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ABSTRACT

The ultrafast carrier dynamics of nano- and micro-porous silicon and their underlying
opto-electronic properties were investigated in this work. The femtosecond pump-probe
technique was employed to characterise the excitation, relaxation and recombination
processes. The results showed that the recombination rate of the nano-porous silicon is
three orders of magnitude higher than that of the crystalline silicon. Auger and Shockley-
Read-Hall were the two dominant recombination processes in nano-porous silicon, while
the contribution of the bimolecular recombination was diminishing. Due to the fast
recombination and high scattering rate of the free carriers in nano-porous silicon, the
diffusion process was suppressed. By fitting the rate equation, the recombination time
of Auger and Shockley-Read-Hall were retrieved from the experimental results. It was
demonstrated that the Auger process was greatly enhanced by the vibrational modes of

the surface adsorbates coupling to the phonons of nano-porous silicon.

A study on the micro-porous silicon was conducted to examine the suitability of
the material for implementation in an all-optical modulator. A modulation contrast of
30% with a 0.55 ps response time was demonstrated. The modulator was then used to
construct a high resolution Time-of-Flight set-up. A pulse broadening caused by group

velocity dispersion was measured for the laser pulse traversing a 5 cm silica rod.

To introduce new characteristics to the opto-electronic properties of nano-porous
silicon, a novel composite material was fabricated by embedding gold nanoparticles into
its pore channels. The combination of plasmonics with semiconducting material greatly
enhanced the light coupling efficiency. It was proved that the composite could be used as a
SERS substrate which provides an enhancement factor of 10°, suitable for a single molecule
level detection. Ultrafast dynamics investigation on the composite has also been carried
out. The results showed that the free carrier absorption and third order nonlinearity was

enhanced by incorporating gold clusters into np-Si.
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Chapter One

Introduction

Electron and phonon dynamics in the matter, such as the excitation and relaxation
processes, take place on femto- (1075 s) to pico-second (107'? s) time scales[1]. To
observe such fast events, the time resolution of the experimental set-up needs to be in
the same range or better. Since the mid-20th century, the development of ultrafast lasers
brought the opportunity to monitor these rapid interactions. Following the idea of Albert
Einstein in 1916 that identical photons which can form coherent light could be generated
by stimulated emission process, Aleksandr Prokhorov and Nikolay Basov proposed (1955)
that the sustained stimulated emission can be achieved by pumping a gain medium with
multi-level excited states|2]. Based on this, scientists successively constructed Fabry-Perot
Resonator for laser generation (Gordon Gould 1957), ruby laser (Theodore Maiman 1960),
GaAs diode laser ( Robert N. Hall 1962) and helium-neon gas-line laser (Alan White
and Dane Rigden 1963) in a short period of time[3]. Soon after, the development of
mode-locking and Q-switching technology made it possible to generate ultrafast laser
pulses with duration down to the femtosecond range, allowing for the detection of fast

dynamic processes|4, 5].

Prior to the ultrafast laser development, E. Muybridge in 1878 demonstrated a high-
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speed photography technique that pioneered the science in time-resolved spectroscopy]|6].
He successfully achieved an exposure time of 1072 s with several cameras equipped with
fast shutters, and for the first time, revealed the movement of horseshoes by taking a
series of photos of a running horse. This ’freezing’ of motion at different times is the
basis of time-resolved measurements. In 1899, H. Abraham and co-authors proposed the
‘pump-probe’ concept, in which light pulses are not only used to monitor the material
response but also to trigger changes in material properties|7|. The trigger and monitor
pulse is called 'pump’ and probe’, respectively. By changing the arrival time difference
between two light pulses, the time-resolved Kerr effect of liquid CS; was measured and
characterised|8]. However, this was before the development of ultrafast lasers, so they only
managed to measure the variation of optical properties on the nanosecond scale. As the
technology matured, ultrafast lasers provided shorter and shorter pulses which enabled

finer measurements, such as the rapid evolution of chemical and electronic states.

As early as 1964, E. Archbold et al. employed a Q-switched ruby laser beam to
study the time-resolved spectra of laser-generated plasmas|9|. Later in 1979, C.V. Shank
et al. has measured the time-resolved absorption spectrum in GaAs by using an 800
nm degenerate pump-probe set-up and successfully observed the screening of exciton by
photo-excited carriers[10]. Nowadays, with the improvement in ultrafast laser systems and
data acquisition techniques, more reliable and complex experiments can be performed using
pump-probe set-ups. For example, the development of supercontinuum light generation
and nonlinear optical parametric amplification broadened the observation range over a wide
spectrum. The appropriate pump and detection wavelengths can be selected for different
dynamic processes rather than single-wavelength degeneracy experiments. The latest
developments in free electron lasers and terahertz sources further extend the pump-probe
measurements to the X-ray and terahertz regions|11, 12]. In addition, by using more than

two laser pulses, multi-dimensional pump-probe spectroscopy has been developed to study
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the structures and dynamics of biological and chemical molecules|[13]. Other techniques,
such as pump-probe ellipsometry, pump-probe microscopy and time-resolved fluorescence

spectroscopy, all play important roles in various disciplines|14, 15, 16].

This PhD works mainly focuses on probing the carrier dynamics of porous silicon
with ultrafast laser covering the range of Short Wavelength Infrared Region (SWIR 1 - 3
um) to Middle Wavelength Infrared Region (MWIR 3 - 5 um)[17|. Silicon was selected
as the main material of this research due to its wide application range in electronic,
opto-electronic and photonic systems[18, 19|. It was first discovered as an element in 1823
and applied in semiconductor devices in 1906, soon after becoming the most famous and
widely used semiconducting material[20, 21|. As the primary substance of transistors,
silicon is essential for computer central processing units (CPU), sensors and other devices
that require integrated circuits[22]. Moreover, the concept of photonic integrated circuits
attracted considerable attention in the late 20th century, owing to its advantage of higher
speed and lower thermal effects over conventional electronic circuits. Silicon was then
considered as the best material to associate photonics with electronics due to its excellent
optical properties in telecommunication wavelength and the mature production line of
integrated electronic circuits|23]. Therefore, researchers have focused their attention on
understanding the thermal, electronic and optical properties of silicon and have conducted

a number of excellent studies in the past few decades.

In particular, time-resolved spectroscopy was extensively used to study the dynamics
and transport properties of the free carriers in silicon. It is essential to understand the free
carrier behaviour of material to further determine its suitable application. For example,
the high efficiency of transistors and sensors require carriers to migrate to the electrodes
before they recombine|24, 25, 26]. In contrast to that, rapid electron-hole relaxation
and recombination are needed for applications such as modulators and switches|27, 28,

29]. Preliminary research on the detection of excited free carriers in silicon using the
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pump-probe technique can be traced back to 1981. A. Aydinli and co-workers studied
the time-resolved transmission and reflection of silicon and observed enhanced absorption
after excitation caused by free-carriers|30|. This was the first time-resolved measurement
of silicon. Although the authors did not mention the recombination process in the paper,
it can be seen from the results that the recombination of free carriers takes about several
hundred nanoseconds. Similarly, in 1982 J. M. Liu et al. employed picosecond laser and
pump-probe technique to investigate the electron-hole plasma formation and melting effects
in crystalline silicon. They observed an increase in probe reflection caused by the optical
pumping induced semiconductor-metal phase transition|31]|. Later on, more attention was
paid to modifying the structure and carrier concentration of crystalline silicon in order to
alter its optical and electronic properties. A number of outstanding works, such as the
charge transport mechanism of amorphous silicon by T. Tiedje[32|, and minority-carrier
transport in heavily doped silicon by CH. Wang|33| was published in the late 20th century.
These studies show that doping and structures can significantly modify the characteristics

of silicon, thereby further broadening its application range.

The discovery of quantum confinement effects in nano-porous silicon (np-Si) in 1990
by L.T. Canham opened a new chapter in the silicon industry[34]. Porous silicon (p-Si)
is a sponge-like material composed of silicon skeleton and air pores with nanometer to
micrometer size. Compared to conventional crystalline and amorphous silicon, it has the
advantage that its mechanical, electronic and optical properties can be widely adjusted by
tuning the porosity, skeleton diameter and surface chemistry|35]. Besides, its enormous
surface to volume ratio and constrained skeleton size lead to the confinement of free carriers,
enhancing its efficiency of photoluminescence and light harvesting|36, 37, 38, 39, 40]. It
has been demonstrated that these unique properties of p-Si brings new possibilities for
pharmaceutical and food industries|35|, sensing and imaging[41], optical communication|42,

43|, anti-reflection coatings in photovoltaic devices|44| and displays|45].
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Although many experiments have been conducted to study the carrier dynamics
of p-Si, most of them focused on its optical properties in the visible to near-infrared
wavelength range[46, 47|, while left its performance in MWIR region out of the research.
This is due to the difficulties to implement a suitable light source, constructing an efficient
light path, maintaining a short pulse duration until it reaches the sample and obtaining
a low-noise signal with a suitable detection method|48]. However, this area of research
would be interesting due to its potential applications in night vision, thermal imaging,
free-space communication, military defence system and astronomy telescopes[49]. The loss
of MWIR propagating in space is less than visible and near-infrared due to the existence of
atmosphere transmittance window and the low scattering cross-section of long-wavelength
light (Rayleigh scattering inverse proportional to the fourth power of wavelength). These

advantages make MWIR suitable for remote-distance applications|50].

Despite the enormous interests and demands in the market, the development of
MWIR materials and technologies is still lagging behind other wavelength regions. Taking
sensing materials as an example, only a few types, such as amorphous silicon, lead selenide
(PbSe) and mercury cadmium telluride (MCT), are suitable and have been commercialized
for MWIR detection. Most of them have the disadvantages of narrow bandwidth, nonlinear
response or low-temperature requirements|51, 52, 53|. To resolve this deficiency, it is
urgent to explore new materials suitable for MWIR applications. Previous studies have
shown that p-Si has the suitable optical properties in this wavelength range[54, 55, 40|.
Therefore, this work aims to further study the excited state response of different types
of p-Si by probing with MWIR light, and to examine its performance when used as an

optical modulator.

The thesis is organised as the following: Chapter 2 introduced the theoretical
background involved in this work, including propagation of electromagnetic waves in the

linear regime, nonlinear optics, carrier dynamics and transport in semiconductors, as
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well as effective medium theory. Chapter 3 focused on the experimental set-ups that
have been used in this work. The major part of it was the femtosecond laser system and
pump-probe set-up. The principle of operation was introduced, along with a detailed
description of optical components used. Chapters 4, 5 and 6 presented the results obtained
from experiments. In Chapter 4, the excitation and recombination processes of optically
excited free carriers in np-Si were investigated. The pump used to excite the charge
carriers has a wavelength of 800 nm, which is above the band-gap of silicon. Mid-
wavelength infrared light in the range of 3.4 to 5 pm was employed to probe the excited
sample properties. The time-resolved transmittance and reflectance for different pump
intensities and probe wavelengths were measured. An optical model based on the effective
medium approximation, including the contribution of free carriers, is used to analyse
the experimental results. The carrier density as a function of pump intensity and probe
wavelength was extracted from the fitting. Analysis shows that Shockley-Read-Hall and
Auger processes are the main mechanisms of np-Si recombination, and the contribution of
diffusion is insignificant. Moreover, the recombination rate of the Shockley-Read-Hall and
Auger process was evaluated as a function of probe wavelength. The results revealed that
the Auger recombination is more active when the probe wavelength is in resonance with
the vibration mode of the np-Si surface adsorbates. The effective recombination rate of
np-Si is about three orders of magnitude higher than in bulk silicon. This study gives a
deep insight into the recombination mechanism of np-Si, which can be further used in the

design of np-Si based optical and opto-electronic devices.

In Chapter 5, a different type of p-Si, macro-porous silicon (mp-Si), was studied.
Different from np-Si, the pore size of mp-Si is in micrometer range and is regularly
distributed over the entire sample. This Chapter, instead of focusing on the recombination
mechanism, pay more attention to the application side of mp-Si. It demonstrates the

possibility of employing mp-Si as the material for the MWIR all-optical modulator. The
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same experimental set-up as in Chapter 4 was used to conduct the experiments. The pump
can be treated as a ’switch’ of the modulator, and the probe is the signal carrying the
modulated information. The experimental results successfully demonstrated a modulation
depth of 80% with a 3.8 mJ/cm? pump. In addition, an example of ultrafast switching
within 0.55 ps with 30% signal contrast was presented by using the reflection mode of
the modulator. Afterwards, the all-optical modulator was further combined with the
Time-of-Flight (ToF) technique. It was shown that the ToF of the signal passing through
silicon with a few centimeters thickness can be retrieved from the results. The high
resolution of the set-up was demonstrated by the observation of pulse broadening due
to the group velocity dispersion, the value of which was retrieved and compared to the
literature. It was concluded that the resolution of the set-up is mainly limited by the

pump pulse duration.

In Chapter 6, a novel composite material that combined plasmonics with semi-
conductors was proposed. It was made by embedding gold (Au) nanoparticles in the
pores of np-Si through an immersion-plating method. This is the first reported plasmonic-
semiconductor 3D composite material with the advantages of low cost, high uniformity
and suitability for mass production. It has been reported that incorporating plasmonic
material with a semiconductor can enhance its light coupling efficiency, beneficial for
applications such as detectors and light-harvesting devices|56, 57]. However, due to the
lack of a suitable method, most published works focus on the surface modification of
semiconductors with plasmonics. The most successful case was the invention of Surface
Enhanced Raman Spectroscopy, where the presence of metal nanoparticles localise the
electric field by orders of magnitude, leading to the magnification of the Raman signal.
However, only the modification of the surface constrains the application range of the
composite material. On the one hand, there is a limited number of metal clusters that

can be fitted into a certain area on the surface, therefore, limits the magnification of the
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field intensity. On the other hand, this type of composite is relatively fragile compared
to the bulk material. Therefore, a 3D composite material was fabricated with the Au
nanoparticles uniformly distributed over the np-Si. To examine the localised surface
plasmon resonance (LSPR) of the composites, the scattering spectrum and dark field
image were taken. The results show a scattering peak centred around 700 nm, which
indicates the presence of LSPR. In addition, the linear and nonlinear optical properties of
the composite were studied through time-resolved measurements. The LSPR was excited
by the optical pump with 790 nm wavelength and probed by 2.5 um light. The results
demonstrated that embedding Au nanoparticles in np-Si amplifies its excited response to
the probe. It was also found that the nonlinear response of the composites is also enhanced
compared to bare np-Si, owing to the presence of LSPR. After characterising the optical
properties, the composite was used as the substrate for Raman measurements. Due to
the high density of the Au clusters and the short distance between each of the clusters,
the Raman signal is greatly enhanced. The results show that the enhancement factor can
reach 10° by using the 3D composite, which corresponds to a single molecule detection

level.

Chapter 7 is the conclusion of this work. The main achievement and findings are
introduced in this Section. There are also two chapters in the appendix, including the
detailed derivation of the scattering matrix method and nonlinear measurements of bare

np-Si, which helped my understanding of the np-Si optical properties.

This PhD work involves a deep investigation of the carrier dynamics, linear and
nonlinear optical response of different types of porous silicon and its metal-cluster im-
pregnated composites in a broad spectrum range spanning from visible to MWIR region.
The experimental results and following analysis answered several unresolved questions
in the field of nanomaterials, such as, the influence of the surface chemistry on carrier

recombination process, the contribution of localised plasmon resonance towards the nonlin-
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earity of the metal-semiconductor composites, as well as the charge transport mechanism
at the metal-semiconductor interface. So far, these findings have not been reported by
any other research groups, and they will certainly contribute to the understanding of the
light-semiconductor interaction and help broaden the range of potential applications of

porous silicon.



Chapter Two

Theoretical Background

This Chapter focuses on the theory behind the carrier dynamics and transport mechanism of
excited state semiconductors. Prior to this, the linear and nonlinear responses of unexcited
materials to incoming light are interpreted by classical electromagnetic (EM) theory. As
the most conclusive and powerful equation set in EM theory, Maxwell’s equations are
introduced in Section 2.1. In addition, the detailed derivation of the transfer matrix
method (TMM) for simulating the intensity of transmitted and reflected light through a
slab material is presented. By comparing the simulation results with the experimental ones,
material properties such as absorption coefficient and refractive index can be obtained.
However, the TMM is only applicable to the linear regime while it cannot be used when
the material’s polarisation has a nonlinear relation with the incident electric field. This
nonlinear response occurs when the nonlinear coefficient is significant, or the incident light
intensity is high. In Section 2.2, the concept of optical nonlinearity and several nonlinear

phenomena are discussed in detail.

As for optically excited semiconductors, the excitation and decay process (such as
relaxation and recombination) of free carriers and its time scale are exclusively introduced

in Section 2.3. The change of free carrier concentration as a function of time during the
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decay process is represented by a rate equation. The dominant recombination pathway
of a specific material can be determined by fitting the experimental results to the rate
equation if the carrier concentration is known. There are two ways to estimate the carrier
concentration of an excited material: It either can be estimated through the absorbed
pump fluence, or can be extracted from experimental results by using an optical model
that combines the Drude model with TMM. The Drude model is used to incorporate the
contribution of free carriers to the dielectric function of the material. Thus, the change
of transmittance and reflectance of samples due to the free carrier injection can then be
fitted, and the carrier concentration can be extracted. Beside, the carrier scattering rate,
which also plays a vital role in the recombination process, can be obtained through this

model. A detailed discussion is included in Section 2.3.

Section 2.4 targets the Effective Medium Theory (EMT), which is a suitable approach
to approximate the response of composite materials to an incoming electromagnetic field.
The sub-wavelength porous silicon used in this work is one type of hybrid material with a
structural element size smaller than that of the wavelength of incident light. Under this
condition, EMT can be used to approximate the effective dielectric function of composites
based on the fraction of each constituent for both homogeneous and inhomogeneous mixing.
Compared with the exact solution of the EM response of ordered structure silicon (uniform
mixing), EMT has the advantages of fast calculation speed and low computational cost.
While for inhomogeneous mixed materials (random structure), it is almost impossible to
obtain their explicit EM response, therefore, EMT is essential for accessing their optical
properties. It has been proved that a good approximation of the effective dielectric function

of randomly mixed materials can be obtained by EMT[58, 59].

11
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2.1 Maxwell Equation and Transfer Matrix Method

Maxwell equations are a set of partial differential equations which describe the relationship
between charge density, current, electric and magnetic fields. It is a mathematical
description of classical electromagnetic theory and can explicitly explain the generation,
interaction and propagation of electric and magnetic fields. The most common form of

Maxwell equations can be written as|60]:

V-E= g (Gauss'slaw), (2.1)
V-B=0 (Gauss'slaw for magnetism), (2.2)
VxE= —aa—f (Faraday's law), (2.3)
VxB= ,uoeoaa—f + pod  (Ampere's law), (2.4)

where B denotes the magnetic flux density, E is the electric field strength, p is the
electric charge density, J represents the electric current density, ¢y is vacuum permittivity

(8.854 x 1072 F/m), and g is vacuum permeability (47 x 1077 H/m).

Gauss’s law (Eq.2.1) states that the electric fields are always left from positive
charges and point to negative charges, and the amount of electric field flow through a
closed surface (electric flux) is proportional to the charge inside the surface. This is easier
to understand from its integral form: § EdA = GQO, where Q is the charge enclosed by a
surface. Gauss’s law for magnetism (Eq.2.2) states that there is no source for the magnetic
field. Therefore, the magnetic flux through a closed area is always zero. From these
two Gauss’s laws, it can be concluded that a charge can generate electric fields while
the magnetic field is a non-source field. Faraday’s and Ampere’s laws further explain

how a time-varying magnetic/electric field induces an electric/magnetic field. These two

12
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self-sustaining equations describe the propagation of electromagnetic field in space, and

the wave equation can be derived from them (assume in vacuum):

- 0B 0 = 0*FE
Vx(VxE)=V x (_W) —E(V X B) = —poeg 5 (2.5)
V x (VxE)=V(V-E)=V’E =-VE (2.6)

—— - ——V’E = (2.7)

Same practice can be applied to derive the magnetic field wave equation. By

comparing with the general wave equation % — 2V = 0, the speed of electric wave is

retrieved ¢y = —= = This is essentially the speed of light in vacuum.

vV Ho€

The next step is to consider the propagation of EM fields in a medium. The energy
of an electromagnetic wave is absorbed when it encounters the atoms of a material. The
absorbed energy causes the displacement of electrons with respect to the nucleus position.
This process is called polarisation. The polarisability of a material is described by the
dielectric constant of the material e. For materials with larger polarisability (higher €),
they respond strongly (separation of an electron from nuclei is greater) to the incident field
than materials with weaker polarisability. After a short time, the electrons return to their
original position, and the energy is released again. This vibration of electrons forms a new
EM wave with the same frequency as the incident one, which is then absorbed by the next
atom. This process repeats until the EM wave leaves the media. Since the absorption and
release of energy require additional time, the velocity of the wave is reduced compared

to the vacuum velocity. In addition, loss occurs during the absorption and re-emission
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process. Therefore, the dielectric constant € is a complex parameter, with the real part

representing propagation and the imaginary part describing the extinction of the EM wave.

In order to describe mathematically the material influence on EM field, Maxwell
equations are modified by incorporating the material permittivity € and permeability

in Eq.2.4 as V x B= ,ug,ueoe%—ij + Moﬂj- The wave equation changes accordingly and the

1
VHOREE "

the speed of light in the medium is reduced compared to in vacuum. In homogeneous,

speed of light becomes ¢ = The additional factor € in the equation confirms that
isotropic materials, Maxwell equations can be simplified by considering p =0, J =0, u =1
and € as scalar values. This indicating the EM field propagating through the medium will

only be affected by the material’s polarisability.

Knowing the propagation characteristics of EM waves in the medium, the interaction
between EM waves and material boundaries also needs to be considered by incorporating

the boundary conditions:

(Eg — El) X nip =0 (FElectric field), (2.8)
(Hy — Hy) x nja =0 (Magnetic field), (2.9)

where H = jg (constitutive equation) is the magnetic field strength and niy is the
normal vector from medium 1 pointing towards medium 2 as shown in Figure 2.1. From
the boundary condition, it can be seen that the tangential component of E and H are

continuous across the interface|61].

Since the material reacts linearly to the incident electromagnetic wave, its response
can be expressed in a matrix form. The method using this matrix to analyse the optical
response of materials is called the Transfer Matrix Method (TMM). The mathematical

expression of TMM is derived from the boundary conditions and Maxwell’s equations.
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Figure 2.1: Reflection and transmission of EM wave at the boundaries of a dielectric slab.

For simplicity, both medium 1 and 3 are assumed to be the vacuum.

Take a dielectric slab sitting in vacuum as an example (Figure 2.1), light with an incident
angle of 0;; is partially reflected at the first interface while the rest is transmitted. Due
to the continuity of the tangential components of the electric and magnetic fields, the

following relation holds for the s-polarised (E field oscillates out of the incidence plane)

light:
E,+E,. =L, (2.10)
H,cos0; — H,cos; = H,cosb, (2.11)
The EM field on the two sides of the first boundary (medium 1 and 2) has the
relation:

E,=FEy+Ey=Eq+ By
(2.12)

H, = H;icosb;1 — H,1cos0,1 = Hycosby — Hporcos0,o,

with the angle relation of 6;; = 6,1 and 6;; = 0,5. A similar equation set can be obtained
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at the second boundary|60]:

Ey = FEis + B9 = Eyp
(2.13)

H2 = HZ'QCOSHZ'Q — HTQCOSQTQ = HtQCOSetQ,

with ;5 = 0,;. Inside the slab, the wave experience a phase shift due to the change of
wavevetor k = kqn, where kg is the wavevector in vacuum and n is the refractive index of
medium 2. The optical path length of the slab is [ = dcosf;. The E field just before the

second boundary encounters the phase shift accumulated through the entire slab:
Eis = Enexp(—ikl) (forward propagation), (2.14)

E, = E.pexp(ikl) (backward propagation), (2.15)

Further simplification of Maxwell equations (Eq.2.1 — Eq.2.4) results in a relation

between E and B field: —ikE = —z'w,uoﬁ with & = kgn = ﬂ, where w is the angular
Co

frequency of the EM wave. Therefore, the relation between electric and magnetic field can

H=n|2E, (2.16)
Ho

By combining Eq.2.12 — Eq.2.16, the relation between the E and H fields on both

be written as:

sides of the slab (medium 1 and 3 in Fig.2.1) is obtained:

Ey = Eycoskl + Hyisinkl/, /2710089151, (2.17)
Ho
Hy = Eyisinkl, /E—Oncosﬁﬂ + Hs(coskl), (2.18)
Ko

which is then rearranged in a matrix form:

i €0
B coskl isinkl/ /%ncos&gl o
= c , (2.19)
H, isinkl, /—Oncosﬁﬂ coskl H,
Ho
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The matrix connecting the E and H field of both sides of the slab (medium
2) is the transfer matrix of the slab. For a multi-layer material, each layer can be
represented by a transfer matrix M;. The total transfer matrix of the multi-layer is

Miotqr = My X My x ... M; x ... M;, with j the total number of layers.

The reflection and transmission coefficient of a material can be worked out from

the TMM:
Y YoYsmo —mg — Y,
- 0m1 + YoYsmo —ms3 m4’ (2.20)
Yomy + YoYsmeo + mg + Yomy
2Y:
t= 0 : (2.21)
Yomy + YoYemg + mg + Yomy
. my M2 €0 .
with My = , Yy =Y, =,/ —cosb;; for a slab placed in the vacuum. Accord-
ms My Ho

ingly, the reflectance R =| r? | and transmittance T = 7; | | are obtained, which can
be used to fit with experimental results and retrieve the material’s dielectric function.
However, the TMM is numerically unstable because of the growing exponential term in the
backward propagating wave|62]. When the material is lossy, such as metal, the exponential
term grows rapidly and can cause calculation errors. Appendix A of this thesis discusses a
more stable method, the Scattering Matrix Method (SMM), revised from TMM to solve

the instability issue.

2.2 Optical Nonlinearity

As mentioned at the beginning of this Chapter, the material’s polarisation P is linearly
proportional to the electric field F in the linear optical regime. The mathematical

expression of this relation is P = ¢,xV E, with susceptibility y") = ¢ — 1. However, if

17



Theoretical Background

the intensity of incident light is high or the material has a strong nonlinear response, the

above equation is expanded to a power series|63]:
P=c¢YE+xPE*+ x®FE.) (2.22)

where x and x® are known as the second and third order nonlinear optical susceptibili-

ties.

