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Abstract

In this thesis, the ultrafast photoluminescence and photoconductivity dynamics of different types of

semiconductors are investigated. Using time-resolved photoluminescence and time-resolved terahertz

spectroscopy techniques, the origin of the light emission and the nature of carrier transport are

examined in detail. Nonlinear carrier transport is also explored using intense terahertz pulses with

high peak electric fields.

We used time-resolved photoluminescence spectroscopy to study the fluorescence and phos-

phorescence dynamics of bismole molecular compounds. The nature of the fluorescence and phos-

phorescence are related to the ‘heavy element effect’ of bismuth. In some bismole compounds, the

participation of the bismuth atom fascilitates efficient singlet to triplet intersystem crossing that led

to phosphorescence. The study is conducted at various temperatures, which provides information

on the relaxation processes arising from the excited singlet and triplet states.

Time-resolved photoluminescence spectroscopy is also employed in investigating the photolu-

minescence of two-dimensional functionalized silicon nanosheets for the first time. The emission is

observed to be originating from the as-synthesized hydrogenated silicon nanosheets and thus, de-

spite the functionalizations, all nanosheets displayed similar photoluminescence spectra. The broad

photoluminescence spectra exhibit long exponential tails, which show the amorphous character of

the silicon nanosheets. These observations are complimented by the photoluminescence decay dy-

namics that follow an inverse power law, indicating that the carrier transport is governed by a

diffusion-limited bimolecular recombination, commonly associated with disordered semiconductors.

We applied time-resolved terahertz spectroscopy to probe the photoconductivity dynamics in

macroporous germanium films (or referred as ‘germanium films with inverse opal structures’). The

disordered nature is evident in the picosecond scale transient photoconductivity and the frequency-

dependent photoconductivity that follows the Drude-Smith model of carrier localization. Interest-

ingly, the germanium inverse opals have shown to have high mobility, which makes them exceptional
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as wet-chemical processed films for photovoltaic and battery applications. For comparison to an or-

dered semiconductor, the photoconductivity dynamics of a bulk germanium crystal is also examined

and, in this case, different scattering mechanisms are responsible in the changes of its mobility.

The photoluminescence spectra of bulk germanium crystal is also investigated. Germanium is

particularly interesting because both emission from its direct and indirect band gaps are observed.

The interplay of the direct and indirect photoluminescence is explored at high excitation densities

and at high electric field. Under intense THz electric field pulses, the quenching and enhancement

of the photoluminescence intensity are interpreted to be a result of THz-induced heating and THz-

induced intervalley scattering, respectively. Examining the underlying mechanisms on the ability of

intense THz pulses to modulate the photoluminescence in the ultrafast time scale provides additional

knowledge to the exciting research on the nonlinear effects of high THz electric fields.

These new findings provide essential information in understanding carrier transport and re-

combination dynamics from bulk semiconductors to novel nanomaterials.
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mann as the lead collaborator. A. Lyuleeva (TUM) and T. Helbich (TUM) synthesized the silicon
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Lyuleeva and I are the lead authors (equal authorship) and Prof. F. A. Hegmann is the supervisory

author.

The photoluminescence spectroscopy setup (in Section 5.1 of Chapter 5) employed in Chapters

6 and 7 was developed by L. V. Titova. G. de los Reyes performed some of the characterization

and calibration of the spectrometer. I modified the setup for low temperature measurements of the

time-integrated and time-resolved photoluminescence.
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Catalysis Research Center (TUM) under Prof. T. F. Fässler and the Department of Physics (UofA),

with Prof. F. A. Hegmann as the lead collaborator. M. A. Giebel synthesized the germanium films
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Huang of the Department of Engineering (UofA) and D. N. Purschke of the Department of Physics

(UofA). I conducted the experiments, analyzed and interpreted the data.

I have also presented some of the contents of this dissertation in conferences and symposia

listed in Appendix G. The names of the collaborators and contributors are included in the author
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process, corresponding footnotes are included and other sources have been identified as such.
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CHAPTER 1

Overview

Investigations of the carrier dynamics of photoexcited semiconductors has been an integral practice

in understanding the physics of materials. With the advent of femtosecond pulsed lasers [1, 2]

and more sensitive detectors [3] comes the opportunity to observe ultrafast transient response of

semiconductors [4, 5, 6]. Ultimately, ultrafast phenomena in semiconductors [7], such as carrier

scattering, relaxation, and recombination, can be studied with spectroscopic techniques that leverage

time resolutions shorter than the timescale of these events. Especially in cases where the carrier

motion is spatially limited by the structure of the material, such as when the average electron

displacement approaches the sample’s dimensions [8], measurements over ultrafast time scales can

be of much more importance.

In this work, the photoluminescence (PL) and photoconductivity (PC) dynamics of different

types of semiconductors are investigated using various spectroscopic tools. PL spectroscopy is em-

ployed to examine light emission from the visible to near-infrared (NIR) region (400 nm to 2800

nm). In addition, we employ time-resolved photoluminescence spectroscopy (TRPL) [3, 9] for inves-

tigating PL dynamics that has a time resolution of 30 ps. In order to access the PC dynamics, we

employ time-resolved terahertz spectroscopy (TRTS) [4, 8, 10], which uses an optical pump - tera-

hertz (THz) probe technique, for elucidating the temporal evolution of the charge carrier dynamics

on sub-picosecond scales. The femtosecond scattering time of the carriers can also be extracted from

the TRTS measurements [11, 12]. Therefore, immediately after the photoexcitation of carriers from

their ground states, such ultrafast measurements can reveal the dynamics right from the onset of

the carrier motion until carriers decay through time.

The generation of low-energy THz pulses (with a bandwidth of 0.1 - 2.5 THz) provides a means

1
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to perfom linear THz spectroscopy (i.e. TRTS) in a non-contact and non-destructive fashion. Fur-

thermore, with the recent development of powerful near-infrared laser sources, generation of THz

pulses with strong electric fields (ranging from tens to hundreds of kV/cm) has been made possible

in the past decade [13, 14], paving the way for conducting ultrafast nonlinear THz spectroscopy

[15, 16, 17]. By combining this intense THz generation technique with other spectroscopic tools,

the nonlinear effects of high THz electric field pulses in semiconductors [18, 19] are also explored in

this work. The associated wavelengths (as well their corresponding photon energies and frequencies)

in the selected region of the electromagnetic spectrum and the relevant timescales in this work are

summarized in Figure 1.1.

Figure 1.1: a) Selected region in the electromagnetic spectrum, which displays the associated
frequencies, photon energies, radiation and wavelengths in this work. b) Relevant temporal
scales in the investigation of ultrafast processes in this work. Carrier transport from the sub-
picosecond scale to the carrier recombination in microsecond scale are studied with various
ultrafast spectroscopy techniques.

Thus, by employing the abovementioned experimental techniques, this thesis attempts to answer

fundamental questions in the study of light-matter interaction: What is the origin of the light

emission? How do the structure and morphology of a material affect the carrier transport and
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recombination? How are these (carrier transport and light emission) affected under strong electric

fields? Lastly, would these findings be relevant in new applications, especially in the case of novel

nanomaterials? In addressing these questions, the thesis is outlined as follows: Chapters 2 to 4 are

dedicated for the relevant background information to support the choice of experimental methods

in Chapter 5 and the analysis of the experimental results in Chapters 6 to 10.

In Chapter 2, an overview of the mechanism of photoluminescence is presented. The process of

photoluminescence mainly involves the absorption of light, immediately followed by a rapid carrier

relaxation, and finally the emission of light. Different recombination processes and recombination

rates are discussed and how the band structure contributes to the shape of the emission spectra. As

an example, the expected PL spectra of a direct and indirect gap semiconductor is presented. In

addition, the mechanism of fluorescence and phosphorescence emissions from a molecular structure

is also briefly introduced.

The transport of free and localized carriers is discussed in Chapter 3. Here, we look at established

conductivity models in photoexcited semiconductors, namely, the Drude model of free carriers and

the Drude-Smith model of carrier localization. The behaviour of the conductivity (as well as the

mobility) at various temperatures is also presented. In crystalline semiconductors, the mobility is

largely influenced by scattering. While in disordered semiconductors, the mobility is significantly

reduced due to short-range transport. Moreover, the behaviour of carrier transport may vary de-

pending on the mechanism of dispersive transport, such as multiple trapping or tunneling.

Topics related to THz pulse spectroscopy are presented in Chapter 4. These include generation of

THz pulses by means of optical rectification and the use of tilted pulse front technique for generating

THz pulses with high electric fields. The chapter also presents how low-energy THz pulses are used

to perform TRTS, whereas intense THz electric field pulses are ultilized in the investigations of

nonlinear effects in semiconductors.

Techniques for PL and THz spectroscopy are presented in Chapter 5. The chapter includes PL

spectroscopy in the visible and NIR region, TRPL using the time-correlated single photon counting

technique, TRTS for measurements of PC in the time and frequency domains, as well as the setup

for the modulation of PL via intense THz electric field pulses.

In Chapter 6, we investigate the nature of the dual light emission in a series of bismuth-based



CHAPTER 1: Overview 4

molecular compounds (bismoles). The fluorescence and phosphoresence are examined in detail and

the experimental observations are complimented by a computational study of their molecular struc-

tures.

The PL dynamics of functionalized two-dimensional silicon nanosheets are discussed in Chapter

7. Here, we examine the origin of the light emission and how different functionalizations affect

the recombination dynamics. This chapter also provides information on the PL of a disordered

semiconductor.

While Chapters 6 and 7 present the PL spectra of novel semiconductors in the visible region,

Chapter 8 shows the NIR spectra of undoped and doped bulk germanium (Ge) crystals. The results

validate the expected emission spectra from a direct and an indirect band gap semiconductor. The

interplay between the direct and indirect PL is also explored at high excitation carrier densities.

Moreover, the second part of Chapter 8 examines the carrier transport in undoped Ge at picosecond

timescales. By employing TRTS, the transient PC is measured at various excitation fluences and

temperatures, and the effect of scattering is examined.

In Chapter 9, contrary to the transport of free carriers in bulk Ge crystals, here we investigate

the transport of localized carriers in disordered Ge drop-casted films from a wet-chemical synthesis.

We compare the PC dynamics in an unstructured Ge film to its inverse opal counterparts.

Finally in Chapter 10, we combine THz pulses with transient PL measurements in undoped

bulk Ge. By varying the photoexcitation fluence and temperature, the interplay of the direct and

indirect PL is again explored, this time, under strong THz electric fields. Possible mechanisms for

the nonlinear effects of intense THz electric fields on the modulation of the PL are discussed.

The conclusions and future directions of this collective work are presented in Chapter 11.



CHAPTER 2

Photoluminescence in Semiconductors

2.1 Introduction

Photoluminescence (PL) can be simply defined as a spontaneous emission of light after an optical

excitation. The process generally first involves photoexcitation of carriers (electrons e) to the excited

states by absorption of light energy, leaving unoccupied states, (holes h), at the ground state.

Immediately following the excitation, the electrons and holes relax non-radiatively (usually to the

lowest possible electronic states by distributing energy among various relaxation channels or by

phonon emission) before recombining in the ground state. The recombination involves competition

of non-radiative and radiative processes. Finally, the e-h recombination yields to an emission of a

photon that has an energy usually lower than the excitation energy. Thus, a PL would typically have

three general processes; photoexcitation, relaxation (in the vibrational states), and recombination.

Figure 2.1 illustrates the mechanism.

By applying the conservation of energy, the sum of the carrier’s initial energy at the ground

state Ei and the excitation energy Eex should equate to the final energy of the carrier Ef at the

final excited state,

Ef = Ei + Eex. (2.1)

Thus, the photoluminescence process is generally made possible if the photon energy of the excitation

light is greater than or equal to the emission of light, Eex ≥ Eem (resonance absorption and emission).

In a situation where the absorbed photon energy is less than the emitted light, the material may

have undergone nonlinear process (nonresonant absorption) such as multiphoton absorption [20, 21].

5
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Figure 2.1: Schematic of photoluminescence processes. An electron (red circle) is excited at
higher energy states, leaving a hole (blue circle) at the ground state. The carriers rapidly
relax to the lowest electronic excitated state before the e-h recombination that results to lu-
minescence. The luminescence involves competition of the non-radiative (NR) and radiative
processes (R) with their associated lifetimes τ .

As depicted in Figure 2.1, the photoluminescence dynamics in a material is governed by a

competition of both non-radiative (NR) and radiative (R) recombinations, where the recombination

rates are given as 1
τNR

and 1
τR

, respectively. Thus, the total probability of the transition per unit

time is given as

1

τ
=

1

τR
+

1

τNR
. (2.2)

The luminescent efficiency ηR, is then determined by the rate of radiative recombination as a fraction

of the total recombination rate [22], expressed as

ηR =
τ

τR
=

1

(1 + τR
τNR

)
, (2.3)

where ηR ≤ 1. Therefore, a maximum photoluminescence can be obtained when τR � τNR, in-

dicating that the photoexcited e-h pair is more probable to recombine by an emission of photon,

than undergo non-radiative recombination. There are a number of possible non-radiative recom-

bination processes. The most common ones are excitation energy being transferred into lattice

vibration (phonons), and recombination via impurities and lattice defects [23, 24]. An overview of

the recombination processes will be discussed in the next section.

Note that the quantities τ and ηR can be experimentally measured. Hence, one can estimate

the radiative lifetime τR. In most cases, the ηR is referred as ‘quantum yield’ (QY) [23, 25], whereby

for ηR = 1, QY = 100%.
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The PL process is a non-contact method because it only requires a direct photoexcitation of

light (as compared to electroluminescence which needs bias electric fields through contacts [26, 27]).

Additionally, with the use of spectroscopic tools employing sensitive detectors for spatially resolving

PL spectra and ultrafast measurements for temporally resolving PL decay lifetimes, PL spectroscopy

has become a powerful tool in investigating semiconductors. It can deduce the carrier dynamics,

transport mechanisms, recombination processes, and band structures [23, 28, 29]. It can also provide

information on the materials’ optical properties, purity and disorder, as well as their practicality as

a light absorber or emitter for scientific and technological applications. Long before the emergence

of quantum theory, the investigation of PL mechanisms has already been an active pursuit among

scientists in understanding the physics and chemistry of materials [30].

2.2 Photoluminescence decay kinetics

The intensity of the PL decay through time is governed by different carrier recombination dynamics.

