and

high reliability, fiber laser technology has also been utilized in the CRS laser system based
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on several nonlinear mechanisms such as soliton self-frequency shift (SSFS) [129, 130],
four-wave mixing (FWM) [131, 132], and supercontinuum (SC) generation [133—135]
to achieve frequency-tunable excitation. SSFS generates red-shifted Stokes pulses based
on the power transfer from pump pulses and has been demonstrated in multiphoton mi-
croscopy [136]. Still, the fixed pump frequency does not support EPR mode as well, and
a limited amount of redshift property can only characterize a finite window of Raman
shifts (870 — 1180 cm~! [129] and 2530 — 3270 cm™! [130]). FWM is capable to pro-
vide a wider Raman observed window (700 — 3200 cm~! [131]), while both pump and
Stokes frequencies are not independently tunable, but adjustable correspondingly under
a photon energy conservation condition. Thus, it does not support EPR detection either.
The broadband supercontinuum produced from photonic crystal fibers or highly nonlinear
fibers is capable to offer one [132, 134] or two [133] frequency tunability for EPR-CRS

microscopy. Nevertheless, its progress is still limited by some technical issues.

First, most fiber-based laser systems rely on ytterbium fibers and erbium-doped fibers
as gain mediums, lasing at 1020 — 1060 nm and 1520 — 1570 nm, respectively. The gen-
erated wavelength (> 1 um) lying in the NIR region is not compatible with EPR detection
since the absorption peak of most endogenous bio-molecules is in the visible or ultraviolet

region. It is not possible to bring the pump frequency into the pre-resonance region.

Second, the spectral energy density from fiber laser sources is restricted by the dam-
age threshold of fibers, resulting in typically 1 — 100 pJ/em~! [129-135]. Since CRS is

a third-order nonlinear process, high average power (10 — 100 mW) is usually adapted to
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produce sufficient CRS signals. This raises the risk of photothermal damage to the bio-
sample [137, 138]. In addition, to prevent photovoltage saturation of the photodetector
under high-power illumination, a high biased voltage (~ 60 V) is necessary to be applied,

which may induce the degradation of device performance and higher dark noise.

Here, we demonstrate CRS spectro-microscopy driven by a double-pass multiple-
plate continuum (DPMPC) light source that provides intense octave-spanning supercon-
tinuum via nonlinear effects such as optical Kerr effects and self-phase modulation in the
multiple quartz plates [121, 139, 140]. Such a light source benefits the CRS system in
manifolds: (1) The desired pump and Stokes pulses are directly extracted from DPMPC.
Thus, two pulses are synchronized automatically in time. The extra time delay in the or-
der of millimeters produced from different optical elements in pump or Stokes light paths
can be easily compensated by a compact design such as a wedge pair. This is technically
attractive compared with a commercial OPO system that requires an additional long delay
line (tens of centimeters) for delay compensation. (2) Moderate energy spectral density
(~ 1nJ/ecm™!) of DPMPC improves the generation efficiency of CRS signals without
inducing nonlinear damage [141]. The applied bias voltage (5V) on a photodetector is
adequate to measure the pump or Stokes beam at ~1 mW average power without photo-
voltage saturation effects. (3) The octave-spanning bandwidth allows to access the entire
Raman active region (0 — 4000 cm~!), beyond the above-mentioned OPO or fiber laser
sources. (4) Dual excitation wavelength tunability of the pump and Stokes beams allows
various wavelength combinations for a single Raman mode to examine the electronic pre-

resonance effects (EPR).
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As a proof-of-concept experiment, here we exemplify ultrabroadband Raman ex-
amination in a pure chemical solution of acetonitrile across the fingerprint, silent, and
C-H stretch Raman regions. Moreover, we demonstrate the bio-imaging modality in the
DPMPC-SRS system via the Drosophila brain, where the fine structure is clearly visible.
Finally, highly sensitive EPR detection is exemplified with the C=C mode of a commer-
cial Alexa 635 fluorescent dye, whose SRS signals increase when approaching the pump
frequency to the absorption peak. All of the contents in this chapter have been published

in Optics Express, 30(21):38975-38984, (2022).