Second order nonlinearities (SON) can only occur in noncentrosymmetric materials.
The most common case of SON is the second harmonic generation (SHG), also known as
the frequency doubling process. By expanding the second order polarisation P(t)? =
coxP E(t)?, with the electric field E(t) = Ee ™! 4 c.c (c.c is the complex conjugate), the

following equation is obtained:

P(t) = eoxPE(t)? = 2¢0xP EE* + (egxP E?e™ ™ 4 c.c). (2.23)

It can be noticed that a new frequency component wy,., = 2w appears in the
equation, whose frequency is twice than that of the incident light. This additional
component indicates that the incident EM wave is partially converted into a new EM with
half of the original wavelength. The energy diagram shown in Figure 2.2 describes this
process more intuitively. Figure 2.2(a) shows an example of SHG of 1550 nm light: Two
photons are absorbed at the same time and release a photon of double of the incident
photon frequency. Figures 2.2(b) and 2.2(c) illustrate two other types of SON phenomena:
optical parametric amplification (OPA) and sum frequency generation (SFG). In OPA,
the incident light beam with frequency w, is absorbed, and two light beams with lower
frequencies w, and w; are generated (they can have the same or different frequencies),
which are called ’signal’ and ’idler’, respectively. The three frequency components need

to fulfil the energy conservation w, = ws + w;. The femtosecond laser set-up used in
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this work consists of several OPA stages to generate tunable wavelengths from fixed
wavelength input. SFG can be considered as a reverse process of OPA — two photons
with different frequencies are absorbed, and the frequency of the newly generated photon

satisfies wyew = W1 + wa.

SHG OPA SFG
1550 nm 1550 nm | 1550 nm:
775 nm| 775 nm Y 3 532 nm
1550 nm 1550 nm | S10nm

Figure 2.2: Energy diagram of (a) second harmonic generation, (b) optical parametric

amplification and (c) sum frequency generation|64].

Unlike SON, the third order nonlinear (TON) process is less efficient since three
photons are involved instead of two, and the matching conditions are more difficult to
achieve[65, 66]. Typical TON such as third harmonic generation (THG), two-photon
absorption (TPA) and intensity-dependent refractive index (IDRI) can occur in centrosym-
metric materials. Silicon has a centrosymmetric point group, and its third-order nonlinear
susceptibility is larger (x ~ 107'® m?/V?) than other semiconductor materials. Therefore,
the TON of silicon can be observed and characterised experimentally. It should be noted
that for the porous silicon studied in this work, the structures modify the material’s
properties by changing its band-gap or breaking the centrosymmetry[67, 68|, which can

lead to enhanced nonlinearity or enable SON.

The mathematical expression of TON can be derived from the nonlinear polarisation
relation (Eq.2.22). Take IDRI as an example, the dependence of the material refractive

index on the incident electric field is obtained from the following equation:
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P(w)® = 3¢oxP E(w)? = 3¢0x® | E(w) |? E(w), (2.24)
where | F(w) |?= I, the intensity of light. Therefore, the total polarisation of the material
is:

P(w)Tot) — ¢\ W E(w) 4 3eoxP E(w)? = eox ') E(w) (2.25)
with

VD = O 1308 | Bw) P (2.26)

It can be seen that the material refractive index nesp = (14 x(© )2, varies with

different incident light intensities. This equation is further arranged as n.sr = ng + na/,

with the linear refractive index ng = (1 + xV)2z and the nonlinear refractive index
3x® 63
2= 4710 [ ]

There are a few phenomena related to the IDRI, such as self-focusing/defocusing,
self-phase modulation and self-trapping of light. In the case of self-focusing/defocusing, it
is caused by the Gaussian-like intensity distribution of the incident beam cross-section.
Since the center intensity of the laser beam is higher than the surroundings, a refractive
index gradient is formed. This refractive index variation in space makes the material act
as a lens, which refracts the beam and distorts the wavefront, resulting in self-focusing
or defocusing depending on the sign of nonlinear refractive index ns (Figure 2.3). The
Z-scan technique is one of the approaches for characterising this third-order effect by
measuring the intensity of the total and center part of the transmitted light. The total and
partial transmission reveals the level of nonlinear absorption and self-focusing/defocusing,
respectively. A more detailed discussion of the z-scan technique and TON of crystalline

and nano-porous silicon can be found in the Appendix B.

Alternatively, one can directly measure the transmittance and reflectance as a

function of light intensity to extract the effective dielectric function of material which

20



Theoretical Background

contains the information of nonlinear refractive index ny, and absorption coefficient [:

€erf = /1 +nol +i(a+ BI), (2.27)

The nonlinear coefficients of the metal-semiconductor composites presented in Chapter 6
were obtained through this method. It should be noted that SMM was used to retrieve
the effective dielectric function from the experimental results under the thin-layer linear
approximation. In the simulation, the composite slab was split into several sublayers,
each with a different incident intensity and dielectric function due to the presence of
nonlinear effects. Therefore, the distribution of the light intensity in slab and variation of
the dielectric function can be obtained, which was further used to calculate the nonlinear
refractive index and absorption coefficient. Although SMM should only be used in a linear
regime, by dividing the slab into many layers with each layer’s linear effect dominating

over the nonlinear process, the linear approximation is valid.

rA J:

»-

(b)

Figure 2.3: Nonlinear self-focusing (a) and self-defocusing (b)[69].

2.3 Carrier Dynamics in Semiconductors

Ultrafast light-matter interactions include several complex processes such as carrier excita-

tion, relaxation, recombination and diffusion. Figure 2.4 illustrates the most representative

21



Theoretical Background

carrier dynamics for a direct band-gap semiconductor. Initially, an electron absorbs the
energy of a photon and 'immediately’ jumps from the ground to the excited state. Both
energy and momentum need to be conserved in this process. For the direct band-gap
semiconductors, the momentum is naturally conserved due to the momentum of a photon
being much smaller than that of an electron. Hence the excitation only requires extra en-
ergy from photons to cross the band-gap vertically. While for indirect gap semiconductors
such as silicon, the electrons require extra momentum from phonons to transit to high
energy states due to the maximum of the valence and minimum of the conduction band

NS A N Y
A o i i &

Un-excited Excited Relaxation Recombination Recovered

Photon

Figure 2.4: Carrier dynamics in direct band-gap semiconductors.

After excitation, the initial population of electrons on the conduction band is in
a non-equilibrium state, and their temperature cannot be defined. After a few tens of
femtoseconds, electrons redistribute over the conduction band as shown in Figure 2.4
through carrier-carrier scattering without changing the total energy. This process is called
electron thermalisation (or relaxation), where the electronic system evolves from a non-
thermal to a thermal distribution with rising carrier temperature. It should be noted that
the thermalisation of the electronic system is typically referred as ’internal thermalisation’,
which is different from the ’external thermalisation’ through the interaction between
carriers and phonons|70|. Afterwards, electrons release their energy and return to the
ground state through radiative or non-radiative recombination. Meanwhile, the spatially

localised electrons diffuse to the surroundings due to the concentration gradient|71].
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The time scales of the ultrafast laser-semiconductor interaction are summarised in
Figure 2.5. Compared to the recombination and diffusion processes which take place on
longer time scales, excitation and relaxation can be considered as instant phenomenon.
Therefore, the perturbed system can be treated as an equilibrium system (carrier tem-
perature can be defined) after a few hundred femtoseconds. The time-dependent carrier
concentration, scattering rate and lattice temperature can be calculated to help to under-
stand the temporal variation of material’s excited state.

CARRIER Absorption of photons

EXCITATION Impact ionization

Carrier—carrier scattering

THERMALIZATION ) )
Carrier—phonon scattering
Auger recombination
gem)'&; Radiative recombination
Carrier diffusion
Ablation and evaporation
THERMAL AND Thermal diffusion
STRUCTURAL EFFECTS
Resolidification
| Il Il 1 Il Il 1 Il ! Il 1 Il
13 T I I T T T T T T T T
10-%% 105 10-% 102 1012 1011 10-10 10-9 10-8 10-7 10-6 10-5
fs ps ns us

Figure 2.5: Time scale of ultrafast light-semiconductor interaction|72].

Since the excitation and relaxation events are fast and challenging to capture, the
main goal of this work is to investigate the carrier recombination and diffusion processes.
The pump-probe technique was employed, and its working principle is shown in Figure
2.6. A pump beam excites electrons from the valence to the conduction band with the
help of phonons for indirect band-gap material. A probe beam arrives later to examine
the optical properties of the material in the excited state. By controlling the arrival time
difference between the pump and the probe beam, the temporal evolution of the excited

state can be revealed by the change of optical response.
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A conduction band

Energy

valance band

\

Momentum

Figure 2.6: An illustration of the carrier dynamics and energy level of indirect band-gap

semiconductors.

For direct band-gap materials, photons are re-emitted during the recombination
process (radiative decay), while for indirect band-gap materials, the excited electrons lose
energy through phonons or impurities instead of re-emitting photons. Shockley-Read-Hall
(SRH), electron-hole pair and Auger recombination are the three main non-radiative
recombination processes. In SRH, the carriers recombine through a localised trap state
that is caused by impurities (such as dopants) or lattice deformation. Electron-hole non-
radiative recombination is a bimolecular recombination process in which both the electrons
and holes participate in the decay event. Auger recombination occurs when an electron in
the conduction band recombines with a hole in the valence band, the released energy is
absorbed by another electron which transits to a higher energy state. The relation between
the carrier concentration and recombination rate for different recombination terms can be

represented by the following rate equation|29]:
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N
AN N —eN? N (2.28)
dt

where N is the carrier concentration, b,c and d represent SRH, electron-hole and Auger
recombination coefficients, respectively. The above equation further confirmed that SRH
only involves a single carrier, while the electron-hole and Auger recombination involve two

and three carriers, respectively.

To obtain the time-dependent carrier concentration of an optically excited material
from experiments, one needs to associate the concentration with the measured transmit-
tance and reflectance of incident light. As introduced in Section 2.1, the transmittance and
reflectance can be fitted with TMM or SMM to retrieve the material dielectric function.
The Drude model is then used to correlate the free carrier concentration N with the

dielectric function by:

2

had N 2.29
w2 +iwy (2.29)

w
€excited = €un —

with the excited and unexcited material’s dielectric function €eyeiteqa and ey, scattering

rate v, light frequency w and plasmon frequency w,:

N 2
W= (2.30)
€oMeff

where e (1.6107' C) is the elementary charge, €, is the vacuum permittivity, and m.yy is
the effective mass of carriers. Eq.2.29 - 2.30 show that the material dielectric function is
not only modified by the carrier concentration N but also by the scattering rate -, which
contributes to the imaginary part of the excited material’s dielectric function. It reveals
the extinction of carriers through scattering processes (carrier-phonon, carrier-impurity)

during the recombination.
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2.4 Effective Medium Theory

Effective Medium Theory (EMT) is an approach to approximate the macroscopic optical
properties of composite materials. It was used to calculate the dielectric function of
nano-/macro-porous silicon (Chapter 4 and 5) and Au/np-Si composites (Chapter 6) in
this work. The EMT is derived from the Lorentz local field relation, which considers
the local electric field experienced by a dielectric particle. This is different from the
macroscopic (external) field due to the presence of particle surface charges. As shown
in Figure 2.7, an external electric field causes the redistribution of charges near and on
the particle’s surface, and new fields arise. Inside the particle, the field F, has the same
direction as the external field, pointing from positive to negative charges on the surface.
While outside the particle, the field direction is opposite to the external field, which is
called the depolarisation field E,;. Therefore, the local field around the particle can be
described as|73]:

Eiocal = Eo + Eq + Es + Epear, (2.31)

where Ej is the external field and E,.,, is the field generated by nearby particles. For
isotropic materials, the contribution from nearby particles is zero due to the symmetry.

The depolarisation field caused by surface charge can be calculated by the charge density

P
E; = _r__ L (surface charge density equals the polarisation density). Therefore,

€o €0

Ey+ E; = Ey— — = E, E is the macroscopic field. The local field is then connected to
€0

the macroscopic field as:

Elocal =FE+ Es; (232)

The relation between spherical polarisation field F and surface charge density is
calculated through slicing the sphere into annular ring with the axis in the same direction

as the polarisation|75]. The charge in the ring with width Rdf can be calculated which is
dgcosf

dq = (—Pcost) (2 Rsinf) Rd and the induced electric field is dE = yE TR
e

where R is
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+ + + + +

Figure 2.7: Charge distribution and local field around a spherical particle[74].

the radius of the particle. The total charge on the sphere surface is the integration of ¢

over 8 from 0 to m. The total electric field can then be calculated:

27 2 2o
B - p/ (—Pcos0)(2nR*sinf)dd P (2.33)
0

4d7re R? B 3o

P
Therefore, the final relation between local and macroscopic field Ejy.q = E—|—3— is obtained.
€0

Assuming there are N particles in the material, each with polarisability «. The polarisation

caused by local field on each particle can be represented by p = aFj...;. Hence, the total
P

polarisation of the material is P = Zj N;p; = Zj N;a;Eipcar = Zj Njoj(E + 3—) By
€0

rearranging this equation, the effective dielectric function of the material can be calculated

through ¢ = —. Arranging the total polarisation gives the relation ‘ = ZJ A
e €+ 2 3€o

o with V' the volume of unit cell. This is relation is called the Clausius-Mossotti

3V€0
relation|76].

i—1 . :
The polarisability of a dielectric sphere is a = 47TR3€0€ 3 with the dielectric
€

function ¢; of the spherical inclusion. Therefore the relation between effective and inclusion

dielectric function is:
€ — 1
€; —f- 27

€eff— 1 _ AT R3¢y e; — 1 _
€eff + 2 3Vey €+ 2

f (2.34)

with f the volume fraction of the inclusion. Eq.2.34 is known as the Maxwell-Garnett

Mixing Rule (MGMR). It is extensively used to obtain the effective dielectric function of
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the composite materials investigated in the following Chapters of this work.

Note that Eq.2.34 is derived for inclusions in a vacuum. For the inclusions embedded

in other materials, MGMR has the form of

€eff — €Em € — €m
- : 2.35
Eeff + 2€m € + 2€m ( )

where ¢, is the dielectric function of the environment.

The MGMR can also be generalised for n-dimensional inclusions|77]:

€ — €m

e+ (n—1ey, (2:36)

€eff — €Em - f
Eeff + (TL - 1)6m n

For the porous silicon studied in this work, the silicon skeletons were treated as 2D
inclusions since their columnar shape. Therefore, the 2D MGMR was employed in the

optical model.

28



Chapter Three

Femtosecond Laser System and

Experimental Approaches

Optical methods of characterisation and analysis have the advantage of non-contact,
non-destructive, time-saving and high accuracy compared to electronic and mechanical
counterparts. Therefore, they are widely used to investigate and characterise various
types of materials. For example, by measuring the transmittance and reflectance of a
material, one can work out its complex permittivity, estimate the conductivity, absorption
coefficient|78] and determine the band-gap energy[79|. More complicated techniques, such
as ellipsometry and Raman Spectroscopy, further extend the capabilities of transmission
and reflection measurements to investigate the optical properties of complex structured
materials (such as multi-layers) or chemical/biological interactions. In addition, the
material properties in the excited state and the carrier dynamics can be evaluated by
promoting electron transitions from lower to higher energy states and probe the temporal
change of transmittance and reflectance[80]. Due to the short lifetime of these processes,

ultrafast lasers with pulse duration shorter than the state evolution are required.

The ultrafast pump-probe technique was employed to study the carrier dynamics
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of semiconducting materials in this work. The core experimental set-up is a femtosecond
laser system (Coherent Ltd), which consists of 3 main parts: a Mode-locked seed laser
"Micra’ with 800 nm central wavelength (CWL) and 100 nm full-width at half-maximum
(FWHM, corresponds to a 10-fs transform-limited pulse); a Q-switch amplifier "Regen’
which amplifies the seed beam from 450 mW to 3 W intense laser pulses with 60 fs pulse
duration without changing its wavelength; an Optical Parametric Amplifier (OPA) 'Opera’
converts the 'Regen’ pulse to output with tunable wavelengths, covering the spectral range
between 250 nm and 10 pum. In Section 3.1, the two core techniques, mode-locking and
Q-switching, used in 'Micra’ and 'Regen’ to generate ultrashort pulses, are introduced in
detail. In addition, the working principle of OPA using optical nonlinearity is explained. Its
ability to generate pulses in a broad wavelength range makes the time-resolved spectroscopy
measurements possible. Section 3.2 discusses the experimental approaches involved in
this work, including time-resolved pump-probe set-up, VIS-NIR spectrometer and Surface
Enhanced Raman Spectroscopy. Section 3.3 focuses on the sample preparation methods of
nano- and macro-porous silicon and the set-up for impregnation of gold (Au) nanoparticle
impregnation into porous silicon. The optical properties of these materials are presented

in Chapters 4, 5 and 6.

3.1 Core Techniques of the Femtosecond Laser System

Mode Locking and Q-switching are the two standard techniques to produce laser pulses
with extremely short duration[81]. The main difference between these two methods is that
the pulses delivered by a mode-locked laser have lower power and higher repetition rate
than Q-switching technology. Therefore, a mode-locked laser is commonly used as a seed
laser in a femtosecond laser system, followed by a Q-switched cavity to amplify the pulse

power.
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3.1.1 Mode-Locking

The frequencies of photons in a laser pulse are not identical. Instead, they show a Gaussian-
like distribution in the spectrum. The bandwidth and central wavelength of a laser are
determined primarily by the material of its gain medium|82|. Titanium-doped sapphire
(Ti: sapphire) crystal which can generate 800 nm wavelength pulse with ~ 200 nm FWHM
was used as the gain medium of 'Micra’ and 'Regen’ in this work|83]. Figure 3.1 briefly
illustrates the principle of a mode-locked laser. The frequency envelope in Figure 3.1(a) is
the luminescence spectrum of a gain medium. The discrete line under the envelope is the
frequencies that fulfil the standing wave condition of the cavity f = cq/2L, with ¢ the speed
of light, L the cavity length and ¢ the mode order. The interference of standing waves
with different frequencies resulting in the discrete wave packets in the time domain with
short pulse duration as shown in Figure 3.1(b). Unlike other resonators, a mode-locked
laser has a single-mode output due to the mode competition inside the cavity. That is,
different modes experience different amplification in the same gain medium. The one with
the highest gain factor suppresses other modes and reaches the stable gain saturation

state[84].

3.1.2 Q-switching

Q-switching is obtained by trapping a laser pulse inside a cavity for several rounds to
achieve multi-stage amplification and outputting a high peak power pulse at the gain

saturation stage. Generally, Q switching technique can be classified into two types:

(1) Active Q-switch: An external output trigger, such as a mechanical shutter,
electro-optical modulator or acusto-optical modulator, is used to trigger laser pulse. In

this work, a pair of pockel cells were employed to trap and output pulses by changing
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(%)

Figure 3.1: Laser modes in the frequency (a) and time (b) domains|85].

the polarisation of the beam inside the Q-switch cavity. As shown in Figure 3.2, the
s-polarised seed beam is coupled to the Q-switch cavity by mirror RM7. It passes through
the quarter-wave plate RWP twice, resulting in a polarisation change from s to p and leaves
the cavity after one round trip by reflecting off the output coupler RP. When the first
pockel cell (PC1) is switched on, it alters the polarisation of the pulse as a quarter-wave
plate, thereby cancelling the polarization change caused by the RWP. The beam remains
s-polarised and is trapped inside the cavity. It experiences multiple amplifications until
the second pockel cell (PC2) is triggered. The s-polarised light then turns to p-polarised

and leaves the cavity[86].

(2) Passive Q-switch: A saturable absorber (such as Cr: YAG) is used as the output
trigger. Initially, the absorber is not transmissive. The pulse is trapped in the cavity and
amplified every time it passes through the gain medium. After several round trips, the

pulse intensity is sufficient to saturate the absorber, resulting in a significant decrease in
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Figure 3.2: An illustration of the active Q-switch cavity. RTS represents the Ti-sapphire
crystal (gain medium); four mirrors (RM1-4) form the amplification cavity; RWP is a
quarter-wave plate, PC1-2 are pockel cells; RP is an output coupler; mirrors RM5-7 are
used to direct the amplified beam to exit; RPD is a fast diode for monitoring the build-up

trace of the seed beam|87].

absorption and an increase in transmission. The high-power pulse then passes through the
absorber and leaves the cavity. After that, due to the low intensity level in the cavity, the

absorber returns to a high absorption state|88].

3.1.3 Optical Parametric Amplifier

An optical parametric amplifier (OPA) is a passive laser device that converts a monochro-
matic input into an output laser with tunable wavelength. Several nonlinear crystals are
used in OPA to alter the wavelength through Super-Continuum Generation, Parametric

Amplification and Difference Frequency Generation processes|89|.

More specifically, OPA includes three stages to generate variable wavelength output.
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In the first stage, the monochromatic input is split into two beams. 10% of it is guided to
a Sapphire plate for the continuum white light generation (seed beam). The rest of it is
directly guided to the second and third amplification stages (pump beam). The generation
of white light is a result of self-phase modulation inside the crystal. Nonlinear optical
Kerr-effect occurs when the pulse travels through the Sapphire plate, which causes the

material refractive index to vary with pulse intensity profile. This variation induces a
dd

phase change d® in time which is equivalent to the spectrum modification (Aw = E>

After the sapphire plate, a dispersive plate is used to stretch the pulse with different
frequency components in time. In the second nonlinear stage, the pump amplifies the
seed beam through the OPA process, as shown in Figure 3.3. The desired wavelength of
the seed beam is selected at this stage by controlling the arrival time difference between
the seed and the pump on the nonlinear crystal. The angle of a nonlinear crystal (Beta
barium borate, BBO) is adjusted to satisfy the phase-matching condition of the pump and
signal pulses. The third amplification stage also utilises the OPA, where the signal beam is
further amplified by pump, and another beam (Idler) with frequency wigier = Wpump —Wsignal
emerges. The frequency of the idler beam can be adjusted by tuning the frequency of the
signal beam. However, the actual case is more complicated. Due to the high intensity of
the pump beam, other nonlinear processes, such as fourth harmonic generation, may occur
in nonlinear crystals, resulting in multi-wavelength output. Therefore, dichroic mirrors are
employed to separate output beams with different wavelengths and guide them to different

optical paths according to experimental needs.

For the OPA used in this work, the signal’s wavelength is in the tunable range
between 1.2 and 1.4 um, while the idler beam varies between 1.8 and 2.5 um. The idler
beam was used as the probe for the experimental results in Chapters 5 and 6. In Chapter
4, Mid-Wavelength Infrared (MWIR) probe was used. The MWIR beam was generated

by adding another nonlinear crystal, Silver Thiogallate (AGS), to the OPA as the fourth
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Figure 3.3: An illustration of the OPA process (a) and the energy level diagram (b)[90].
stage. The signal and idler beams were directed to the AGS and overlapped both in time

and space on the crystal surface. The mixing of the signal and idler beam leads to the

Difference Frequency Generation (DFG) nonlinear process, as shown in Figure 3.4.
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Figure 3.4: Generation of Middle Infrared beam with DFG process.

Figure 3.5 illustrates the relation between the output wavelength and the input
signal /idler wavelength of the DFG process. For example, to generate the 4 um MWIR
beam used in Chapter 4, the signal and idler wavelengths need to be adjusted to 1.3 um
and 2 pm, respectively. The phase-matching condition are satisfied by tilting the AGS
crystal to 110° relative to the incoming beam. In general, the DFG process has around 5%
efficiency, indicating that the average power of signal and idler needs to exceed 100 mW
to obtain a detectable MWIR. In addition, the nonlinear process not only amplifies the
signal but also the noise. The noise level increases with the number of nonlinear stages in
OPA. Therefore, due to the low signal-to-noise ratio (SNR), the MWIR experiments are

more complex than the Short-Wavelength Infrared (SWIR) ones.
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Figure 3.5: The wavelength relation between the Signal, Idler and MWIR output.

3.2 Experimental Methods

3.2.1 Time-Resolved Pump Probe Technique

The Pump-probe technique has been employed in this work to investigate the carrier
dynamics with femtosecond resolution. The sketch of the experimental set-up is shown
in Figure 3.6. A sample is optically excited by an intense pump pulse with fluence in
the range between 1 and 10 mJ/cm?. Another weak pulse (0.1-0.3 mJ/cm?) is used to
probe the optical response of the sample in the excited states. By varying the arrival time
difference at the sample surface between the pump and probe pulses, the evolution of
the optical properties of a material can be obtained by measuring its transient change of
transmittance and reflectance. A motorised delay stage was used to control the arrival
time of the pump and probe pulses. The resolution of the stage is in the micron scale,
which corresponds to sub-femtosecond in time, much shorter than the laser pulse duration
(60 fs). Therefore, the time resolution of the whole set-up only depends on the pulse

duration of the pump and probe pulses.
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Figure 3.6: A illustration of Pump-Probe Set-up|91].

Before the start of the experiment, the spatial overlap of the pump and probe
beams was checked with laser cards and a CCD camera. To avoid influences from the
unevenly excited area and the excitation boundaries, the pump beam must be homogeneous
and at least twice larger than the probe beam spot. Therefore, two convex lenses with
different focal lengths have been used for the pump and probe respectively to control the
spot size on the sample surface. For the results demonstrated in Chapters 4, 5 and 6,
the pump and probe beam has 1 mm and 500 um diameter, respectively, on the sample
surface. Afterwards, two detectors were used to collect the reflected and transmitted probe
signal. For the SWIR signal, polycrystalline lead selenide (PbS) detectors were used, while
mercury cadmium telluride (MCT) detectors were employed for MWIR measurements.
A two-channel lock-in amplifier (Zurich Instruments) was used to convert the analogue
signals collected by the detectors to digital signals. The data was then read out by a
LabVIEW program.

In addition, two sets of half-wave plates and linear polariser were placed in the
pump and probe optical paths, respectively, in order to control their power and polarisation

state. The sample was mounted on a motorised rotational stage with two movable arms
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for two detectors to carry out angle dependence measurements. This flexible pump-probe
set-up enables the measurements of transient transmittance and reflectance with different
pump power, probe power, probe wavelength, pump and probe polarisation, incident angle

and detection angle to characterise the material properties with or without excitation.

3.2.2 VIS-NIR Spectrometer

A VIS-NIR spectrometer was used to identify the plasmon resonance peak (results in
Chapter 6). A broadband unpolarised white light source was used to illuminate the samples,
while back-scattered light was collected by a PerkinElmer Lambda 1050 UV /Vis/NIR
spectrometer equipped with an integrating sphere. The samples were placed at the back of
the sphere, where the light was reflected off the sample and collected by the sphere. Both
total and scattered reflections were measured. For the scattered reflection, the specular
component was excluded by opening a corresponding aperture on the port, which allowed
the specularly reflected light to exit the sphere. The increase of the scattered light intensity

at the plasmon resonance can be identified with this method.