Here, the kinetics of the carrier population involving the electron concentration n and hole concen-

tration p during the time of recombination can be generally described by the rate equation of the

temporal and spatial evolution of the photogenerated carriers [25, 31, 32, 33],

dn

dt
= D

d2n

dx2
−An−Bn2 − Cn3 +G(x, t), (2.4)

where D is the diffusion coefficient. A, B, and C represent the coefficients for monomolecular,

bimolecular, and Auger recombination rates, respectively. G is the carrier generation rate. The first

term in Equation 2.4 accounts for the one-dimensional diffusion from the surface (x = 0) to the bulk

of the sample (at a spatial dimension x) [31, 32, 34, 35]. Using the Einstein relation, the diffusion

coefficient is given as D = μkBT
e , where μ is the mobility, kB is the Boltzmann’s constant, T is the

temperature, and e is the elementary charge [34]. The second term represents the monomolecular

recombination (one-body process, i.e. n or p) with a cofficient that gives a constant carrier lifetime

A = 1/τ [23, 28, 31]. The third term is the bimolecular or band-to-band radiative recombination

(two-body processes, i.e. np) while the fourth term is referred as Auger recombination (three-body

process, i.e. n2p or p2n) [32, 36], which is non-radiative. Lastly, G(x, t) is the rate of optical carrier
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generation (i.e. by means of laser excitation) [31, 32], expressed as

G(x, t) = δ(t)e−αx, (2.5)

which decreases exponentially from the surface of the sample according to the absorption coefficient

α, at a specific optical (or laser) wavelength, and δ(t) is the photon flux temporal profile [34].

Figure 2.2: Generalized schematic diagram of the three recombination processes, namely, a)
molecular, b) bimolecular, and c) Auger after the optical excitation. The solid and dashed
downward arrows represent the radiative and non-radiative recombinations, respectively.

For a simple case, the one-dimensional diffusion can be neglected in the assumption that

the carrier distribution throughout the sample is treated uniformly [31, 33]. The recombination

processes are then illustrated in Figure 2.2. Here, the intensity of the PL decay is calculated from

the time integral of the recombination rate, I(t) ∝ dn(t)
dt , when the optical excitation is turned off

(G(x, t) = 0).

2.2.1 Monomolecular recombination

The ‘one body’ process in monomolecular recomobination may constitute an electron or hole, a mi-

nority carrier (e.g. at low excitation levels or at doped semiconductors) [32], or an exciton that is

composed of an already bound e-h pair [25]. In this recombination process, a localized luminescence

center is involved [23]. These centres are usually due to defects and impurities, e.g. grain boundaries,
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vacancies, dislocations, donors, and acceptors [22, 23, 37]. As exemplified in Figure 2.2a, the pho-

toexcited carrier is captured to one of this intermediate energy-level luminescence center [37] before

returning to the ground state. The PL decay rate can be directly solved from the time integral of

the second term of Equation 2.4, where

I(t) = I(0)e−
t
τ . (2.6)

Thus, in most cases where localized radiative centers are involved in the recombination process, the

PL decay follows an exponential rate. When two kinds of luminescence centres are involved, then

the rate can be described by a bi-exponential decay

I(t) = I1(0)e
− t

τ1 + I2(0)e
− t

τ2 , (2.7)

where τ1 and τ2 denote two recombination lifetimes. In addition, there are some actual measurements

of PL decay that do not behave exactly exponential but instead follows a stretched exponential decay

in the phenomenological form of

I(t) = I(0)e−(
t
τ )

β

, (2.8)

where β is called the dispersion factor that ranges at 0 < β < 1 [38]. This PL decay is often observed

in disordered systems with broad distribution of lifetimes [39].

In some semiconductors, especially those that are low-dimensional, the recombination pro-

cesses arising from the surface states (monomolecular) and e − h recombination in the bulk (bi-

molecular) often compete, which results to variation in the effective recombination rate unless the

latter process becomes more dominant [40]. For example, a combination of both monomolecular

and bimolecular recombination processes has been observed in luminescence of GaAs quantum wells

(QWs) [41]. In this report, the monomolecular case has a coefficient A represented by two compet-

ing processes: excitonic radiative and nonradiative recombination due to defects in the barriers or

through interface states.
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2.2.2 Bimolecular recombination

If the recombination is dominated by a bimolecular process, where electrons and holes recombine

directly (as shown in Figure 2.2b), then the PL intensity is proportional to the product np = n2.

Therefore, the decay process when the excitation is turned off can be described as

dn(t)

dt
= −Bn2, (2.9)

which is the third term in Equation 2.4. The parameter B is the bimolecular coefficient, given

as B = BR + BNR, which is the sum of the radiative and nonradiative components, respectively.

Equation 2.9 leads to

n(t) =
n(0)

(Bn(0)t+ 1)
, (2.10)

with n(0) as the initial carrier concentration at t = 0. The PL intensity, derived as the first order

derivative of n(t) [23], is therefore

I(t) =
BRn

2(0)

(Bn(0)t+ 1)2
=

I(0)

(Bn(0)t+ 1)2
. (2.11)

For longer times, such that Bn(0)t � 1 , then I(t) ≈ I(0)t−2. Hence, Equation 2.11 illustrates that

for a bimolecular recombination, the PL intensity follows an inverse power law decay.

2.2.3 Auger recombination

Lastly, the fourth component in Equation 2.4 represents an Auger recombination, which is a non-

radiative process [24], whereby the optical excitation of the material does not result in an emission of

light, unlike the monomolecular and bimolecular processes. Because the emission follows dn
dt = −Cn3,

Auger recombination is therefore a nonlinear, three-body process. Here, instead of a recombination

of an e-h pair, the photoexcited carrier (either e or h) gives off its energy to a third carrier that is

promoted to a higher energy level, as illustrated in Figure 2.2c [36]. Such mechanism occurs at high

carrier density (usually � 1018 cm−3), due to high laser excitation fluences. The lifetime, which is
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expected to be very fast, can be solved from the fourth component of Equation 2.4 as

τ =
1

Cn2
(2.12)

As an example, at extremely high excitation energies (∼ 1019 cm−3), a competition between Auger

process and bimolecular recombination has been observed in the recombination kinetics of GaAs

[42]. The Auger decay curve is observed at the initial decay (< 120 ps) before the bimolecular

recombination dominates.

2.3 Photoluminescence of Semiconducting Materials

2.3.1 Interband photoluminescence in solid semiconductors

As mentioned earlier in Section 2.1, PL can be essentially described by three processes; (1) ab-

sorption, (2) relaxation and finally, the (3) emission of light. This is depicted in Figure 2.3 for the

interband transitions in a semiconducting solid. The onset of absorption occurs when the excita-

tion energy Eex is greater than the band gap Eg between the valence and the conduction bands,

Eex > Eg, which can also be expressed as hν > Eg, where h is the Planck constant and ν is the

frequency of light. Immediately after the photoexcitation, the carriers undergo a rapid relaxation

process, typically in the femtosecond to few picosecond scale [5], by giving off phonons as they quickly

settle in the conduction band minima (Ec) and valence band maxima (Ev). At this moment, the

e-h pair created between these bands recombines radiatively while releasing a photon energy that is

close to the band gap energy.
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W

W

Figure 2.3: A schematic showing a a) direct and b) indirect E − k band diagrams of a
solid semiconductor with the processes involved in the interband and intraband transitions;
1) absorption, 2) relaxation, and 3) recombination.

The following sections describe the spontaneous emission from a direct and indirect gap semi-

conductor. Unlike the radiative transition rates discussed in the recombination statistics in Sec-

tions 2.2, here, a semi-classical approach is presented [23, 28, 43].

2.3.1.1 Direct transition

Firstly, the rate of the absorption and spontaneous emission of light is largely determined by transi-

tion probabilities. The rate of transitions from the initial to final states is described by the Fermi’s

golden rule,

Wi→f =
2π

�
|Mif |2g(E), (2.13)

which is determined by the quantum-mechanical probability of matrix element Mif and the joint

density of states g(E) [28], with � = h/(2π) as the reduced Planck constant. The matrix element

represent the electric-dipole moment in the transition, where the Dirac notation is Mif = 〈f |H ′|i〉.
H ′ is the perturbation as a result of the interaction of the material with the light wave (electric field).
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Thus, the PL intensity of the spontaneous emission from a direct transition Isp−dir is proportional

to the transition rate in Equation 2.13 given as

Isp−dir ∝ |Mif |2f(E)g(E), (2.14)

where f(E) is included as the probability of occupancy in states, based on the Fermi-Dirac distri-

bution [23].

In an atom or a molecule, the energy states are discrete and thus g(E) is simply the photon

density of states in free space. However, for a solid, the initial and final energy states are broadened

into continuous bands. In the simplest form, the valence and conduction bands are parabolic in

shape due to the energy distribution in the k -space near Ev and Ec (Figure 2.3). In this case,

g(E) is described as the number of final states per unit volume that fall within the energy range

E = Eg +
�
2k2

2mr
, where mr is the reduced mass of the electron and hole given as mr =

(
1
me

+ 1
mh

)−1

[28]. The wavenumber k is expressed as k = 2π
λ , where λ is the wavelength of light. Thus, for

hν > Eg, the joint density of electron and hole states gives a numeric value which is calculated as

g(E) =
(2mr)

3/2

π�2
(hν − Eg)

1
2 . (2.15)

In order for the e-h recombination to occur, the conduction band states should be occupied

while the valence band is empty. Thus, the probability of occupancy is f(E) = f(Ef ) [1− f(Ei)] and

the e-h recombination gives a photon with energy hν = Ef − Ei. Here, f(Ei,f ) is the Fermi-Dirac

distribution, given as f(Ei,f ) =
[
exp

[
Ei,f−EFv,c

kBT

]
+ 1

]−1

, where EFv,c is the quasi-Fermi energy

level. In the classical limit, such that (Ei − EFv) � kBT and (Ef − EFc) � kBT , the Fermi-

Dirac distribution reduces to a Boltzmann distribution expressed as f(Ef ) ≈ exp
(

EFc−Ef

kBT

)
and

1− f(Ei) ≈ exp
(

Ei−EFv

kBT

)
, respectively [28]. Hence, the probability of occupancy leads to

f(E) = f(Ef )[1− f(Ei)] ≈ exp

(
EFc − EFv − Eg

kBT

)
exp

(
−hν − Eg

kBT

)
(2.16)

In an equilibrium case (i.e. intrinsic semiconductor) at very low temperature, such that kBT � Eg/2,

EFv,c stays in the middle of the band gap, whereby EFv = EFc [23]. In a non-equilibrium case, the
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quasi-Fermi levels EFc and EFv determines the population of electrons separately in the conduction

and valence bands, respectively, and can be altered at higher doping or at higher injection of carriers

by means of photoexcitation, and in this case EFv �= EFc.

Then finally, by substituting f(E) and g(E) to Equation 2.14, it is shown that the intensity

of the PL from a direct interband transition follows the function

Isp−dir ≈ D (hν − Eg)
1/2

exp

[
−hν − Eg

kBT

]
, (2.17)

where D = (2mr)
3/2

π�2 exp
(

EFc−EFv−Eg

kBT

)
. By plotting the PL spectral line shape of a direct gap

crystalline semiconductor, the full width - half max (FWHM) is estimated as ∼ 1.8kBT , as shown

in Figure 2.4.

2.3.1.2 Indirect transition

The band structure for an indirect gap semiconductor is schematically illustrated in Figure 2.3b. In

indirect transitions, the absorption and emission is mediated by phonons �Ω (vibrational energy in

the lattice) in order to conserve momentum, whereby �kf − �ki = �k ± �Ω.

Starting with Equation 2.14 and considering the energies at different k-space, the intensity

of the spontaneous PL in an indirect transition Isp−ind can be mathematically described by the

integration over all pairs of energy states in the conduction and valence bands [23],

Isp−ind ≈ |M |2
∫ hν+�Ω−Eg

0

gc(Ee)fc(Ee)gv(Eh)fv(Eh) dEe, (2.18)

where Ee and Eh are the electron and hole energies with respect to the conduction band and valence

band minima, Ec and Ev, respectively (or Ee = Ef −Ec and Eh = Ev −Ei). The upper limit of the

integral includes all contributions to the flux of emitted photons. With the phonon contribution, the

total energy in the transition is hν = Ee + Eg + Eh − �Ω. By referring to the solution to Equation

2.15, the density of states gc(Ee)gv(Eh) in the conduction and valence bands, in this case, would

also have the form

gc(Ee)gv(Eh) ≈ (Ee)
1
2 (Eh)

1
2 ≈ (Ee)

1
2 (hν + �Ω− Eg − Ee)

1
2 . (2.19)
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In the same manner with Section 2.3.1.1, the expression for the probability of occupancy f(E) in

the classical limit follows the Boltzmann approximation, where fc,v ∝ exp
(
−Ee,h

kBT

)
[28]. This leads

to

fc(Ee)fv(Eh) ≈ exp

[
−hν − (Eg − �Ω)

kBT

]
. (2.20)

Hence, Equation 2.18 can be readily expressed as

Isp−ind ≈ exp

[
−hν − (Eg − �Ω)

kBT

] ∫ hν+�Ω−Eg

0

(Ee)
1
2 (hν + �Ω− Eg − Ee)

1
2 dEe. (2.21)

Using the definite integral solution
∫ a

0
x

1
2 (a−x)

1
2 dx ≈ a2 [23], we eventually arrive to the expression

for the PL intensity from an indirect gap semiconductor,

Isp−ind ≈ [hν − (Eg − �Ω)]
2
exp

[−(hν − (Eg − �Ω))

kBT

]
. (2.22)

By looking at the spontaneous PL intensity lineshapes of Equations 2.17 and 2.22, it shows

that the intensity of the PL is proportional to (hν − Eg)
1
2 for a direct gap semiconductor and

(hν − Eg ± �Ω)2 for an indirect gap semiconductor. Figure 2.4 illustrates the expected PL spectra

for both transitions at room temperature (T = 295 K).

The fact that these interband transitions should satisfy both conservation of energy and mo-

mentum, the PL in direct transition is more probable compared to that of the indirect because there

is no need for the participation of phonons in the absorption and emission processes. The recom-

bination rate happens in a faster scale in a direct gap semiconductor, typically in the nanosecond

scale, as compared to an indirect transition, which is in the microsecond scale [44].
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Figure 2.4: PL spectral line shapes of a direct and an indirect gap semiconductor, where
the FWHM of each spectrum are indicated. For the indirect gap semiconductor, the �Ω is
considered negligible in the above energy plot. The normalized PL intensities are plotted
using T = 295 K.

2.3.2 Disordered semiconductors

In disordered systems such as amorphous semiconductors, the bond lengths and bond angles vary,

which destroy the long-range ordering of the lattice [45]. Thus, a distribution of shallow localized

states would be expected, which influences the behaviour of free electrons in the energy bands [46, 47].