5.2 Dual-wavelength Tunability from DPMPC

The main point of utilizing the DPMPC for the CRS laser system is that such a light
source not only simultaneously provides both pump and Stokes beams but also offers
dual-wavelength tunability, which can independently adjust the pump and Stokes wave-
lengths. Based on the mechanisms of the nonlinear Kerr effect and self-phase modulation
[139, 140], the incident 1030 nm pulsed laser encounters a spectral broadening process
in the quartz plates, resulting in the octave-spanning supercontinuum. In Fig. 5.1, the
shaded gray area refers to the Yb:KGW laser spectrum, whose center wavelength is lo-
cated at 1030 nm. The blue curve is the spectrum of the DPMPC, measured with two
spectrometers (HR4000, Ocean optics and BTC264P, B&W Tek), spanning from 600 to
1300 nm. With proper tunable filters [142], both pump and Stokes can be independently

adjusted as shown in Fig. 5.2. For the EPR detection, the pump wavelength needs to be
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Figure 5.1: Spectrum of the DPMPC. The gray shaded area refers to the spectrum of
the front-end Yb:KGW laser operating at wavelengths of 1030 nm.
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Figure 5.2: Schematic of dual-wavelength tunability of the DPMPC. The colorful area
indicates the spectrum of the DPMPC. The purple curve represents the absorption spec-

trum of a certain sample.

close enough to the absorption peak of the sample, while preserving the desired Raman
shift. This makes the DPMPC a fascinating light source in the application of EPR-CRS
spectro-microscopy. In the following section, dual-wavelength tunability from DPMPC is
utilized in CRS spectro-microscopy, facilitating the spectroscopic characterization in the

entire Raman active region, EPR detection, and single-wavelength CRS imaging.
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5.3 Experimental Methods

5.3.1 Experimental Setup

Figure 5.3 shows a schematic of the home-built coherent Raman scattering spectro-
microscope driven by a DPMPC light source. The front-end laser was a Yb:KGW laser
(Carbide, Light Conversion), providing a pulse train at 1030 nm with a 200-kHz repetition
rate. The beam was guided into the 1% MPC stage and focused with a concave mirror on the
quartz plate. Six 200-um thick quartz plates are aligned at Brewster’s angle to the incident
beam for reflection reduction and strategically placed for spectral broadening based on the
mechanisms of the nonlinear Kerr effect and self-phase modulation [139, 140]. The pulses
were compressed with bounces of chirped mirrors to compensate for the dispersion in the
optics. Then, the beam was guided into the 2" MPC stage for further spectral broadening

to octave bandwidth.

To prevent damage to the optics, a 950-nm short-pass filter SPF1 (FES0950, Thor-
labs) was used to filter out the most intense part around 1030 nm. The DPMPC su-
percontinuum was then split into pump and Stokes paths with a 750-nm dichroic beam
splitter DBS1 (#69-183, Edmund). A pair of tunable long- and short-pass filters TCF1
(3G LVLWP and LVSWP, Delta) and a tunable bandpass filter TCF2 (LVFBP, Delta)
mounted on linear translation stages were laterally displaced to select the excitation spec-
tra of the pump and Stokes pulses, respectively. Thereby we can interrogate the desired
Raman shift and obtain SRS spectra via continuous spectral scanning. The intensity of the
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Figure 5.3: Schematic of the DPMPC-CRS setup. MPC: multiple-plate continuum;
CM: chirp mirror; SPF#: short-pass filter; DBS#: dichroic beam splitter; TCF#: tunable
color filter; AOM: acousto-optic modulator; BPF: bandpass filter; PMT: photomultiplier
tube; PD: photodetector; EBF: electronic bandpass filter; LNA: low-noise amplifier; LIA:
lock-in amplifier.