The VIS-NIR spectrometer was also used to estimate the band-gap of the samples.
In addition to the specular reflection measurement, a transmission measurement is also
required to obtain the absorptance A =1 —T — R, with T" and R the transmittance and
reflectance, for band-gap determination. The transmittance of a sample is evaluated by
placing it at the light entrance port of the integrating sphere and collecting the total and
scattered transmitted signal at another port. The band-gap is then retrieved using the
tauc plot method, where the y-axis of the plot is equal to /aw, and the x-axis is the
photon energy|92], with a being the absorption coefficient calculated from absorptance
A of the material. The band-gap of the sample is obtained by extrapolating the linear

part of the curve to the abscissa. Figure 3.7 shows an example of employing tauc plots
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to determine the band-gap of hydrogenated and oxidised porous silicon with different

porosity.
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Figure 3.7: Tauc plots used to determine the band-gap of hydrogenated and oxidised

porous silicon and the retrieved band-gap as a function of porosity.

3.2.3 Raman Spectroscopy

Raman spectroscopy utilises the Raman scattering process to reveal the chemical structure
and molecular interactions of materials. Raman scattering is an inelastic scattering
accompanied by the change of incident photon energy|93|. During the Raman process, the
electrons are excited by the photons to high-energy states and then relaxes through the
vibrational states, as shown in Figure 3.8. Therefore, the change in photon energy directly

reflects the energy of different vibrational states.

Surface-Enhanced Raman spectroscopy (SERS) utilise the localised electromagnetic
fields provided by the substrate to amplify Raman signals|94|. The most common SERS
substrate is made of plasmonic materials, such as rough metal surfaces and metallic
nanoparticles[95, 96]. In Chapter 6, a novel SERS substrate consisting of Au nanoparticles
and np-Si was fabricated and characterised by a Raman spectrometer. The excitation

wavelength was chosen to be 808 nm, corresponding to the LSPR wavelength of the Au
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Figure 3.8: Energy diagram of Raman process

clusters in the np-Si matrix. An objective with 40X magnification was used to focus the
excitation beam onto the sample. The back-scattered light was collected by the same
objective. A beam splitter was used to separate the incoming and reflected light. A notch
filter that blocks the 800 nm light was added to the reflected light path to filter out the
specularly reflected light. A CCD camera was used to record the Raman spectrum of the

probed molecules.

3.3 Sample Preparation

3.3.1 Nano- and Micro-Porous Silicon

Nano- and micro-porous silicon (np-Si and mp-Si) are the two primary materials investi-
gated in this work. Their optical and electronic properties are very different from their
bulk counterparts and can be easily modified by varying the size, shape and arrangement
of the porous structure. This flexibility makes porous silicon easier to meet research and
industrial requirements for different applications. On the one hand, the advantages of
silicon, such as transparency in the infrared region and controllable excited-state optical

properties, are conserved. On the other hand, unique properties are introduced owing to

40



Femtosecond Laser System and Experimental Approaches

the inner structures, which brings a new aspect to applications in solar cells, opto-electronic

modulators and nonlinear optical components|97].

Figure 3.9 shows the top view of np-Si (left) and mp-Si (right) as an example. np-Si
is a sponge-like material with disordered nano-pores, while the mp-Si used in this work
has regularly oriented micrometer pores. The fabrication technique is different for np-Si

and mp-Si — electrochemical etching was employed for disordered np-Si, whereas E-beam

lithography was used to generate the ordered pattern of mp-Si.
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Figure 3.9: Top view of nano-porous silicon (left) and macro-porous silicon (right).

The left diagram in Figure 3.10 shows the electrochemical anodization process of
np-Si fabrication. The bulk silicon substrate was immersed into an electrolyte which is
a mixture of methanol and 40% Hydrofluoric acid (HF) (ratio 1:1). A DC voltage is
then applied between the anode and cathode to accelerate the reaction between HF and
silicon. The dissolution of silicon is caused by the replacement of silicon-hydrogen bound
by silicon-fluorine bound on the surface[98]. Pores are formed due to the reaction products
SiF, and HySiFg are soluble in the electrolyte. The detailed reactions involved during
the np-Si formation are shown in Figure 3.11. By varying the electrolyte concentration

and the current density, the porosity can be tuned from 0 to 90%, while the thickness is
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controlled by the anodization time. For the sample used in Chapter 6, the 500 nm np-Si
layer was etched from 500 pum-thick bulk silicon, and the np-Si layer was not separated
from the bulk silicon substrate. Free-standing np-Si membranes were used in Chapter 4.
The separation of np-Si from its bulk substrate is realized by applying a short current
pulse with the current density of 120 mA /cm? at the end of the anodization. Under this
current density, the pore collapse at the boundary between np-Si and Si results in the

partition of the np-Si layer.
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Figure 3.10: Fabrication Processes of np-Si(left)[99] and mp-Si (right)[100].

The right plot of Figure 3.10 illustrates a flow diagram of the mp-Si production
process with E-beam lithography. The bulk silicon substrate is first covered by a layer
of polymethyl methacrylate) (PMMA) resist, and then exposed to the electron beam
for pattern generation. The resist at the exposed area is then washed out by developer.
Afterwards, the sulfur hexafluoride (SF6) plasma is applied to etch out the silicon in the
unprotected area, and Fluoroform (CHF3) plasma is employed to remove the residual

resist[101].
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Figure 3.11: An illustration of the silicon dissolution process and the reaction equations

involved in the formation of np-Si[102, 103].

3.3.2 Gold Nanoparticle Impregnation

The optical properties of composite material consist of np-Si and Au nanoparticles were
investigated in Chapter 6. The electroless immersion plating technique was employed
to impregnate Au nanoparticles into the pores of np-Si. Tetrachloroauric acid (9.85 mg,
HAuCly) was dissolved in ethanol (50 ml) and used as the plating solution. When np-Si
was immersed in the solution, Au was spontaneously reduced from its compound by the
hydrogen termination at the pore interface and form Au nanoparticles: [AuCly|~ + 3e~
LARN + 4Cl17. The np-Si samples need to be freshly made to avoid the growth of oxide
at the pore interface because the oxygen-terminated np-Si does not react with HAuCly.

Alternatively, 2% of HF can be used to pre-treat (30 seconds) the np-Si sample to replace
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the oxygen- with hydrogen-termination. During the immersion process, an ultrasonic bath
was employed to remove air bubbles in the np-Si channel and stimulate the solution to
flow into the pores. The immersion time and temperature need to be controlled during
this process to regulate the Au nanoparticle size. After the immersion plating, the sample
was dipped in ethanol to remove the residual plating solution, and the sample was dried

in a fume cupboard purged with nitrogen gas.

Vs liquid inlet

Figure 3.12: Au impregnation set-up.

Due to the fast reduction rate of Au nanoparticles on the np-Si surface and slow
liquid diffusion rate of np-Si[35], the Au tend to clutter on the pore tips instead of
distributing evenly in the depth of np-Si. Therefore, the ultrasonication method is only
suitable for np-Si thin layers with thickness less than 1 pm. Another impregnation method
was developed to resolve this obstacle by applying a pressure difference between the two
sides of a sample and forcing the plating solution to flow through. Figure 3.12 shows the

sketch of the setup. A sample is clamped by two tubes that one side of it is connected to
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a rotary pump. The other side of the tube is filled with the plating solution. The solution
is forced through the sample when the pump is switched on. By regulating the pressure
applied by the pump, the flow rate of the plating solution can be controlled. The optimum
condition is reached when the flow rate equals the reduction rate of Au. With this method,
the Au nanoparticles with a radius less than 50 nm were successfully embedded in np-Si

with a thickness of more than tens of microns.
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Chapter Four

Carrier Dynamics and Surface
Vibration-Assisted Auger

Recombination in Nano-Porous Silicon

This chapter is a reformatted version of my paper ’Carrier dynamics and
surface vibration-assisted Auger recombination in porous silicon’, A. Zakar,
R. Wu, D. Chekulaev, V. Zerova, W. He, L. Canham, and A. Kaplan, Phys.
Rev. B 97, 155203 (2018).

The main motivation of this Chapter is to investigate the excited charge carrier
dynamics of nano-porous silicon (np-si) using Medium Wavelength Infrared (MWIR) light
covering the range between 3.4 and 5 um. This method allows probing the carrier density
in the range of 101"—10%' cm™3 following the excitation by a few tens of femtoseconds

optical pump pulse having the above band-gap photon energy of 1.5 eV.

It has been reported previously that both quantum confinement and surface chem-
istry influence np-Si carrier dynamics|38|. The confinement effects in a nano-scale regime

induce different decay mechanisms of the excited carrier from the bulk counterpart. For
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example, phonon bottleneck effect was proposed to interfere with relaxation and decay
dynamics[104, 105, 106]. As well, the reduction of np-Si internal structure size also causes
an increase, not only in the band-gap, but also in the surface-to-volume ratio. This can
induce a strong coupling of the carrier to the surface states affecting the recombination
and scattering channels, as well as opens new pathways by the confinement and coupling
to the surface states. In particular, the surface composition can play an important role in
the initial energy relaxation of the photo-excited electrons [107, 108, 109, 110]. Due to the
large internal surface of np-Si (1000 m?/cm?[111]), the np-Si surface contains an enormous
quantity of impurities from the electrochemical etching and the surrounding environment.
The native impurity such as hydrogen is introduced in np-Si production process, while
oxygen as a non-original impurity is adsorbed in a few minutes after drying in air|38|. The
surface defects therefore form stable energy states which interacts with the carrier and
affects its transport and recombination. This works demonstrates that, by use of MWIR
probe tuned to the frequencies overlapping with the IR-active vibrational modes of the
surface impurities, the influence of these states on the carrier dynamics can be quantified

and discriminated from other phenomena.

This Chapter is organised in the following way. Section 4.1 shows the main
experimental particulars. The details of the sample’s fabrication method and their
characteristic dimensions as observed by Scanning Electron Microscope (SEM) and other
methods are described. The experimental setup based on the MWIR probe - near IR
pump spectroscopy are also presented. Section 4.2 is devoted to the experimental findings,
analytical and numerical models used for the data analysis along with discussions of the
physical mechanisms pertinent to the results. In Section 4.2.1, the probe interaction with
the optically pumped samples is linear are confirmed. In Section 4.2.2, the time-resolved
pump-probe results of the transmittance and reflectance change at four probe wavelength

of 3.5, 4, 4.5 and 5 um as a function of the pump fluence are presented. Furthermore,
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the wavelength-resolved pump-probe transmittance change at the fixed pump fluence are
shown. Section 4.2.3 presents an optical model based on the 2D Maxwell-Garnett mixing
formula, modified to incorporate the contribution of optically-pumped free carriers, using
the Drude model. The WKB model is used to account for the effect of the dielectric
function non-uniformity. Section 4.2.4 investigates the absorption of the injected free
carriers in the MWIR range. Section 4.2.5 derives the governing mechanisms of the
dynamics and recombination of the free carriers from the experimental data. Section 4.2.6
correlates the recombination mechanism and vibrational modes of the surface molecular

impurities active at various wavelength of MWIR spectrum.

4.1 Experimental Details

4.1.1 Np-Si Samples Fabrication

The np-Si membranes described in this Chapter were prepared using electrochemical
anodisation as introduced in Chapter 3. Boron doped Si (100) wafer was used as the
substrate (5-15 mQcm, corresponding to the dopant density of 1-—3x10'® 1/cm?). The
membranes were stored in air, and the passivation at ambient conditions results in the
presence of the dangling oxides’, hydroxides’ and silanes’ molecular bonds on the surface
of the pores. More details are covered in the Handbook of Porous Silicon, chapters
by M.J.Sailor and Y.H.Ogata|35|. A porosity of 71% was measured using gravimetric
analysis and the thickness of 111 um was estimated from the images of the cross-section
obtained by SEM. Representative SEM images, showing the top and side views of the pores
structures respectively, can be seen in Figure 4.1. The structure of the obtained samples
can be described as a sponge-like silicon material consisting of interwoven wires with mean

diameter of about 10 nm. The samples used in this study are different from those usually
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employed to investigate photoluminescence in np-Si, as p-silicon substrates are generally
better suited to this purpose[112]. Instead, the main focus here is to obtain relatively
thick and optically uniform membranes for which p+ substrates are a better choice|[113].
A well-founded model, describing the optical response, is needed to achieve the main goal
of investigating the change of dielectric function induced by an external perturbation of
optical excitation; and the optical uniformity of the membranes is helpful in avoiding
additional parameters in the theoretical calculations. It was verified separately that the
samples do not demonstrate any detectable photoluminescence when illuminated with 517
and 800 nm lasers. Therefore, the results of the carrier dynamics investigation reported
here solely relate to the non-radiative processes. The membranes are semi-transparent
for the MWIR probe range, allowing simultaneous measurements of the reflectance and
transmittance. This is an important advantage over using thin films on a substrate, which
might introduce unwanted optical response from an interface and a supporting substrate
for both the pump and probe, complicating the development of an optical model and

skewing the interpretation.

.
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Figure 4.1: SEM images of the np-Si membrane used in this chapter, showing (a) the

surface of the sample and (b) the cross-section of the sample.
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4.1.2 Ultrafast MWIR Pump-Probe Setup

The majority of the measurements in this Chapter were investigated using a femtosecond
pump-probe technique. The set-up is based on a Coherent ultrafast laser system as
introduced in Chapter 3. A beam splitter was used to split the laser output from 'Regen’
into two beams. The smaller fraction of the beam (about 5%) was used as the pump beam
to excite the free charge carriers in the np-Si membranes. The remnant of the beam was
guided into an optical parametric amplifier (OPA) to generate a probe beam, tunable in
the range between 3.4 and 5 um. According to the manufacturer specification, the OPA
generates pulses with the spectral width of about 200 nm around a central wavelength,
corresponds to ~ 100-fs transform-limited pulses. The incident angle of the p-polarised
pump was set to 60°, with the purpose of achieving a stronger absorption near the Brewster
angle and reduce any unwanted reflection. The angle of incidence for the probe beam
was near 20° and it was set to have s—polarisation. More detailed information about the

experimental setup can be found in Chapter 3.

The majority of the raw pump-probe experimental results are presented as change

T.(At) — T, A R.(At) — R
of the transmittance, — (At) = M, and, reflectance, — (At) = M,
Ty To Ry Ry
where Ty and Ry are the unexcited sample transmittance and reflectance, respectively. Tj
and Ry were measured by using pump-probe set-up and fourier-transform infrared spec-

trometer (FTIR). The T.(At) and R.(At) are the transient transmittance and reflectance

of the excited sample as a function of the pump-probe delay time, At.

A Bruker FTIR Hyperion microscope was used for the FTIR measurements. The
main reason to use FTIR is to provide high resolution for the identification of the vibrational
modes of surface adsorbates and impurities in the samples. It was confirmed that the
FTIR and pump-probe measurements quantitatively agree with each other, although

the pump-probe set-up does not have high spectral resolution and tends to smear sharp
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features in the spectral40].

4.2 Experimental Results, Analysis and Discussion

4.2.1 Probe Fluence Dependence

Before presenting the main bulk of the results and data analysis, a series of measurements
needed to be completed to demonstrate that the probe beam traversing through the
optically excited samples does not change their optical properties. That is, the interaction
of the probe with the medium can be described using linear optical models and a complexity
involved in the non-linear analysis, which includes the dependence on the probe intensity,
can be avoided. The measurements have been carried out because it is extremely difficult
to generate and detect weak low-noise signals in this range of wavelength and it was
necessary to push the probe intensity to a higher level than it is normally used for the
visible or near-infrared wavelength. Another concern was that the absorption of the probe
beam might increase the temperature of the samples and affect their optical properties in

an unpredictable way.

The measurements were conducted by the simultaneous recording of the transmitted
and reflected fluence of the incoming probe beam covering the range between 0.3 and
2.5 mJ/cm?. The pump fluence was fixed at 4 mJ/cm?. Figure 4.2(a) and (b) show the
representative data of the measured transmitted, F;, and reflected, F,., probe fluence,
respectively. The wavelength of the probe was set to 4 wm and the experiment repeated at
several probe fluences as a function of delay time, At. Figure 4.2(c) shows the transmittance,
T, and reflectance, R, evaluated from the data shown at Figure 4.2(a)-(b) by calculating

the ratios between the transmitted, reflected and incoming probe fluences at near-zero
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delay times, At ~ 0, where the signal’s change is at its maximum. Figure 4.2(c) also shows
absorptance, A, which is connected with R and T by the relationship R+ T + A=1. It
can be seen that R, T and A are nearly flat and the shape of the decay curves shown in
Figure 4.2(a) and (b) is unchanged as a function of the probe fluence, indicating that its
interaction with the samples is predominantly linear and the probe is not affecting the

optical properties of the samples through an absorption process.
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Figure 4.2: (a) Transient transmitted, F}, and (b) reflected, F,., fluence of the 4 um probe
recorded for different incoming probe fluences, Fj, at the fixed pump fluence of 4 mJ/cm?.
At is the delay time between the pump and probe. (c) Transmittance, T, reflectance, R,
and absorptance, A, as a function of F}, evaluated from the measurements shown at 2 (a)
and (b) at around zero delay time, At ~ 0, corresponding to the maximum change of F;

and F;.

It is also useful to note that pumping of the samples with the 4 mJ/cm?, 800 nm
pump increased the absorptance of the unpumped samples from 7% to 52% at nearly
zero delay, in line with previously published findings[40, 29]. It was shown that the probe

effective absorption coefficient extracted from those measurements is around 74 cm™*
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which was demonstrated to be mainly as a result of the interaction with the excited free
carriers at the probe wavelength of 4 um (free carriers absorption)[40] and confirmed again

on another set of separate measurements presented in this work.

4.2.2 Time Resolved Measurements of Transmittance and Re-

flectance Change

To investigate the transient MWIR response of the optically excited np-Si and to gain
insight into the nature of the excited carrier relaxation and dynamics, a comprehensive
set of experiments simultaneously measuring the time-resolved T()(At) and R—f(At) for
the four different probe wavelengths of 3.5, 4, 4.5 and 5 um were performed. The results
are shown in Figure 4.3 where each decay curve corresponds to a different pump fluence
ranging between 0.4 and 4.8 mJ/cm?, while the probe fluence for each wavelength was kept
slightly below 1 mJ/cm?. The measurements revealed that there is a noticeable difference
between the maximum change of the reflectance and transmittance of the samples excited
at the same pumping conditions but probed with different wavelengths. For example, the
maximum transmittance change for the probe wavelength of 3.5 um is about 0.7; while for
4 um it drops to 0.55 and increases again to 0.82 at 5 um. A similar observation can be

made about the reflectance change and the shape of the decay curves, which appear to be

wavelength dependant.
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Figure 4.3: (a)-(d) and (e)-(h) are time resolved transmittance, 7 and reflectance
0

change, T respectively as a function of the delay time, At, between the pump and probe
0

measured for different pump fluences covering the range between 0.4 and 4.8 mJ/cm?

using 3.5, 4, 4.5 and 5 um probe wavelength.

The effect of the decay curve dependance on the probe wavelength can be observed
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in greater detail in Figure 4.4 which displays a 2D colour map of %(A, At) obtained at
the fixed pump fluence of 4 mJ/cm? as the probe wavelength was scanned with a high
resolution. It can be seen that the decay rate is neither uniform nor changes monotonically
as a function of the probe wavelength. The main point of this Chapter is to use the
data accumulated in the time-resolved experiments for understanding and quantifying the
excited carrier’s contribution to the change of optical properties, as well as the relaxation
and decay mechanisms. For this purpose, an elaborate procedure was developed which
uses the data of AT?()\, At) and %f()\, At) to extract the information about the decay
channels of the carrier concentration, N, and their interaction with the probe beam and

medium.
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Figure 4.4: 2D colour map of time resolved transmittance change for different wavelength,
T
T()\’ t), at the fixed pump fluence of 4 mJ/cm?. At is the delay time between the pump

0
and probe.
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4.2.3 Optical Model

The main goal of the optical model is to retrieve the carrier density decay curves from the
transient measurements of the reflectance and transmittance. np-Si was considered as a
homogeneously mixed material[114, 113, 40| comprised of silicon skeleton and air voids.
To describe the effective dielectric function of the material, €., the 2D Maxwell-Garnett
mixing formula was applied[77, 115]. Although the formula was already introduced in

Chapter 2, for the sake of convenience, it was reformatted and presented here again:

€, — €
€ctt = €m + 2D, P m , 4.1
i1 b €+ €m — plep — €) (4.1)

where ¢,, and ¢, are the dielectric functions of the silicon skeleton and air-filled pores,
respectively; p is the volume fraction (71% in this work) of the pores, while the pores were
treated as air having dispersionless permittivity of 1. The model approximates the pores
as circular holes randomly distributed in the matrix which are dielectrically softer than
the host background. The formula satisfies the required limits for vanishing inclusion (air)
phase, when p — 0 the effective dielectric function, e.sf, approaches that of the silicon
matrix, €,; and, vice versa, for p — 1 it has the value of the air medium, ¢,. The use
of the formula is justified here as it obeys the requirement of the light field uniformity
across a pore as its nanometrical dimension is significantly smaller than the micrometer
probe wavelength. It should be noted that in general np-Si can be classified as an uniaxial
birefringent material with the optic axis aligned along the pores direction (perpendicular to
the sample surface)[35]. However, for s-polarised light, there is no electric field component
parallel to that axis and the material can be treated as ordinary. Another point to address
is water contamination molecules or their derivatives, chemi- or physi-sorbed on the walls
of the pores. Although the amount of impurities is much smaller than that of the silicon

in np-Si, their absorption coefficient can be at least ten times higher than that of the
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free carriers contributed by the dopants [116, 117]. Hence, this has to be included in

the calculation of the absolute reflectance, Ry, and transmittance, Ty. However, it is

not necessary for the calculations of the fractional change of these values, T(At) and
0

AR

——(At), because Ry and T are known experimentally-determined functions and the
0

fractional change is exclusively caused by the excitation of the free carriers|40].

To include the contribution of the free charges provided by boron dopants and
those optically generated by the pump to the material optical response, the intrinsic
dielectric function of the silicon skeleton, eg;, has been modified by adding the Drude term

as introduced in Chapter 2:

2

Wp
= Egi — — 4.2
n = €S T T o (4.2)
but with a slightly different plasma frequency
2 /N, N,
W2 = ¢ (ﬂ i M) (4.3)
€\ Mp Me ff

which includes the contribution of the dopants due to the silicon substrate is heavily
doped. my, and m.s denote the effective mass of hole when the doping is considered and
the electron-hole reduced mass when the contribution of optically excited electron-hole
plasma is calculated, respectively. The mass of hole and the reduced mass used in this
work were 0.36 and 0.17 of the free electron mass[118, 119]. e denotes the electron charge
and ¢ is the vacuum permittivity. v designates the charge-carrier scattering rate, which
phenomenologically includes all involved scattering mechanisms, such as scattering from
the dopants, carrier-carrier and carrier-phonon collision, and interactions of the carriers
with molecular vibrations on the surface of the silicon pores. Ng,, and Ny, are the
densities of the carriers provided by the dopants and excited by the pump, respectively. It
should be noted that the Drude contributions of the free carriers provided by the dopants

and those excited by the pump are additive. By substituting Eq.4.2 and Eq.4.3 into

57



Carrier Dynamics and Surface Vibration-Assisted Auger Recombination in Nano-Porous
Silicon

Eq.4.1, the dependence of the effective dielectric function, €.¢f, on the probe frequency, w,

scattering rate, v, and the free carrier concentration, N are include in the optical model.

In the optical model the free carrier’s distribution contributed by the dopants, Nggp,
is assumed to be uniform along the membrane depth. However, the same assumption can
not be used for the carriers excited by the pump, Npump. It is anticipated that Npymyp
will follow the profile of the pump fluence inside the sample, because the pump beam is
linearly absorbed by the membrane, i.e. each pump photon generates only one electron-hole
pair, Npump, is an exponentially decaying function with the depth coordinate and it has
the characteristic decay length inversely proportional to the pump absorption coefficient,
Qpump, Which was determined in previous studies[114] to be 217 em™*. Due to the porosity
the absorption of the samples is expected to be 300 cm™!, assuming the bulk absorption

coefficient is 850 cm™!.

However, the further decrease of the absorption coefficient is
possible due to the confinement effect and shift of the band edge to a higher energy by 0.2
eV, as was previously determined|114]. This shift results in the reduction of the density of
states available for the pump|[120]. Therefore, the initially excited carrier density excited
by the pump can be described by Nyump(2, At = 0) = N),,..(At = 0)e*rm»* where z
designates the coordinate along the sample depth and At = 0 is the time instance of the
temporary overlap of the pump and probe on the surface. N° (At = 0) is the initial

pump
density of the excited carriers on the surface. In general, Ngump could be estimated using
the values of the pump fluence and absorption coefficient. However, such an estimate is
rarely sufficiently accurate, as it requires the accurate measurement of the fluence at the
area of the pump and probe overlap, a very difficult procedure, which is prone to errors.
Instead NJ,,,,(At = 0) was left as an input parameter for the calculation of the reflectance

and transmittance using the optical model. Overall, the total carrier density used in the

model is N = Nyop + Npump(2, At) with Ny, = 3 x 10 cm=3.

Although it is relatively straightforward to make a good approximation of the initial
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function shape of the carrier distribution, IV, a similar guess about damping rate, v, is far
from simple. This parameter includes an intricate convolution of different mechanisms
introducing frictional damping to a carrier motion under the influence of the probe electric
field. In the simplest form, its value provides a probability of collision of a carrier picked
at random and moving freely between two subsequent scattering events. This value,
which is inversely proportional to the relaxation time, is in general the weakest link in
the modern theory of the high-frequency conductivity, and in many cases, treated as a
phenomenological parameter without a precise understanding of the cause of carriers’
collision and scattering, in particular in such complicated samples as np-Si. Moreover,
has entangled dependence on the carrier temperature, carrier density and the screening
of the Coulomb interaction[121]. None of these factors are constant, and they change
as a function of depth and time, following the initial excitation by the pump pulse.
Consequently, the investigation and discussion of the causes of carrier scattering were left
out of the arguments of this work. Instead, v(z, At) was treated as a phenomenological

fitting function for each point of the decay curves shown in Figure 4.3.

To account for the excitation non-uniformity in the optical model for the calculation
of the transmittance, AT?(/\, At), and reflectance, AR—f(/\, At), Wentzel-Kramers-Brillouin
(WKB) method was employed. It assumes a smooth nonuniform decaying dielectric function
along z-coordinate, €.s¢(z), as defined by Eq.4.1. The dependance on the z-coordinate is
due to the alteration of the excited carrier density and their scattering rate as a function
of the membrane depth. By Combining the WKB method with the TMM introduced in
Chapter 2, the analytical solution for the transmittance, T, and reflectance, R can be

obtained:

2

(4.4)

q(0) 1 —r(d))
d W —r(0)r(d)e™
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r(0)e™™ — r(d)e™ 2

R= | =0y (@)

(4.5)

Where 7(0) and r(d) are the reflection coefficients on the front and rear boundaries
2

w
of the membrane sample, respectively. q(z) =1/ —;€en(2) — kZ is the position dependent
c
W
wavevector of the probe along the sample depth and k, = —sin(f) is its tangential
c

component which does not change along the propagation. 6 is the incidence angle of the
probe. ¥ = fod dzq(z) is the complex phase accumulated by the probe having frequency w
and propagating through the sample and multiple reflected from the boundaries inside the
sample having thickness d. The detailed derivation and discussion of the model can be

found elsewhere[122, 114].