The Mott-Davis model [48] describes this distribution as a tail of localized states extending at the

band edge. This band tail was first experimentally observed by Urbach (1953) in the absorption

spectrum of semiconductors [49] and was later described by Tauc [50] as the exponential part of

the absorption edge, α ≈ exp[hν/EU ], where EU is the characteristic energy (Urbach energy) of the

band tail (Urbach tail) [26, 51, 52, 53, 54, 55]. Additionally, doping in amorphous semiconductor

results in donor and acceptor energy levels that are broadened and become part of this exponential

band tail [23]. Thus, for an amorphous semiconductor, the band diagram would look differently

from that of a crystalline semiconductor, as depicted in Figure 2.5.
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Figure 2.5: Schematic depicting the band diagrams of a-b) pristine (free of defects) and
c-d) disordered semiconductors. a) The photoexcited electrons and holes rapidly relax or
thermalize non-radiatively above the band edges and freely move until they undergo radia-
tive (solid arrows) or non-radiative (dashed arrows) bimolecular recombination. b) The
density of states g(E) in the conduction and valence bands follows a parabolic shape. c)
After photoexcitation, the electrons and holes undergo rapid thermalization (or relaxation)
in the localized states before recombining (which can be described as bimolecular tail-to-tail
recombination [45]). Because of the presence of deep-level states, non-radiative trap-assisted
recombination in the middle of the band gap may also occur. Alternatively, before the re-
combination processes, the electrons may undergo multiple trapping or tunneling between the
localized states. d) The fluctuations in the energy landscape near the mobility edge (adapted
from the ‘Alpine’ model [47]) still results to a fairly defined conduction and valence bands
but with exponential band tails below the mobility edges due to the density of localized states.
Electrons are free to move in the extended states above the conduction band mobility edge
whereas, they undergo trapping or tunneling in the band tail states. Additionally, the density
of deep-level states results in an ‘impurity band’ in the middle of the mobility gap [48].

Moreover, breakage or discontinuity in a material may produce unpassivated dangling bonds

and vacancies, which act as effective carrier traps. In addition to impurities, these defect concen-

trations would yield to a density of deep-level states existing in the middle of the band gap [47, 56].

Thus, the gap between the bands are no longer forbidden and there exists a non-vanishing density
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of states in the Fermi level that is ’pin’ as midgap states [48, 57].

The density of states g(E) above the mobility edges of the conduction and valence bands has

a parabolic shape, similar to crystalline semiconductors (Equation 2.15). Below the mobility edge,

g(E) scales down exponentially (Figure 2.5d), given as

gl(E) = g0 exp

(−E

E0

)
, (2.23)

where gl(E) represents the density of the localized states in the conduction and valence bands that

starts with an initial density of states g0 [23]. The energy E used here refers to the energy states

below the mobility edge. E0 is the width of the exponential band tails, which can be directly

measured as the Urbach tail slope parameter from an absorption spectrum [58, 59] or PL spectrum

[60].

2.3.2.1 Temperature dependence of the photoluminescence intensity

Thermal quenching of the PL has been observed as a common feature in disordered semiconductors

[23, 61, 62]. Furthermore, the temperature dependence of the PL intensity I(T ) seems to follow an

exponential behaviour,

I0
I(T )

− 1 = exp

(
T

T0

)
, (2.24)

where I0 and T0 are both constant values. A collection of experimental observations [61, 62] shows

that by properly selecting the value of I0, Equation 2.24 holds true for all the temperature range

of measurements, and that the value of T0 can be extracted from the slope of the log plots. The

characteristic temperature T0 is related to the width of the band tails.

Here, a model is proposed to satisfy Equation 2.24 [23, 61, 62, 63]. Thermal quenching of the

PL can be interpreted according to the models of geminate recombination at low temperature [64],

which could be applied in amorphous semiconductors [63]. After photoexcitation and thermalization,

the separated e-h pair remains bound by their mutual Coulumb interaction (like a geminate pair).

At low temperatures, there is a higher probability for the e-h pair to recombine radiatively as the

electron diffuse to deeper localized states. At high temperatures, the electron can escape from the

hole by being thermally activated to higher states in the band tails or above the mobility edge (as
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depicted in Figure 2.5c). Thus, the thermal excitation yields to a lower probability of radiative

recombination. To distinguish between these two competing mechanisms (whether electrons would

escape or not) in the band tails, a temperature dependent binding energy is defined, ED(T ), such

that

1

τR
= ν0 exp

(−ED

kBT

)
, (2.25)

where the prefactor ν0 is the phonon frequency [65]. The above expression entails that ED(T ) is a

demarcation energy whereby electrons with this energy have the same probability of non-radiative

(escape to the mobility edge) and radiative recombination, and that they are thermalized and have

a Boltzmann distribution [23, 61, 66]. The quantum yield (Equation 2.3) is therefore temperature

dependent and the rate-limiting process depends on the escape of the electron. It is assumed that

the thermal excitation of electron always results to non-radiative recombination, even though this

is not an actual non-radiative process [61]. Moreover, for the sake of simplicity, this model neglects

the temperature independent non-radiative recombination in the deep-level states [23]. With these

assumptions, the temperature dependent quantum yield can be simply solved as

ηR(T ) =
1
τR

1
τR

+ 1
τNR

=

∫∞
ED(T )

gl(E)dE∫∞
0

gl(E)dE
= exp

(−ED(T )

E0

)
. (2.26)

Finally, this model acquires an expression of ηR(T ) that has the same form with the experimentally

observed temperature-dependent PL intensity in Equation 2.24. If the quantum yield solely deter-

mines the thermal quenching, then I0/I(T ) − 1 ∼= 1/ηR(T ), assuming that ηR(T ) � 1. Then both

expressions (Equations 2.24 and 2.26) can be combined whereby

ln

(
I0

I(T )
− 1

)
=

T

T0
=

ED(T )

E0
. (2.27)

Therefore, the characteristic temperature T0 can be related to the band tail widths E0. Similar to

Equation 2.25, this relation can be obtained as

E0 = kBT0ln(ν0τr). (2.28)

This also means that the parameter T0 is very sensitive to the degree of disorder in semiconductors

[23].
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2.3.2.2 Diffusion-limited bimolecular recombination

Amorphous semiconductors that follow a temperature dependent PL intensity described above

(Equation 2.24) would often have PL decays that follow a power law, characteristic of bimolecu-

lar recombination. Therefore, such PL decays with bimolecular kinetics can be described using the

model presented earlier based on the concept of geminate pair recombination [61, 64, 67].

At earlier times, the PL decays can be well fitted with an empirical power law equation

[68, 69, 251, 252],

I(t) =
I(0)

(Bn(0)t+ 1)1+α
, (2.29)

which has the same form in Equation 2.11 but with an exponent of −(1+α) instead of -2. At longer

times, such that Bn(0)t � 1, the PL decay follows

I(t) ≈ t−(1+α), (2.30)

which has been a general feature of radiative e-h recombination in the band tail states of amorphous

semiconductors [61, 72, 73, 74] and polaron recombination in the band tail states of organic semi-

conductors [75]. It has been observed that α do not reach unity, where 0 < α < 1. Hence, Equations

2.29 and 2.30 are termed as ‘diffusion-limited bimolecular recombination’ [68, 75], which refers to a

bimolecular recombination resulting from the diffusion of carriers that is limited by the trapping in

the band tail states.

The inverse power tail feature was first observed in the transient photocurrent of amorphous

semiconductors using time-of-flight (TOF) measurements [76, 77]. It was pointed out that the power

law decay of the photocurrent is a result of the distribution of carrier hopping times in an exponential

density of traps [66]. The model applied here is the same with the temperature dependence of the

PL intensity described in Section 2.3.2.1. Using Equation 2.23 as the density of these trap states

and Equation 2.25 as the thermal release time, the distribution of the hopping times would yield to

a power law expressed as

ψ(t) =
T

T0
ν0(ν0t)

−(1+T/T0) ∼ t−(1+T/T0) (2.31)

for t > ν−1
0 and 0 < T/T0 < 1 [66, 67]. Such concept has been the basis of many studies in
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explaining the power law dependence of the PL decays in amorphous semiconductors [61]. However,

the relation of the exponents in Equations 2.30 and 2.31 is not well established [67]. Some studies

[67, 73, 74, 78] have attempted to relate the value of exponent α in Equation 2.30 to different

mechanisms of dispersive diffusion of photoexcited carriers in the localized states.

2.3.3 Molecular materials

In comparison with the PL of solids discussed in Section 2.3.1, the concept does not quite differ when

it comes to molecular materials such as organic and inorganic compounds. Generally, molecules are

composed of elements covalently bonded with groups of atoms. An example is a conjugated system

composed of carbon chain of alternating single and double bonds [28], which allows special stability

and electron delocalization. Specifically, π-conjugation (e.g. electrons in the p orbital of carbon

are shared by other atoms) is preferable for producing delocalized electrons. Figure 2.6 shows a

generalized schematic diagram for a typical π-conjugated system. The energy difference between the

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)

constitutes the energy gap (HOMO-LUMO gap), the Eg counterpart in molecule. The HOMO

corresponds to the π-type orbital and the LUMO corresponds to an empty π∗-type orbital, as shown

in the unexcited state in Figure 2.6. HOMO and LUMO are the frontier orbitals which establish the

way the molecule interacts with other species. The closeness of the orbitals of the different molecules

induce the splitting of the HOMO and LUMO energy levels, resulting in vibrational sublevels [79].

Figure 2.6: Schematic diagram depicting the HOMO-LUMO gap in π-conjugated molecule.
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Each occupied orbital in the molecule will contain paired electrons with anti-parallel spins

in accordance with the Pauli exclusion principle. In the excitation process, an unpaired electron

can be excited to the LUMO level, leaving the other unpaired electron in the HOMO level (as

shown in the excited state in Figure 2.6). Then, in the similar manner with PL processes, the

photoexcited electron undergoes non-radiative vibrational relaxation before it decays to the ground

state accompanied by an emission of light.

In any given electronic state, the spin multiplicity can be either a singlet (electrons having

opposite spin orientation (paired)) or triplet (electrons with the same spin orientation (unpaired))

[80]. The selection rules dictate that the spin multiplicity should be maintained during the excitation

process, thus the initial transition happens between singlet states, as illustrated in the Jablonski

diagram in Figure 2.7. If the excitation energy is much higher than the onset of absorption, the

electron can be excited to a higher vibrational level or a higher singlet state (e.g. S0 to S2). Then,

the excited electron undergoes relaxation non-radiatively (e.g. from S2 to S1) by means of ‘internal

conversion’ of like spin multiplicity, which occurs typically in picosecond scale [80]. Finally, the

recombination process (e.g. from S1 to S0) results to an emission of photon energy that is less than

the absorbed photoexcitation energy. The difference between the absorption and emission spectra

is referred to as ‘Stokes shift’. In some cases, the electronic levels can be perceived as the multiple

peaks occuring in the absorption and emission spectral profiles.

Figure 2.7: Jablonski diagram describing a general mechanism in molecular materials where
emission of light happens in both singlet to singlet (hν1) and singlet to triplet states (hν2).
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In addition, in some molecular materials, a small probability of emission from the triplet state

can also occur by means of intersystem crossing (ISC), as shown in Figure 2.7 [28, 30, 80]. In the

ISC process, the electrons undergo a spin-coupling exchange due to the different spin multipicity.

Thus at this point, the spins in triplet and singlet ground state are parallel, making the de-excitation

process highly improbable due to the ‘forbidden’ nature of the transition. If the recombination from

the triplet to singlet states (e.g. T1 to S0) is to occur, the process will take longer because the

electron has to undergo a spin-flip before it returns to the ground state.

Therefore, the PL in such materials can be classified into two forms; fluorescence, which is

a short-lived emission of typically nanosecond scale that occurs from the singlet-singlet transition,

and the phosphorescence, which is a long-lived emission that can last from microsecond to second

timescales occurring from the triplet-singlet transition [28]. In most cases, the triplet state is of

lower energy compared to the singlet state, which results to phosphorescent light that has a longer

wavelength as compared to the fluorescence.
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Photoconductivity in Semiconductors

3.1 Introduction

Photoconductivity (PC) describes how a material becomes electrically conductive upon the absorp-

tion of light. With the photogeneration of free carriers (as depicted in Figure 3.1), the semiconductor

becomes more conductive, which can be influenced by factors such as electric field, carrier density,

and mobility. Investigating the PC could provide significant information on different carrier transport

mechanisms and can offer insights on the structure and electronic properties of the semiconductor

[57]. In describing the PC in different semiconductors, fundamental terms such as mobility, carrier

lifetimes, and drift velocity are commonly used. Additionally, understanding the mechanism of the

PC dynamics may require the use of appropriate models. In this Chapter, it is hoped that these

concepts can be explained briefly, in line with the analysis of experimental results in the latter part

of this thesis.

24
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n >

Figure 3.1: Schematic of the photoconductivity in semiconductors. The excitation of light
that has an energy greater than the band gap generates a free electron in the conduction band.
The photoexcited electron moves freely in the conduction band with a mean drift velocity υ
in the opposite direction of the applied electric field.

3.2 Transient photoconductivity

Measurement of the time dependent PC is a powerful technique for studying the mechanism of

charge transport in photoexcited semiconductors. In a standard transient PC measurement, the

free carriers are excited into the transport band at t = 0 by a short pulse of light, as illustrated in

Figure 3.1. The photogenerated free carriers are then moved along by the electric field until their

eventual disappearance through recombination [81]. Hence, the magnitude of the photoconductivity

is governed by the photogeneration of free carriers (which depends on the excitation energy and

fluence), the transport of these free carriers under the influence of the electric field (which can be

limited by scattering events), and the recombination of the photoexcited electrons and holes [57].

Therefore, the transient PC is proportional to the decay of the photogenerated carriers, σ(t) ∝
n(t). Since transient PC measurements can be accessed using ultrafast techniques, different carrier

transport mechanisms can be explained from picoseconds to longer times, and a wealth of information

on the properties of the material can be obtained.
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3.2.1 Monomolecular and bimolecular processes

As discussed in Section 2.2.1, a monomolecular process involves an excess charge carrier. The

population of the carriers n(t) decays in an exponential manner given by

n(t) = n(0)e−
t
τ , (3.1)

where n(0) can be described as the number of free carriers excited at t = 0 using an ultrashort pulse

of light, and τ is the average mean lifetime of the carriers [23]. The monomolecular process mostly

competes with the bimolecular processes in bulk semiconductors and thus, in most cases the single

exponential decay is only observable in the earliest timescale. A single exponential behavior has

been observed in the picosecond scale transient PC of organic semiconductors [82, 83, 84], which

has been attributed to carrier trapping at grain boundaries and deep-level traps at the interfaces

between crystallites.

For the bimolecular process, presented in Section 2.2.2, the carrier density decays in the

following form,

n(t) =
n(0)

(Bn(0)t+ 1)
, (3.2)

where B is the bimolecular coefficient. Equation 3.2 also entails that at higher excitation densities

n(0), the PC should decay faster. However, at longer times such that Bn(0)t � 1, the carrier density

would have the time dependence of

n(t) ∼ t−1, (3.3)

and the decay becomes independent of n(0). The t−1 dynamics has been experimentally shown in

transient PC of highly ordered conjugated polymers [6, 85].
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3.2.2 Dispersive photoconductivity in disordered semiconductors

Figure 3.2: Illustration of the two carrier hopping mechanisms: a) multiple trapping and
release, and b) tunneling.