Stokes beam was modulated with an acousto-optic modulator (MT110-B50A1.5-IR-HK,
AA Opto Electronic) at ~100 kHz. The first-order diffraction light was used for excita-
tion, whose diffraction efficiency was optimized to be 85%. Pump and Stokes beams were

coupled collinearly with another identical 750-nm dichroic beam splitter DBS2.

Subsequently, two beams were directed into a commercial upright microscope (Axio
Examiner.Z1, Zeiss) with a raster scan unit (LSM 7MP, Zeiss). A 10x objective (Plan-
Apochromat 10x/0.45 M27, Zeiss) was used for optical excitation on samples. The for-
ward pump and Stokes beams were collected in transmission with an identical 10x ob-
jective lens, aligned following Kd&hler illumination. A 750-nm short-pass filter SPF2

(FESHO0750, Thorlabs) was placed to filter out the Stokes beam completely, selectively

measuring the stimulated Raman loss (SRL) signals with a silicon photodetector (DET100A2,
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Thorlabs). The output photocurrent of the photodetector is electronically pre-filtered by a
100-kHz bandpass filter EBF (KR3317-SMA, KR Electronics) to suppress low-frequency
noise and pre-amplified with a low-noise amplifier LNA (SA-230F5, NF Corporation) to
improve the signal-to-noise ratio (SNR). It was then sent into a lock-in amplifier (SR844,
Stanford Research) phase-locked with the Stokes modulation to demodulate the SRL sig-
nals. For the epi-CARS signals, they were first reflected with 690-nm dichroic beam
splitter DBS3, spectrally filtered out the incident pump and Stokes beams with a bandpass

filter BPF (BP 565-610, Zeiss), and then measured by the photomultiplier tube.

For all spectroscopic measurements, the lock-in time constant was set to 100 ms. For
imaging, 512 by 512 pixels were obtained for one frame with the maximum pixel dwell

time (~180 us) of the commercial microscope and 100 us for the lock-in time constant.

5.3.2 Sample Preparation

Drosophila brain preparation: Drosophila melanogaster adult flies were anes-
thetized with ice baths for two hours before dissection. A pair of forceps (Dumont #55,
Fine Science Tools) was used to remove the head cuticle and transfer the dissected fly
brains to phosphate-buffered saline (PBS, Thermo Fisher Scientific). Fly brains were then
sealed in two coverslips with two 80-m ring spacers in between before conducting CRS

imaging.
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Chemical solution preparation: Pure acetonitrile is sealed in two coverslips with
two 80-um ring spacers in between before conducting the spectroscopic measurement.
For Alexa 635 (Streptavidin, Alexa Fluor™ 635 conjugate, Thermo Fisher Scientific),
its powder (Streptavidin, Alexa Fluor™ 635 conjugate, Thermo Fisher Scientific) is dis-
solved with phosphate-buffered saline (PBS, Thermo Fisher Scientific). We take 1 mg
powder and dissolve it in 1 ml of PBS. The solution is then sealed in two coverslips before

electronic pre-resonance measurement.

5.4 Entire Raman-active Region Interrogation

Leveraging the intense pump and Stokes pulses from octave-spanning DPMPC spec-
trum with independently tunable frequencies, theoretically, the DPMPC-CRS system can
probe the highest wavenumber up to ~ 9000 cm™~! with 600 nm as a pump wavelength
and 1300 nm as a Stoke wavelength. In practice, our system is readily applicable for en-
tire Raman-active region interrogation (0 — 4000 cm™!). Here, to demonstrate the broad-
band Raman spectrum interrogation, we investigate the SRS spectrum of pure acetoni-
trile solution, which exhibits characteristic Raman peak in the fingerprint (< 1700 cm™!),
cell-silent (1700 — 2700 cm™!), and C-H stretching Raman (> 2700 cm™') regions. The
measured SRS spectrum is shown in the lower panel of Fig. 5.4a, targeting the intrinsic
chemical bonds, including C—C (920 cm™!), C=N (2250 cm~!), and C—H (2900 cm ') and
agrees well with the spontaneous Raman spectrum (top panel, Figure 5.4a) [143]. Further-

more, to confirm the integrity of the measured SRS results, we conduct the power depen-
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Figure 5.4: Performance of DPMPC-SRS spectroscopy. (a) (top) Spontaneous Raman
spectrum and (bottom) SRS spectrum of acetonitrile. (b) SRS signals at 2860 cm™! as a

function of the Stokes power, where the slope ~ 1 indicates the linear power dependence.