To apply the model described above for the calculation of R and T" at a given
delay time, At, one needs initially to assume N}, and 79, for the calculation of the
complex dielectric function €, on the front surface. Its value is then used to calculate
the corresponding Fresnel coefficient, r(0), and and the wavevector ¢(0). Once NV

pump
is set, the value of the carrier density on the back surface, N;lump, is restricted because
Npump(2) 1s known as the exponentially decaying function described above. The scattering
rate on the back surface, ygump, has to be initially guessed and consequently, the dielectric
function of the back surface, e, is calculated to obtain r(d) and ¢(d). Then +),,,, and
vgump are connected by an exponentially decaying function to obtain 7(z). Having both
functions of Npymp(2) and ypump(2) available, the complex functions of e.fr(z) and ¢(2)
are calculated by integration to obtain the complex phase . This procedure is repeated
iteratively to establish the best values of ¢(0), ¢(d), 7(0) and r(d) for fitting of Eqs. 4-5 to
the experimental results. Similarly the procedure can be applied for any delay to find the
carrier density decay curves, Npump(2,t), which the best describe the experimental data of

the reflectance and transmittance. A schematic representation of the optical model and

notation are shown in Figure 4.5.

60



Carrier Dynamics and Surface Vibration-Assisted Auger Recombination in Nano-Porous
Silicon

0
Novmp [

0
Ypurmp NN
~ o d
S~ T A; pump
k Vpump

==1-cs

Figure 4.5: Schematic representation of the optical model showing the sample cross-
section. The dashed lines illustrates the functions of Npym,(2,t) and Ypump(2,t) drawn at

an arbitrary scale.

Overall, the fitting procedure requires three initial guess parameters Ngump, '7;9ump
and Vgump to fit simultaneously the experimental R and T recorded at a given delay time,
At. These values are not arbitrary, but restricted by the experimental conditions and
limits imposed by the physics. The best fit algorithm was allowed to look for the solutions
in the boundaries of NJ,, . (At) which are dictated by the minimum and maximum power
absorbed on the surface across the pump beam spot. While 49, (At) and 42, (At) are

limited not to deviate from the bounds between 10'® and 10'® sec™!, a generally accepted

range of the excited carrier relaxation rate in semiconductors.

Figure 4.6(a) shows the experimental and fitting results for transmittance and

reflectance, T, and R,, respectively as a function of the pump fluence for different wave-

AT A
lengths. Each point corresponds the maximum change of T()\, At) and FR(A, At)

0 0
around zero delay shown in Figure 4.3. Figure 4.6(b) shows the corresponding carrier
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concentration used in the calculations, marking separately those excited by the pump on
the surface of the sample, N]())ump(At = 0), and those provided by the doping, Ng,. Figure
4.6(c) depicts y used for the calculation of T, and R.. Unlike the carrier concentration, -y
has relatively weak dependence on the pump fluence, but, on the other hand, its value
varies for different wavelengths. A few additional observations about + can be made at
this point. It has the greatest value at the probe wavelength of 3.5 um suggesting a strong
contribution of the vibrational mode of surface impurity Si-OH to the carrier scattering
which is active at this frequency. Conversely, the lowest values of v were found for the 4

um-probe, a wavelength which is not associated with any vibration of the np-Si and which

is believed to be influenced by the free carrier-carrier and carrier-dopant collisions|40].
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Figure 4.6: (a) Absolute transmittance, T, and reflectance, R, for 3.5 (red), 4 (green),
4.5 (blue) and 5 (magenta) pm probe wavelength, respectively. The crosses and stars
correspond the experimentally determined transmittance and reflectance shown in Figure
4.3 at around the zero delay, At = 0, between the pump and probe. The lines show
theoretical calculations using the optical model. (b) The carrier density used for the
calculation of the transmittance, T', and reflectance, R. N}?ump is the carrier density on
the surface of the samples at the zero delay, Vg, is the carrier density induced by boron
dopants. (c) v is the carrier scattering time on the front surface, for 3.5 - 5 um probe
wavelength, respectively, at around the zero delay time. (d) The corresponding real, Re.,
(left axis) and imaginary, Se.ff, parts of the effective dielectric function, e.sf, respectively.

The solid lines are shown to guide the eye. 63
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Figure 4.6(d) shows the corresponding real, (e.ss), and imaginary, S(e.ss), parts
of the effective dielectric function dependences on the pump fluence. It can be seen that
for the all probe wavelengths the fractional change of the real part is smaller than that
for the imaginary part. For example, the maximum change of the real part is about 22%
for the probe wavelength of 5 um, while the corresponding change of the imaginary part
covers almost an order of magnitude. This is very typical behaviour for the optical Drude
response in the relaxation region where v < w and (e.rf) < R(ecrr)[123]. In this region
the ratio of the real and imaginary parts change as a function of the fluence (and the

AR(eerf) o, w .
AS(ern 5 For the 5 um probe the ratio

carrier density) is given approximately by

ARleers) — 9.7, while

AS(eery) ~ 11.6, in quite close agreement with each other and where the

=&

minor discrepancy can be attributed to the fact that ~ is not constant, but changes slightly
as a function of the carrier density. This observation supports the consistency of the Drude

theory use for the description of the optical response in our samples.

4.2.4 Free Carrier Absorption

Another way to test the applicability of the optical model is to evaluate the probe absorption
coefficient, aope, dependence on the carrier density, N. In the relaxation region, the
Drude model predicts that the absorption coefficient is governed by the second term of
the following equation|[123, 124]:

Ne? ol
47T2meffeoc3 %(neff)

M\ (4.6)

Aprobe = O +

where g is the absorption coefficient in the absence of the pumping, R(n.ss) is the real

part of the refractive index related to the effective dielectric function through the relation

R(ness) = \/\/%(Eeff)Q + %(;eff)Q + Reess)

and A is the wavelength of the probe.

On the other hand, the absorption coefficient in the linear regime can be directly
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obtained from the experimental data of the reflectance and transmittance, R, and T,

respectively, shown in Figure 4.6(a), using the following formula:

log(1=Ee)
probe = TTe (4.7)

Figure 4.7 shows ay,o around the zero delay determined from the experimental

data and using Eq.4.7. a0 presented as a function of the fluence, F', to which the

carrier density, N, is linearly proportional. The use of Eq.4.7 rather provides the effective

0
probe

0
probe

absorption coefficient defined by ayrope = 1/d fod dzo e~ “ruvmr? ywhere a is the probe
absorption coefficient on the surface. Alternatively, a,,qpe is calculated using Eq.4.6, using
the mean values of (IV), () and (n.ss) found from the corresponding distribution functions

of the sample depth.
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Figure 4.7: The absorption coefficient, ay,ope, of the probe for 3.5 (red), 4 (green), 4.5
(blue) and 5 (magenta) um probe wavelength, respectively, at the zero delay, At = 0, and
as a function of the pump fluence, F'. The crosses represent the data obtained from the
measurements, while the circles produced by the calculation using the optical model. The

solid lines are shown to guide the eye.

It can be seen from Figure 4.7 that, for all four wavelengths, a,,.pe closely follows
straight lines as, it would be expected for the free carrier absorption when  and R(n.yy) are
both constant or their ratio is constant. However, Figure 4.6 suggests that v and R(n.ss)

are not constant, but changing as a function of the fluence/carrier density. Nevertheless,
8

their change is relatively small and opposite resulting in a nearly constant ratio of R ]
Nefy

in Eq.4.6.

The intercept with ordinate axis in Figure 4.7 corresponds to the sum of the
absorption coefficients of the free carriers contributed by the dopants and the surface

impurities, both weighted by their corresponding volume fraction. For example, for the
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5 um probe and in the absence of the pumping, the absorption coefficient of the probe

iS Qprope = 24 cm™L.

It can be approximated as aprope ~ PgiQlfree + PsiHCsiH, Where
psi = 0.29 is a known fraction of the silicon component and pg;g is an unknown fraction of
SiH impurities present on the surface of the pores and IR-active at this wavelength; a fyce
and ag;g are well-documented absorption coefficients of the free electrons contributed by
the boron dopants and SiH molecular stretch, respectively. According to the literature
Qfree = 40 cm™![117] and gy = 1000 em™*[125, 126]. Hence, the volume fraction of SiH
can be worked as pg;y = 0.012. A similar estimate can be obtained for other IR-active
vibrational modes of the surface impurities. Although pg;y is a small number, below
the influence of the vibration has a crucial impact on free carrier dynamics. One of the
reasons is that the impurities are not uniformly distributed over the volume, but located
on the surface of the pores. Using the value of the samples’ porosity and dimensions of

the silicon framework obtained from Figure 4.1, one can estimated that SiH bonds cover

about ~ 30% of the surface pores area.

4.2.5 Time Resolved Carrier Density

In general, after the excitation by the pump the evolution of the carrier density function,
N(z,t), is governed by two major processes of diffusion and recombination and can be

described by the following Eq.4.8 based on Fick’s second law:

dN(z,t) D82N(z,t) ~ N(z,t)

dt 022 Teff

(4.8)

The first term of Eq.4.8 represents the one-dimensional diffusion along the depth
coordinate. The diffusion in other directions can be ignored because the sample morphology

which consists of interwoven, nearly unidirectional, quasi-one-dimensional wires arranged
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along z-coordinate. D is the diffusion coeflicient, which is assumed here as a constant. The
second term depicts the recombination rate with 7.7, denoting the effective recombination

time.

The value of the diffusion coefficient, D, is not well-known for np-Si. Assuming

that the carriers after the excitation obey Boltzmann distribution, the diffusion coefficient

kpT 1
B~ ~6cm%/s (kg and T is the Boltzmann constant and equilibrium
Mefr Y

room temperature, respectively) for the highest value of v shown in Figure 4.6. This

is given by D =

value is close to that of the bulk silicon observed for the similar carrier and dopant
concentrations|127, 128]. However, at this moment it is problematic to corroborate this
result relying on the data from the literature on np-Si as, to date, the diffusion process
in np-Si remains poorly understood, with the reported values of D scattering between
1079 and 40 cm?/s[129, 130, 131]. Such discrepancy may be related to the type and

concentration of dopant and the morphology of np-Si.

Nevertheless, it can be shown that the diffusion process contributes insignificantly to
the carrier dynamics. The diffusion term in Eq.4.8 has its maximum on the surface imme-
diately after the excitation and can be calculated as D% om T D2 o Ny &
7 x 10** 1/cm®s. On the other hand, the observed decay rate is a few orders of magnitude
faster. For example, the rate calculated as a slope to the initial concentration decay at the
highest pump fluence at 3.5 pm probe in Figure 4.8 is w ~ 4.7 x 10% 1/cm3s.
Therefore, diffusion can be safely disregarded in Eq.4.8 and the following analysis of the

decay data will be treated as a sum of weighted contributions from various recombination

mechanisms presented by Eq.2.28. For convenience, it is presented again:

dN N

= —bN — cN? — dN? (4.9)

% N Teff

Eq.4.9 consists of three terms, where the first term corresponds to Shockley-Read-Hall

(SRH) type, the second term is responsible for a radiative or bimolecular and the third
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term describes Auger recombinations, respectively[132|. The order of each term denotes
the number of free carriers involved in a process. The coefficients b, ¢ and d depict the

weight or rate constants for each process.

(a)

A =3.5um

0 50 100 150 200 250 0 50 100 150 20 25

0 50 100 150 200 250 0 50 100 150 200 250
At (ps) At (ps)

Figure 4.8: The carrier density, N, on the surface of the samples as a function of the
delay time, At, between the pump and probe. (a), (b), (c¢) and (d) corresponding to the
probe wavelength of 3.5, 4, 4.5 and 5 um. The curves on each plot relate to a different

pump fluence in the range between 0.4 and 4.8 mJ/cm?.

In the SRH process occurring in the bulk material, the magnitude of the correspond-
ing rate constant mostly depends on the density of the ionized boron impurities forming
in-gap states and their ability to capture electrons moving in their vicinity|133, 134].
Strictly speaking, the first term describes not only SRH, but the surface recombination as
well, which is a type of SRH recombination via surface impurity states. The recombination

due to trapping by the states formed in the shell encapsulating the silicon channels is
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described by this process as well.

The surface recombination in the bulk silicon is known for playing a significant role
in the carrier dynamics as demonstrated by the measurements using the reflectivity pump-
probe method[119, 135|. Statistically SRH via midgap and surface states are equivalent
and can not be easily separated in a single measurement. Moreover, in np-Si the mean
diameter of the silicon channels is comparable to the thermal wavelength of the mobile
carriers. In such conditions, any mobile carrier has a wavefunction which extends over
the entire cross-section and it nearly equally overlaps with the impurities located in the
interior and on the surface of the channels. The time to move from the inside to the
surface is essentially zero and the surface velocity cannot be defined. Therefore the relevant
capture time corresponds to instances of the carrier trapping when it moves laterally along
the wire. For the sake of clarity, this process is noted as SRH, however it includes both
the recombination on impurities inside and outside of silicon channels because they are

indistinguishable without physical alteration of the composition.

The second term is usually attributed to radiative electron-hole recombination in
band-to-band to transition. In np-Si samples used in this work, the radiative process is
absent. However, it was proposed that a trap-assisted Auger recombination should also be
considered for the evaluation by the second term[136, 137]. The last term is attributed to
the ambipolar Auger recombination, where fast-moving electrons develop a potential drop,
pulling the holes to proceed in a joint diffusive motion accompanied with the annihilation

of the charge carriers.

Eq.4.9 was solved numerically to find the best fit to the data of the carrier density
decay, N(t), as a function of time. N(t), shown in Figure 4.8, was calculated from
implementing the optical model described in the Section 4.2.3 to each point of the

measurements of the time resolved transmittance and reflectance shown in Figure 4.3.
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Figure 4.8 shows the obtained time-resolved carrier density on the surface of the sample
for the different pump fluences and probe wavelengths. The empty circles represent the
data obtained from the optical model. The solid lines show best fit of the solution of
Eq.4.9 to the data of the carrier density. The initial carrier density, at the zero-delay time,
is the same and independent of the probe wavelength as it relates to the pump fluence
only. However, the curves have dissimilar decay shapes for different probes, indicating

that the decay rate is wavelength dependant.
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Figure 4.9: Recombination times 7sgy shown in red and 74 shown in blue corresponding
Shockley-Read-Hall and Auger processes, respectively, as a function of the initial free carrier
density, N°(At = 0), on the surface of the np-Si samples. The times were evaluated from
the fitting of the solutions of Eq.4.9 to the data shown in Figure 4.8. 1/7.¢f = 1/Tspp+1/7a

depicted in black is shown for the comparison.

The recombination times obtained from the fitting of Eq.4.9 are shown as a function
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of the initial carrier density in Figure 4.9, where Tsgy = 1/b and 74 = 1/dN?. Tt is found
that the bimolecular term in Eq.4.9 has no significant contribution to the decay over the
given range of the carrier densities. Moreover, the attempts to fit the data assuming d = 0,
but considering the involvement of the first two terms only in Eq.4.9 did not produce
the satisfactory results. Therefore, the results of the best fitting suggest that SRH and
Auger are the main mechanisms contributing to the decay of the excited carriers. The
absence of the bimolecular band-to-band transitions bears similarity to the recombination
dynamics of bulk Si[138], where a typical value of the rate constant in the bulk material is
c=9.5x 107 cm?/s, which would correspond to a life time of 4 x 107% s at the highest
density of the free carriers and at a rate which is substantially longer than the effective
rate observed in this work. Alternatively, an early report on the pump-probe time-resolved
measurements of np-Si suggested that the band-to-band transition is a significantly faster
process with ¢ = 9.5 x 1071° ecm?/s. However, the samples used in that study are likely to
have differed from this work in that the dimensions of their silicon constituent approached
the quantum confinement regime which modifies the band structure of silicon to behave as
a nearly direct band-gap material[139]. Nevertheless, that observation seems to contradict
a later work which performed and analysed a similar set of the experiments, and concluded
that recombination dynamics is likely to be influenced mostly by the trap capturing of the
excited carriers and at higher intensities by the non-radiative Auger recombination[140],
in line with the analysis here. Yet, these studies were limited to the measurements which

used a single wavelength only and a very limited range of the pump fluence.

Moreover, Figure 4.9 suggests that the involvement of the SRH and Auger processes
is not constant when the density decay is probed with different wavelengths. It can be seen
that, at 3.5 um the recombination is strongly dominated by Auger, while the situation is
completely reversed for the probe having wavelengths of 4 and 4.5 um, where the decay is

dominated by SRH. For the probe of 5 um the picture is more mixed, the recombination
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is rather dominated by SRH at the low end of the initial carrier density and it is governed
by Auger at the higher concentrations. To investigate the phenomenon of the competition
between the Auger and SRH, a more detailed study of the recombination time dependence

on the probe wavelength was performed.

4.2.6 Carrier Density Decay as a Function of the Probe Wave-

length

2
At (ps) 300 35 5\ (pm)

Figure 4.10: The free carrier density, N, as a function of the delay time, At, for different

probe wavelengths and for a fixed pump fluence of 4 mJ/cm?.

To investigate carrier dynamics as a function of the probe wavelength, a number of time-
resolved measurements were performed using 17 probe wavelengths equally dividing the
range between 3.4 and 5 um. The pump fluence was fixed at 4 mJ/cm?, corresponding

to the initial carrier density of 2.4 x 10* cm™ on the surface. The measurements of the
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correspondent transmittance change are shown in Figure 4.4. Using the optical model, the
decay curves were derived for the carrier density and for each probe wavelength. Each
curve was fitted with solution of Eq.4.9 and they are shown in Figure 4.10. The decay

times obtained from the fitting are shown in Figure 4.11(e) as a function of wavelength .
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Figure 4.11: (a) Two main competing nonradiative recombination channels in np-Si; (b) a
possible coupling mechanism of a stretching mode of surface-adsorbed molecular impurities
M to the bulk phonons; (¢) phonon-assisted Auger recombination. The correlation between
(d) FTIR transmittance and (e) recombination times. In (d), 7sgy, T4 and 7.y are shown
in red, blue, and black, respectively. The pump fluence is 4 mJ/cm? and the carrier density
on the samples surface immediately after the excitation is N(z = 0, At = 0)=2.4x10"

cm ™3,
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To understand the nature of the factors governing the recombination dynamics,
the recombination times’ dependence on the wavelength was correlated with the FTIR
measurements. The purpose of FTIR is to indicate the vibrational modes of the lattice
and impurities active in this spectral range. The FTIR spectrum shown in Figure 4.11(d)
is dominated by the stretching modes of SiOH vibration with the central wavelength
located at 3 wm and whose tail is observed here between 3.4 and 3.8 um, OSiH3 at 4.4 um
and SiH at 4.8 wm|141, 142, 125]. These molecular vibrations are known to be present in
abundance on the surface of the pores and were also observed in the earlier research into
bulk silicon surface impurity states|143]. However, in contrast to bulk silicon, in np-Si, the
effective surface is considerably larger and the contribution of these modes pertains not

only to the dynamics of the carriers near the samples’ surface but to their entire volume.

It can be seen from Figure 4.11 that there is a strong correlation between the
spectrum of the vibrational modes and the recombination times. In particular, it can be
observed that the contribution of the SRH mechanism is suppressed, as 7sgrg becomes
longer, at the wavelength corresponding to the IR active modes, while Auger recombination
is enhanced with 74 gets shorter. At 3.4 um, 7sgg is so slow that the recombination is
completely dominated by Auger recombination. This conclusion can also be derived from
Figure 4.9(a) at 3.5 um. However, as the wavelength increases towards 4 pwm the situation
is nearly reversed - the recombination process is dominated by SRH while Auger is slowed
down. This pattern repeats itself at other peaks, with active vibrational modes around 4.4

and 4.8 um where SRH is subdued but Auger is enhanced.

These findings strongly suggest that the non-radiative Auger process in np-Si,
despite some similarities to the bulk material, has its own unique features. First, it is
significantly faster than in bulk which has been injected with similar carrier densities.

3

For the bulk silicon, Auger lifetime at the excess carrier density of 10 cm™3 is a few

tens of nanoseconds|144, 145|, while the values estimated for samples of this work are
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almost three orders of magnitude faster, approaching tens of picoseconds. Second, in
the majority of works, Auger recombination in the bulk silicon is assumed to proceed
with a restriction of the conservation of both energy and momentum. It was proposed
theoretically that the momentum conservation restriction can be circumvented by the
involvement of a phonon, which provides the necessary matching conditions to cross the
indirect energy-gap in silicon|146]. However, there is insufficient experimental evidence to
substantiate such a mechanism in bulk silicon. In contrast, the results in this Chapter
point to a recombination mechanism where the Auger process is dominant only when it is

assisted by vibrational modes of the surface impurities, otherwise it is controlled by SRH.

It can be argued that the opening of the vibration-assisted Auger recombination
channel in np-Si is attributed to its peculiar morphology. In np-Si, the charge carrier is
confined to moving along a quasi-one-dimensional wire having a diameter comparable to
de Broglie wavelength. In such a confined motion, it interacts strongly: not only with
the molecular vibrations excited on the surface by the probe but, as well, with phonons
generated in abundance by the deformation of the lattice structure through the coupling
to the molecular vibrations located on the pores’ surface. For instance, it was recently
proposed theoretically that excited Si-H stretching mode (~ 0.25 €V) may decay into a few
quanta of the Si-H bending mode (~ 0.08 ¢V) and the substrate phonon modes (the largest
silicon bulk phonon frequency is ~ 0.07 eV)[147|. Although, this process might appear as
not a very efficient one, it still can have a substantial effect in the experiment because
the density the molecular adsorbates on the surface is almost two orders of magnitude
higher than the corresponding density of the charge carriers. There are also a growing
number of reports of the effective molecular vibrations decay via emission of multiple bulk
phonons in silicon and germanium. For example, it was shown that vibrations of oxygen
in bulk silicon may decay with emission of three phonons on the time scales of a few tens

of picoseconds|[148]. In a similar system of hydrogen adsorbed on germanium the decay
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of the stretch mode can proceed via emission of three bulk phonons within one hundred

picoseconds|149].

On the other hand, the phonon mean free path is significantly larger than the wires
diameter [150] and, once generated by the deformation and coupling to the adsorbates
vibrations, phonons occupy the entire volume of the wires, scattering charge carriers, and

providing the momentum needed to cross the gap and enhance the Auger process.

To justify the observed values of Tsrp, specifically those approaching 10~ seconds
at 4.5 um, it should be noted that the corresponding capture cross-section for carriers at
room temperature is ¢ = 1/(vNgopTsrr) = 3.3 x 1071% ¢cm?, where v is the thermal velocity.
This estimate is somewhat above a typical value for ionized impurities in silicon|[151, 152]
and large enough to be comparable to the cross-section of the silicon channels. The reason
for the cross-section overestimate is because the actual process is more complex and not
limited to the capture and collision with impurities only. In addition to the scattering on
the dopants, other irregularities such as potential extended and point defects within the
silicon skeleton, irregularities of silicon channels and surface impurities are also involved in
the process, but not accounted in the estimate. As argued above, the carrier occupies the
entire cross-section and its quasi one-dimensional motion can be interrupted by almost any
impurity encountered along the way, leading to the observed high rate of recombination.
Nevertheless, the SRH process is subdued when the probe wavelength coincides with
the vibrational resonances of the surface molecules initiating strongly competing Auger

recombination.

In conclusion, the ultrafast pump-probe technique was employed to study the
carrier dynamics of np-Si membranes. The time-resolved change of transmittance and
reflectance revealed that both the morphology and surface chemistry play important roles

during the carrier recombination process. Due to the restriction of electron movement by
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the wire-shaped skeleton of np-Si, the probability of carrier-carrier, carrier-phonon and
carrier-impurity collision increases, resulting in a drastic enhancement of the recombination
rate compared to the bulk silicon. The experimental results show that the recombination
rate of np-Si is about three orders of magnitude higher than its bulk counterpart. Further
fitting the experimental results with the rate equation revealed that the dominant carrier
recombination mechanisms in np-Si are SRH and Auger process. In addition, the wavelength
dependence of the recombination rate indicates that the surface chemistry also influences
the recombination process. It was found that the enhancement of the Auger recombination
rate at specific probe frequencies is associated with the active vibrational mode of the
absorbates on the pore surfaces. The vibration of the molecules can couple to the phonon
mode of np-Si, which further enhances the Auger recombination and surpasses the SHR

process.
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Chapter Five

Applications of Macro-Porous Silicon in
Short- to Mid-Wavelength Infrared

Range

This chapter is a reformatted version of my papers: 1. ’All-Optical Modulation
and Ultrafast Switching in MWIR with Sub-Wavelength Structured Silicon’,
R. Wu, J. Collins, D. Chekulaev and A. Kaplan, Appl. Sci. 2019, 9(9), 1808;
2. ’Demonstration of time-of-flight technique with all-optical modulation and
MCT detection in SWIR/MWIR range’, R. Wu, J. Collins, C. D. Burgess, R.
A. Lamb, A. Kaplan, SPIE Proceedings 1079904 (2018).

As the most common semiconductor in electronic integrated circuit, silicon has
been considered as one of the best candidates for the natural hybrid of photonic and
electronic devices|[153]. In recent years, various silicon-based devices have been proposed
for the generation, modulation and detection of light[154, 155, 156, 157]. The combination
of silicon photonics with electronic devices not only brings the advantage of improved

bandwidth and fundamental speed, but also shows the potential of massive production with
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low fabrication cost in comparison with other semiconductors. Among all the silicon-based
photonics units, the optical modulator, as one of the most critical components in optical
communication, thermal sensing and imaging systems, has drawn great research interest

lately [158].