The carrier transport in disordered semiconductors is determined by the carrier hopping in the band

tails (refer to Section 2.3.2.2 and Figure 2.5). Figure 3.2 illustrates the carrier hopping either by

multiple trapping and release or tunneling. Scher and Montroll (1975) were among the first to desribe

such carrier transport in the the transient PC of disordered systems [76]. Due to the dispersion in the

separation distance between the nearest-neighbor localized sites available for the hopping of carriers,

the distribution of these hopping times would have a long tail, following the form,

ψ(t) ∼ t−(1+α), 0 < α < 1. (3.4)

Thus, the ‘transit-time’ dispersion in amorphous solids does not follow the bimolecular process

of t−1 dependence. Instead, α is included in the power law exponent indicating large hopping-time

dispersion. The theory is also based on the concept of charge carriers undergoing a random walk

along the preferred direction by the applied electric field. The addition of the dispersion factor

α implies that as time becomes longer, the succession of carrier hopping from one site to another

becomes increasingly longer. The carrier tranport can be pictured as a Gaussian ‘carrier packet’ that

suffers a wider statisical dispersion at longer times due to the variation of hopping distances [77].

At t > 0, the mean position of the carrier packet increases with time, but with a decreasing rate. In

other words, shallower states release trapped carriers sooner, then retrapping of these carriers will

lead to increased occupation of the deeper states, which results in a reduction of the photocurrent
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[57].

The inverse power law behaviour was first observed in photocurrent decay dynamics of amor-

phous chalcogenide (As2Se3) [53] and hydrogenated amorphous Si (a:Si-H) [86] using time-of-flight

(TOF) measurements. It was observed that the initial current decay is slower and then undergoes a

transition to a faster inverse power law decay. When a reasonable fraction of carriers (10%) reach the

electrode, the current begins to decrease at a faster rate due to carrier loss [76, 87]. The measured

current decay has a crossover point at the transit time tr such that

I(t) =

⎧⎪⎪⎨
⎪⎪⎩
∼ t−(1−α), t < tr

∼ t−(1+α), t > tr.

(3.5)

The approximation of tr was found out to be related to the thickness of the sample d and applied

electric field E, which remarkably provides the value of the drift mobility in dispersive transport,

defined as μd = d/(trE) [77, 88].

Subsequent studies performed by Tiedje et al. [66, 89] proposed that the dispersion parameter

α reveals information on the degree of the disorder in the amorphous semiconductor. The value of

α changes at low temperatures, where

α =
T

T0
. (3.6)

The characteristic temperature T0 is related to the width of the exponential band tail of localized

states (expressed in Equation 2.28) but the temperature-dependence (Equation 3.6) only applies in

the context of thermally-activated multiple trapping mechanism (as discussed in Section 2.3.2.1).

At low temperatures, carriers tend to condense deeper into the traps which follows an exponential

distribtution (exponentail tail states) [90]. At high temperatures, electrons with sufficient thermal

energy can undergo multiple trapping and release between localized tails and above the conduction

band mobility edge. However, more elaborate investigations could not confirm the temperature

dependence of the power law exponent in Equation 3.6 [91, 92]. Also, for a transport mechanism of

hopping by tunneling, Equation 3.6 no longer applies. In this case, the photoexcited electrons either

tunnel to neighboring localized sites with the same energies [93]. Thus, temperature may not play

a role in the hopping by tunneling mechanism unless thermally assisted [75].
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3.3 Drude model of free carriers

In this section, the dc and ac photoconductivity in semiconductors is described in accordance with the

Drude model. This model is essential in investigating the THz photoconductivity of semiconductors,

presented in Chapters 8 and 9.

In the 19th century, Paul Drude proposed a model of thermal and electrical conductivity, where

he treated metals as a classical gas of electrons executing a diffusive motion [94]. The assumption

in this model is that scattering only occurs between electrons and ions, impurities, lattice vibration,

etc. and not between them (electron-electron interaction is neglected). In the absence of an electric

field, the electrons in a solid move in all possible directions with an average thermal velocity υth =√
3kBT/m and a mean free path of l = υthτ , where τ is the average time between scattering events

[57, 95]. The random motion results in the individual velocities of the electrons cancelling with each

other, leaving a zero net drift velocity υ. With an applied electric field E, the electrons acquire a

mean υ (that is opposite in the direction of E (Figure 3.1)). The electron motion can be described

with the velocity distribution due to the electrostatic force and friction force, given by

m
dυ

dt
= −m

υ

τ
− eE. (3.7)

3.3.1 DC photoconductivity

For a steady-state case (dc electric field), dυ
dt = 0. Thus, from Equation 3.7, the electrons eventually

reach a maximum drift velocity

υ =
eτ

m
E. (3.8)

The above expresssion introduces an important parameter in DC transport, which is the carrier

mobility μ, defined as

μ =
eτ

m
=

υd
E

, (3.9)

describing how quickly an electron moves through the material with an applied electric field.

For a carrier concentration n, the drift velocity gives rise to a current density J given by

J = neυ. Using Ohm’s law, where J = σE, we can now express the dc conductivity σ using
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Equations 3.8 and 3.9 as

σdc =
J

E
=

ne2τ

m
= neμ = ω2

pε0τ, (3.10)

which shows that the conductivity of the material is highly dependent on the carrier concentration.

Knowing σdc would also allow us to extract an important parameter in materials, which is the plasma

frequency given by

ω2
p =

ne2

ε0m
, (3.11)

where ε0 is the permittivity in free space.

3.3.2 AC photoconductivity

With an applied ac electric field of frequency ω, the corresponding conductivity of a material will

also be frequency-dependent. Using a Fourier transform property dn[f(t)]
dtn −→ (iω)nF (ω) to Equation

3.7, the frequency dependent free electron Drude model takes the form,

− imωυ(ω) = eE(ω)−m
υ(ω)

τ
. (3.12)

We again solve for the conductivity from the Ohm’s law, σ(ω) = J(ω)/E(ω) = neυ(ω)/E(ω), where

υ(ω) can be obtained from Equation 3.12. The solution brings us to the expression of a complex ac

conductivity

σ̃(ω) =
ne2τ

m(1− iωτ)
. (3.13)

By incorporating σdc from Equation 3.10, we can re-write the above expression as

σ̃(ω) =
σdc

1− iωτ
= σ1(ω) + iσ2(ω), (3.14)

where the real and imaginary parts of the complex ac conductivity can be expressed as

σ1(ω) = σdc
1

1 + (ωτ)2
(3.15)

σ2(ω) = σdc
ωτ

1 + (ωτ)2
, (3.16)
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and these parts would yield σ2(ω)/σ1(ω) = ωτ .

For well-known bulk semiconductors, typical scattering times range from 200 - 400 fs, as

presented in Table 3.1. Taking a value of τ = 200 fs, would produce an ac conductivity plot

displayed in Figure 8.6. Notice that the frequency at which the real and imaginary parts of σ̃(ω)

intersect at fc = 1/(2πτ), which is equivalent to 0.8 THz. This “crossover” frequency [10], where

σ1(ω) = σ2(ω), happens to be in the THz frequency. This illustration implies that a spectroscopic

technique utilizing a THz probe with a bandwidth of 0.1 to 3 THz would be ideal for measuring the

complex conductivities of typical bulk semiconductors.

Table 3.1: Electron mobilities of well-known semiconductors at T = 300 K [96].

Semiconductor Mobility Effective mass∗ Scattering time∗∗

μe (cm2/V·s) me,σ/m0 τ (fs)

Germanium ≤ 3900 0.12 ≤ 266

Silicon ≤ 2000 0.26 ≤ 296

Gallium Arsenide ≤ 9200 0.067 ≤ 351

*effective mass for conductivity calculations, **calculated using Equation 3.9
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Figure 3.3: Plot of the ac complex conductivity at THz frequencies following the Drude
model. The solid and dashed lines are plots for τ = 200 fs and τ = 100 fs, respectively.
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3.4 Drude-Smith model of carrier localization

In many experimental cases, a departure from the Drude model for free carriers has been observed.

The ac complex photoconductivity response of these cases show distinct behaviour; 1) a suppressed

σ1(ω) and negative σ2(ω) at lower frequencies, and 2) the oscillator strength is shifted to higher

frequencies. To account for these effects, Smith developed a modification of the Drude model, which

goes beyond the relaxation time approximation [97, 98]. In Drude photoconductivity, as presented

in Section 3.3.2, scattering of the carriers results in a velocity (or momentum) that is completely

randomized. In the Drude-Smith model, which was derived using an impulse response approach and

Poisson statistics, memory effects in the scattering of carriers are incorporated [97, 98]. This means

that a fraction of the electron’s original velocity is retained after the first and subsequent collisions.

Simply put, a memory of the velocity prior to scattering influences its velocity after the scattering.

The Drude-Smith model is expressed as

σ̃(ω) =
σdc

1− iωτ

[
1 +

∑
n

cn
(1− iωτ)n

]
, (3.17)

where the last term in square brackets is a correction term to the Drude formula shown in Equation

3.14. The coefficient cn represents the ‘persistence of velocity’ at the nth collision, and the value

ranges from 0 to −1. For a single scattering event, the above equation is reduced to

σ̃(ω) =
σdc

1− iωτ

[
1 +

c

1− iωτ

]
, (3.18)

which can be separated into the real and imaginary parts,

σ1(ω) =
σdc

[1 + (ωτ)2]
2 [1 + (ωτ)2 + c(1− (ωτ)2)] (3.19)

σ2(ω) =
σdcωτ

[1 + (ωτ)2]
2 [1 + (ωτ)2 + 2c]. (3.20)

The scattering rate in the context of Drude-Smith model of carrier backscattering would have the

form

1

τDS
=

1

τ
(1 + c), (3.21)
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and thus the macroscopic mobility is reduced to

μm =
eτDS

m
. (3.22)
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Figure 3.4: Illustration of the Drude-Smith complex conductivity with the changes in the c
parameter. Dashed and dotted lines are guides to the eye for the Drude response with c = 0,
respectively.

The value for c describes the degree of carrier localization. For c = 0, the Drude-Smith con-

ductivity (Equation 3.18) is recovered to the Drude formula (Equation 3.14), which is characterized
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by an elastic collision of carriers with isotropic scattering [99]. For negative values of c, the carriers

undergo backscattering due to carrier localization effects in the material. For full localization or

100% probability of carrier backscattering, where c = −1, the complex conductivity results in a

σ1(ω) that is completely suppressed, such that it reaches a value of σ1(0) = 0, becoming an insulator

for DC fields. Also, σ2(ω) would have the most negative value. This behaviour is shown in Figure

3.4.

The crude approximation made in Equation 3.18, with the assumption that carrier backscat-

tering happens at single sattering event, has drawn a few criticisms. Thus, other models have also

been applied, such as effective medium theories (EMT), Maxwell-Garnett, and Bruggeman EMT,

which take into consideration local fields around nanostructures, nanostructure shape, and filling

fraction [100]. However, these models require multiple fit parameters in contrast to the simplicity

of the Drude-Smith model that already describes the overall conductivity of the entire system with-

out considering other contributions. Nevertheless, the Drude-Smith model, in its phenomenological

form, has been fairly accurate in describing carrier dynamics in materials which exhibit carrier con-

finement or disordered systems, where the confining structure is comparable to the carrier mean free

path [11]. Firstly, Smith was able to fit the Drude-Smith model to the conductivity of liguid metals,

such as Hg and Te, and quasicrystals which are on the borderline of nonconducting behaviour [97].

Subsequently, the model has been extensively applied in other kinds of structurally confined pho-

toexcited semiconductors. Some of these examples are: nanocrystalline Si (carrier localization within

grains and immobile at SiO2 insulating barriers) [101, 102], polycrystalline silicon thin films (in ad-

dition to structural confinement, higher carrier density also impedes conduction at the surface of the

films) [103], metal-insulation transition in vanadium dioxide (VO2) (carrier confinement within the

nanograins during the formation and decay of metallic state) [104, 105], indium tin oxide nanowire

networks (morphological changes affecting the conductivity), organic semiconductors [10] and con-

jugated polymers such as polymer-fullerene films (charge carriers are partially localized while some

undergo complete localization or charge neutral state (exciton)) [106], and two-dimensional nanoma-

terials such as graphene nanoribbons (GNRs) and carbon nanotubes (CNTs) (carrier backscattering

along the long axis of GNRs and CNTs) [107].

In general, the Drude-Smith model has been successful in describing carrier localization in

the mesoscopic scale. Besides the coefficient c, another important parameter that can be extracted
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using the Equation 3.18 is the scattering time, which could be very short at only few femtoseconds.

This corresponds to a carrier mean free path on the order of intermolecular distance and thus results

to significantly lower values of mobilities [4]. With this in mind, the Drude-Smith model is also

considered as one of the conductivity models of ‘weak localization’ in disordered systems that lack

long-range carrier transport.

3.5 Temperature dependent mobility and photoconductivity

Charge transport in photoexcited semiconductors may vary depending on the band structure, the

degree of crystallinity, and the purity of the material. Investigating the conductivity and mobility

under different conditions, such as temperature, may provide these information.

3.5.1 Bulk crytalline semiconductors

The mobility in crystalline semiconductors can be influenced by a variety of scattering mechanisms.

For instance, in different temperature regimes, different scattering events can occur; 1) scattering

due to lattice vibrations (deformation potential), and 2) scattering due to ionized impurities. The

average scattering time τ in these scattering mechanisms can be estimated, assuming a Maxwell-

Boltzmann distribution and a parabolic band [57], which yields a dependence of the mobilities as a

function of temperature,

μL ∝ 4e

m
√
9πkB

T−
3
2 , (3.23)

μI ∝ 8ek
− 3

2

B nI

m
√
π

T+ 3
2 , (3.24)

where μL and μI are the mobilities influenced by lattice and impurity scattering, respectively, and

nI is the concentration of ionized impurities. The two scattering mechanisms dominate within

certain temperature regimes. As temperature is lowered, the suppression of lattice vibrations cause

the mobility to increase (with T−
3
2 dependence). But at a certain point, the mobility starts to

decrease due to ionized impurity scattering (with T+ 3
2 dependence). As the charged carriers (e.g.

electrons) lose thermal velocity, they can no longer escape from interacting with ionized impurities.

Thus, at short distances, the local Coloumb field, created between the impurity ion and the charged
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carrier within the vicinity, causes the mobility to decrease [108]. This typically occurs at very low

temperature, when the thermal energy kbT becomes much less than the ionization binding energies.