Each data point was acquired in 20 s under the 1 mW pump power and 3.6 mW modulated

Stokes power excitation.

dence experiment, where the SRS signals scale linearly on the Stokes power and linearity

is quantized via the slope of power dependence on a logarithmic scale (Fig. 5.4b). Com-

pared the spontaneous and stimulated Raman spectra, the relative coarse spectral resolu-

tion (> 200 cm~ ") results from the pass bandwidth of the tunable filter (~ 5 nm bandwidth

for the pump beam and ~ 15 nm bandwidth for the Stokes). Poor spectral resolution can

be improved via super-narrow bandpass filters, etalon [ 144], spectral focusing [138, 145],

or angularly dispersive devices.
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Figure 5.5: CRS images of Drosophila brain. AL: antennal lobe. Pixel dwell time:
177.32 ps. Laser powers after the objective are 1.2 mW and 2.6 mW for the pump and

Stokes beam, respectively.

5.5 Coherent Raman Scattering Microscopy for Bio-imaging

Next, we conduct the CRS bio-imaging for Drosophila brain samples. The wave-
lengths of the pump and Stokes were set to 703 and 880 nm in order to fit the CH stretch-
ing mode of lipids in brain tissue at 2860 cm~! Raman shift, which allows observing the
Drosophila brain structure without chemical pretreatment and labeling. Figure 5.5a and
5.5b shows the SRS and CARS image of Drosophila brain immersed in PBS solution af-
ter 40 times image average, respectively. Compared with SRS and CARS images, CARS
images suffer from a large non-resonant background in PBS solution. In an anterior view,
two antennal lobes (AL) and trachea structure (dark region indicated by a red arrow) are
observed. Neither thermal nor nonlinear tissue damage occurs in the long-term measure-
ment. The total average power on the brain tissue was lower than the reported thermal

damage threshold [146] by two orders of magnitude.
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Figure 5.6: EPR detection of Alexa 635. (a) Absorption spectrum of Alexa 635. The
red curve refers to pseudo-Voigt fitting, determining the absorption bandwidth as I' =
765cm~!. (b) Normalized SRS intensity of C = C vibration mode at 1600 cm~!' Raman
shift under different pump-to-absorption detuning conditions within the EPR regime. The
red curve represents the Albert A-term fitting.

5.6 Spectroscopic Measurement in the EPR Mode

At last, we demonstrate the EPR detection of commercial dye: Alexa 635. EPR effect
has been reported to boost the Raman cross-section by utilizing the electronic coupling to
enhance the electron transition, thus leading to highly sensitive Raman detection (Sec.
4.4). In practice, under the criteria of S/B > 5, the pre-resonance excitation region for the
pump frequency is established to be detuned from the absorption maximum of the sample

by 2 — 6 times the absorption bandwidth I' [45].

In our demonstration, we interrogated the C=C vibration mode of the commercial
fluorescent dye: Alexa 635. To determine the absorption peak and spectral bandwidth,
the absorption spectrum of Alexa 635 was measured with a halogen lamp (Figure 5.6a),

which was then analyzed with pseudo-Voigt function to characterize the absorption peak as
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Apeak = 635 nm and the spectral bandwidth as I' = 765 cm™'. The pump wavelength was
tuned from 706 nm and 742 nm, and the Stokes wavelength was adjusted accordingly to
match the C=C vibration mode at 1600 cm~! Raman shift. In these conditions, the pump-
to-absorption detuning range is calculated to be 2 — 3I" within the EPR regime. Figure
5.6b displays the normalized SRS intensities under five different pump/Stokes frequency
combinations. The SRS signals increase as decreasing the wavelength detuning. The red
curve refers to Albrecht A-term fitting (Eq. 4.33), which is well-fitted with data points,

manifesting the EPR effect.