The conventional approach to optical modulation is based on the first order electro-
optical effect (Pockels effect) of materials. That is, by applying an external electric field,
the dielectric function of the material alters and results in a modification of the optical
response and a change of the reflectance or transmittance of the incident light. However, as
a centrosymmetric semiconductor, intrinsic silicon does not have the electro-optical effect,
therefore, not an ideal material for implementation in electro-optical modulation[159, 160].
As an alternative method, thermal-optical modulation was investigated by Cocorullo et
al., but it is only suitable for low repetition rate applications due to its slow response|161,
162]. Currently, the free carrier plasma dispersion effect, where the material optical
response varies with the free carrier density, is the most commonly-investigated modulation
mechanism in silicon|[163]. The free carrier density can be altered by carrier depletion, ac-
cumulation or injection by either electronic or optical means|[164|. The latter case is known
as all-optical modulation, which has its primary advantage in ultrafast modulation speed,
typically in the picosecond range[165]. As early as in 2004, Almeida et al. demonstrated a
scheme of ultrafast all-optical modulation with silicon photonic structures at telecommuni-
cation wavelengths. A modulation depth of 90% with less than a 500-ps modulation speed
was achieved[166]. Soon after, Takasumi’s team reported an improved modulation speed of
70 ps by using ion-implanted silicon photonic crystal nanocavities[167]. So far, most of the
research interests and achievements in silicon optical modulators (including the examples
mentioned above) have explored the range of telecommunication wavelengths. The Mid-
to Long-Wavelength Infrared region (MWIR and LWIR, respectively) has so far attracted

less attention, despite the enormous potential and high demand on the market|168].
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The most demanding applications operating in MWIR, such as thermal imaging,
security countermeasures and free space communication, exploit the high transmittance of
the Earth’s atmosphere in the wavelength range between 3.5 and 5 um. A longer wavelength
assures that there is less scattering compared to the near-infrared and visible light, as well
as no active vibrational transitions of HyO and COs molecules, making it suitable for
remote sensing and detection with little influence from weather conditions[169]. Despite
the importance and maturity of the current MWIR detection and imaging technology,
the present applications rely entirely on electronic and mechanical modulators, which limits
the modulation speed to a few hundreds of nanoseconds. The development of all-optical
modulators aims not only at improving the performance speed, but also at enabling new
functionalities, such as ultrafast time-of-flight detection, anti-fluctuation atmosphere 3D
imaging and broadband free space communication, based on the current MWIR detection

technologies[40].

Range-finding and 3D imaging provides information about the distance to an object
in addition to the standard intensity received by detector or camera. Since the first
Time-of-Flight (ToF) imager was demonstrated[170], it became apparent that this active
measuring technique offers advantages over passive and active triangulation[171, 172].
However, the main development of ToF imaging and distance measurement was reported
for the visible and near-IR ranges, similar achievements in far-IR (MWIR and LWIR) have
not yet materialised despite clear technological advantages that the ToF technique can offer
in this range. One of the problems is the ultrafast gating of the detectors operating in the
far-IR, which at their best can achieve a few nanoseconds, more than an order of magnitude
slower than their counterparts in the visible range[173]. Therefore, an external optical
modulator would be a beneficial choice for the improvement of MWIR, ToF resolution,
and the advancement of MWIR optical modulator technology will eventually promote the

development of range-finding and 3D imaging technology.
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It is also worth mentioning that, a reliable detection method is important for the ToF
applications. The major players in MWIR imaging industry, such as Leonardo, Raytheon,
Sofradir and SCD consider Mercury Cadmium Telluride (MCT) as a semiconducting
material with noticeable advantages over other rivals, such as InSb. MCT detectors offer
a better range of detection, resolution, device size and performance-to-cost value. MCT
is the only known detector material which covers the spectral ranges of short, mid and
long wavelength IR (SWIR, MWIR and LWIR). Because of its robust performance, MCT
became an integral part in the most demanding applications in the battlefield, as in the
Phalanx CIWS shipboard defence system operating in LWIR and DIRCM countermeasure
sensors for protecting military aircrafts in MWIR. In addition, MCT has demonstrated the
ability to produce clear signal in the scene flooded with photons and where the parasitic
reflection can be discriminated from useful ones by gating and filtering photons arriving
before or after those reflected from the useful target. Therefore, a natural development
would be the integration of MCT detectors into an active measurement and imaging device

using the ToF technique.

Due to the crucial role of MWIR optical modulator as mentioned above, the aim of
the work in this Chapter is to present the development of an all-optical modulator with
high speed and suitability for MWIR, applications. Briefly, the core of the modulator is a
silicon-based membrane (macro-porous silicon). When an external optical source optically
excites the membrane by pumping free electrons, its reflectance and transmittance change
due to the alteration of the effective dielectric function by the excited free electrons. Using
an external pulsed pump source, it is possible to modulate a synchronous response of the
membrane, switching it between the fully transmitted and opaque states. The modulated
membrane is positioned in front of the detector and acts as a shutter which can be activated
synchronously with a pulse from an external optical source. Such arrangements allow the

use of detectors with a slow response as the resolution is determined by the response of the
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modulator. The speed of the modulation is limited by the pulse properties of the pump
source and the free carrier lifetime. In this work, a 100 femtosecond laser was used as
pump source, which defines the rise time of the modulator. The life time of the free carriers
is in the range of a few tens of nanoseconds or shorter due to Auger recombination which
determines the time required for the modulator to return to its initial transparent state.
The recovery time in such a set-up determines the repetition rate at which the modulator
can be potentially used. In Section 5.1, the overall performance of the modulator in the
frequency and time domains are investigated and the pump fluence required to achieve
the optimised modulation are quantified. The results suggest the enhanced modulation
depth of the macro-porous silicon (mp-Si) in comparison to the bulk counterpart under the
same experimental condition. The temporal response of the modulator was explored and
the experimental conditions was specially designed to achieve the ultrafast modulation
of 0.55 ps. Furthermore, Section 5.2 demonstrates a ToF set-up based on the optical
modulator as introduced in Section 5.1. The speed corresponding to the ToF resolution
of a few tens of micrometers is shown which allows to measure subtle effects of a pulse
broadening by Group Velocity Dispersion (GVD) in a few centimetre long silica rod. As
well, a pulse broadening developed by propagation through the rod and the GVD of silica

were estimated from the signal received by the detector.
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5.1 All-Optical Modulation and Ultrafast Switching with

Macro-Porous Silicon

5.1.1 Methods and Samples

A femtosecond laser system was used to measure the time-resolved reflectivity of the
optically-excited samples. The detailed description of the system can be found in Chapter
3. The wavelength of the pump beam was 800 nm and the probe beam was in the range
between 4 and 6 um. The pump beam was set to be p-polarised while the signal beam
was s-polarised. The incident angles of the signal and pump beam at the sample surface
were 20°and 30°, respectively. The reflected MWIR beam was directed to a home-built
monochromator, with a resolution of 10 nm, to monitor the spectral response. A Mercury
Cadmium Telluride (MCT) detector was placed at the exit of the monochromator equipped
with a pre-amplifier and a lock-in amplifier to collect the IR signal with a low signal-to-noise

ratio of less than 3%.

The macro-porous silicon membrane was used as the modulator material in this
work. The fabrication procedure can be found in Chapter 3 and other literature[174, 175].
In short, an ordered hexagonal 2D array of holes was etched through the bulk silicon
membrane. The thickness of the sample was about 15 um, with 0.5 wm holes spaced
1.5 wm apart, as shown in the insert to Figure 5.1(b). Bulk silicon (similar membranes

without holes) was used as a reference to compare the results with the mp-Si membranes.
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Figure 5.1: (a) Change of the reflectance, AR/ Ry, at the temporal overlap between the
pump and signal as a function of signal wavelength A recorded for the pump fluences of
3.8 mJ/cm? (red), 5.0 mJ/cm? (green), 6.3 mJ/cm? (blue) and 8.8 mJ/cm? (magenta).
The dots denote the experimental results, and the solid lines show the model fitting.
The arrows indicate the change of reflectance with increasing pump fluence at a given
wavelength, on the shorter and longer spectral ends, blue and red, respectively. (b) The
carrier concentration, IV, (blue) at the sample surface and its scattering rate, 7, (red) as a
function of the pump fluence. The curves were reconstructed from the experimental data

shown in (a). The insert shows the top view of the macro-porous silicon used in this work.

5.1.2 Wavelength Dependence and Ultrafast Temporal Response

of Optically-Pumped Membranes

Figure 5.1(a) shows the reflectance change, AR/Ry = (Rc—Ro)/ Ry, measured at the
temporal overlap between the pump and signal pulses, as a function of the signal wavelength
and for the different fluences of the pump, spanning between 3.8 and 8.8 mJ/cm?. R, and
Ry denote the reflectance with and without application of the pump pulse, respectively. The
dots and solid lines represent experimental results and optical model fitting, respectively.

The corresponding carrier concentration, /N, used in the calculation of the optical model,
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and the scattering rate, v, as a function of the pump fluence are shown in Figure 5.1(b).
Note that N and v are functions of the fluence only and were not influenced by the probe,
as its fluence was too weak and the photon energy too small to alter them. In general, it
can be seen that the optical model can be adequately fitted to the experimental results,
providing a background to discuss the physics behind the findings and the feasibility to

use the membranes for a reflective-type light modulator.

It can be seen that at certain conditions, the modulation efficiency can reach beyond
80%, yet it is not uniform over the entire range of wavelengths. At the lower fluence of
about 4 mJ/cm?, the greatest modulation was observed at the longer wavelength of the
spectrum around 6 pwm, while at the highest fluence, the situation was reversed: it was
the shorter wavelength around 4 um that was the most affected. Such dependence of
the reflectance spectra on the pump fluence can be considered for use in tunable spectral
filters. At the lower pumping, the membrane acted as a shortwave reflecting filter, i.e., at
3.8 mJ/cm?, almost 70% of the 4 um probe was reflected back, while for 6 pum, it was
only 15%. At the highest fluence, the filter reflectance as a function of the wavelength
was flipped over: it behaved as a a long-wavelength reflective filter with 90% of 6 pm and
25% of 4 um reflected back, respectively. Overall, there are two critical details that need
to be explained, which are the sign of the reflectance change as a function of the fluence,
F, for a given wavelength A, %—f(F ), indicated by the arrows on Figure 5.1(a), and its
absolute value characterising the modulation contrast. It can be seen that %f (F )x has
the opposite sign: it was negative for the shorter wavelength and reversed to the opposite

for the longer wavelength, while its absolute value was greater.

To understand this behaviour, one should examine the evolution of effective di-
electric function e.fs as a function of the injected free carrier density, N, and relate it
to the reflectance. When the carrier density, N, increases, the dielectric function, €.y,

monotonically drops, yet the reflectance behaviour is more complex than that. At the
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lower carrier injection, the contribution of carrier concentration to the dielectric function
is less than its intrinsic dielectric function, the increase of N led to the decrease of the
reflectance. However, a further increase in the carrier concentration N results in €.;p — 1,
where the reflectance reaches its minimum. After that, the reflectance increases with
N until it reaches the maximum value at e.;y = 0. The change of the sign at ‘fj—f‘e:l
corresponds to the onset of the transition of the optical response from dielectric to metal,
also known as the plasma edge. Furthermore, it can be shown that in semiconductors
at the conditions around the plasma edge for a given signal wavelength, A, the absolute

value of reflectance change as a function of the carrier concentration has the relation of

AR AR

Ro (N>‘)\, O0<ecpr<1 > Ry o

(N )! X ol This discussion equally applies to R—O(F) A\, assum-
ing that NV is directionally proportional to F'. Thus, the opposite sign and the difference of
the absolute values of the arrows in Figure 5.1(a) indicated that the system was pumped in
the region of dielectric-metal transition, where at the shorter wavelength €.y > 1, while at
longer wavelength approaching 6 pm e.;y < 1 and at the crossover around 5 pm €.¢y = 1.
It should be noted that, compared to the bulk semiconductor, less pumping was required
to achieve this transition with mp-Si membranes, as their dielectric function was lower
due to the presence of holes. Therefore, increasing the porosity of the mp-Si membrane

will result in a reduction in the required pumping energy (improve efficiency), but at the

cost of a reduction in mechanical strength.

Figure 5.1(b) shows the fitting parameters used to calculate AR/Ry. To improve
the accuracy, a calculation routine that iteratively determines the real and imaginary parts
of the effective dielectric function, €., from the amplitude and slope of the experimentally
measured AR/Ry as a function of A [176] was used. The fitting results suggested that
with the carrier concentration above 8 x 10 cm™ and scattering rate of about 1.5 x
10 s71, dielectric-metal transition occurred for signals with A > 5 um. Moreover, it can

be seen that N is a non-linear function of F'; therefore, the initial assumption of the linear
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absorption of the pump pulse has to be corrected. In addition, the scattering parameter, -,
seemed to saturate at the higher fluences. The most likely reason for this is the saturation

of the carrier-carrier collisions at the non-equilibrium conditions [177].

To further investigate the optical response and the temporal evolution of the spectra
at different pump fluences, ultrafast pump-probe measurements were performed over a few
picoseconds delay time between the pump and probe pulses. During this time, the injection
of the charge carries reached saturation as the excitation process had been completed,
but the recombination had not developed yet to affect the carrier density and optical
response. It is noted that the temporal resolution was degraded by the convolution of the
ultrafast excitation and longer probe pulse. The results are shown in Figure 5.2(a)-(d)
for the pump fluences of 3.8, 5.0, 6.3 and 8.8 mJ/cm?, respectively. These measurements
can be viewed as the evolution of the curves shown in Figure 5.1(a) as a function of time
(along the horizontal axis). Figure 5.2(a)-(c) show that after the excitation completed, the
spectra did not change significantly after 1 ps as a function of the delay time, At. That
is, once the equilibrium was achieved, the optical properties remained stable. However,
in Figure 5.2(d), a peculiar feature around 6 um and the delay time of 1 ps was observed,
as indicated by the dashed rectangular. Unlike anywhere else, in this region, the signal
passed through the minimum before it recovered and stabilised. This curious behaviour
is interesting for both understanding the physics behind the process and the possible
development of applications. Indeed, such an ultrafast drop and recovery of the reflectance
signal at a particular wavelength can be used for the extremely fast reflective-type all-
optical switching. In the next Section, this ultrafast temporal variation of the reflected

signal and the physics behind it will be discussed in more detail.
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At (ps)

Figure 5.2: The change of the reflectance, AR/Ry, as a function of the arrival time
difference, At, between the pump and signal pulses, and the signal wavelength A for the
pump fluences of 3.8 mJ/cm? (a), 5.0 mJ/cm? (b), 6.3 mJ/cm? (c) and 8.8 mJ/cm? (d).

The dashed box in (d) shows the region where the reflectance passes through the minimum.

5.1.3 Demonstration of the Ultrafast Switching

Using the optical model shown in Chapter 2 and 4, the condition for the demonstration of
the ultrafast switching was optimised, which can be operated at a speed far faster than
the natural or enhanced decay processes in semiconductors related to trap states, surface
recombination and Auger decay [178, 179, 180, 181, 182, 29]. As an example of such a
design, the reflective modulation of the signal at 4 pm is shown in Figure 5.3. This
wavelength was also chosen because of its importance for imaging and range-finding at

MWIR [158].

The performance of the modulator, demonstrating the contrast reaching 30% and
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the response time (as defined by the FWHM) of 0.55 ps, is shown in Figure 5.3(a). It
surpassed an electro-optical reflective modulator based on a non-linear response of the
surface plasmons [183]. It is noted that small oscillations of AR/ R, for At > 1 ps were due
the experimental noise and cannot be routinely reproduced. Figure 5.3(b) shows the related
temporal development of the real and complex parts of the effective dielectric function,
R(ecrr) and J(eesr), following the excitation by the pump pulse. Besides, Figure 5.3(c)
shows the density of the carriers, N, and their scattering rate, v, which transpired from the
simulation of the experimentally-determined temporal evolution of AR/Ry. The simulation

itself is shown in Figure 5.3(a) as the black dashed line.
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Figure 5.3: (a) The change of the reflectance AR/R, as a function of the arrival time
difference, At, between the pump and signal pulses, for a pump fluence of 10 mJ/cm?.
The solid blue, red and dashed black lines are the experimental results for the bulk,
mp-Si silicon and the best fitting, respectively. (b) The evolution of the real (blue) and
imaginary (red) part of the dielectric function as a function of At, reconstructed from the
experimental data. The black dashed curve reproduces that shown in Panel (a) to assist
with the interpretation. (c) The variation of the carrier concentration N (blue) (at the
sample surface) and scattering rate v (red) as a function of A¢. The vertical dotted line

indicates the condition of € — 1 when the reflectance reaches its minimum.
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Bulk silicon response was measured to compare its performance with that of the mp-
Si membrane. In the absence of the pumping, the mp-Si and bulk silicon had reflectances of
0.2 and 0.3, respectively. It was apparent that for identical optical pumping, the response
AR/Ry of the bulk silicon and mp-Si was quite different. The bulk material did not
show a sharp negative peak, but rather dropped and remained constant. In addition,
the modulation contrast was just above 5%. This is because compared with mp-Si, bulk
silicon has a higher dielectric constant and requires a higher carrier concentration to shift
the plasma edge to 4 wm, and only near the plasma edge, the reflectance will change

drastically.

To explain the sharp peaked response and enhancement in the modulation contrast,
it will be helpful to investigate the development of R(e.sr), S(eerr), N and v as a function
of time shown in Figure 5.3(b) and (c); Panel (b) also reproduces the reflectance response
AR/Ry(t) as the dashed line for the convenience of the discussion. It can be seen that
following the pump pulse application, the carrier density increased, causing a decrease
of R(e.rs) and, alternatively, an increase of J(e.sr). Yet at the earlier times, the main
contribution to the reflectance change was from the variation of R(e.sr), as (e.rs) was
still too small. Around 0.5 ps, R(e.sr) — 1, at which AR/Ry reached the minimum, and
its value was set by (e.rs) at this time. That is, higher I(e.sf) resulted in lower contrast
of AR/Ry. After 0.5 ps, the rate of AR/R, and its sign were determined by the the
combined contribution of R(e.rr) and J(e.ss) as they have comparable absolute values.
The steady state condition of AR/Ry was reached after 1 ps when both the real and

imaginary parts were saturated, on par with N and ~.

To summarise, initially, the rate of AR/Ry drop was almost exclusively governed by
the decrease of R(e.sf); the minima was achieved when R(e.fr) — 1; and the modulation
contrast was determined by $(e.sr). The AR/Ry recovery rate was determined by the

combination of the development of both $(e.rs) and S(e.rr) as a function of time, and their
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values determined the level at which AR/ R, would saturate. It is noted that the carriers did
not recombine during this short time period, and therefore, the modulator switching speed
did not depend on the recombination process. However, the modulator operation/repetition
frequency was limited by the recombination time required for the modulator to return to
the unexcited state before the next switching event happened. In Chapter 4, it was found

that the complete recombination of the excited carriers occurred on the nanosecond time

scale [184].

5.2 Demonstration of Time-of-Flight technique with Macro-

Porous Silicon

5.2.1 Experiment

The experimental set-up is almost identical to that introduced in the Section 5.1.1. However,
the probe wavelength covers the range between 2.1 and 3.5 um instead of 4 — 6 um. The
spectral range in these experiments is limited by the transmission window of the silica rods
used for stretching the signal pulse. In particular, at wavelengths shorter than 2.1 um the
signal is absorbed by -OH vibrating groups found in silica, while the cut-off wavelength
longer than 3.5 pm is related to IR-active absorption of Si-O bond[185]. In-between those
wavelengths the rods are semitransparent for the signal. More detailed information about
the system can be found elsewhere[29, 40, 114]. To construct the Time of Flight (ToF)
set-up, the arrival times of the 800 nm pump and SWIR/MWIR signal pulses have to be

synchronised. The synchronisation of the optical set-up is shown in Figure 5.4.

The diagram shows optical paths of the pump and signal pulses. The red line

designates the pump whose arrival time at the mp-Si membrane (3) can be changed by
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Figure 5.4: ToF feasibility demonstrator. Green and red lines show schematically the
optical paths of the signal and pump pulses, respectively. (1) 5 or 10 c¢m silica rod aimed to
stretch the signal pulse delivered by the OPA; (2) retroreflector mounted on a translational
stage synchronising the arrival of the pump and signal pulses at the surface of the tunable

optical modulator (3); (4) longpass filter blocking the pump; (5) MCT detector.

a retroreflector mounted on a computer-controlled translational stage (2). The green
line marks the signal pulse delivered by the OPA. The signal passes through a silica rod
(1), which delays and stretches the pulse, before it traverses to the optical modulator
(mp-Si). After the modulator, any unabsorbed pump light that is transmitted through
the membrane is rejected by a longpass filter (4), allowing only the probe signal to pass
through. The signal is detected by a Teledyne Judson J15 photoconductive MCT detector

(5) connected to a lock-in amplifier.

5.2.2 Results and Discussion

To set-up the ToF measurements, the silica rod was initially removed from the signal’s

optical path and the position of the retroreflector was adjusted in such a way that the
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pump and signal pulses arrive simultaneously on the surface of the mp-Si, that is when
the membrane is activated and the transmission of the signal is suppressed. This position
can be regarded as the relative zero-distance and it is nearly identical for all wavelengths
of the signal, as the dispersion of air is insignificant to change the speed of light and the
arrival time of the pulse at the surface of the membrane. After the silica rod was inserted
into the path the ToF of the signal is delayed, because the propagation speed slows down
inside the rod. The position of the retroreflector was readjusted accordingly to add an
additional distance D to the optical path of the pump for compensating the added ToF
in the optical path of the signal. At this new position the pump and signal again arrive
simultaneously on the surface of the membrane, blocking the passage of the latter. This
procedure was repeated for different wavelengths and lengths of the rod. In such way, by
scanning the retroreflector position, a ToF delay with respect to the zero position, induced

by the rod, can be found as:

ToF = (n()\) — 1)% - % (5.1)

where n()\) is the wavelength-dependent refractive index of the rod, L is the length of

silica rod and c is the speed of light in vacuum.

Figure 5.5 summarises the results showing the signal intensity as a function of the
distance D added to pump optical path (bottom z-axis) and the corresponding ToF (top
x-axis). The blue dots show the signal travelling along the optical path without passing
through the rod. The green and red dots demonstrate the delay of the ToF due to the
insertion of 5 and 10 cm long rod, respectively. (It should be noted that silica has very
poor transmission beyond the wavelength of 3 um, thus it was not possible to use the
10 cm silica rod.) It can be seen that the insertion of the 5 cm long rod delays the ToF
by about 75 picoseconds (this time depends on the wavelength because of the silica rod

dispersion). This time gets longer when the rod length is increased twofold to 10 cm, as
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Figure 5.5: Normalised intensity of the transmitted signal at different wavelengths in the
range between 2.1 and 3.5 um. Blue represents the result of the signal passing through

free space without a silica rod; green - with a 5 ¢m rod; red - with a 10 ¢cm rod.

shown by the red dots.

However, the ToF demonstration is not limited to the measurements of the arrival
times, it can be further expanded to show that the set-up can be used to measure the
GVD of the silica rod from the analysis of the probe waveform. Figure 5.6 shows the
normalised intensity of the transmitted probe at selected wavelengths in the range between
2.1 and 3.5 um as a function of time between the probe and pump. In fact the data can
be viewed as similar to that shown in Figure 5.5, but presented at higher resolution and
shifted on the time-scale to overlap the dropping edges for easier comparison. The point
of such presentation is to show the probe pulse stretching after propagation through the
rod in comparison to that passing through free space. The measurements of the probe
pulse stretching at each wavelength was preceded by evaluation of the membrane temporal

response (shown as blue dots). This was done by recording the signal transmitted by the
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membrane as a function of the delay time between the pump and signal pulses without
the silica rod in the optical path. The temporal response curve comprises of three regions
corresponding to: negative time when the signal arrives before the pump pulse and when
the membrane is nearly fully transparent; around zero-delay when the arrival time of
both pulses is almost coincident and when the transmittance of the membrane is rapidly
suppressed by the pump excitation; positive time when the signal arrives after the pump
and when the membrane is not transmitting the signal. The temporal resolution of the
ToF is determined by the second region, that is the time during which the transparency of
the membrane switched between the two states of transmitting or rejecting the incoming
signal. It can be seen from Figure 5.6 that the response time is below 100 femtosecond and
nearly independent of the wavelength. Because the response time is set by the speed of
the excitation, It can be concluded that the excitation by the pump is an instant process
and that the rising edge of the pump pulse governs the speed of the membrane modulation.
At the positive times, the membrane’s transmittance tends to return to its original state.
However, the observation and measurements of the full recovery is not shown in this work
as it happens on much longer time scales of a few hundred picosecond, as was reported

previously by my earlier work|[184].

Figure 5.6 shows that the signal response is stretched from an "instantaneous" to a
few picoseconds long response when a silica rod of 5 or 10 cm long, green and red lines,
respectively, is inserted into the optical path (see Figure 5.4). The observed broadening
of the signal response curve is a result of the dependence of the group velocity on the
frequencies traversing through the rod, that is GVD is responsible for stretching the probe
pulse emerging from the rod. The duration of the stretched pulse, 7, is related to the

original pulse as the following|186]:
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Figure 5.6: Normalised intensity of the transmitted signal at wavelengths ranging from
2.1 to 3.5 um. The dots represent the raw measurements and the solid lines show their
smoothing. Blue colour represents the result of the signal passing through free space

without a silica rod; green - with a 5 cm rod; red - with a 10 cm rod.

To

(W) = To\/ | 4 Sal)Lin2 (5.2)

where 75 = 100 fs is the duration of the pulse before entering the rod; L is the rod’s

%% is a frequency-dependent parameter related to GVD of the silica rod,

length; a(w) =
where the wave-vector, k, depends on a frequency, w, according to a dispersion relation of
silica. The following shows that the parameter a(w) can be reconstructed from the ToF

measurement shown in Figure 5.6.

The signal recorded by the MCT detector can be presented as a convolution of the

system response function g(w;t —t') with the signal pulse after the rod f(w;#)[187]:

(f(w) * (@) (t) = / T Fwn ) glwt — ). (5.3)
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Figure 5.7: The signal pulse after silica rod as reconstructed by the deconvolution

procedure. (a) and (b): for 5 and 10 cm long silica rods, respectively.

Because the response function, g(w;t), is known (shown as the blue line in Figs. 5.6),
the signal pulse emerging from the rod, f(w;t) can be reconstructed using a deconvolution
procedure[188]. For the deconvolution the smoothed results were used, shown as the
solid lines, to avoid problems related to the noise present in the input functions. The
reconstructed pulse is shown in Figs. 5.7 for different signal frequencies and rod lengths. It
can be seen clearly by comparison of Figure 5.7(a) and (b) that the pulse duration increases
as the length of the rod was doubled. As well, the pulse broadens as the wavelength
increases as expected for silica, a material with negative chromatic dispersion at this

wavelength range|189).

Furthermore, using Eq.5.2 the GVD parameter, a, was calculated which is shown
in Figure 5.8(b) besides the corresponding pulse duration (Figure 5.8(a)). To confirm the

validity of this result it is informative to compare them to the literature. However, the
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Figure 5.8: (a): the duration of the 100 fs pulse after stretching by the 5 and 10 cm long

silica rods, blue and red dots, respectively. (b): The GVD of silica, red and blue dots are

measured in this work using ToF method, black - taken from the references|189, 190, 191].

The lines are shown to guide the eye.
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published data has very limited information on GVD in the SWIR/MWIR range measured
by the ultrafast pulses. Thus, it was restricted to judge the extrated GVD in this work
against those made with a Continuous Wave (CW) source published elsewhere|[189, 190,
191]. It can be seen that the ToF measurements using the ultrafast light laser reproduce
well qualitatively the GVD which tends to increase as a function of the wavelength.
However, the values obtained are greater by a factor of ~2.5 in comparison to the CW
results. At this stage, it is not clear whether the discrepancy arises from significantly

different light sources or dissimilarity of silica materials used in the compared studies.