Thus, the behaviour of an experimentally measured mobility (or conductivity) at extremely low

temperatures may act as a tool for determining the purity of the material. An illustration of the

temperature dependent mobility is shown in Figure 3.5.
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Figure 3.5: Schematic of expected mobility as a function of temperature (blue solid line) for
bulk crystalline semiconductors, with the lattice (red dashed line) and impurity (black dashed
line) scattering contributions.

For example, in Ge, the dominant scattering transitions at T ∼ 100 K from μI to μL. Note

that this temperature dependence may only hold for nonpolar crystals such as Ge and Si. In polar

semiconductors like GaAs, besides deformation potential, polar optical scattering may also dominate

at higher temperatures [54].

Impurities can be deliberately introduced by doping a semiconductor. In practice, for co-

valent semiconductors (e.g. Si, Ge), the decreasing mobility behaviour is only observed at higher

concentration of dopants (nD + nA > 1015) cm−3 where nD and nA are the densities of donors

and acceptors, respectively) [54, 109, 110]. However, a deviation from the T 3/2 dependence can be

observed due to the degree of compensation determined by n, nD, and nA, which weights in the

total ion concentration nI [111].
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3.5.2 Disordered semiconductors

In disordered semiconductors, the conductivity (and mobility) is determnined by the trapping of

carriers in the localized tail states that extend below the mobility edge, as discussed in Section

3.2.2. The carrier transport becomes dispersive resulting in a significantly reduced mobility, e.g.

amorphous Si (a-Si) has ∼1 cm2/V·s [112]. The mechanism of the dispersive transport in these

disordered systems that are governed by localized states has been explained by various models [113].

3.5.2.1 DC photoconductivity

At elevated temperatures, the thermally-activated band conduction is given by

σ = σ0 exp

(
− Ea

kBT

)
, (3.25)

where σ0 is a constant and Ea is the activation energy that can be extracted from the slope of a ln(σ)

vs. 1/T plot. At very low temperature, different hopping mechanisms between the localized states

may dominate [113]. One of the commonly known models is the variable-range-hopping (VRH) model

by the Nobel laureate Sir Nevill Mott, which explains the temperature dependent carrier diffusion

in the localized states in the middle of the mobility gap [114] (refer to the band structure in Figure

2.5). In the VRH model, carriers hop between the occupied and unoccupied states above and below

the Fermi level, respectively, and the carrier hopping distance may vary. For a three-dimensional

system, as in bulk semiconductors, the Mott’s law of conductivity obeys

σV RH = σ0 exp

[
−
(
T0

T

)1/4
]
. (3.26)

The characteristic temperature T0 pertains to the degree of disorder in the material, defined as

T0 =
18.1α3

kBN(EF )
, (3.27)

where N(EF ) is the density of states at the Fermi level EF , and α is the localization length of the

localized states. Conductivities that follow Mott’s law have been experimentally observed in many

disordered semiconductors, with first reports in a-Si and a-Ge [86].



CHAPTER 3: Photoconductivity 38

3.5.2.2 AC photoconductivity

The Drude-Smith model, discussed in Section 3.4, is an effective model in describing carrier localiza-

tion not only in low-dimensional materials, but also in disordered semiconductors. In contrast to this

Drude-like response, some of the frequency-dependent photoconductivities of disordered semiconduc-

tors behave differently at various temperatures, which are found to exhibit a power law dependence,

σ(ω) ∝ ωs, (3.28)

where s ≤ 1 is a temperature dependent parameter [53]. However, the s(T ) dependence may vary in

different types of materials [115]. Equation 3.28 is sometimes referred as the ‘Jonscher power law’

[115], and is explained theoretically within Mott’s variable range hopping model of localized carriers

[116]. The power law dependence arises from a high frequency dielectric loss when an ac field is

applied against the natural frequency of the carrier hopping between two centres [115, 117, 118].

The value of s represents the average hopping events, ranging between 1.0 (single hop) and 0.5

(multiple hops). Such frequency dependence was demonstrated in the ac conductivity of a-Ge [117],

nanostructures, and various disordered materials at MHz, GHz and THz ranges [116, 119, 120].
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Terahertz Pulses for Linear and Nonlinear

Transport in Semiconductors

4.1 Introduction

The frequency of light in the terahertz region (1 THz = 1012 Hz) lies between the microwave and

infrared range in the electromagnetic spectrum (Figure 1.1). The photon energy of 1 THz is only

4.1 meV, way below the room temperature thermal energy of 25 meV. In the study of light-matter

interaction, spectroscopists may also find the far-infrared THz frequency of great importance. Re-

views of THz science and technology are well presented in Refs. [121, 122, 123, 124, 125], which

include THz applications in imaging, remote sensing, radio astronomy, planetary and space science,

etc. In addition, due to the non-ionizing effect of THz waves, THz sources are being used in biolog-

ical exposures [126] to study the interaction of THz radiation and biological systems [127], as well

as inspection of art and artifacts [128]. The emission or detection of light in the THz frequency is

also utilized in imaging science with microscale to atomic scale resolution. Recent advances in this

field use THz pulses coupled to the tip of an atomic force microscopy (AFM) [129, 130] or a scan-

ning tunneling microscopy (STM) [131], providing both spatial and temporal images of photoexcited

semiconductors using pump-probe techniques.

In the investigation of condensed matter, the frequency range of 0.1 to 30 THz corresponds

to low-energy excitations in electronic materials, internal transition energies of excitons in semicon-

ductors, density oscillations of carrier plasmas, superconducting energy gaps, spin waves, vibrational

modes, and rotational transitions in molecules [19, 132, 133]. Therefore, THz spectroscopy has been

39
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an efficient tool in exploring some of these carrier dynamics. THz pulses with low electric fields can

be used in linear spectroscopy such as time-resolved THz spectroscopy (TRTS) for bulk semiconduc-

tors and nanomaterials [4, 8, 134]. While intense THz pulses with peak electric fields that exceed

hundreds of kV/cm have paved the way for investigating nonlinear light-matter interactions at very

low photon energies [17, 18, 135].

4.2 Table-top generation of Terahertz electric field pulses

With the advent of intense femtosecond pulsed laser sources, table-top generation of freely propa-

gating THz pulses has been made possible in the past decades [125, 136]. With this development

comes an opportunity to perform both linear and nonlinear spectroscopy in a non-contact manner.

Various experimental approaches can be considered in generating THz pulses. These include the use

of relativistic laser-plasma, air-plasma, photoconductive antennae (PCA), excitation of semiconduc-

tor surfaces, and optical rectification (OR) methods [124, 132, 137, 140]. Among these methods, the

OR method is commonly used due to its simple experimental configuration and high stability [137].

4.2.1 Optical Rectification

As a strong oscillating electric field (optical excitation beam) interacts with a non-centrosymmetric

crystal (nonlinear medium), generation of a dc electric field (THz electric field) can be induced

(hence, the OR term). A simple illustration of the OR process is shown in Figure 4.1. For a non-

centrosymmetric crystal, the second-order optical susceptibility χ(2) is non-zero [141], and thus a

second-order macroscopic polarization �P (2)(t) can be induced by a strong optical excitation beam.

The THz generation in the OR method is a result of a quasi-DC polarization arising from this

second-order nonlinear process [137].
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Figure 4.1: An illustration of the optical rectification process for the generation of a THz
pulse using a non-centrosymmetric crystal, adapted from Ref [143].

The electric polarization is expressed as �P (t) = ε0χ�E(t), where ε0 is the permittivity of free

space [133]. Thus, the time-varying second-order polarization �P (2)(t) can be derived from a power

series expansion of the the electric field �E(t) = Ee−iωt + c.c, which results in

�P (2)(t) = 2ε0χ
(2)EE∗ + (ε0χ

(2)E2e−i2ωt + c.c). (4.1)

The first term in the above expression of �P (2)(t) is the dc component, which is responsible in the THz

generation resulting from the rectification of the incident optical electric field pulse (OR method).

The latter term pertains to second harmonic generation, at 2ω, of the optical pulse frequency.

Hence, it can be deduced that the generation of THz using the OR process results from a

transient current element, �J(t) = ∂ �P
∂t [11]. This leads us to the expression of the generated THz

electromagnetic wave from the wave equation (derived from Maxwell’s equations), while only taking

into account the time-varying second-order polarization P (2)(t) as the source term [142],

�2 �E − εμ
∂2 �E

∂t2
= μ

(
∂2 �P

(2)
dc (t)

∂t2

)
, (4.2)

where ε and μ denote the the electric permittivity and the magnetic permeability, respectively.

The term ∂2 �P
(2)
dc (t)/∂2t in the above expression (Equation 4.2) shows that the generation of the

electromagnetic radiation arises from the acceleration of charges in a nonlinear optical medium.
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Therefore, we arrive at the ETHz(t) that is expressed as the second derivative of the dc polarization

of �P (2)(t),

ETHz(t) ∝ ∂2 �P
(2)
dc (t)

∂2t
. (4.3)

As illustrated in Figure 4.1, the nonlinear polarization P (2)(t) is the envelope of the femtosecond

optical pulse, and the shape of the generated THz electric field pulse via the OR method, ETHz(t),

is the second derivative of this corresponding envelope based on Equation 4.3.

Table 4.1: Properties of ZnTe and LiNbO3*.

Crystal
Structure/

space group

Electro-optic

coefficient

(pm/V)

Index of

refraction at

800 nm

THz index of

refraction,

nTHz

THz absorption

coefficient

(cm−1)

ZnTe
Zincblende /

F43m
r41 = 4.0

nvis = 2.85

ng
vis = 3.24

∼3.17 1.3

LiNbO3

Trigonal /

R3c
r33 = 30.9

nvis = 2.18

ng
vis = 2.35

∼4.98 16

*Data taken from Ref. [133, 137, 138, 139, 142]. ZnTe is used in the THz source generation in the TRTS setup

(Section 4.3) and electro-optic detection of THz pulses (Section 4.2.3), while LiNbO3 is used for the intense THz

source generation (Sections 4.2.2 and 5.4).

Among non-centrosymmetric crystals (such as GaSe, CdTe, GaAs, LiTaO3, and LiNbO3),

ZnTe is one of the most commonly used THz emitter because the values of its optical and THz

indices of refraction (nvis and nTHz, respectively) are of close proximity, as presented in Table 4.1

[137]. Within a non-dispersive linear medium, where both optical and THz refractive indices are the

same, the propagating optical pulse and the emitted THz radiation will travel at the same speed.

Such conditions allow the amplitude of THz radiation to increase linearly with distance because both

optical and THz pulse are in phase (phase-matching) [143]. However, there is still a small difference

in the refractive indices of ZnTe, where nTHz − nvis = 0.32 and nTHz − ng
vis = 0.07, resulting in

imperfect phase-matching. For nTHz > nvis, the optical pulse leads the generated THz pulse after
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a walk-off length of

lw =
cτp

nTHz − nvis
, (4.4)

where c is the speed of light and τp is the duration of the femtosecond laser pulse [132, 143]. Thus,

for efficient THz generation, the non-centrosymmetric crystal should have a long lw and must be

thinner than the lw. For a very thin ZnTe crystal (< 10 μm) and for an 800 nm optical pulse with a

width of ∼100 fs (typical pulse width from a Ti:sapphire amplifier laser system), ideally, a bandwidth

of 10 THz can be expected using the OR method. However, the imperfect phase-matching at higher

THz frequencies in addition to the onset of the optical phonon absorption at ∼ 3.5 THz (whereby

the transverse-optical (TO) phonon resonance in ZnTe is at 5.3 THz) [132, 144] limit the spectral

bandwith of the THz generation down to ∼ 3 THz only.

4.2.2 Intense Terahertz generation

Intense THz radiation can also be generated via the OR method using a powerful optical pump and

a good selection of a non-centrosymmetric crystal. Although ZnTe is widely used, it is less ideal in

the generation of high THz electric fields compared to the use of LiNbO3 [17, 145]. ZnTe has a lower

band gap of 2.6 eV, which may experience two-photon absorption from a commonly used intense

optical pump of 1.55 eV (800 nm). Whereas, with a band gap of 3.7 eV, LiNbO3 provides a higher

threshold to multiphoton absorption at powerful laser excitation at 800 nm. In addition, the electro-

optic tensor, r33 = 30 pm/V (Table 4.1), which is an order of magnitude higher than that of ZnTe,

makes LiNbO3 ideal in achieving higher THz electric fields. However, the large phase-mismatch

in LiNbO3 between optical pump excitation at 800 nm and THz frequencies, where nvis ∼ 2 and

nTHz ∼ 5, respectively, prohibits optimum THz generation in a collinear geometry. To satisfy the

phase-matching condition, a ‘tilted pulse front technique’ can be employed [14, 17, 19, 145].

4.2.2.1 Tilted pulse front technique

In order to have efficient generation of THz waves via the OR method, the velocity phase-matching

condition of the frequencies involved should be satisfied [14, 145]. Here, the group velocity of the

pump pulse at 800 nm illuminating the LiNbO3 and the phase velocity of the generated THz pulse
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propagating within the crystal should be equivalent,

υg
vis = υph

THz. (4.5)

However, as presented in Table 4.1, LiNbO3 crystal is highly dispersive, having a large difference in

the optical (800 nm) and THz refractive indices. As the femtosecond optical pump pulse propagates

inside the LiNbO3 medium, it travels faster than the phase velocity of the generated THz pulse

(υ ∝ 1/n). The velocity mismatch causes the emission of the THz electromagnetic wavefronts to

be spatially extended and propagate along a Cherenkov cone [146, 147]. Here, the THz Cherenkov

wave fronts depart at an angle determined by

θc = cos−1

(
υph
THz

υg
vis

)
= cos−1

(
ng
vis

nTHz

)
� 60◦. (4.6)

q g

Figure 4.2: A schematic illustrating THz generation using LiNbO3 with a a) mismatched

group velocity of the NIR pump pulse, υg
vis, and phase velocity of the generated THz, υph

THz,

resulting in a Cheronkov radiation, and b) phase-matched υg
vis and υph

THz using a tilted pulse
front technique, resulting in an efficient generation of a collimated THz beam.

Figure 4.2a illustrates the optical pump pulse arriving perpendicularly on the LiNbO3 crystal

resulting in THz radiation generated bidirectionally along the Cheronkov cone [147]. Such configu-

ration restricts efficient THz generation and makes it difficult to direct or collect the THz radiation

propagating along the Cherenkov phase fronts. Ideally, the THz radiation should propagate as a

plane wave. An approach to rectify the geometry and maximize the collection of THz is to tilt the
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optical pump pulse front, as demonstrated in Figure 4.2b. Such excitation geometry generates a

collimated THz beam with a phase velocity that matches the group velocity of the optical pump

pulse, according to Huygen’s principle. This is the concept behind the ‘velocity matching’ applied

in the novel ‘tilted pulse front technique’ [14, 19, 145]. Here, the tilt angle γc between the 800 nm

pump pulse and the THz propagation directions should be adjusted as large as θc ∼ 60◦, thus the

relation of the velocities is given as

υg
vis · cosγc = υph

THz. (4.7)

Figure 4.3: Intense THz generation from a LiNbO3 crystal via the OR method utilizing a
tilted pulse front technique. The grating tilts the incident NIR pump intensity front at an
angle γc and a 4f lens configuration is employed to collimate and demagnify the pump beam
onto the LiNbO3 crystal. A half-wave plate, λ/2, is placed before the crystal to correct the
polarization direction. The figure is adapted from Ref. [19].