5.7 Discussion

In brief, we demonstrated the CRS spectro-microscopy and highly sensitive EPR
detection using a DPMPC supercontinuum light source. Multiple quartz plates are used
to conduct a spectral broadening process based on the nonlinear optical Kerr effect and
self-phase modulation. The resulting supercontinuum spectrum spans from 600 nm to
1300 nm with high spectral energy density (~ 1nJ/cm™!). Leveraging the tunable color
filters implemented in both pump and Stokes beam paths, two excitation frequencies can
be adjusted independently to achieve SRS spectrum scanning across the entire Raman-
active region (0 — 4000 cm™"). In our proof-of-concept experiments, four characteristic
peaks of pure acetonitrile solution located in fingerprint, cell-silent, and C-H stretching
Raman regions are successfully observed. Moreover, we presented CRS bio-imaging of a

Drosophila brain immersed in PBS. The fine structure of brain tissue is clearly observed.

90 doi:10.6342/NTU202300045



(b)

—
Q
A

3 3

< 1.0 S 1.0

g >

£ 0.8- % 0.81

£ 15

£ £

< 0.6 2 061

£ 4

% 0.4 2 0.4

9 8

(0] )

N 0.2 T 0.2

e £

5 0.0- 2 0.0

Z T T T T T T T T

2800 2900 3000 3100 2800 2900 3000 3100
Raman Shift (cm™) Raman Shift (cm™)

Figure 5.7: SRS spectrum of dimethyl sulfoxide. (a) The results were measured with
tunable filters. (b) The results were measured when employing two etalons. (Data from
Po-Yi Lee and Cheng-Wei Li)

Finally, benefiting from the dual-wavelength tunability of DPMPC, we confirmed the EPR
effect with commercial fluorescent dye: Alexa 635, where the SRS signals increase as the

pump-to-absorption detuning decreases.

Several technical improvements are within reach. In the DPMPC-SRS spectroscopic
measurement, the spectral resolution in our current setup is estimated to be greater than
200 cm~!, which is determined by the pass bandwidth of the tunable filters. To approach
the typical Raman linewidths (~ 10 cm™") [44, 123] in the femtosecond laser system, one
can narrow down the excitation bandwidth via an ultra-steep optical filter [114] and an
etalon [144]. As a preliminary test, we adopted a customized etalon (OP-13393, Light-
machinery) in both pump and Stokes beam paths. By tilting the etalon orientation, the
Stokes frequency can be continuously adjusted. High spectral resolution SRS spectrum
was demonstrated with the pure dimethyl sulfoxide (DMSO) solution, investigating its

characteristic peak (2919 cm~! and 3000 cm~!) in the C-H stretching region. In Fig. 5.7a,
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the SRS spectrum of DMSO was measured with tunable filters, resulting in the spectral
bandwidth of ~ 200 cm~!. Two prominent peaks can not be well-distinguished and the
position of the Raman peak has a redshift. This may come from that for the broad band-
width excitation, it is hard to define the center wavelength of the excitation, resulting in
the misdetermination of the Raman shift. On the contrary, by employing two etalons to
narrow the excitation bandwidth, two characteristic peaks can be clearly identified and the
position of the Raman peak agrees well with the spontaneous Raman spectrum from the
online database: https://spectrabase.com/spectrum/AKIBySxbbP2. Other meth-
ods such as spectral focusing [138, 147] and pulse shaping [148] could also be applied to

enhance the spectral resolution at the cost of complexity.