In summary, this chapter discusses the potential of using mp-Si as the material of
an MWIR all-optical modulator and its application in ToF. The pump beam was used
to "switch" the modulator between on and off states, while the probe beam was used
to detect the changes in the reflectivity of mp-Si. By varying the pump intensity and
pump-probe arrival time difference on the mp-Si surface, more than 80% of modulation
was achieved. In addition, a fast response scheme was developed by taking advantage of
the plasma edge of mp-Si under intense pump illumination. A 30% change of the reflected
signal was obtained, and the signal recovers within 0.55 ps. This scheme can benefit
applications that require extremely fast switching speed. Based on the understanding
gained from these experimental results, a ToF set-up with the all-optical modulator as
the core component was constructed. This set-up has a temporal resolution of about 100
fs, sufficient to monitor subtle effects such as pulse broadening due to the group velocity
delay in media. To demonstrate this, silica rods with 5 and 10 cm lengths were placed in
the probe optical path to stretch the pulse, and the GVD coefficients were extracted from
the experimental results. The obtained GVD coefficients are consistent with the literature,

which proves the accuracy of the ToF setting.
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Chapter Six

(Gold Nanoplasmonic Particles in
Scaffolding of Porous Silicon —
Ultrafast Carrier Dynamics and

Applications in SERS

This chapter is a reformatted version of my papers: 1. ’Localized Plasmon
Field Effect of Gold Clusters Embedded in Nanoporous Silicon’, R. Wu, T.
Mathieu, C. J. Storey, Q. Jin, J. Collins, L. T. Canham, A. Kaplan, Advanced
Optical Materials, 9(9), 2002119; 2. *Gold nanoplasmonic particles in tunable
porous silicon 3D scaffolds for ultra-low concentration detection by SERS’, R.
Wu, Q. Jin, C. J. Storey, J. Collins, G. Gomard, U. Lemmer, L. T. Canham,
R. Kling and A. Kaplan, Nanoscale Horizons (2021).

Localised Surface Plasmon (LSP) is a coherent oscillation of electrons at the interface
between metallic nanoparticles and the surrounding medium. LSP can be excited by light

when its frequency matches that of the oscillations, producing a strong enhancement of the
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electromagnetic field in the vicinity of the particles at the conditions of the resonance[192].
The LSP Resonance (LSPR) is distinguished by intense absorption and scattering of light.
Its wavelength and intensity are primarily determined by the type of material, size, shape,
environment refractive index and the coupling between adjacent nanoparticles [193, 56,
194]. Over the past few decades, extensive studies have been conducted to assess the
viability of using LSPR in biological and chemical sensing systems due to its high sensitivity
to the surrounding environment[195, 196]. The ability of photon-trapping and strong
absorption of LSPR at resonance wavelength have further promoted its implementation
in light harvesting devices|57, 197]. Other fields of research and applications extends to
metamaterials [198], plasmonic devices|[199, 200]|, diagnosis and treatment of diseases|201,

202, 203).

Different types of LSPR substrates with nanoparticles in colloidal suspension,
deposited on the surface and embedded in dielectric matrix have been developed and
investigated|204, 205, 206]. The former two types are most commonly used in biologi-
cal and chemical sensing systems, implementing Surface Enhanced Raman Spectroscopy
(SERS), where the analytes are either mixed with colloidal solution or in contact with the
substrate surface[207]. The LSPR induced by nanoparticles localises and enhances the
electromagnetic field which amplifies the Raman signal of the surrounding molecules|208].
In the latter type, metallic nanoparticles are usually embedded into nonconducting solid
state environment, such as silicon oxide or organic polymers[209]. These hybrid composite
materials not only preserve the LSPR response of the metal nanoparticle from degradation,
but also improve the robustness and responsiveness, thereby further expanding their
application range. In particular, the combination of nanoplasmonics with semiconductor
technology develops a new class of electro-optical materials that not only have attributes
of both components, but promises to exhibit new properties, which would be difficult to

achieve using each component separately. Optimized coupling between nanoplasmonics
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and semiconducting materials can enhance and complement the efficiency of almost all
semiconductor technologies of lasers, solar cells, detectors, sensors, imaging and electronics.
It has been demonstrated that introducing the nanoplasmonics local fields into semiconduc-
tor devices enhances the light coupling to nanowires[210, 211], increases photocurrent in
germanium detectors|212|, provides means for terahertz all-optical switching|213], enables
sub-gap detection using gold nano-antennas on silicon|214|, produces large non-linearity in

epsilon-near-zero material[215] and metasurfaces|216].

Despite considerable research interest and technological impact, the tailored fabri-
cation of a composite material, comprised of a semiconductor with embedded plasmonic
nanoparticles, remains a formidable challenge. The conventional mixing techniques used
for combining non-conductive dielectrics with metal particles — such as sol-gel, melt-
quenching|217|, metal-dielectric co-sputtering|218], metal-ion implantation and pulsed
laser deposition, have not been developed to a satisfactory level for semiconductor /metal
composites to assure uniformity over metal particles size and density. The lack of the
established fabrication techniques hampers the investigation of the plasmon field influence
on the charge carrier generation, distribution, decay, and linear and non-linear properties
in the semiconductors with embedded clusters supporting the Localised Surface Plasmon

(LSP) field.

This Chapter’s work attempts to resolve this deficiency by developing a method to
fabricate nanoplasmonic-semiconductor composite with the scalability for the production
of large quantities of nanoplasmonic-semiconductor composites exhibiting high uniformity.
Nano-porous silicon (np-Si) was selected as the semiconductor matrix due to its low
manufacturing cost[35], robustly developed fabrication process and in-depth documented
optical and electronic properties|29, 219]. Moreover, np-Si provides a natural template for
metallic nanoparticle growth inside the interconnected nano-sized pore channels. A method

of spontaneous growth of Au nanoparticles (AuNPs) inside np-Si using the immersion
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plating technique was developed. Although this method is not new, the vast majority of
former works employed it to pin metallic particles to the surface. This study is different
in that the optical properties and effects of the LSP excitation were investigated for a
composite semiconducting material with metallic particles embedded uniformly across
its volume. Embedding particles in the volume allows more degrees of freedom to design
applications and provides a more versatile model to investigate mutual LSP-semiconductor
interaction. Importantly, the excitation of nanoplasmonic particles distributed over the
volume is more efficient than those pinned to the surface, because a higher amount of
clusters can be exposed to a given light flux propagating through a slab. Moreover, a
composite made of a material with an enormous surface-to-volume ratio, such as nanoporous
silicon[35] with gold clusters embedded inside of it presents benefits to Surface Enhanced
Raman Spectroscopy. Compared to the more conventional Raman substrates, the number
of metal clusters available to enhance the signal will increase by a few orders of magnitude
and, in addition to analyte molecules on the surface, there will be an extensive (perhaps
even dominant) contribution from those interacting with gold clusters in the pores. Note,
that a small fraction of clusters in the pores is unlikely to prevent the diffusion of a solution
with analyte over the entire volume of a slab. Nanoporous silicon channels are densely
intertwined with a multitude of crossing points where the solution can bypass any passages

blocked by clusters.

The impregnation of AuNPs demands precise control of the solution temperature and
concentration to ensure uniform growth of Au particles inside the pores, while concurrently
minimising unwanted particle clustering on the np-Si facets. Samples with different
volume fractions of Au nanoparticles were fabricated and their composition, morphology
and uniformity were examined by means of Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM). The results show that the nanoparticle size

and density distribution can be controlled by varying the deposition time and solution
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concentration. The presence of the LSPR was observed by Dark-Field Microscope and
a VIS-NIR scattering spectrometer. Au/np-Si composites exhibit the LSPR at the red
end of the visible spectrum, extending to the near infrared region for the samples with
increasing Au nanoparticles volume fractions. The sample with the highest Au volume
fraction was used as a SERS substrate to measure the Raman spectrum of Methylene Blue
(MB) benchmark compound. An enhancement factor of ~10° was demonstrated under
the excitation wavelength of 808 nm in the vicinity of the LSPR. Such an enhancement is

suitable for a scenario where single molecule detection is desired|220, 221].

In addition, the linear and non-linear properties of the np-Si/Au composites were
investigated by optically pumping the samples at the LSP resonance, and probing the
optical response and its evolution in time with Short Wavelength Infra-Red (SWIR), 2.5
um, light. This is in contrast to many cases where the electro-optical response of the
composites is investigated at or near the LSP resonance. This work not only focuses
on the resonance excitation, but also combines the simultaneous LSP excitation with
electro-optical response that was probed in SWIR, away from the resonance. Such approach
is useful to decouple the probe beam from the excitation and help to gain insight into
the physics of the LSP-semiconductor interaction, dynamics of the resonance and develop
applications. The results show that the off-resonance extinction of SWIR light propagating
through the composite depends linearly on the intensity of light exciting the LSP, as well
as on the metal volume fraction. A combination of these two parameters allow the freedom
to pre-design a thin-film absorber and alter its optical properties on demand by the LSP

excitation - an extremely useful quality in the all-optical switching.

The SWIR non-linear response of composites was also investigated and a strongly
enhanced nonlinear response by the LSP excitation was revealed. Such unique LSP-induced
non-linear properties make the material an excellent candidate for a number of electro-

optical applications based on the intrinsic refractive optical bistability. The usefulness
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of such materials for displays, spatial light modulators, optical image processors, and
optical computational elements are known for the decades, in particular in optical elements
based on the non-linear Fabry-Perot filters[222]. The composite of porous silicon with
the volume fraction of gold of 0.13 in the presence of the LSP excitation nearly five-fold
enhances the non-linear refraction with a comparable decrease of the extinction in the
SWIR, paving a way to design the active silicon photonics applications with this new class
of materials. It was found that the recovery of the nonlinear response is rather limited by a
few femtosecond relaxation time of the LSP excitation as the non-linear excitation closely
follows the temporal profile of the pump. The ability to modulate the optical response
extremely fast makes the material suitable for all-optical switches/modulators|223, 49|
and Semiconductor Saturable Absorber Mirrors (SESAM’s) (the recovery time should be

faster than the cavity round trip and non-saturable losses should be small) [224, 225].

6.1 Sample Preparation and Characterisation

A wet chemical synthesis method was adopted based on the previously reported works|226,
227| which exploring gold ions reduction from a solution of Tetrachloroauric Acid (HAuCly)
with borohydride as a reducing agent. However, in this work, no reducing agent was
required. Instead, hydrogen atoms chemisorbed at the pores surface of np-Si act as a
reducing agent during AuNPs impregnation. Detailed description of the impregnation
method can be found in Chapter 2. Figure 6.1(a) illustrates the main steps of the samples
preparation. A 550 nm thick np-Si layer with underlaying silicon substrate was pre-treated
with 2% HF solution for 30 s to remove the native oxide from the pores surface and to
saturate dangling bonds with hydrogen. After the treatment, the samples were immediately
immersed in HAuCl-ethanol solution, where the gold ions’ reduction occurs at the pore

channel surfaces accompanied with aggregation and spontaneous growth of AuNP. To
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Table 6.1: Parameters and sample information of Gold ions reduction process: HAuCly

solution concentration, ¢; immersion time, ¢; and Au volume fraction, f.

Sample ¢ (mM ) t(min) f

Au/np-Sil 0.5 10 0.02
Au/np-Si2 1 20 0.05
Au/np-Si3 1 120 0.08
Au/np-Si4 1 720 0.13

facilitate the penetration of the solution into the pores, an ultrasonic bath was used during
immersion, which not only enhances the inflow, but also prevents the growth and clustering
on the top surface. In addition, the solution concentration and environment temperature
play important roles in achieving uniform Au deposition along the depth coordinate. Due
to a slow diffusion rate of solution in np-Si (~ 1072 — 107! m?/s)[35], AuNPs tend to
grow in the direction from the top to the bottom of the substrate. Therefore, controlling
the reduction rate through concentration and temperature are essential to ensure the
solution reaches the bottom before AuNPs grows at the top, blocking the opening of a pore
channel. Through iterative experimentation, it was found that at the room temperature,
the diffusion and reduction rates are balanced for HAuCl, concentrations no greater than
1 mM. Samples with different densities and sizes of AuNPs were obtained by varying the
HAuCl, concentration and retention time of np-Si in the solution. Table 6.1 shows the
details of the concentration and immersion time of the four samples that were further
investigated in this work. The quoted AuNPs volume fractions, f, were estimated by
modelling the results obtained from angle resolved reflectance measurements. After the
immersion plating, the samples were rinsed in pure ethanol and gently air dried on a

hotplate at 60 °C.

A layer of processed np-Si was gently fractured into small fragments to examine under
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TEM and Energy-Dispersive X-ray (EDX) to verify the presence of AuNPs. Figure 6.1(b)
shows the TEM image of an arbitrary segment of the composite. The dark spots are
the AuNPs surrounded by the bright sponge of the np-Si matrix. It can be seen that
some of the pores are fully occupied by Au, while others remain hollow. Figure 6.1(c)
shows the EDX spectrum of np-Si after the Au impregnation. The pronounced Au and
silicon peaks are clearly observed at their characterisitic energies of 2.12, 9.71 and 1.74 eV,
respectively[228, 229]. It is noted that the carbon and copper peaks are contributed by

the supporting TEM grid.

To demonstrate the uniformity of the clusters distribution along the sample depth,
the top-view and cross-section SEM images are shown in Figure 6.1(d) and 6.1(e), re-
spectively. These results confirm that there is no aggregation of particles on the top
surface, while they are evenly spread along the depth of the 550 nm thick np-Si matrix.
Figure 6.1(f) shows the zoomed-in view of the SEM cross-sections for four samples with
different AuNPs volume fraction, f. It can be seen that both the size and density of AuNP
increase with the immersion time (concluded in Table 6.2), while at the longer immersion
times the larger clusters tend to grow anisotropically along channels and form rather
elliptical shapes. This preferential direction of the growth is imposed by the pore channels
walls. By analysing a large number of the SEM cross-section images, the AuNP clusters
cross-sectional area distribution was obtained as shown in Figure 6.1(g). In addition, the
ellipsoidal quadratic mean radius, R, as a function of Au volume fraction, f, are shown in
Figure 6.1(h). These figures indicate a general correlation that the clusters grow larger as

Au density increases.
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Figure 6.1: (a) Schematical presentation of the fabrication procedure of the Au/np-Si

composite material; (b) TEM image of a fragment of Au/np-Si; the dark spots are AuNPs

and bright area is np-Si; (¢) EDX spectrum of the Au/np-Si composite; (d) top and (e)

cross-section views of the reprsentative SEM image; (f) Zoomed-in cross-section of SEM

images for samples with different Au volume fraction, f; (g) scaled probability distribution

of cross-sectional area A; (h) ellipsoidal quadratic mean radius, R, as a function of AuNPs

volume fraction, f.
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6.1.1 LSPR Response

To gain further insight into the nature of Au/Si composites, their optical properties were
measured and evaluated. The samples were imaged by a real-colour CCD camera through
a Dark Field Microscope (DFM) collecting the scattered light. The images are shown in
Figure 6.2(a)-(d) where the apparent colour of scattered light is red. This is in contrast to
the typical green colour for similar size AuNPs in air[230]. This redshift is attributed to the
renormalisation of the LSPR wavelength according to Frohlich resonance condition|231]
for which the Drude dielectric function of gold nanoparticles, € 4,np, matches that of the
environment according to € 4,yp = —2€.y,. For particles in np-Si, the surrounding effective
dielectric function, €., is nearly twice larger than that of air, resulting in the resonance

conditions shifted towards longer wavelengths.

In addition to the apparent colour of the scattered light, Figure 6.2(a) to (d)
confirms the conclusion inferred from the SEM results in Figure 6.1 that the number of
light scatterers increases as the density of nanoparticles increases with the immersion
time. Yet, the DFM observation of the scattering has limitations because the CCD camera

imposes the cut-off wavelength of 650 nm and integrates the spectrum.

The deficiency was resolved by means of the wavelength-resolved light scattering
measurement over an extended VIS-NIR spectral range. Figure 6.2(e) shows the scattering
spectra of np-Si without and with different volume fractions of Au. The scattering spectrum
of the np-Si sample without AuNPs is almost flat. This is because the roughness parameter
of np-Si is governed by the pores dimensions which is much smaller than the wavelengths
of the spectrum. Therefore, there are no available scattering centres able to deflect the
incoming photons from the original path. However, adding just a minute Au volume
fraction of 0.02 to the np-Si results in appearance of the scattering band peaking around

600 nm, attributed to the LSPR. As the Au volume fraction increases, the resonance peak
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Figure 6.2: (a)-(d) Dark Field Microscope(DFM) images of the four samples with different
Au volume fractions; (e) Measured scattered reflection of np-Si samples without and with
different volume fraction of Au; (f) Simulated scattering cross-section (normalised) for the

fitting parameters listed in Table 6.2.
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further shifts to the NIR region, accompanied by the development of the second scattering
band, covering the wavelength region between 1000 and 1300 nm. There are two main
physical effects that are likely involved in the alteration of the spectrum by increasing the

Au fraction in the material.

First, the plasmon resonance shifts towards longer wavelengths as the AuNP size
increases. [232] This is very likely attributed to the change of the local environment
surrounding individual particles. While a particle grows, it fills the available space
expanding simultaneously towards the opposite wall and along the channel. Hence, the
size of a particle determines the fractions of silicon and air in its surrounding. The smaller
round particles are more exposed to air and less to silicon at the interface between the
pore wall and gold. For larger particles the contact area with silicon increases because of
their elliptical shape filling the channel. Hence, the larger particles are locally surrounded
by the environment with a higher effective dielectric function and their LSPR wavelength

shifts to red with respect to the smaller ones.

Second, the plasmon coupling between adjacent AuNPs can cause the split of the
plasmon mode|[233, 234|. Using the AuNPs density and mean radius, it can be estimated
that for the lowest fraction, the mean spacing between adjacent AuNPs is relatively large,
> 10 nm. Thus, for smaller particles and lower densities the interaction is diminishing,
because the plasmon field decays by the factor of 1/e within the distance of < 5 nm|[235].
At these conditions the AuNPs can be treated as isolated clusters surrounded by np-Si
environment. However, at the greater Au volume fractions, which yield larger particles,
the spacing between particles is smaller than the field extension and the coupling effect can
no longer be ignored. At the larger AuNPs densities, the coupling produces an additional
plasmon resonance corresponding to the o-hybridisation of two individual AuNP particles
with collinear and unidirectional fields. [233]. This mode’s energy is lower than that of

a single particle, because of the attractive nature of plasmon-plasmon interaction, and
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it appears in the spectrum at a longer wavelength than that of an individual particle.
Since the AuNPs in the matrix have rather distributed sizes and spacings, their scattering
spectra are composed of weighted contributions from single and hybridised plasmon modes.
It should be noted that although the spectra demonstrate a red shift as the Au volume
fraction increases, the clusters’ colours remain almost unchanged in the DFM images,

because the cut-off wavelength and integration smear the effect.

To gain a quantitative understanding of the observed LSPR spectra, the Finite
Element Method was used to simulate the scattering spectra of AuNPs embedded in
np-Si environment. The simulation takes the mean radius, R, and spacing, d, between
gold particles surrounded by np-Si as inputs. R and d were determined from the SEM
images, as outlined above. The dielectric function of gold was used from the literature|236].

The effective dielectric function of np-Si environment (without Au inclusions), €., was

estimated by use of Bruggeman model|237, 238]: (1 — p) ;f;::;e::v + p::i:;::nvv =0, where p
is the volume fraction of silicon and €,;. = 1. p is an adjustable parameter, which accounts
for the fact that e.,, depends on the size of gold particles in the pore channel, as discussed

previously.

Three main assumptions were made for the simulation: 1) AuNPs are surrounded by
a homogeneous environment with the dielectric function of €.,,, according to the effective
media approximation with adjustable parameter, p; 2) The refractive index of AuNPs
is the same as that of bulk Au; 3) AuNPs have a spherical shape. Although, the actual
shape of the particles is that of a spheroid, they are predominantly oriented with their
major axis along the channels and depth coordinate. Hence, at the normal light incidence,

light is polarised in the plane of the circular cross-section containing the minor axis.

The simulation results of the normalised scattering cross-section are shown in

Figure 6.2(f) and the corresponding parameters of the calculations are listed in Table 6.2.
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Table 6.2: Simulation Parameters

Parameter np-Si+0.02Au  np-Si+0.05Au  np-Si+0.08Au np-Si+0.13Au
Radius, R 8.1 nm 14.5 nm 19.5 nm 26.1 nm
Effective Silicon Fraction 0.4 0.5 0.55 0.65

Environment € @ 800 nm 3.6-+-0.0071 4.54+0.0111 5.7+0.0141 7.4+0.0201

Spacing, d > 10 nm 1.3 nm 1.25 nm 1.05 nm

It can be seen that the modelling essentially reproduces the spectral locations of the
single particle and o-hybridisation resonances, as well as the tendency of the former to
dominate. The simulation does not include sources of the possible resonance broadening,
such as AuNPs size and space distribution, deviation from the perfect spherical shape,
dependence of the resonance life time on the particle size and contribution from the
multipole interactions. Yet, it supports the assumption that the shift of the higher energy
resonance (single particle) is proportional to the dielectric function of the effective np-Si
environment. While the lower energy resonance depends on the strength of the coupling

of an attractive dipole-dipole interaction as d 3.

6.1.2 Np-Si/Au Composites as a SERS Substrate

To demonstrate the advantage of the Au/np-Si composites, the sample with the highest
Au volume fraction, f = 0.13, was employed as the SERS substrate. A laser with 808
nm wavelength was applied to excite off-resonance Raman signal. Methylene Blue (MB)
was used as a probe molecule, because its absorption peak is away from the excitation
wavelength which minimises the parasitic luminescence background|239]. To validate the
effect, the Raman spectra of the three samples consisting of bare np-Si, Au/np-Si composite

without MB and Au/np-Si soaked in 1 uM MB was compared in Figure 6.3(a). All the

114



Gold Nanoplasmonic Particles in Scaffolding of Porous Silicon — Ultrafast Carrier
Dynamics and Applications in SERS

1 T
a): —nup-Si
( ) np-Si + 0.13 Au (C)

——np-Si + 0.13 Au + 1 uM MB

N\ /
/o
] E— ;
, 100 a0 s
| \ aman shift (cm !
)
iy
|| Y RNiTR
w.t T I )
1 1| A /) 1/ -
| o || oY -
v

EK’\A—W‘.,,_.___W 10-6
\ 1 8
MJE Cop,, 10

450 cm-1
770 cm-1

Intensity (arb. units)

1500 —— 1150 em-1
\
: gy, 1071 (o ) : ' '
Y, 500 AN 12 10 8 6
400 600 800 .1000 1%(1)0 1400 0y (/] 1012 ‘ “\‘ZL‘\ E) 107 107 10 107
Raman shift (cm™') 7) R Concentration (M)

Figure 6.3: (a) Raman spectra of np-Si(blue), Au/np-Si(green) and Au/np-Si with 1 uM
MB(red). The peaks marked by the dash line correspond to the TO phonon mode of
silicon. The base lines of the spectra are arbitrary located on the ordinate; (b) Raman
spectra of Au/np-Si with different concentrations of MB, ranging from 1 pM to 1 uM.
Inset: the enlarged view of 450 cm™! peak; (c) Supralinear relationship of concentration
and Raman intensity of three Raman peaks at 450(red), 770(green), 1150(blue) cm™,

respectively.

I corresponding to the

samples show a strong and sharp Raman scattering at 520 cm™
intrinsic TO phonon mode of silicon|240, 241|. Besides the phonon line, the background
signal for the Au/np-Si is flat and featureless providing favourable conditions to use it as
a SERS platform for chemical /biological detection. This is demonstrated by the Raman
spectrum of the sample with the pores filled with MB, which is recognised by the typical
Raman peaks at 450, 770 and 1150 cm™! known from the literature[242, 243, 244, 245, 246].

It is noted that to improve the presentation, the base lines of the spectra in Figure 6.3(a)

are shifted vertically.

To establish the sensitivity of the method, a series of the samples with concentra-
tion range between 1 pM and down to the ultra-low 1 pM were measured as shown in
Figure 6.3(b) , with the inset of zoomed range between 400 and 500 cm™!. Tt can be seen

that even for the concentration as low as 1 pM, the MB scattering peak at 450 cm ™! is still
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detectable, while a further increase of the concentration makes the MB spectral fingerprints
more distinct. Figure 6.3(c) shows the Raman intensity of the three representative peaks at
450, 770 and 1150 cm™! (located at short, middle and long spectrum region, respectively)
as a function of MB concentration. It can be seen that the intensity increase for these
peaks as a function of the concentration is identical. This suggests that the enhancement

effect of AuNP /np-Si composite does not have spectral selectivity.

The Enhancement Factor (EF) is an important criterion to evaluate quantitatively
the performance of SERS substrates[220, 221|. As discussed in the literature, there are
several ways to determine the EF[247, 248, 249|. In this work, an approach that defines
it as EF = % was adopted|250]. Isprs and Igg are the Raman intensities with
and without the surface enhancement; Nggrs and Ngg are the corresponding number of
analyte molecules exposed to the beam. For the reference measurement of Irg, a smooth
Au film was used as a substrate which was uniformly covered by MB solution with a
concentration of 100 mM, corresponding to 2.4x 102 MB molecules in the area illuminated
by the laser. As for the SERS measurement, there are about 24 molecules exposed to the
laser at the lowest MB concentration (1 pM). The obtained SERS spectrum is shown by
the blue line in Figure 6.3(b). The reference Raman spectrum was recorded while keeping
the power and spot size of the excitation laser the same as in SERS measurement. The
intensity Isgrs and Igs was obtained by integrating the intensity of the three Raman
peaks at 450, 770, and 1150 cm ™! which yields 0.196 and 4.063, respectively (abs. unit),
and the EF of 4.84x10%. This is an ample EF value befitting the single molecule detection

by SERS method|251, 220].

Typically, the EF for an isolated Au nanosphere is in the order of 10* — 10%[252,
253, 254], which can be further improved to 10° — 10® by changing its shape[255], the
inter-particle spacing|256, 252, 257 or distribution on a substrate|258]. The high EF for our

SERS substrate can be attributed to the peculiarity of sponge-like morphological structure
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of np-Si. Unlike planar substrates used in previous studies, it exhibits an enormous surface
for the adsorption of the analyte[259] and to accommodate gold nanoparticles. The analyte
is not only detected on a facet surface of the substrate, but, to the greater extent, across

the inner surface of np-Si pore walls.