In the tilted pulse front technique, the large tilt angle γc can be achieved by a set of diffraction

grating and two cylindrical lenses, as illustrated in Figure 4.3. The 800 nm pump pulse front is

incident on the grating tilted at an angle α, which creates a tilted pump pulse front diffracted at an

angle β. These angles correspond to the grating equation,

sinα+ sinβ = mpλ0, (4.8)
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where m is the order of diffraction, p is the groove density of the grating, and λ0 is the central

wavelength of the pump pulse. The grating equation shown above is related to the tilt angle γc for

LiNbO3,

tanγc =
mpλ0

ng
visM1cosβ

, (4.9)

where M1 = f2/f1 is the magnification of the 4f lens configuration, and f1 and f2 are the focal

lengths of the two cylindrical lenses. In order to obtain optimal THz generation, the tilt angle of

the grating image inside the LiNbO3, θLN , should also coincide with the angle of the tilted pulse

front γc. In this case, we apply the Scheimpflug principle [19] to correct the orientation of the pulse

front, where the supposed tilt angle in the LiNbO3 can be calculated as

tanθLN = ng
visM2tanβ, (4.10)

where M2 is the magnification of the pump beam image from the grating to the image plane tilt

inside the LiNbO3. Ideally, using a 4f lens configuration, M1 = M2. Hence, for the design of the

setup based on Figure 4.3, the magnification M1,2 can be determined as a function of diffraction

angle β using Equations 4.9 and 4.10 with a specfic value of γc. This technique is applied in Section

5.4 of the experimental method.

A recent report shows that intense THz generation from a LiNbO3 crystal, employing the

tilted pulse front technique described above, can reach an electric field of up to 1 MV/cm using a 4

mJ optical pump and a small THz beam spot size of ∼ 300 μm [13]. The THz electric field waveform

is measured by employing a free-space electro-optic (EO) detection technique.

4.2.3 Electro-optic sampling of Terahertz pulses

Detection of the THz electric field pulses in the time domain can be performed by means of an

electro-optic (EO) sampling technique. The EO setup is presented in Figure 4.4 [148].
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Figure 4.4: Detection scheme of the free-space THz pulse using the electro-optic sampling
technique. The silicon wafer is included to attenuate the THz electric field amplitude for
manageable EO signals from the balanced photodetectors.

In this setup, a femtosecond optical pulse (sampling beam) probes the THz waveform that

is freely copropagating through the EO crystal. With the presence of a THz electric field, a bire-

fringence is induced in the EO crystal, termed as the Pockel’s effect [149]. The sampling beam is

refracted in two ways due to the changes of the refractive indices in the anisotropic crystal. Thus,

the THz electric field causes a phase modulation Δφ in the sampling beam and the induced phase

shift is proportional to THz electric field ETHz by

Δφ =
2πn3

0rijL

λ0
ETHz, (4.11)

where n0 is the refractive index of the EO crystal at the center wavelength λ0 of the optical sampling

beam, rij is the EO coefficient (represented by the ij notation for the electro-optic tensor), and L

is the thickness of the active layer of the EO crystal [132]. The phase modulation expressed in

Equation 4.11 can be experimentally detected as an intensity modulation using a combination of a

quarter-wave plate (λ/4), a Wollaston prism, and balanced photodetectors. A quarter-wave plate

converts a linearly polarized sampling beam into a circularly polarized light (without an electric

field). With the Pockel’s effect of the THz electric field, an elliptically polarized light is produced

instead. The THz-induced elliptically polarized sampling beam is then split into two orthogonal

linearly polarized light using a Wollaston prism. Lastly, the intensities of the horizontal and vertical

components of the polarized light are measured by the balanced photodetectors, which output their

corresponding transient currents,

Ix =
I0
2
(1− sinΔφ) ≈ I0

2
(1−Δφ), (4.12)
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Iy =
I0
2
(1 + sinΔφ) ≈ I0

2
(1 + Δφ), (4.13)

where I0 is the intensity of the sampling beam incident on the EO cyrstal [132]. Based on Equation

4.11, the THz-induced photomodulation,
Ix−Iy
Ix+Iy

= ΔI
I , is proportional to the amplitude and direction

of the ETHz [13, 148], such that

ETHz =
sin−1(ΔI

I )λ0

2πn3
0rijTEOCTSiL

, (4.14)

where TEOC and TSi are the Fresnel transmission coefficients of the EO crystal and Si wafer, re-

spectively. To remain in the linear response of the EO detection (linear regime in the sunusoidal

function curve of ΔI/I), Si wafers can be placed before the EO sampling to attenuate the THz

electric field (Figure 4.4), thus the THz transmission in Si, TSi = 0.7, is added to Equation 4.14.

The commonly used EO crystals are ZnTe and GaP. For the detection of high THz electric fields

(> 10 kV/cm), GaP is preferred due to smaller rij component, which allows manageable EO signals

from the photodiodes. GaP has r41 = 0.88 pm/V, n0 = 3.2 at λ0 = 800 nm, and TGaP = 0.46. In

addition, the phonon absorption of relatively thin GaP [150] is at higher THz frequencies compared

to that of ZnTe [144], thus providing a wider bandwidth for THz detection.

4.3 Probing linear transport by means of Time-resolved Ter-

ahertz Spectroscopy (TRTS)

We now turn our attention to using THz pulses in THz spectroscopy. At low THz electric fields

(� 10 kV/cm), linear spectroscopy such as TRTS can be carried out where THz pulses are used to

probe carrier dynamics within a photoexcited material. Since the THz photon energy is much less

than the electronic state transitions in most semiconductors (with band gaps on the order of eV)

and since typical phonon energies are above 5 THz [10], low frequency THz pulses are then ideal

for probing free carrier absorption, relaxation dynamics, and transient photoconductivity. In TRTS,

the changes in both amplitude and phase of the THz pulse propagating through the sample provide

essential information on the scattering and decay of the photoexcited carriers.

TRTS is an all optical technique (non-contact). Therefore, there are numerous advantages
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offered by TRTS compared to conventional (contact) methods for exploring optoelectronic properties

of materials [4, 8, 134]. Within the THz bandwidth, the complex conductivity of the sample can

be deduced without Kramers-Kronig transformation. Secondly, the transient photoconductivity of

a sample can be resolved with sub-picosecond time resolution, thereby providing information on

the material’s response on ultrafast time scales. Hence, using appropriate conductivity models,

both dc and ac conductivity can be measured in a non-contact fashion, which is especially ideal for

nanostructured materials and thin films.

4.3.1 TRTS for photoconductivity measurements

Figure 4.5: a) Schematic diagram of a typical TRTS measurement, which illustrates the
optical pump - THz probe technique. The THz pulse (red) arrives at the sample after a delay
time Δt with respect to the optical pump pulse (blue). b-c) The transmitted THz pulses,
Eref (t) and Epump(t), are measured for the unexcited (Δt � 0) and photoexcited (Δt > 0)
sample surface, respectively. Figure adapted from Ref. [10].

Figure 4.5a illustrates the basic TRTS method where an optical pump pulse photoexcites a

sample within the optical penetration depth, d, of the surface and a THz probe propagates through

the sample at a time delay Δt relative to the peak of the pump pulse. The changes in the amplitude

and phase of the transmitted THz electric field waveforms are measured at varying Δt. Firstly,

at negative optical pump-THz probe delay time (Δt � 0), a transmitted THz pulse through an
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unexcited (reference) sample is measured, Eref (t) (Figure 4.5b). Second, a transmitted THz wave-

form is measured when the sample is photoexcited, Epump(t), which happens at positive delay times

(Δt > 0) (Figure 4.5c). The measured Eref (t) and Epump(t), as well as the modulation of the THz

electric field, ΔE = Eref (t)−Epump(t), provide the information needed for extracting the complex

photoconductivity of the sample. An example of measured Eref , Epump, and ΔE in both time and

frequency domains is shown in Figure 4.6, as taken from a transmission through an undoped 0.5 mm

thick Ge wafer. Details of the TRTS experimental method are presented in Section 5.3.

� �

Figure 4.6: a) THz electric field waveforms in the time domain, Eref (t), Epump(t), and
ΔE = Eref (t)− Epump(t), measured from the transmission through an undoped Ge sample
(at F = 7.67 μJ/cm2, Eex = 1.55 eV, T = 300 K), and b) their corresponding Fourier
transforms, which shows a THz bandwidth of 0.2 - 2.5 THz. The THz electric field pulses
were generated and detected using ZnTe crystals via the optical rectification method (Section
4.2.1) and EO sampling technique (Section 4.2.3), respectively. The amplitude and phase
differences of Eref (t) and Epump(t) is related to the complex transient photoconductivity of
the sample.

4.3.1.1 Complex conductivity

We begin by obtaining the transmitted electric field spectrum T (ω) from the Fourier-transform of

the experimentally measured time domain electric fields,

T (ω) =
Epump(ω)

Eref (ω)
. (4.15)
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If the response of the material results in a phase shift, where φ = φpump−φref , then the transmitted

electric field becomes a complex function expressed as

T (ω)eiφ(ω) =
Epump(ω)

Eref (ω)
. (4.16)

To relate the complex conductivity σ̃(ω) from the experimentally measured T (ω), we consider the

dielectric response of the material. By incorporating the Fresnel transmission and reflection coeffi-

cients in the propagation of the incident THz electric field in a thin film medium with thickness d,

the complex conductivity σ̃(ω) can be extracted from the well-known Tinkham equation for optically

thin films [151],

T̃ (ω) =
1 +N

1 +N + Z0dσ̃(ω)
, (4.17)

where N is the refractive index of the sample substrate at THz frequencies and Z0 = 1/ε0c = 377 Ω

is the impedance of free space. From Equations 4.16 and 4.17 [11], the real and imaginary parts of

σ̃(ω) can therefore be solved as

σ1(ω) =
N + 1

Z0d

[
1

|T (ω)|cos(φ)− 1

]
, (4.18)

σ2(ω) = −N + 1

Z0d

[
1

|T (ω)|sin(φ)
]
. (4.19)

4.3.1.2 Transient photoconductivity

The transient photoconductivity (in the time domain) is related to the changes in the peak magnitude

T0 of the THz waveform as a function of Δt. The mechanism is illustrated in Figure 4.7a. A reduced

THz transmission (ΔT ) is observed immediately at the arrival of the optical pump pulse at Δt = 0

[10, 11, 12]. The decrease of the transmitted THz radiation is due to the free carrier absorption,

which makes the surface of the sample more conductive. Eventually, the photoexcited carriers will

decay through time, thus, by continually measuring the pump-induced change in the THz magnitude

against Δt, the THz magnitude will recover in the long run. Hence, the method utilizes the peak

THz magnitude as a probe to monitor the rise and decay of the photoexcited carriers.
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Figure 4.7: Illustration of a) normal transmission mode and b) differential transmission
mode for the measurement of the transient photoconductivity.

In analogy to the carrier decay, the relative change in the THz magnitude −ΔT/T0 can be

plotted instead, as illustrated in Figure 4.7b. By referring back to Equation 4.17 for the derived

expression of T (ω) (Tinkham equation), the measured −ΔT/T0 can now be related to the transient

photoconductivity, given as,

−ΔT (t)

T0
=

ΔE(t)

Eref
= 1− N + 1

N + 1 + Z0Δσ(t)
. (4.20)

We now resolve for time domain conductivity Δσ(t) expressed as

Δσ(t) =
N + 1

Z0d

[−ΔT ((t))

T0

] [
1

1 + ΔT ((t))
T0

]
. (4.21)

From the above equation, we can infer that σ(t) is proportional to the experimentally acquired[
−ΔT (ω)

T0

]
, with the conditions that 1) the relative change in the THz magnitude should be less than

20% (otherwise the proportionality will not be linear), 2) the conductivity is almost purely real, that

is σ̃(ω) = σ(t) in the ωτ � 1 regime, and 3) there is no significant phase shift between Eref (ω) and

Epump(ω) [11]. Details of experimental method in measuring −ΔT/T0 can be found in Section 5.3.1.
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4.4 Nonlinear transport at intense Terahertz electric field

pulses

Going beyond the use of low-field THz pulses in linear spectroscopy, we then discuss the high-field

case by which intense THz electric fields may cause nonlinear interactions with matter. These

possibilities opened up a new category of exciting research areas in the investigation of nonlinear

transport in materials and non-resonant control over matter [18] - that is, the ability of intense THz

pulses to accelerate electrons to high energies beyond the THz photon energy of 4.1 meV. Thus, in

such investigations, the importance of generating high THz electric field pulses comes into play.

For the past couple of decades, there has been quite a number of reports on intense THz field-

induced nonlinear transport. A summary of the experiments, nonlinear mechanisms, and recent

developments can be found in these review papers [17, 18, 19, 135, 152, 153]. As this thesis is not

solely focused on this field, we shall briefly enumerate some of these processes [20, 154, 155] in the

following sections.

4.4.1 Tunneling ionization of impurities

Shallow and deep localized states in semiconductors can be due to dopants and deep impurities,

respectively, as presented in Section 2.3.2. A shallow center and a deep center have a bound state,

which phenomenologically may be attributed to a potential well [154]. With the application of an

intense electric field, the potential well can be distorted which allows the electron to escape either by

phonon-assisted tunneling [156] or direct tunneling [157]. The tunneling ionization of shallow and

deep impurities can also occur with intense radiation that has a photon energy much less than the

ionization binding energy of the impurities (i.e. far-infrared radiation such as THz pulses) [158, 159].

For example, a direct tunneling ionization of the shallow acceptors in Ga-doped Ge was observed

through a nonlinear transmission of intense THz pulses [160]. In another report of doped p-type Ge

and doped AlGaAs, as the THz electric field is increased up to 60 kV/cm, the ionization of charge

carriers in deep impurities transitioned from phonon-assisted tunneling to direct tunneling [161].