For the imaging modality in the DPMPC-CRS system, the image quality and ac-
quisition speed are limited by the laser repetition rate (200 kHz) and AOM modulation
frequency (~ 100kHz in the current setup). To enhance the image quality, we average
40 frames as shown in Fig. 5.5. Figure 5.8a shows the SRS images of Drosophila brain
after averaging /N frames. The corresponding signal-to-noise ratio (SNR) displays in Fig.
5.8b, defined by (Isignai — Lbackground)/ Obackground> WHere Opackground 18 the standard devi-
ation of the background signals. SNR increases with the square root of average frames,
following the statistical model. We then envision that through upgrading the repetition
rate of a front-end source, SNR and imaging speed can be further enhanced by, for exam-
ple, adopting high-power thin-disk lasers with the MPC module at ~ 10 MHz [149]. We
believe the performance of the DPMPC-CRS system would be comparable to that of the

OPO-CRS system.
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Figure 5.8: SRS images of Drosophila brain. (a) Images obtained after averaging 1,
10, 20, 30, and 40 frames. (b) The corresponding SNR values of (a). The red curve is

square-root fitting, following the statistical model.

The strategic values of the DPMPC-CRS system are beyond the scope of the above-
mentioned technical improvements. First, CRS microscopy is still not at the leading po-
sition of biological research due to its poor sensitivity compared with fluorescence mi-
croscopy. The EPR effect is the potential solution that helps to boost Raman sensitivity.
However, in previous reports, scientists are restricted to choosing the specific fluorescence
dyes, whose absorption peak lies in the pre-resonance excitation region, corresponding to
the pump wavelength and the desired Raman shift [44, 45]. To conduct the EPR detection,

both pump and Stokes frequencies have to be adjusted independently such that they can
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meet the requirements of EPR mode (£2 = wpump — Wstokes aNd wo — Wpump = 2—61"). In this
sense, DPMPC with dual-wavelength tunability is a promising tool for the EPR-SRS func-
tion. Second, DPMPC is able to deliver multiple wavelengths, facilitating multiplexed
imaging [110, 114] or background subtraction [114]. We envision that CRS spectro-
microscopy using DPMPC light source will enhance the sensitivity and specificity via

conducting EPR mode and spectral multiplex measurements.
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Chapter 6

Conclusion and Future Outlook

6.1 Conclusion

This doctoral thesis is a contribution to the field of pump-probe spectro-microscopy.
To be specific, two major aspects of this optical technique are expanded: (1) the demon-
stration of transient nonlinearity based on nonlinear carrier dynamics characterized by a
home-built time-resolved pump-probe spectro-microscopy. This idea adds new degrees
of freedom in temporally manipulating nonlinear behaviors; (2) the integration of an ad-
vanced supercontinuum light source, a double-pass multiple-plate continuum (DPMPC)
with a home-built coherent Raman scattering (CRS) spectro-microscope: design, imple-
mentation, and examination of a reliable system for vibrational biomedical imaging as

well as electronic pre-resonance detection.

In the first aspect, time-resolved properties in pump-probe spectro-microscopy are

utilized to characterize the ultrafast carrier dynamics in silicon nanostructures. The aim
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is to expand the dimension of nonlinear behaviors characterization via a combination
of intensity-scan methods (x-scan method) in the spatial domain and pump-probe tech-
niques in the temporal domain achieved by our home-built confocal pump-probe spectro-
microscope. The concept of transient nonlinearity generation is proposed for the first time,
whose underlying mechanism is fluence-dependent recombination lifetime and nonlinear
Auger recombination has been adopted as a practical example. Moreover, temporally tun-
able transient nonlinearity is applied to point-spread-function engineering. The overview
of the first part of this dissertation brings a new member, transient nonlinearity into the

group of nonlinear photonics as well as ultrafast nonlinear behaviors.