6.1.3 Ultrafast Carrier Dynamics

Linear optical properties in SWIR

The choice to use the 2.5 pum probe was made because of its applications in industry for
the inspection of various products such as food produce, solar cells, electronic boards,
surveillance and anti-counterfeiting, in addition to night-vision devices, imaging scenes
illuminated by ambient star light. This wavelength has exquisite qualities for probing the
semiconducting environment of metal-nanoclusters composites, namely: 1) the absorption
and scattering efficiencies by the metal clusters are strongly suppressed because of extremely
small cross-section at this wavelength, governed by the ratio of the particle circumference
to the wavelength, 2ma/A[260]; 2) it is below a half of most semiconductors’ bandgap,
therefore linear absoption and Two Photon Absorption (TPA) are nearly non-existent;
3) for a strong contrast, |e.| > €., between the dielectric functions of the gold clusters,
€. = —288.7 4 i14.8|261], and np-Si environment, €, = 1.6[114], the probe field is entirely
located in the environment surrounding the metal clusters, while penetration into them is
diminishing. Thus, the only interaction of the probe transversing the composite is with

the free charge carriers and energetically accessible in-gap states of the np-Si matrix.

The optical constants in the SWIR were evaluated from the reflectance, Ry, measured
as a function of the incidence angle for the two principal polarisations, as shown in

Figure 6.4(a), for a bare silicon, np-Si substrate and np-Si with embedded gold clusters.
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Figure 6.4: (a) the angular dependence of the reflectance, R, for s- and p-polarized light of
2.5 um measured on bulk silicon (left top) and np-Si with different fraction of Au clusters,
the solid lines are the model fit; (b) the effective real and imaginary parts of the dielectric

function, €, and ¢;, at 2.5 pum.

The retrieved real and imaginary parts, €, and ¢;, of the effective dielectric function of the
np-Si/Au composites and their evolution as the clusters’ volume fractions increases from 0
to 13% are displayed in Figure 6.4(b). Each part of the dielectric function is contributed by
the ordinary and extraordinary components arising from the weak uniaxial birefringence
of the np-Si matrix. It can be seen that at the higher cluster densities, the randomness of
their distribution seems to negate slightly the birefringence effect. For the evaluation of
the optical constants, the Maxwell-Garnett formula was used, where the effective dielectric
function of np-Si was represented as a tensor and gold clusters as isotropic inclusions. The
fitting used only one free parameter responsible for the clusters’ density, while the rest, for
the dielectric function of gold, silicon and porous silicon, were taken from the literature[261,
175, 262, 263]. The applicability of the Maxwell-Garnett model for np-Si was tested in my
previous works[114]. Figure 6.4(b) suggests that despite very large absolute values of the
real and imaginary parts of the bulk gold dielectric function, their effect on the optical

response of the composite is only fractional, confirming our assertion of the probe field
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redistribution favourable to interact mainly with the np-Si environment and with little

penetration into the clusters.

The SWIR probe pulse of ~ 200 fs was used to monitor the reflectance change,
AR/Ry, as a function of time following excitation by the pump pulse near the plasmon
resonance at 790 nm. Here AR = R(At) — Ry with R(At) designating the reflectance at
time difference At between the arrivals of the pump and probe on a sample surface. The
zero delay time, At = 0, is assigned to the temporary overlap of the pump and probe
arrival time and where the maximum absolute change of the reflectance occurs. The
evolution of time resolved spectra during the first 2 picoseconds are shown in Figure 6.5(a)
for bulk silicon and np-Si with different loads of the clusters for comparison. It can be
seen that all samples after the zero delay, with the exception of the bulk silicon, show
a negative change. In semiconductors this indicates that the carrier (electron and hole)
density increased, but the corresponding plasma frequency is below that of the probe light.
The complete recovery of the signal is not shown because the excited carrier decay time is
about 100 picoseconds|29], much longer than the time scales investigated here. Therefore,
the recombination process and possible alteration of its mechanism affecting the observed
initial signal recovery around the zero delay can be eliminated. The investigated time
scales are orders of magnitude too short to accommodate sub-nanosecond decay time of
the excited charge carriers in semiconductors even when this can be further shortened
by the LSP or by presence of the gold particles as additional recombination sites in the

matrix.

Comparing the response of the samples with and without gold clusters, excited by
790 nm wavelength located within the range of the plasmon resonance band (Figure 6.5(a)),
one notes two striking differences: at a given pump intensity, the reflectance change and the
initial recovery time are enhanced for the material containing gold clusters. These effects

increase when the density of the gold clusters increases. As opposed to the excitation by a
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Figure 6.5: (a) time-resolved reflectance change, AR/ Ry, for the different intensities of
the 790 nm pump and 2.5 pm fixed-intensity probe; (b) the dependence of the real and
imaginary parts, €, and ¢;, of the effective dielectric function on the pump intensity, I, for

np-Si with different density of Au clusters.

wavelength of 1.1 wm, which is outside of the LSP resonance band, and using the same
probe, where the dynamics of the optical response is identical for the samples with and

without embedded gold nanoparticles, as shown in Figure 6.6.

For a meaningful discussion of these results, the effective real, €., and imaginary, ¢;,
parts of the dielectric function were deducted at the maxima of the absolute reflectance
change and plotted in Figure 6.5(b) as a function of the pump fluence. The obtained
dependence can be explained within the framework of the Drude model for the specific
conditions of the probe frequency being greater than the electron-hole plasma frequency and
the free carrier scattering rate, w > w,, 1/7. At these conditions, the model approximates

2 2
the real and imaginary parts of the dielectric function dependencies as €, — % and €; + %,

respectively[123|. The plasma frequency is given by wg = gmiff, where the carrier density,

N, is determined by the pump intensity, I,,mp, and absorption coefficient of composite,

Qpump, 38 N < Qpymp Lpump; Mesr 1s the effective mass of the electron-hole plasma in silicon.
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Figure 6.6: Time-resolved reflectance change for the pump wavelength of 1.1 pm and 2.5
um probe. Top panel shows AR/ Ry, while the bottom panel shows the same results, but
normalised to represent on the unitary scale for easier comparison. The pump intensity

was kept at 160 GW /cm?.
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It is noted that despite the presence of gold clusters, the contribution of their
dielectric function and its change due to the excitation by the pump does not significantly
affect the optical response of the composite and does not have to be considered here.
Indeed, the probe optical response is governed exclusively by the np-Si environment. This
is because for the condition of |e.| > €., the Maxwell-Garnett mixing can be approximated
to represent the effective dielectric as e.;r = €, + i€; = €.(1 + 2f), where f is a volume
fraction of the gold clusters. Moreover, the excitation of the gold clusters by the pump
does not considerably change their dielectric function, even at the conditions of the LSP
resonance. At sub-picoseconds timescales the change of the dielectric function is governed

by the electron density, Nyoneq, driven out of the equilibrium by the pump. This density

can be estimated by Nyoneq = TLsP®au hﬁ’;u'::p Using the LSP dephasing time, 7,5p of 5 fs
[264], a gold cluster absorption coefficient of a4, = 1.5 x 10% em™! [265, 266], it can be
found that a fraction of 0.03 of the total charge density participate in the LSP excitation

at the pump frequency. This fraction is too minor to alter the dielectric function of the

gold clusters.

Therefore a simplified expression for €.¢f, which does not need to involve €., can
be used to investigate the dependence of €, and ¢; on the pump intensity, Iym,, for a

given f. It can be seen on Figure 6.5(b) that the slopes of the curves family, €;(Lpump; f).

e2 N 1

& —=——- tend to increase as the volume fraction of gold clusters, f, grows. It
0 Meff W2T

given by
is rather tempting to attribute this to the enhancement of the carrier excitation by the
pump and increase of N in the samples with greater amount of the clusters. However,
there are two arguments against this notion. First, it is not corroborated by the slopes
of the €. (Lpumyp; [) set given by —%%ﬁ, which have insignificant dependence on the
parameter f. Second, the time resolved curves shown in Figure 6.5(a) demonstrate the
identical tendency to recover to nearly the same value of AR/Ry after 1 picosecond from

the extremum, irregardless of the embedded clusters density. This point is confirmed by
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another independent set of measurements shown in Figure 6.8(a). Hence, on the average
across the sample, the presence of the LSP field around the clusters neither enhances the
excitation efficacy of the free carriers average density nor promotes charge transfer from
gold to the surrounding silicon to affect the decay rate of the electron-hole pair in np-Si

environment.

Thus, the change of the linear optical properties of np-Si in the presence of the gold
cluster’s LSP excitation is mainly governed by the alteration of the imaginary part of the
composite effective dielectric function, ¢;, where, as our analysis suggests, the dominant
effect is nested in the change of the electron-hole plasma relaxation rate, 1/7. It seems that
this rate tends to increase as the gold fraction, f, increases and, hence, the contribution of

the LSP to this effect, for a given pump power, ;-

This effect was verified by presenting the relaxation rate, 1/7, as a function of
the cluster’s fraction, f, as shown in Figure 6.7(a). It suggests a linear dependence for
which the LSP more than threefold enhances the charge carriers’ scattering rate for the
cluster’s fraction of f = 0.13. The investigation of the reasons behind the enhancement is
beyond the scope of this work, however it is noted that the LSP oscillating field might
have broadened the free carriers energy distribution and increased their carrier-carrier

collision rate.

There is another revealing point which can be demonstrated from AR/R, time
resolved curves. Deconvoluting the response of the pure np-Si from the curves measured
on the composites separates the temporal contribution of the LSP and unveils a symmetric
bell-shaped curve, similar to the shape of a slightly broadened pump pulse, as shown
in Figure 6.7(b). Hence, the fast recovery of AR/R, following the extremum is rather
governed by the LSP relaxation, while the long tail extending into hundreds of picoseconds

is attributed to the decay of the electron-hole plasma in np-Si matrix. It is very likely
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Figure 6.7: (a) Scattering rate -, as a function of Au volume fraction f4,, at the zero delay
between the pump and probe. The pump intensity was kept at 157 GW /cm?. (b) Left
panel: the change of reflectance AR/R, as a function of delay time At for np-Si (blue)
and np-Si+13%Au (red); Right panel: the deconvoluted signal using the two curves shown

in the left panel.
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the LSP is as short lived as a few femtoseconds and it nearly adiabatically follows the

excitation pulse.

Nonlinear response in SWIR

Furthermore, the dependence of 7 on the external perturbation strongly suggests that
the optical response can be significantly non-linear, as, for example, it was shown in the
epsilon-near-zero materials[267, 268|. The non-linear response of the composites to the
SWIR probe was investigated in the presence of the LSP excitation by the pump. For this
series of experiments, the pump intensity was kept at the constant level of 160 GW /cm?,
but the probe was tuned in the range between 3.5 and 27 GW /cm?, see Figure 6.8(a).
Here, it can be seen that increasing the probe intensity has the opposite effect to that
of the pump shown in Figure 6.5(a). That is, the absolute reflectance change, |AR/Ry|,
instead decreases as a function of the intensity. However, at longer time delays, past the
localised surface plasmon decay time, there is no difference in the response between the
samples with and without the clusters. Indeed, regardless of the composition, after 2
picoseconds all time resolved curves appear as a nearly identical long tail. On the contrary,
the fast component has a substantial dependence of the |AR/Rq| on the gold fraction, f,

for a given probe intensity around the zero delay time.

This observation confirms the proposal that the distinctive change to the optical
response can be observed only during short time period of the LSP excitation. The
measurements clearly demonstrate that the probe intensity-dependent response is at a
maximum at the time corresponding to the temporal overlap between the pump and probe
pulses. It is also very clear that the strongest change occurs in the samples with the

highest density of the clusters where more free charges in the matrix are exposed to the

LSP field.
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Figure 6.8: (a) time-resolved reflectance change, AR/Ry, for the fixed pump intensity of
160 GW /cm? and different intensities of the probe; (b) the real and (c) the imaginary
parts, n and k, of the effective refractive index as a function of the 2.5 pm probe intensity;
(d) non-linear Kerr and extinction indices, ny and 3, for np-Si with different densities of

Au clusters.
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The effective refractive index was evaluated at the maxima of the time-resolved
reflectance change and present its real, n, and imaginary, k, parts as a function of the probe
intensity, Lyrobe, in Figure 6.8(b)-(c). The slopes are determined by the non-linear indices
of ny and (3]63], the real and imaginary parts of the non-linear refraction, which are shown
in Figure 6.8(d). The investigated samples show that ny is positive, corresponding to
Kerr non-linear self-focusing, while a negative 3 is usually associated with the absorption
saturation or bleaching. It is noted that the observed non-linearity is exclusively attributed
to the free carriers excited by the pump, as without pumping neither material demonstrates

significant non-linearity at the investigated probe intensities.

There is no established way to predict the free carriers response in the presence
of LSP fields. As well, it is a very complex task to discern the underpinning mechanism
of the free carriers’ non-linear response in semiconductors, as it may originate from
intertwined factors determining the values of the reduced mass, screening and relaxation.
The exercise is further hindered when the process occurs in a non-equilibrium state with
poorly defined distribution of the carriers. It is known from decades of bulk silicon research
that free carrier absorption in a p-type degenerated material consists of two competing
components of the more familiar intraband and featured intervalence split-off band free
carrier transitions|269]. The former transition is known to saturate at a relatively high
pumping level of two-to-three orders of magnitude above this work|270| and it might not be
suitable to explain the observation. On the other hand, the intervalence transition is more
sensitive as it depends on the product of occupation probabilities in two non-degenerate
bands involved in the transition and it is known to saturate rapidly at above 5x10* cm™3.
np-Si with weak carrier confinement preserves many of the bulk silicon electro-optical
properties and the absorption saturation can be recognised from the decrease of the
reflectance change as a function of the increasing probe intensity in Figure 6.8(a). This

effect is further enhanced when gold clusters are embedded into the np-Si matrix, but it
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is only temporarily efficient during the time window of the localised plasmon excitation.
It is very likely that the effect of the absorption saturation enhancement is the result of
disturbing the free carriers distribution and population probability in a way that fewer

states are available for the intervalence split-off band transitions of the free charge carriers.

The nonlinear coefficient of Au/np-Si composites has the same orders of magnitude
as typical nonlinear materials such as Carbon Disulfide[271] and is almost an order of
magnitude higher than bulk silicon and germanium|272, 273|. Overall the efficiency on
the non-linear enhancement of the composites should be judged against the response of
the bare porous silicon at the identical conditions. Incorporation of just 0.13 of gold
volume fraction not only more than five-fold enhances the non-linear optical response in
the presence of the LSP excitation, but also shorten the recovery time by an order of
magnitude, allowing implementation of the effect in applications where the high-speed

response is essential.

In conclusion, novel plasmonic-semiconducting composites were produced through
embedding Au nanoparticles in the pore channels of 500 nm thick np-Si with immersion
plating technique. By controlling the immersion time and plating solution concentration,
composites with different AuNP sizes and densities were fabricated. SEM, TEM, EDX
and darkfield microscopy were employed for the characterisation of the samples. The
composites exhibit localised surface plasmon resonance around 800 nm due to the presence
of Au clusters. Compared to AuNPs in a gas or liquid environment, the LSPR peak is
redshifted due to the increased environment refractive index. Scattering spectroscopy
measurements show that the LSPR wavelength is directly related to the size of AuNPs,
and the resonance wavelength of the composite material can be controlled by adjusting
the immersion plating conditions. In order to demonstrate the potential application of the
composite material, the sample with the highest Au concentration was used as the SERS

substrate. The obtained Raman spectrum of Methylene Blue suggests that the composite
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substrate enhances the Raman signal by 10° orders of magnitude. Therefore, it is suitable
to be used as the substrate material for ultra-sensitive Raman detection. In addition, the
ultrafast NIR pump-SWIR probe technique was employed to investigate the linear and
nonlinear optical properties of the composites. The pump wavelength was set to 790 nm
for the LSPR excitation, and the transient change of reflectance was measured by the 2.5
um probe under different pump and probe intensities. The results show that both the
linear and nonlinear responses of np-Si were enhanced by incorporating AuNPs in its pore
channels, while the enhancement is a short-lived effect that follows the pump profiles and

decays within a few picoseconds.
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Chapter Seven

Conclusion

This thesis introduces the work on the opto-electronic properties and ultrafast carrier
dynamics of nano- and macro-porous silicon. The femtosecond pump-probe technique was
employed to measure the excited state properties of the samples. An optical model which
combined TMM, Drude model and MGMR was used to retrieve the material properties from
the experimental results. Other equipment such as Spectrometer, Dark Field Microscope,
FTIR and Ellipsometor were also utilised to characterise the sample response in the
different spectral regions. Chapter 1 introduces the state of the art of ultrafast dynamics
in silicon-based materials and the importance of this work. The theoretical background
detailed description of optical models used in this work was presented in Chapter 2. The
equipment employed to obtain the experimental results are illustrated in Chapter 3. While

Chapters 4, 5 and 6 show the experimental results and discussions.

In Chapter 4, NIR pump-MWIR probe experiments were conducted to investigate
the excited carrier response of np-Si. In contrast to the crystalline silicon, the recombination
rate of np-Si is about three orders of magnitude faster, which can benefit applications such
as all-optical switching and modulation. The dominant process was found to be the Auger

recombination. The fast recombination of np-Si is similar to silicon nanocrystals, though
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the dimensionality of the two types of sample is different[274, 275]. It overcomes the SHR
recombination, although the np-Si is heavily doped. This study also demonstrated that
the diffusion process is suppressed by fast recombination. The possible reason for it is the
high scattering rate of the free carriers induced by the phonon and carrier-carrier collisions.
Another main finding of this study is the observation of an Auger recombination pathway
enabled by the vibrational modes of surface adsorbates attached to the pores of np-Si.

This is a new recombination mechanism that has not been known previously.

Chapter 5 focuses on the potential application of mp-Si as an all-optical modulator
material operated in the MWIR. The reflection spectrum was measured as a function of
the time difference between pump and probe pulses. By varying the pump intensity, the
change of reflectance which corresponds to the modulation contrast was evaluated. The
phase transition from semiconductor to metal was observed with a high pump intensity.
An optimum condition of the fastest response and greatest modulation contrast were
estimated from an optical model and confirmed experimentally. The results show a 30%
change of the reflected signal within 0.55 ps. Compared to the bulk silicon, mp-Si has a
lower effective refractive index which makes it easier to reach the optimum modulation
condition where €.¢y — 1. In addition, the all-optical modulator consists of mp-Si was
used to construct a high-resolution Time-of-Flight set-up. The results show that the key
parameter that determines the ToF resolution is the pump pulse duration which defines
the rising time of the modulator’s optical response. It was demonstrated that the temporal
resolution of the ToF set-up is about 100 femtoseconds which fulfil most of the application
requirements. With such high resolution, the pulse broadening effect caused by the group
velocity delay of the silica rod was observed. The group velocity delay coefficient was
determined by deconvoluting the modulator response with and without the silica rod in

the optical path.

A novel composite material consisting of np-Si and Au nanoparticles were fabri-
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cated and characterised in Chapter 6. An immersion plating technique was employed to
impregnate Au clusters deep into the pore channel of np-Si with a thickness of 550 nm.
The distribution of Au nanoparticles and uniformity of the composites are examined by
SEM, TEM and EDX and dark field microscopy. The localised surface plasmon resonance
peak of the Au clusters in the np-Si environment was characterised by measuring the
scattering spectrum with a VIS-NIR spectrometer. In addition, to investigate the potential
application of the composites, it was used as a SERS substrate for the measurement of
the Methylene Blue Raman spectrum. The results show that the detection limit was
in the picomolar range, which corresponds to an enhancement factor of 10°. The high
amplification provided by this SERS substrate can be assigned to the high density of
the Au nanoparticles in the composites. In addition, the linear and non-linear optical
properties of the composites were studied with NIR pump-SWIR probe (2.5 um). The
pump excitation wavelength was set to 790 nm to excite the LSPR. The measurements
show that the scattering rate of the composites is higher than in the bare np-Si. Besides,
an enhancement of optical nonlinearity is also observed in the composite material, making

it suitable for applications such as optical switches and laser cavities.

Outlook: The experimental results obtained in this work demonstrated that np-Si,
mp-Si and AuNP /np-Si composites exhibit controllable carrier dynamics and optical
responses owing to their tunable structures. Therefore, it is worthwhile to explore their
material properties and potential applications thoroughly. However, there are still some
technical difficulties that hinder further research on these structured semiconductors and
composite materials. Hence, some suggestions are made for the future work of this project.
First, it is necessary to develop a fabrication procedure that can precisely control the
porosity and thickness of the porous silicon. These parameters are highly sensitive to the
concentration and temperature of the anodisation solvent which varies with time. As a

result, it is difficult to obtain two identical samples through different anodising runs. So far,
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the porosity and thickness are controlled by varying the current and time of anodisation.
As the solvent concentration decreases over time, these parameters need to be adjusted
accordingly, which is not ideal for large-scale production. A potential solution may be to
add a temperature and concentration feedback loop to the anodisation system that can
help keep these parameters constant in real-time. Second, there is a lack of theory and
quantitative experiments to determine the reduction rate of Au as a function of plating
solution concentration and temperature during the AuNP impregnation process. The
fabrication process of composites demonstrated in Chapter 6 is optimised through series
of experimental trials. Therefore, the conditions found are empirical without theoretical
support. A deeper understanding of the reduction mechanism is essential and will further
simplify the optimisation process of the fabrication condition. Last, only gold-based
composite materials were investigated in this work. In the future, it will be beneficial
to incorporate different metal clusters (platinum, silver, nickel, iron) into np-Si, which
may extend the potential applications of the composite materials to wider fields such as

catalysis, biotechnology, and magneto-optic devices|276, 277, 278§].
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Appendix One

Transfer Matrix Method and Scattering

Matrix Method

A.1 Basic Transfer Matrix

This section introduce the most basic transfer matrix method and its detailed derivation.

According to Maxwell equation(appendix 1), the relation between electric and magnetic
_ 0B ~  10E
field can be expressed as: V x E = T (Faraday’s law), and V x B = T (Ampere’s
c

law, no curremt), for homogeneous, isotropic materials. E is the electric field vector, B

is the magnetic field vector, ¢ is the speed of light in the material which is defined as

1
¢ = ————, where ¢y = 8.8572F/m and py = 1.267°H/m is the permittivity and

v €0€r Loy ’

permeability of free space, respectively. €, and pu, is the permittivity and permeability of
material. Note here that all the equations are in SI units and we use negative convention

in this section, which means the material dielectric function €, = ¢ — ie”.

For the sake of convenience, the magnetic field strength H is used in transfer matrix
1

Ho by

instead of B. The relation between them is H = B-M , M is the magnetisation
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vector. For material without magnetisation, M =0. Therefore,

VX FE= —MOIU/TE = —iuouer = —ZkoZTH (Al)
with the impedance of material Z, = Hol'r e can also write the change of magnetic
€o€r
field in the same way as
— ]_ —

We define the z direction as normal to the material surface and assume EM field has
s polarisation. According to the boundary condition, the electric field component in y
direction (out of plane) and magnetic field component in z direction (in-plane) do not
change. Hence, we can obtain the field in supperstrate and substrate if we know how the

field propagate inside the material.

At any location, the total electric field Ey is the summation of forward and backward

travelling field:

—

e—ik.F+ Ey(left)eik-’r_" (AB)

— —

E,=F

vy = Lyright)
where 7 is the direction of propagation. k is the wavevector in the media k = k?on and
n = /€ is the refractive index of the material. In isotropic materials, i and k are in the

same direction.

We can represent magnetic field with electric field as:

- 1 OE, cos(0) =
T = " = — Ey
tkoZ, 0z Z,

(A4)

here, 6 is the angle between direction of wavevector and normal of the surface. We use
cos(6,)

T

notation Y, = — to simplify the equation.

Therefore, the total magnetic field is:

(A.5)



Transfer Matrix Method and Scattering Matrix Method

Please note here that the electric field direction remains the same while the magnetic field
reverse change direction when travelling back (for both s and p polarisation). Therefore,

at location p;:

Ey(p1) = Byigny "+ Eygepne™" (A.6)
Hx<p1) = Y;"Ey(right)e_ik.r_i - }/tI’Evy(left)eikﬂ;i (A7)

6, is the angle between surface normal and light inside the material. We write them in

matrix form:

E,(p E, .
_’y( 1) — M, f(rzght) (A8)
H,(p1) EYiere
where _
e—zl;r_i ezE 1
M, = B B (A.9)
Y‘re—ik-ﬁ Keikﬁ

at location py the matrix M, is

efzk-rg eik 9
MQ - . . (AlO)
Y;e—ik-r'é _Y;eik'r'é
Therefore,
) p ) p
j’( | _ MM j’( 2) (A.11)
«(p1) H,(p2)
MMyt = ! X
R M2(17 1)M2(27 2) - M2(1> 2)M2<27 1)

My(1,1)Ms(2,2) — My(1,2)Ma(2,1)  —M;(1,1)My(1,2) + M(1,2)My(1, 1)
My (2,1)M>(2,2) — My(2,2)Ma(2,1)  —M;(2, 1) Mo (1,2) + M,(2,2)My(1, 1)

1 _}/T(eik-a + efik-a) _eik-a + efik-a

(A.12)
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After simplification, we have the final relation between the field on the left and right hand

- - 1 - -
E cos(k-a) i—sin(k-a)| |E

ﬁy(P2) _ Y. ﬁy(Pl) (A.13)
H,(p2) iYysin(k-a)  cos(k - Q) H,(p1)

—

where @ = 75 — r1. If the matrix connect the field on the left and right side of the material,

la| = dcos(6,) and d is the thickness of the layer.

The transfer matrix of a layer represents the linear transformation between incoming
and outgoing light passing through the material. When there are multiple layers in an
optical system, the transfer matrix of the entire system can be written as the product
of the transfer matrix of each layer M = M; x My X ...... M,,, where n is the number of
layers. The sequence of multiplication is important in matrix operation. It has to follows

the light propagation direction.

It is often useful to calculate the reflectance and transmittance of light passing
through single or multiple layered optical system. This can be done through the transfer
matrix method. The electric field Ey on the left of the system is the summation of the
incident and reflected field EL = ]fo + TEO, where r is the reflection coefficient. On the
right hand side, we have Ey = tE,. t is the transmission coefficient. k, and r, are the
wavevector and position in the substrate, respectively. For the magnetic field, we can
write: }fr = YOE"O — TYE)E_B and ffx = tﬂ@ﬁo. Where Y, = —% and Y, = —%(98).
Oin, 05, Z;, and Z, are incident angle, angle in substrate, impedche of superstrate ;nd
substrate, respectively. We write them in matrix form:

Ey+ rE, tE,
B | =M B (A.14)
YinEo — rYinEo tYsEo
The reflection and transmission coefficient can be extracted from the matrix:

= Vi M(1, 1) + Vi Vo M (1,2) + M(2,1) + V,M(2,2)

r (A.15)
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2Y;

t:
Vo (1,1) + Vi VoM (1,2) + M(2,1) + Y. M (2, 2)

(A.16)

Y.
and transmittance T = —>

Therefore, we can obtain the reflectance R = |r|? [t|* of the

m

multi-layer material.