Such nonlinear phenomena was first described by Keldysh [162]. He pioneered a nonperturba-
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tive theory explaining that intense electromagnetic fields with a lower frequency than the ionization

potential of an atom can induce electron tunneling. By doing so, he introduced a critical parameter,

commonly known as Keldysh parameter γ, to account for the two strong field processes: multiphoton

ionization (γ > 1) and tunneling ionization (γ < 1). The Keldysh parameter is given as

γ =
ω

ωt
, where ωt =

eE√
2meIp

(4.22)

is the tunneling frequency, E is the electric field amplitude, and Ip is the ionization potential [163,

164, 165]. For the case of intense THz electric fields, then E = ETHz and ω = ωTHz so that Equation

4.22 becomes

γ =

√
Ip
2Up

, where Up =
e2E2

THz

4meω2
THz

(4.23)

is the ponderomotive energy, which is defined as the sub-cycle averaged kinetic energy of an electron

in an oscillating electric field (i.e. the quiver energy of an electron under a monochromatic laser

source). Up becomes an important parameter when the interaction between light and matter changes

from the low-field perturbative regime to high-field tunnel ionization regime at increasing laser field

strength [166]. Equation 4.23 shows that Up increases quadratically with the inverse square of the

frequency. Thus, a longer wavelength light source, such as in the THz frequency range, Up could be

∼ 104 larger than a visible light source. For instance, for an ETHz of 300 kV/cm at ωTHz/2π = 1

THz, the Up value can reach up to 1 eV, comparable to most band gap energies of semiconductors and

hence, high enough to induce nonlinear charge transport [19]. As an example, with a low effective

mass (∼0.1me) in single-walled carbon nanotubes (SWNTs), an interaction with a 0.7 MV/cm THz

electric field contributed to a high Up that even exceeded the band gap of the SWNTs itself, resulting

in generation of excitons [166].

THz electric fields with high Up has been a key concept in explaining THz nonlinear tranport

phenemena, not only in terms of tunnel ionization of impurity states, but also in Zenner tunneling,

impact ionization, and intervalley scattering [19].
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4.4.2 Ballistic transport

The value of Up also becomes valuable when we consider ballistic acceleration of electrons in the

conduction band [17], and this becomes more pronounced if other scattering events (e.g. carrier-

carrier interaction, electron-phonon, ionized impurity) become less dominant (Equation 3.7) [167].

For example, it has been reported in n-type GaAs that intraband tunneling, which even covered a

major part of Brillouin zone, can be driven by ETHz = 300 kV/cm at room temperature [168]. At

lower temperature, the authors reported generation of additional e-h pairs by means of tunneling of

electrons from valence to conduction band. Another report shows that Up on the order of keV and

with a Keldysh parameter of only γ ≈ 2×10−2, a carrier population on the order of 1019 cm−3 can be

injected in an undoped bulk GaAs with a gold metamaterial array by means of interband tunneling

and impact ionization, thereby resulting in THz-induced electroluminescence [169]. These reports

are quite extraordinary, demonstrating extreme nonlinear effects of intense THz electric fields with

additional photogeneration of free carriers in semiconductors.

4.4.3 Impact Ionization

Impact ionization is a non-equilibrium generation process by which an energetic charge carrier loses

its kinetic energy to an electron in the valence band that is excited to the conduction band (or

creation of another hole in the valence band), thereby creating other free carriers: e → 2e + h or

h → 2h + e. In some way, this is the reverse of an Auger process because an e-h pair can be

generated through impact collision [170]. The process can occur with an external electric field that

allows an electron to have a threshold kinetic energy Eth that is higher than the band gap Eg,

given as Eth = Eg × (2me +mhh)/(me +mhh), where mhh is the effective mass of the heavy hole

[169, 171]. This mechanism was explained to be responsible for the increased absorption coefficient

in the small band gap InSb (Eg=0.17 eV) [172, 173] and increased conductivity in n-doped InSb and

p-doped InAs (Eg=0.35 eV) [180] by means of THz pump - THz probe measurements. The enhanced

absorption (or conductivity) after THz excitation strongly indicates generation of new carriers via

impact ionization.
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4.4.4 THz-induced intervalley scattering or Absorption bleaching

In contrast with the impact ionization, THz-induced intervalley scattering results in absorption

bleaching. Here, the amplitude of the transmitted THz pulse through the semiconductor becomes

enhanced at higher field strengths, indicating a decrease in the absorption due to reduced conductiv-

ity. This was demonstrated in highly n-doped InGaAs on InP [174, 175], silicon-based metamaterials

[176], and photoexcited GaAs [177, 178]. Absorption bleaching was also observed in the reduced

conductivity of n-doped GaAs and n-doped InAs (at Δt < 1 ps) in a reflection geometry [179]. These

reports explain that the reduced conductivity is due to intervalley scattering from the Γ valley to the

nearest satellite valley (i.e. L valley), which has a lower mobility (for an example of band structure,

refer to Figure 8.1 for Ge). THz-induced intervalley scattering can occur as long as the electrons

acquire enough kinetic energy at high THz electric fields to overcome the nearest intervalley energy

separation.

A dynamic Drude-based model, which incorporates the Γ - L intervalley scattering and the

nonparabolicity of the bands was used to explain the mechanism of the absorption bleaching in these

reports [175, 177, 178]. Based on the model, it was shown that, at low THz electric field regimes,

there is no enhancement in transmission of the THz electric field through the samples, which implies

that intervalley scattering does not take place. At high THz electric fields, the minimum threshold

energy for intervalley scattering to occur was overcome [177]. However, it has been observed that

at higher carrier densities, the effect of the THz-induced intervalley scattering is reduced. This was

attributed to a reduction in the THz pulse transmission in a more conductive sample [15], in addition

to enhanced e-h scattering that limits the maximum kinetic energy for the carriers [178].
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Experimental Methods

The following sections describe the methods employed for the experimental results presented in the

next chapters. In Chapters 6 and 7, the visible photoluminescence (PL) spectra and the PL decays

of bismoles and functionalized silicon nanosheets (SiNSs) were obtained using the time-integrated

photoluminescence spectroscopy (TIPL) and time-resolved photoluminescence spectroscopy (TRPL)

presented in Sections 5.1.1 and 5.1.2, respectively. For the PL of Ge in Chapter 8, the method for

the photoluminescence spectroscopy in the NIR region is presented in Section 5.2. The transient

and complex photoconductivity (PC) of bulk Ge in the second part of Chapter 8 as well as the Ge

thin films in Chapter 9 were measured using time-resolved terahertz spectroscopy (TRTS) presented

in Section 5.3. Lastly, the setup for intense THz generation and detection, and for measurements

of the modulation of the PL of Ge, the results of which are presented in Chapter 10, is shown in

Section 5.4.

5.1 Photoluminescence Spectroscopy: Visible to NIR region

(400-1000 nm)

5.1.1 Time-integrated photoluminescence (TIPL)

Figure 5.1 shows the experimental setup for TIPL and TRPL spectroscopy. Samples in UV-fused

cuvettes can be positioned on an optical stage while solid samples can be placed on the copper finger

of the optical microscopy cryostat (Cryo Industries). A low temperature compatible Apeizon grease

is used to adhere the edges of the solid samples or the UV-fused quartz glass substrate onto the

57
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copper sample holder. The optical cryostat is evacuated by a turbo pump station (Varian Vacuum

Technologies TPS-compact) down to a pressure of ∼2.2 × 10−7 mbar. For the photoexcitation of

the samples, a 400 nm laser pulse is used from a frequency-doubled 800 nm Ti:Sapphire ultrafast

laser (Coherent RegA 900) via second harmonic signal generation from a barium borate (BBO)

crystal. The laser pulse train has a 65 fs pulse width and 250 kHz repetition rate. The optical

excitation and the PL collection is configured in a basic confocal setup. An objective (20x Mitutoyo

M Plan Apo) is used to focus the laser beam onto the sample while simultaneously collecting the

PL, which is filtered by a 435 nm long pass filter (Edmund Optics) in order to block scattered 400

nm light. The collected PL is focused by a lens onto a multimode optical fiber with a core size of 550

μm optimized for a wavelength range from 400 to 2200 nm (Thorlabs M37L). The other end of the

optical fiber is coupled to the entrance slit of the spectrometer (Princeton Instruments Acton SP2500

Spectrometer) using an SMA coupler which directs the PL to a 1200 g/mm grating (3rd grating in

the turret) blazed at 750 nm. The dispersed PL from the grating is re-focused by a concave mirror

to the CCD camera (Acton Pixis 400B CCD). The CCD array has a size of 26.8 mm × 8 mm with

1340 × 400 pixels. At an entrance slit of 20 × 20 μm, the PL spectrum has a center wavelength

with a bandwidth of ± 86.05 nm. This provides a CCD resolution of 6.42 nm/mm. Thus, for a

200 μm entrance slit, used during the measurements, the resolution is 1.28 nm, which agrees to the

expected resolution based from a calibration of the spectrometer using a 546.5 nm mercury line [9].

An entrance slit wider than 200 μm can significantly compromise the spectral resolution. To acquire

a desirable intensity of the TIPL, the user can set the exposure time of the CCD via a Labview

program.
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Figure 5.1: Experimental setup for TIPL and TRPL spectroscopy.1

5.1.2 Time-resolved photoluminescence (TRPL)

5.1.2.1 Nanosecond scale TRPL

For the measurements of nanosecond scale TRPL, a time-correlated single photon counting (TCSPC)

technique was employed. TCSPC is useful for low-level, high-repetition rate signals [181]. In the

setup shown in Figure 5.1, a mirror inside the Princeton Instruments spectrometer redirects the

PL from the CCD array onto the single-photon avalanche photodiode (SPAD, PDM Series, 50CT,

PicoQuant Systems) via the single channel exit slit. The SPAD is connected to a TCSPC module

(PicoHarp 300, Picoquant Systems) that is triggered by the laser pulse at 250 kHz repetition rate.

Every arrival of a single photon pulse detected by the SPAD is referenced to the trigger pulse. This

allows the TCSPC module to discriminate the incoming single photon pulses from the laser pulse

train. The time delays between the single photon pulses and the trigger are binned to create a

histogram that represents the time-resolved PL decay. It is therefore imperative that the TCSPC

1The TRPL and TIPL experimental setup were developed by L. V. Titova. G. de los Reyes contributed in the
characterization of the setups [9]. M. A. B. Narreto modified the setup with the cryostat.
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technique can detect no more than a single photon per excitation pulse. Two or more photon pulses

detected by the SPAD at a single excitation event can distort the binning of the photon counts.

Based on Poisson statistics, to maintain a low probability of registering more than one photon per

cycle, a rule of thumb is to acquire a number of counts that is less than 10 % of the laser repetition

rate. This results to a relative statistical error in the time histogram of less than σ = 10 % [3]. In

the experiments, the counts per bin were maintained at less than 10,000 at low excitation power.

Compared to analog recording techniques, TCSPC delivers a higher time resolution (or rise

time of the PL decay). The bandwidth is only limited by the transit time spread of the pulses in

the SPAD [181], which is also wavelength-dependent. In order to distinguish the fast instrument

response from the actual PL decay, the response function can be extracted from their convolution

M(t) = (f ∗ g)(t) =
∫ ∞

−∞
f(t− τ)g(τ)dτ, (5.1)

where M(t) is the measured overall PL decay, f(t) is the PL decay function and g(t) is the impulse

response. The convolution formula implies that theM(t) is shifted by the contribution of the impulse

response by g(−τ) at a given time t. Because the impulse response is expected to be extremely fast,

which is in the picosecond scale as compared to typically nanosecond scale PL decay, this response

can be represented by a Gaussian function,

g (t)= G× exp

(
−4ln (2) · (t−t0)

2

w2

)
. (5.2)

The coefficient G is an arbitrary amplitude and t0 is the time at the peak of the Gaussian pulse.

The FWHM , w, is related to the width of the Gaussian pulse, c, by FWHM = 2
√
2ln2c. Solving

for the value of c gives the time resolution of the impulse response of the instrument. Examples of

the TRPL of GaAs with the convolution fits to Equation 5.1 are shown in Figures A.1 and A.2 in

Appendix A. The instrument response determined from the fits is in the order of 30 ± 5 ps. Similar

time resolution was obtained from the TRPL of silicon nanosheets in Figure C.1 in Appendix C.
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5.1.2.2 Microsecond scale TRPL

When measuring microsecond scale TRPL, a simple setup can be employed using a fast photodector

that has a time resolution in the sub-microsecond range (or bandwidth in the MHz range). For

example, a Si avalanche photodetector (Thorlabs APD130A, 50 MHz, 20 ns time resolution) coupled

to a fast oscilloscope (Tektronix DPO 2024B, 200MHz) can be used instead. Excitation with the 250

kHz Ti:Sapphire ultrafast laser (Coherent RegA 900) allows PL decay up to 4 μs to be measured.

Longer PL decays will require laser pulses with lower repetition rate. In this case, an 800 nm, 1 kHz

repetition rate, Ti:Sapphire ultrafast laser (Legend Coherent) with 50 fs pulse width is used. The

setup for such configuration is shown in Figure 5.2.

Figure 5.2: Experimental setup for the microsecond scale TRPL measurements.

5.1.2.3 Low temperature measurements

For low temperature measurements, the samples were cooled in a continuous flow optical cryostat

with liquid nitrogen (LN2 from a dewar via a transfer line). A temperature controller (Lakeshore

335) , set the sample temperature for at least 20 minutes before taking any PL measurements using

appropriate PID values for the temperature sensor and heater feedback loop.
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5.2 Photoluminescence Spectroscopy: NIR region (900 - 3000

nm)

5.2.1 Integrated PL spectra

Figure 5.3: Experimental setup for the measurement of NIR PL spectra. A photo of the
setup can be found in Figure A.3.

Since the spectrometer in Figure 5.1 does not include a grating in the NIR region, a separate setup

is employed in the NIR PL measurement. For the PL measurements of crystalline bulk Ge wafers

(MTI Corp.), presented in Chapter 8, an excitation source of 800 nm with 55 fs pulse width and

1 kHz repetition rate (Coherent Legend-Elite) was used as shown in Figure 5.3, where the laser

source is attenuated by a set of two polarizers separated by a half-wave plate before being focused

by a lens. The tight focus is located after the sample, so that the size of the beam spot on the

sample can be fairly large (2 mm) to avoid damaging the surface at higher excitation fluences. The

PL is then collected in a noncollinear manner using a two lens configuration (Thorlabs, achromatic

doublets optimized from 1.0 to 1.7 μm) with a demagnification of 2 to 1 mm beam spot onto the

entrance slit of the monochromator. The monochromator (Triax 180, Horiba) has a grating in the

NIR blazed at 1500 nm with 600 lines/mm, which is controlled by a turret and a sliding motor.
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The dispersed light from the grating is reflected by a silver mirror and directed to the exit slit.