In the second aspect, which focuses on contrast based on the CRS effects in the pump-
probe framework is devoted to the development of electronic pre-resonance CRS spectro-
microcopy, aiming to provide chemical specificity and high sensitivity. The solutions
largely rely on advanced laser systems. The octave-spanning supercontinuum, DPMPC
is implemented in CRS spectro-microcopy, enabling spectroscopic interrogation across
the entire Raman active region and biomedical imaging. The most important milestone
is that benefiting from the dual-wavelength tunability from DPMPC, the EPR effect in
CRS spectroscopy with continuous wavelength scanning is demonstrated for the first time,
which extends the range of examined molecular species. DPMPC-CRS system opens up
a new avenue in the field of coherent Raman spectro-microscopy by adding a new degree
of freedom for tuning multiple wavelengths, which is valuable in multiplex imaging and

highly sensitive EPR detection.
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6.2 Future Outlook

Apart from the current achievements, for the first part, the performance of confocal
pump-probe spectro-microscope and the study of transient nonlinearity can be further im-
proved from several perspectives. Temporal resolution is always an important parameter
in the time-resolved technique, which could be enhanced via optical pulse compression
techniques to compensate for the dispersion, including prism pairs [150], diffraction grat-
ings [151], or commercial-available chirp mirrors. Another important point is the excita-
tion wavelengths, which affect the efficiency of photoexcited carrier generation and lattice
heating [29, 152]. Moreover, for the Auger-induced transient nonlinearity, various param-
eters could take into consideration to manipulate the Auger mechanism, such as excitation

rate [153] and sample dimension [89].

For the second part, the performance of the DPMPC-CRS system could be improved
in several aspects. First, the enhancement of the spectral resolution: as demonstrated in
Sec. 5.7, the adopted etalon has been utilized to narrow down the pass bandwidth. Still,
other approaches, such as spectral focusing [138, 147] and pulse shaping [148] could also
be applied to enhance the spectral resolution. Moreover, high spectral resolution facili-
tates the distinction of various biomolecules such as DNA, lipids, and protein in the C-H
stretching region based on the multicolor SRS measurement with a linear decomposition
algorithm [39, 40]. Second, the further development of the DPMPC light source: kHz

repetition rate in the current system limits the imaging speed and sensitivity, where CRS

97 doi:10.6342/NTU202300045



signals immerse in the laser noise in the low-frequency range. Upgraded refresh rate and
detection limit may be solved by adopting the high-power thin-disk lasers at ~ 10 MHz
repetition rate [149]. High repetition rate (> 1 MHz) can not only facilitate high-speed
imaging but also reduce the 1/ f laser noise to the shot noise level [9]. Nevertheless, non-
linear background removal methods including stimulated Raman gain and loss detection
[110, 112], frequency modulation [113], dual-vibrational excitation [114], and deep learn-
ing [115], and noise cancellation methods such as balance detection [133, 154] and boxcar

detection [155, 156] can be adopted to further enhance the system sensitivity.
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Appendix A — PyMieScatt Code

In this appendix, we write down the PyMieScatt python code for Mie theory calcu-

lation. We thank Mr. Pang-Han Wu for his helpful assistance with this code.

Mie spectrum

pip install PyMieScatt

3 import numpy as np

import matplotlib.pyplot as plt

5 import PyMieScatt as ms

nnn

Mie Scattering

Reference

https://pymiescatt.readthedocs.io/en/latest/forward.html

nnn

# parameters

1 =785.0 # wavelength (nm)
d = 150.0 # diameter of the particle (nm)
n = np.array([3.9,4,4.1]) # nl n2 n3

5 # derived parameters

x = np.pi xd /1

7 # spectral range

spec = np.linspace( 400.0, 800.0, 1001)
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v spec_x = np.pi * d / spec
20 # red shift

21 # scattering

» snl = np.empty(len(spec))
23 sn2 = np.empty(len(spec))
24 sn3 = np.empty(len(spec))

25 # absorption

% anl = np.empty(len(spec))
27 an2 = np.empty(len(spec))
23 an3 = np.empty(len(spec))
2 cross_section = np.empty(( 7, len(spec) ))