A.2 Generalised Transfer Matrix

A.2.1 Derive the matrix

The basic Transfer Matrix only can be used for linear polarised light which do not have
many practical use — Most of the experiments need unpolarised or circular polarised light,
such as ellipsometry and spectrometer. In this section, a generalised Transfer Matrix

is introduced which is suitable for all polarisation states. Same as the basic transfer

, . 10E
matrix method, we start with the Maxwell Equation V x E = _88_25’ VxB= —26(;—t and
c

B = H , assume there is no magnetisation and current. Note that in this section, we

Moty
use positive sign convention €, = € + i€”. By expending the curl operator, we can further

write the equation set as:

OE. OE, . OH, OH
= = — kop, H, £ Y — ke, B,

dy 0z o dy 0z 0

OE, OFE - oH, OH

0z ox ofirfy 0z Ox 0er 2y ( )

OE, OF . OH, OH

- x:k er Y — z:k 'rEz

ox Jy o ox oy 0
This equation set represent the relation between electric and magnetic field in medium
with permittivity of €, and permeability of u,, where H, = i?’]oﬁ , Mo = Mo For the

€o
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wave vector, we have the following relation:

ky = kor/€rpirsin(0)cos(¢)
ky = ko\/€rpirsin(0)sin(¢o) (A.18)

k, = \/kgerm — k2 — 2

When the wave propagation in homogeneous medium, the electric field and magnetic

field have the following mathematical form:

E(?Z‘) — Eoezkr — Eoezkzxezkyyezkzz

. - . (A.19)
H(F) — Hoeikf' — Hoeikzweikyyeikzz
We show an example of derivation on a certain direction:
aE 8(E_'Oeikzx€ikyyeikzz) . .
0 . .
Therefore, we have Fr 1k, and 0= itk,. However we do not have the same on
x Y
z direction because the material might have multilayer.
Therefore, the equation B.15 became:
. OE . - OH
’lk'yEZ — a—Zy = kO,Uer Zksz — a—Zy = koETEx
OB, ) A
— ik, B, = kop, H, —ik,H. = ko, E, (A.21)

0z 0z
ik, By — ik, Ex = ko, H. ik, H, —ik,H, = koe,F.

We can further simplify the above equation set by using the normalised term

-k,
kyy = k(;y and 2 = zko:
- OF . L~ oM
ik, E, — 8z’y =, H, ik,H, — 8_,z’y =¢. B,
0B, .- - OH, - A.22
o kB =l o =ik =6k, (A.22)

iko By — ik, By = u,H, ik, H, —ik,H, =¢E.
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. i . .
From the last two equation in equation set, we can obtain H, = —(ik, E, — ik, E,)
fir

and EZ = i(ik;ﬁy — i/gyﬁz). We insert them back into the equation set and obtain:

€r

~2 -~ ~ OF ~
k, H, — k;k,H, — €, 8; = €. Hy
oFE, ~2 - ~ o~ ~
GTW + /CIQHy — kykyH, = pre.H,
, ~ (A.23)
ky By — kykyE, — ,ur—/y = €. E
OH, -2

Hrw +k, B, — ijktyEx = e By

After rearranging, we have:

Write in matrix form:

SR

!

8

@ml

~ -~ ~ 2
oE, k.k, -~ ky .~
92 ¢ “Hy A+ (pr — c )H,
~ 2 ~ o~
OF k ~ kipk, -~
8; = ( ey i) Ha = € yHy
s o o (A.24)
oH, k,k ky
07 u “Ee (e - I Ey
~ ~ 2 ~ o~
0H k kk
/y:( ¥ —¢)E, — ‘E,
Oz Hor Mo
- ~ ~ ~ 2_
Ky k.
0 0 € . My — B -E 7
; .k g
o €r By A.25
]5 ~ 152 _ ( . )
zhvy € — T 0 0 T
e Hy 5
k, ok |y |
—€ — 0 0
L Hr =
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and €2 represents the transfer matrix, we can write

(
If we use ®(2') = (
(
(

0P
the complicated matrix in a single differential equation: — — Q® = 0, which has the

0z’

solution of ®(2') = e**'®(0). To solve the exponential of matrix e**

", we need to know the
eigenvector matrix W and eigenvalue matrix A of 2. The function of matrix is evaluated
through %' = WeM' W1 Thus, we have ®(z') = WeM'W~1®(0), we can combine
W=1®(0) and note it as ¢ so it becomes a column vector. In the end, we have the overall
solution ®(2’) which sums all the modes at plane 2/, the square matrix W which describe
the modes can exist in a material and relative amplitude between E and H field, diagonal
matrix e** describing how the modes propagate and ¢, column vector containing the
amplitude coefficient of each mode. For a isotropic material with ¢, , u,. and a wave at

normal incidence,

0 0 0 pu
0 0 —pu O
0= s (A.26)
0 ¢ 0 O
- 0 0 0

To obtain the eigenvalue matrix A, we need to solve the determinant of the eigenequation

|2 — M| = 0, where I is the identity matrix.

10— | = (A.27)

which results in a characteristic polynomial (A\? 4 €,/1,)2 = 0. The solution of the function
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is A = +1,/€.1.. Now we put the eigenvalue into the digonal matrix:

vivem 0 0 0
0 —in/Erlhy 0 0
A= a (A.28)
0 0 +iy/Erfiy 0
0 0 0 —iyanm

Through the relation of QW = WA, we can further solve the enginvector matrix:

S z -
— 0
\VErlr A/ Er )
1 (3

0 0 —
W = Verke  \/Erfir (A.29)

0 0 1 1

1 1 0 0

Note that this is just one of the eigenvector matrix, there can be other solutions depends
on the sequence of eigenvalues in matrix. The eigenmatrices have actual meanings — it
describes how the mode propagates in the material. The four columns in W and A are the
four modes with direction of (—H,, E,, k.), (Hs, By, —k.), (Hy, E;, k,) and (—H,, E,, —k.),

respectively. From here we can see that, the electric field does not change direction when

reflects back but the magnetic field does, as mentioned in the first section.

After we describe the field inside a single layer material, we can now extend this
method to multilayer structure by considering the boundary conditions at the interfaces.
Assume a three layer structure with field ®; 1, ®;, ;.1 (from left to right), we have
P, _1(2.,4) = ©:(0), due to the continuity of E,, and H,, field at the interface. Therefore,
Wi_q1e enac;_y = Wic;, the same relation applies betwee ()¢ and (i 4 1)y, layer. Thus,
the relation between column vector ¢ (contains the amplitude coefficient of each mode)
of different layers can be expressed as ¢; = Wi_lwi,le’\i—lzéndci,l. Hence, the transfer
matrix T;_; of (i — 1)y layer is W/i_lm_le)‘i—lli—l, [ is the thickness of the layer. To

connect to the super- and substrate, we write the ¢ on substrate (transmission) side
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Csub = TiotaiC1, Where c; is the column vector of first layer. For the field in superstrate

, we have cgyper = nggf,erwlcl, where cgyper contains the incident and reflected field. By

eliminating c;, we obtain cgup = TiotaWy 1W5upercsuper, where T}, is the transfer matrix

of the entire media with n layers: T = 15, X Ty—1 X ... x T}.

A.2.2 The instability — mode sorting

Although the generalised transfer matrix is powerful, it has numerical instability. This is

due to the fact that the matrix treats all the waves as if they are forward propagating

-2/

with exponential decay e or growth et (it is actually backward wave). When

the material has high loss, such as metal, the exponential growth part quickly become

unstable. For example, the refractive index of silver at 633 nm is 0.056206 + 74.2776 [ref],
2m

k= —r——

633 x 1079

propagation wave exp~** = 1.9139 x 10*** + 1.6257 x 10'®%;. This is an abnormal number

X (1.4721 +1.4529i), we assume the layer thickness is 10 pm, for backward

for phase change, and will results in an enormous field amplitude when connecting to
external environment. The situation drastically gets worse when layer thickness increases.
Therefore, one possible solution is to slice the thick layer into many thin layers within the
numerical stable range. Or, solve it in a more clever way by distinguishing the forward

and backward propagation wave in matrix.

As mentioned before, the four columns of eigenvector matrix represents the wave
propagating in the direction of forward, backward, forward and backward, respectively.
To distinguish the wave propagating in different directions, we need to rearrange the
eigenvector and eigenvalue matrix, so that we can group the waves propagating in the

same direction together. We swap the second with the third column in the eigenvector
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matrix: ~ _
S 0 ! 0
NG NG

) )

0 0 —

W — \/ 67"["’67" \/ ET’MT (A.30)

0 1 0 1
1 0 1 0

We also need to change the eigenvalue matrix so the propagation direction is the same as

in the eigenvetor matrix:

tiyen 0 0 0
0 +iyam 0 0
0 0  —iy/am 0
0 0 0 —iy/e

Now the first two columns in the matrices represents forward propagation waves and the

(A.31)

last two columns are backward propagation waves, while the four rows represents for the
electric field in z, y, magnetic field in z, y direction, respectively. Therefore, we simplify

the matrices as:

Wit Wo
w=| % " (A.32)
Wy Wy
/\, €>\+z’ 0
e = (A.33)
0 e)ﬁz’

Thus, we can write the field solution:

Wi Wyl | 0 ct
(=) = (A.34)
Wy Wy, 0 | |

And we separated the forward and backward propagating waves.
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The amplitude coefficients after connecting to transmission and reflection side

become: )
+ - +
Ctrn WlE WlE WsuperE WSUPETE - Cinc
= Thotal (A35)
+ - + -
O WlH WlH WsuperH WsuperH CT@f

Since we rearranged the matrices, the ¢y, ¢ref, cirn also need to be rearranged. We

can rewrite the matrix with rearranged c as follows:

Et Ezn

Ctrn g Cinc [—fzn
T=wa | = Wikt (A.36)

0 0 Cref ET

0 H,

where both the F field and H field includes  and y components. Since the reflectance
and transmittance can be derived by electric field, we can ignore the magnetic field input

for now, ¢ then becomes

-1 inz -1 L 1 tx

Cinc = WE,super Cref = WE,super Ctrn = WE,sub <A37)
iny Y Ety

We note that the transfer matrix does not change though we only have E input. Hence,

the reflected and transmitted field can be derived:

Erac C C 1 Eznx
= WE,supercref = - WE,super 5 Cinc = — WE,super E WE,super <A38)
Ery iny
Etm BC _1 Eznm
= WE,suthrn = WE,sub (Acinc + Bcref) = WE,sub (A - F ) WE,supeT (A39)
Ety mny
where
- T;fotalwl_lwsuper <A40)
D
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The reflectance is:

_ |‘E7"ef|2 _ |ET£U|2 + |E7‘y|2 + |Erz|2
Binel2 | Binal® + | Bing |2 + | Ein:|?

(A.41)

The transmittance is:

T — Re[ﬂsuperktz |Etrn|2 _ ,U/superktz |Et33‘2 + |Ety|2 + |Etz|2

= e A .42
,usubkinz |Einc|2 Msubkinz |Ezna:|2 + |Einy|2 + ‘EznzP ( )

kB, + kyE 0 i 0
where E, = —#, (obtained through solving ——(Ey.e*") + —(Ep,e™*") +
k. ox " oy
0

8—(E07Ze“_5f) = (0. The wavevectors k;, k;,, k; have been introduced in equation B18. Since
z

we know the incident E field, we can calculate the T and R from the above equations. If

the incident field is circular polarised,

By 1|1

A.2.3 The instability — solve wave equation

The mode sorting method is a bit confusing and difficult to understand physically. In this
section, we solve wave equations to obtain the stable matrix. Compare to last section
which solves the first order differential equation, here we solve the second-order differential
equation, the mode calculated is one way. For the forward and backward waves, we need
to repeat the equations twice with different sign. To derive the wave equation, we can

look back to the matrix B.25 and write F/ and H field separately:

d |Ex H, d |H, H,
- =P| = =Q| (A.44)
: Ey Hy § Hy Hy
where
1 ko k. K 1 K.k, K
X l’l”r‘e’l‘ X X l’l”r‘e’l‘ X
p==1| " o Q=—1_," o (A.45)
k) — e, —kuky, Pk, — e, —kuky
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Now we can derive a matrix wave equation:

d d |E. H,
2 dz E, i,
which results in
o = PQ (A.47)
E E

So we can solve the following matrix:

& | B

-2 = A48
dZ/2 ( )

E, E, 0

, where Q2 = P(QQ The general solution to this matrix equation is:

= et 4 e (A.49)

with the propagation constantsa™ and a~. The same as we did in last section, %' =

We ' W1, Therefore,

= Wer et + We ™ e (A.50)
E,(z')
where ¢ = W~la™ and ¢~ = W~'a~. The magnetic field solution can be derived as well:
H, (2 : :
~( ) =VeM et — Ve e (A.51)
H,(2")

The eigenvector matrix V' can be obtained through the relation between H and E field:

d | H.(¥ E.(

yu ~< ) =Q () (A.52)
: Hy(2')

so that VAeM ¢t 4+ Ve ™™ = Q(WeN ¢t + We ' ¢7). Hence, we obtain V = QWAL
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In the end we have field at 2’:

E.()
) E, () LA I EAS ct
B(2) = ) — / (A.53)
H, (%) vV =V 0 e | |
Hy~(2’)

This is very similar to the one we obtained in equation B.34. They are essentially equivalent.

A.3 Scattering Transfer Matrix

In this section, we rearrange the matrix obtained in B.53 to form the scattering matrix.
The difference between scattering matrix method (SMM)and transfer matrix method

(TMM) is that: the relation in TMM is:

Etrn Einc
- M (A.54)
0 Eref

the different rows represents opposite propagation direction. While the relation in SMM is:

Efref Einc
=M (A.55)

Et'rn O

The advantage of the scattering method is that, each matrix elements have its own meaning.
For example, M(1,1) corresponds to reflection process, while M (2,1) corresponds to
transmission relation. In addition, SMM is more memory efficient. For systems only have
one input (incident beam), only M(1,1) and M (2, 1) are needed, therefore it further saves

the computational memory.

From the previous section, we have obtained the relation of:
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Wit Wi ¢! Wi Wil |eds 0 | |
+1 +1 1| (A.56)
Vir Vi | |cq Vi =V 0 e M| (e
And the relation at the first interface:
Wz’ Wz C; Wi_ VVi_ Ci— Z +
| ' 1(#) (A.57)

Vi =Vi| | Vier —Viea| |a-1(2)

here, ¢;_1(2') represents the field at the end of ¢ — 1 layer. Therefore, the matrix

connecting the input and output ports is:

-1

Aiicr Biio1| |coa(2)T _ ei% 0 Aiiv1 Biiwa C;SA (A.58)
Biic1 Aijioa| |cio(2)” 0 e N Biiy1 Aiiv1| |
where A, = W AW, + VoW, B = W AW, — Vo1V
After rearrange the matrix in B.58, we obtain the scattering matrix:
() S(i) S(i) ()T
Nl B (459
C;’:—l Sor Sz Cit1
with X; = e**li [, is the 4y, layer thickness, and:
SY = (Aiior — XiBii At XiBii1) ™ (XiBiis Al XiAiioy — Biioa)
S = (Aiio1 = XiBiim A XiBii) ' Xi(Avisr — Bian Aty — Biivt) 0

Sé? = (Aji1 — XiBii 1A\ XiBii1) ' Xi(Aii1 — By 114” L — Biic1)

7,0—1

S = (Ajip1 — XiBii 1 Al XiBii)  (XiBii1 AT XiAiii1 — Biiy1)

1,0—1 i,0—1

For the scattering matrix of the entire periodic material, we need to connect the

scattering matrix of each layer in sequence. This is done by using Redheffer’s star product,
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instead of matrix multiplication in TMM. This is due to we rearranged the lefthand and

righthand field in one column vector.

The combined matrix is:

(ii+1)  glii+1)

St = gl) g glitl) — |71 2 (A.61)
S;il,i—i-l) Séiz,z'—&-l)
7,04+1 1 7 1+1 7)1 — +1 1
S = S+ ST — STV s sl sy
i,i+1 i i+1) o(i)1— i+1
S§2 +1) = 5(2)[[ - S£1+ )Séz)] 1S§2+ )
(A.62)

ii+1 i+1 i) ali+1)1—1 (i
SEY = STV - s st sy

ii+1 i+1 i+1 i) ali+1)1—1 (i) o(i+1
552 ):5152 )"‘551 )[1_552)5& )] 1552)S£2 )

Therefore, the global matrix is Sgoper = S @ S 80 .. SN g Sku)

Since we have the relation of:

Wsuper Wsuper c:uper — Wl Wl C—li_ (AGS)
V;uper’ - ‘/super c;uper ‘/1 o Vi Cl_
We can obtain the scattering matrix at the material lefthand side Sﬁwer) = —A;ulperBsupm

glurer) — gl - glswer) 0.5(Asuper — Bsuper Agper Bsuper) and Sisuper) — Bsuper A

super Y super super Y
~1 ~1 ~1 -1
where Aguper = Wi Wauper + Vi Viuper and Bgyper = Wi Wouper — Vi Viuper. For the

material right hand side, we can obtain the similar relation of SU:*” = By, AL i) —

0‘5<Asub - BsubAA_1 Bsub)7 SéiUb) = 2A_1 and Sg;ub) - _A_l Bsub7 where Asub = Wn_lwsub+

sub sub sub

VW and Bgyy, = W W — V"W, n is the layer number.

We know the relation:

Ere f Einc
x lobal lobal — z
= Wsupercref = Wsupersg o )Cinc = Wsupersg‘({ o )Wrejlf <A64>
Ere f E;Jnc
)
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Transfer Matrix Method and Scattering Matrix Method

Fitrn Finc
z (global) (global) rr,—1 z
. - Wsubct'rn - Wsubszl Cine = sub521 Wsuper ) (A65>
rn inc

Ey Ey

The same as introduced in B.41 and B.42, the reflectance and transmittance through

the multilayer material can be then calculated.
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Appendix Two

Third Order Nonlinearity in

Nano-Porous Silicon

This chapter is a reformatted version of my paper "The Influence of Quantum
Confinement on Third-Order Nonlinearities in Porous Silicon Thin Films’, R.
Wu, J. Collins, L.T. Canham, and A. Kaplan, Applied Sciences, 8(10), 1810
(2018).

The following work aims to investigate the optical nonlinearity of nano-porous
Silicon (np-Si) and compare it to crystalline Silicon (c-Si). The np-Si that has been used
in the following experiments are a free-standing membrane with thickness of 15 um and
porosity of 68%. Z-scan method was employed to investigate the nonlinearity of np-Si
and c¢-Si. The Z-scan method was first proposed by Sheikh-Bahae and co-workers[279] in
1990s for identifying the third order nonlinearities of materials. As shown in Figure B.1,
the sample is placed on a translational stage after a focusing lens, and two photodiodes
(one with aperture in front for closed aperture measurements and one without aperture
for open aperture measurements) are used to record the transmittance at each sample
position while it is translating through the focus of a Gaussian beam. The subfigures

under the setup illustrate the typical results obtained from the z-scan method: left one for
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the closed aperture detection and right one for the open aperture detection. As shown in
the figure, Z-scan technique gives distinguishable features on closed and open aperture
transmittance, which corresponds to the nonlinear refraction and two photon absorption
(TPA) processes, respectively. For nonlinearly refractive materials, a higher intensity in
the centre of Gaussian beam, in comparison to its surroundings, results in a variation
of the refractive index along the beam cross-section. Therefore, samples behave as a
focusing or defocusing lens depending on the sign of the nonlinear refractive index, no.
This effect can be observed by recording only the centre intensity of the transmitted light,
which is normally accomplished by placing an aperture before a detector. In contrast, the
total transmitted intensity (without aperture) carries the information about nonlinear

absorption, as it records a change of the total beam intensity, which is commonly governed
by the TPA.
Focusing

lens Beam
splitter

Beam Aperture

splitter

Closed
aperture
detector

Scanning range
position

—ny >0

Reference'- """""""""" ’ - e o, NL .
detector \/ absorption
- : detector
Position (z) Position (2)

Figure B.1: Z-scan set-up. The detector with an aperture in front is for nonlinear refractive
index analysis and the detector without aperture is for TPA analysis. The reference detector

is used to reduce the noise and increase the precision of results|280].

The normalised transmittance, T'(z)/Ty, was measured, where T'(z) is the measured
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transmittance at a sample position z, relative to the location of the beam focus and Ty
is the linear transmittance. The acquired experimental data were used to retrieve the

nonlinear refractive index, nq, and TPA coefficient, 3 of the samples.

By applying the Gaussian decomposition method, the total time-integrated trans-

mission, Tpe,, for the open aperture can be expressed as[281, 282, 283]:

1 BloLess
Topen(2) =1 = —=—— | B.1
/g ( ) 2\/5 1 + (%)2 ( )
1 —ed
where I is the on-axis peak intensity and L.; = ——— is the effective optical length of
Q@

the sample with thickness d and linear absorption coefficient «.. z is the sample position
relative to the beam focal point, and 2y = 27w?2/\ is the confocal parameter of the beam

with waist wy and wavelength .

For the closed aperture, the transmittance is given by:

)= 4(5)A0 _BhLys  B=(£)?) |
Tclose()—14-(1_’_(%)2)(9_'_(%)2) 2\/§ (1+(Zz_0)2)(9+<%)2) )

here, A® is the time-averaged phase change induced by the nonlinear refraction, which

(B.2)

can be approximated as:

B 2T
— _\/5)\

where S is the transmissivity of the aperture.

AD (1—8)*nolgLess (B.3)

Figure B.2(a) and (b) show the measurements taken with the closed and open
aperture, respectively, of Z-scan transmittance of the 9 pm-thick c-Si thin film, using

incident fluences of 40, 54, 68 and 82 nJ. The experimental results were fitted with Eq.B.1
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and Eq.B.2 to extract the TPA coefficient, 3, and nonlinear refractive index, n,. The
fitting results suggest that 8 = 2.9 + 0.9 cm/GW, while ny = 74+ 2 x 107% cm?/GW,
which are comparable to those previously published elsewhere|281, 282|. The main reason
for the observed uncertainties was due to the experimental error of the beam fluence
determination. The fluence of the incident light did not exceed the nano-Joule range, and
it was difficult to measure its exact value. The error involved in the measurements of the
fluence was up to 30%. However, this should not lead to a severe numerical error and

deviation from the acceptable standards for these types of experiments.

Normalized Transmittance

—40nJ
04 F ——54nJ
—68n.J
—82n.J 03 ——82nJ
075 L— : . . . . .
2 1 0 1 2 -2 1 0 1 2
Z (mm) Z (mm)

Figure B.2: The experimental (dots) and fitting (solid lines) results of the Z-scan measure-
ments for the 9 pm-thick-c-Si sample at 800 nm, using incident fluence of 40 (magenta),
54 (blue), 68 (green) and 82 nJ (red), respectively. (a) Closed aperture Z-scan (nor-
malised transmittance with a 500-um aperture). (b) Open aperture Z-scan (normalised

transmittance without aperture).

The experimental procedure was repeated to measure the non-linear response of a
15 pm-thick free-standing np-Si thin film, and the results are shown in Figure B.3. It is

noted that the incident fluence covered a slightly different range than that used for the
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c-Si’s measurements. This was due to the difficulties in controlling the fluence level in
such a low pulse energy range. The analysis revealed the TPA coefficient § = 1.0 0.3
cm/GW and nonlinear refractive index ny = —9 4+ 3 x 107 ¢cm?/GW. In comparison
with that of c¢-Si, the TPA appeared to be slightly suppressed. However, the nonlinear
refraction was greatly enhanced. Remarkably, the sign of ny was reversed to the negative
in comparison to the positive value of ¢-Si. These findings agree with Lettieri’s work|284|

on np-Si, despite the fact that samples with different doping and porosity were used.

Normalized Transmittance

Figure B.3: The experimental (dots) and fitting (solid lines) results of the Z-scan mea-
surements for the 15 pum-thick np-Si sample at 800 nm, using incident fluence of 50
(magenta), 55 (blue), 62.5 (green) and 67.5 nJ (red), respectively. (a) Closed aperture
Z-scan (normalised transmittance with a 500-um aperture). (b) Open aperture Z-scan

(normalised transmittance without aperture).

To further compare the nonlinear refraction process between c-Si and np-Si, the
nonlinear phase shift A® for different incident fluences is plotted in Figure B.4. The
squares represent the experimental values A® = AT, cor—vaiiey, and the solid lines are

calculated from Eq.B.3 with the values of ny obtained from the Z-scan measurements. It
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can be seen that the phase shift for np-Si was at least four-times higher and changed faster
as a function of the fluence than that of the ¢-Si, which further confirmed the enhancement

of the nonlinear refraction.

The nano-porous silicon used in this work consists of quasi-one-dimensional wires
with a mean diameter of 10 nm. Therefore, the motion of the charged carriers is moderately
confined. As a result of the confinement effect, the optical matrix element, defining the
third order-nonlinear susceptibility (x?), increases. S. Lettieri et al.[284] proposed a
computational model to calculate x3 as a function of quantum wire radius. It was
suggested that for a quantum wire with a 2-3.5-nm radius, the real part of x? is about
four orders of magnitude greater than in the bulk. From the experimental results, ®(x?) =
%nw%eoc = 1.2 x 107! m?/V? for np-Si was obtained, which is an order of magnitude
greater than 3.37 x 1072° m? /V? for ¢-Si. The difference of this result as compared to

Lettieri’s work might be the weaker confinement in the samples.

0.5
. B —0—
—_—— &
ok
-0.5
=
:’3
~ -1
LS
<
15F
2F
c-Si
—p-Si

P55 w0 45 50 55 0 65 0 75 80 85
Fluence (nJ)
Figure B.4: Nonlinear phase shift, A®, as a function of the incident fluence for ¢-Si (blue)

and np-Si (red). The squares represent the experimental results, and the solid lines are

calculated with ny obtained from the fitting results.
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Moreover, in addition to the confinement, the optical Stark effect plays an important
role in low-dimensional systems and can cause the sign reversal of ny (proportional to
R(x?)) in np-Si. To demonstrate this effect, D. Cotter et al. employed the sum-over-states
method for the calculation of x? of a sphere in a quantum confinement regime as a function
of the sphere radius|[285]. The results demonstrated that R(x?) is always negative with
positive values of 3(x?). This behaviour is different from the bulk materials, which exhibit

negative values R(x?) only for photon frequencies very close to the absorption edge.

The experimental results also show a suppression of the TPA process for an 800-nm
photon wavelength and smaller S in np-Si with respect to ¢-Si. However, it should be
noted that the TPA coefficient evaluated in this work is an effective value of np-Si. Due to
the dilution of silicon with air, the effective S is smaller than that of the silicon constituent,

despite possible enhancement by the quantum confinement effect.
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