30 for i in range(len(spec)):

sni[i] = ms.MieQ( n[0], spec[i], d, asCrossSection=True ) [1]
32 sn2[i] = ms.MieQ( n[1], spec[il], d, asCrossSection=True ) [1]
sn3[i] = ms.MieQ( n[2], specl[i], d, asCrossSection=True ) [1]
34 an1[i] = ms.MieQ( n[0], spec[i], d, asCrossSection=True ) [2]
an2[i] = ms.MieQ( n[1], spec[i], d, asCrossSection=True ) [2]
36 an3[i] = ms.MieQ( n[2], spec[i], d, asCrossSection=True ) [2]

38 for i in range(len(spec)):

39 cross_section[0] [i] = spec[il
40 cross_section[1][i] = sni1[i]
41 cross_section[2] [i] = sn2[i]
) cross_section[3][i] = sn3[i]
) cross_section[4][i] = ani1[i]
44 cross_section[5] [i] = an2[i]
45 cross_section[6][i] = an3[i]

4 # plot

427 plt.figure(figsize=(12, 6))

s plt.subplot( 1, 2, 1 )

2 plt.plot(spec,snl, label='sca_nl')

s0 plt.plot(spec,sn2, label='sca_n2')
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S}

10

20

plt.plot(spec,sn3, label='sca_n3"')

plt.leg

end (loc='upper right')

5 plt.subplot( 1, 2, 2 )

plt.plot(spec,anl, label='abs_nil')

s plt.plot(spec,an2, label='abs_n2')

plt.plot(spec,an3, label='abs_n3')

plt.legend (loc="'upper right')
# data
np.savetxt ('output.txt', np.transpose(cross_section))

Multipole decomposition

pip ins

import
import
import

import

# Param

DP 1

N = 4.

WL

L

RES 1

# Calcu
items =
decompo

wavelen

for wl
s=

coe

tall PyMieScatt

numpy as np
pandas as pd
matplotlib.pyplot as plt

PyMieScatt as ms

enters
50. # diameter of the particle (nm)
# reflective index, List

400., 800.1] # range of light wavelength (nm)
600 # resolution of the wavelength in the range
lation

['ED', 'MD', 'EQ', 'MQ']
se = {k: [] for k in items}

gth = np.linspace (*WL, RES)

in wavelength:
np.pi*DP/wl

fficients = ms.Mie_ab(m=N, x=s)
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26

)
]

)

3

29

30

&)

36

14

decompose ['ED'] . append(np.abs(coefficients [0] [0]))

decompose['MD'] . append(np.abs(coefficients [1] [0]))

decompose['EQ'].append(np.abs(coefficients [0] [1]))

decompose['MQ'] . append (np.abs(coefficients [1][1]))

# Plot

plt.figure(dpi=100)

for it in items:
plt.plot(
wavelength, decomposel[it],
label=it
)

plt.xlabel ('Wavelength $(nm)$')

plt.legend ()

plt.show ()

Mie scattering in different refractive index conditions

pip install PyMieScatt

import
import
import

import

numpy as np
pandas as pd
matplotlib.pyplot as plt

PyMieScatt as ms

# Paramenters

DP =

N

WL

RES

150. # diameter of the particle (nm)
[3.9, 4., 4.1] # List of reflective indice
[400., 800.] # range of light wavelength (nm)

1600 # resolution of the wavelength in the range

# Calculation
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wavelength = np.linspace (*WL, RES)

v

¢ scattering_cross_section = {k: [] for k in N}

s for n in N:

19 for wl in wavelength:
20 cs = ms.MieQ(m=n, wavelength=wl, diameter=DP,
asCrossSection=True) [1]

21 scattering_cross_section[n].append(cs)

o

3 # Plot

24 plt.figure(dpi=100)

s for n in N:

26 plt.plot(wavelength, scattering_cross_section[n], label=f'n={n

i)

23 plt.xlabel('Wevelength $(nm)$')
2 plt.ylabel('C_scattering $(am~{2})$"')
30 plt.legend ()

31 plt.show ()

&)

33 # Output
3 pd.DataFrame (scattering_cross_section, index=wavelength).to_csv ('

refractive.csv')
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