Another set of two achromatic lenses (with a demagnification of 1:0.67) is used to refocus the PL

to an InGaAs avalanche photodetector (APD130C, Thorlabs) with a wavelength range of 900 -

1700 nm or a thermoelectronically-cooled InGaAs amplified photodetector (PDA10DT, Thorlabs),

which has a broader responsivity in the wavelength range of 900 - 2700 nm and a maximum of

1MHz bandwidth at 70 dB gain. At the zeroth order of the grating, the PL of the Ge sample

obtained by the photodetector is at maximum intensity, which can be easily observed using an

oscilloscope (TDS3032B, Tektronix). This aids the user to set the boxcar integrator (Standford

Research Systems) by ‘gating’ or selecting the time window in the PL decay. Hence, the dc output of

the boxcar integrator, triggered at the frequency of excitation pulses, provides the time-integrated PL

intensity. If the grating is not in zeroth order, the PL intensity at each selected wavelength becomes

significantly small. In this case, the dc output from the boxcar integrator is further extracted using

a DSP lock-in amplifier (SR830, Standford Research) referenced at the frequency of the excitation

pulse. Using a Labview program that controls the monochromator and acquires the signal from the

lock-in amplifier, a spectral measurement of the PL is obtained.

In order to determine the resolution of the monochromator, a white light from a tungsten

filament source (Ocean Optics) was placed before the entrance slit. The output light at the exit slit

was focused onto an optical fiber (M29L, 600 μm core size, 0.39 NA, Thorlabs) coupled to a NIR

spectrometer (Ocean Optics). At 2 mm entrance and exit slits (the maximum slit allowed in the

monochromator) and at each wavelength, the measured FWHM of the emission spectra was found to

be within the range of 4 to 7 nm from 1000 to 1600 nm (Figure A.4). Thus, the maximum spectral

resolution does not exceed ±5 nm.

5.2.2 Spectral correction

The responsivity of the setup may not be the same over all wavelengths. The use of NIR achromatic

lenses only allows maximum transmission over a certain wavelength range, the grating inside the

monochromator is blazed, and the responsivity of the InGaAs detector is certainly not flat. All of

these contribute to the measured PL spectra and therefore need to be corrected.

The experimentally measured PL intensity at each wavelength Iexp(λ) is a combination of the
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spectral response of the whole setup, Q(λ), and the actual PL intensity, I(λ), of the sample [23],

where

Iexp(λ) = Q(λ)I(λ). (5.3)

Thus, the acquired spectrum can be corrected by dividing it with the correction function Q(λ). A

common method of taking Q(λ) is by extracting the blackbody response from a calibrated light

source. The correction function Q(λ) can be calculated using the equation

Q(λ) =
w(λ)

S(λ, T )
, (5.4)

where ω(λ) is the experimentally acquired spectrum from a blackbody radiation source and S(λ, T )

is the blackbody curve. Here, we use a tungsten filament lamp (Ocean Optics) with a temperature

of T = 3100 K as the blackbody source. The spectral energy density as a function of wavelength

can be determined from the Planck’s law calculated as

S(λ, T ) =
8πhc

λ5

2

e(hc/λkBT ) − 1
. (5.5)

Plotting Equation 5.5 shows a spectral peak at λpeak = 934 nm in Figure 5.4a, having a λpeak ·
T = 2.9 × 10−3 m· K. Notice that the blackbody curve does not show similarity with the actual

emission intensity curve w(λ), shown in Figures 5.4b and 5.4c, due to the overall responsivity of the

experimental setup.
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Figure 5.4: a) The blackbody curve of a tungsten filament light source at T = 3100 K. Actual
emission intensity measured by the whole experimental setup b) with a long pass filter at
950 nm (FELH950nm, Thorlabs) in the monochromator input and an InGaAs Avalanche
Photodetector (APD130C, Thorlabs) at the output, and c) with a long pass filter at 1250 nm
(FELH1250nm, Thorlabs) in the monochromator input and InGaAs amplified photodetector
(PDA10DT, Thorlabs) at the output.

For the actual measurement of PL, as an example, we take the PL direct transition from

an undoped Ge (Ge-undoped), antimony doped Ge (Ge-Sb doped), and gallium doped Ge (Ge-Ga

doped). Figure 5.5a shows the uncorrected PL spectra of the samples using an InGaAs avalanche

photodiode (900 - 1700 nm). Using Equation 5.4, where we include the correction function Q(λ),

we extract the corrected PL spectra shown in Figure 5.5b. Clearly, the differences are evident.

First, the PL intensity at λ = 1700 nm is not diminished and may continually increase at higher

wavelengths, which is an onset of the indirect PL. Secondly, the PL peak has red-shifted by ∼10 nm.

For the whole spectral range of the PL of the Ge, we replace the exit slit channel with an InGaAs

amplified photodetector which has a responsivity up to 2800 nm. The normalized uncorrected and

corrected PL spectra obtained for the Ge samples are shown in Figure 5.6. A noticeable red-shift in
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the indirect PL peak can be observed and a narrowing of the indirect PL bandwidth. With these

considerations, spectral corrections have been appropriately applied to the experimental results of

the NIR PL spectra.
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Figure 5.5: a) Uncorrected PL spectra and b) Corrected normalized PL spectra of the Ge
samples using an InGaAs Avalanche Photodetector (APD130C, Thorlabs).
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Figure 5.6: Normalized uncorrected (grey) and corrected PL spectra (red) of a) Ge-undoped,
b) Ge-Sb doped, and c) Ge-Ga doped samples using an InGaAs Amplified Photodetector
(PDA10DT, Thorlabs).
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5.3 Time-resolved terahertz spectroscopy (TRTS)
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Figure 5.7: Schematic diagram of the time-resolved terahertz spectroscopy experimental
setup.2

The TRTS setup employs an optical pump - THz probe technique that is driven by an amplified

Ti:Sapphire laser source at 810 nm (1.53 eV) with 1.04 kHz repetition rate and 100 fs pulse width.

The 650 mW average output of the laser was divided into three beam lines: high (80%), medium

(16%) and low power (4%) beams (LPB, MPB and HPB, respectively). The HPB is used for the

optical excitation of the sample, the MPB is for generating THz pulses from a 〈110〉 ZnTe crystal

via the OR method, and the LPB acts as a sampling beam for the EO detection. Details of the OR

2Figure adapted from Ref. [12]. Experimental setup was designed and developed by F. A. Hegmann and recently
re-aligned by N. Amer.
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method and EO detection have been discussed in Sections 4.2.1 and 4.2.3.

The THz beam is collected by a set of off-axis parabolic mirrors and then focused onto the

sample. A hole at the center of the parabolic mirror before the sample allows the HPB to go through

and spatially overlap with the focused THz beam. The sample is photoexcited with a spot size of

4 mm, which is much larger than the THz beam spot of 0.8 mm so one can assume a uniform

distribution of pump beam across the focused THz beam.

The TRTS measurements are carried out in a transmission mode. As the THz pulses propa-

gates through the sample, another set of off-axis parabolic mirrors is used to collect the transmitted

THz beam and focus it onto a second 〈110〉 ZnTe crystal for the EO detection. Here, the sampling

beam (LPB) is spatially overlapped with the focused THz beam onto the ZnTe detection crystal.

The samples are placed on a copper sample holder with 1.5 mm apertures. The sample holder

is then connected to the cold finger of the cryostat, the position of which can be adjusted by a 3D

translation stage. The THz setup, comprised of the 〈110〉 ZnTe crystals (acting as emitter and gate),

parabolic mirrors, and the sample holder, are all enclosed in a chamber that can be evacuated to

5×10−6 Torr. Evacuating the chamber allows low temperature measurements and detection of the

THz pulses without the contribution of water vapour absorption. Fused silica windows are used for

optical access to the chamber. To cool the samples, the cold finger is attached to a transfer line that

allows LN2 to flow through. Finally, Labview was integrated with the setup for data acquisition and

analysis.

5.3.1 TRTS scan methods

TRTS was initially discussed in Section 4.3. TRTS can provide the transient photoconduc-

tivity of a dielectric sample in the time domain, σ(t), and in the frequency domain, σ̃(ω), which

can be measured by employing either 1-chop or 2-chop scan methods, respectively [11, 12, 182].

The configuration of the measurements is shown below and the scan methods are described in the

following sections.
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Figure 5.8: Configuration for the scanning methods. For the 1-chop method, only one of
the choppers is used at a time. The 520 Hz chopper is turned ON when measuring −ΔT
while the 260 Hz chopper is OFF. Conversely, the 260 Hz chopper is turned ON for the T0

measurement with the 520 Hz chopper OFF. In both cases, only one lock-in is used, which
is referenced to the chopper frequency. For the 2-chop method, both 520 Hz and 260 Hz
choppers are turned on and the two lock-in amplifiers are referenced to either one of these
frequencies.

5.3.2 Time-dependent photoconductivity

The time domain transient photoconductivity σ(t) is related to the measurement of |−ΔT/T0|, where
−ΔT is the change in the transmission of the peak THz amplitude (T0) in a photoexcited sample

as a function of the optical pump - THz probe delay time (Δt), as discussed in Section 4.3.1.2.

In measuring | − ΔT/T0|, we employ a 1-chop scan method, whereby −ΔT and T0 is measured

separately and only one chopper is used at a time. The time domain measurements are acquired by

varying the Δt using delay stages. The chopping configuration is shown in Figure 5.8 and the timing

of the pulses based on the chopping frequency is depicted in Figure 5.9. The following paragraphs

describe the details of the 1-chop scan method.

First, the peak THz amplitude, T0, should be measured. This can be obtained by acquiring

a waveform of the THz probe pulse that is transmitted through an unexcited sample (Eref ). In

this case, the optical pump should be at a negative delay (Δt � 0), which can be set by fixing the

‘yellow’ stage. The Eref waveform is then acquired from the lock-in by varying the delay stage of
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the THz probe (red stage). While doing so, the 260 Hz chopper (THz probe chopper) is used and

the lock-in is referenced to this frequency. When the THz waveform has been obtained, the peak

amplitude of the wave (T0) can now be selected by fixing the red stage. As illustrated in Figure

5.9c, only two THz probe pulses are being detected by the lock-in within ∼4 ms interval. Thus,

the lock-in output corresponds to 2Eref . Because two pulses are measured in half of a sinusoidal

wave reference of the lock-in (with each pulse at π/4 below the peak), a factor of 1/
√
2 should be

multiplied to each of the Eref peak magnitude. Hence, the T0 value is given as

T0 =
2Eref√

2
. (5.6)

Secondly, we move on to measuring −ΔT , which is the changes in the T0 in a photoexcited

sample. Here, the optical pump beam is chopped at 520 Hz and the lock-in is referenced to this

frequency. This allows the lock-in to distinguish the pumped pulses (at 520 Hz) from the THz probe

pulses repetition rate of 1040 Hz. A schematic diagram of the timing of the optical pump and THz

probe is depicted in Figures 5.9a and 5.9b. To obtain the time domain −ΔT , the yellow stage is

varied at Δt ≥ 0. As the time-delayed optical pump propagates through the sample, the value of

−ΔT can be calculated from the lock-in output, which is related to the Eref and Epump,

−ΔT (t) = 2 (Eref (t)− Epump(t)) . (5.7)

A factor of 2 is included because only half of the total THz probe magnitude is being detected by

the lock-in within ∼4 ms interval using a 520 Hz chopper.
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Figure 5.9: An illustration of the timing of the optical pump and THz probe pulses. a - b)
For the measurement of −ΔT , a 520 Hz chopper is used for the optical beam, thus the sample
is only photoexcited at every ∼ 2 ms. No chopper is used for the THz pulses, therefore the
THz pulse arrives every ∼ 1 ms. In this configuration, the lock-in, referenced at the optical
beam chopper of 520 Hz, is able to measure half of the total Eref and −Epump voltage. c)
For the measurement of T0, the THz probe 260 Hz chopper is used and there is no optical
excitation of the sample. The lock-in is referenced to the THz probe frequency and therefore
only detects two consecutive THz pulses in half of the sinusoidal wave. In this case, a factor
of 1/

√
2 of the 2Eref magnitude is measured.

In order to determine the Δt = 0 ps in the time domain plot of the | −ΔT/T0|, the impulse

response of the setup should be obtained. Here, we consider the impulse response to be limited

by the width of the optical pump pulse. We assume a Gaussian pulse that follows the function,

f(t) = exp(− t2

2c2 ), thus the width c is calculated as c = 42.55 fs based on the 100 fs FWHM of the

pump pulse. At 1% or f(t) = e−4.6, which is at the arrival of the optical pulse, the time is calculated

as t = 260 fs. Hence, Δt = 0 ps can be located 260 fs immediately after the onset of the rise of the

| −ΔT/T0|.
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5.3.3 Frequency-dependent photoconductivity

For the frequency domain complex conductivity, we employed the 2-chop scan method [11, 12, 182],

where both the transmitted THz pulse through the optically excited and unexcited sample are

measured simultaneously. The ac complex conductivity can be extracted from the Fourier transform

of the THz waveforms measured at a specific time delay after the photoexcitation of the sample.

Unlike the 1-chop method where the optical pump - THz probe delay (Δt) is varied, in the

2-chop method, Δt is fixed. First, the conductivity measurement of interest at specific pump-probe

delay time is set by fixing the yellow stage. This is normally done at sometime after Δt = 0 when the

time domain | −ΔT/T0| has been obtained. Then, at specific Δt, the relative change in the entire

THz waveform should be obtained. Therefore, the THz probe red stage should be varied within the

time window of the THz pulse. In addition, two choppers are used during the measurements. The

EO voltage output is both measured by two lock-in amplifiers whereby Lock-in 1 is referenced to the

optical beam frequency of 520 Hz and Lock-in 2 operates at the THz probe chopping rate of 260 Hz.

The 2-chop configuration allows alternating optical pulses to photoexcite the sample (at

every ∼ 2 ms) and alternating two consecutive THz pulses (at every ∼ 4 ms) to transmit through

the sample, as depicted in Figure 5.10a. This implies that only one of the THz probe pulse can be

temporally overlapped with the pump pulse on the sample, allowing us to simultaneously measure

Eref and Epump in both lock-ins (illustrated in Figures 5.10b and 5.10c, respectively). Lock-in 1

and Lock-in 2 provide both the time domain values of E1 and E2, respectively, given as

E1(t) = −Eref (t) + Epump(t), (5.8)

E2(t) =
Eref (t) + Epump(t)√

2
. (5.9)

By auto-phasing (phase shift is zero) the two lock-in amplifiers, the values of Eref and Epump in

the time domain should be the same from the above E1(t) and E2(t) equations, respectively. Again,

a factor of 1/
√
2 is included in Equation 5.9 because the probe pulses are measured at π/4 below

the sinusoidal peak. From Equations 5.8 and 5.9, the values of Eref (t) and Epump(t) can be easily

extracted. Obtaining the Fourier transformed Eref (ω) and Epump(ω) from the 2-chop method finally

allows us to determine the real and imaginary parts of the complex conductivity σ̃(ω), as presented
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in Equations 4.18 and 4.19, of the photoexcited sample.

Figure 5.10: An illustration of the timing of optical pump and THz probe pulses with the
lock-in measurements of Eref and Epump. a) Both 520 Hz and 260 Hz choppers are used
for the pump and THz pulses, respectively. Thus, the pump photoexcites the sample at every
∼ 2 ms but the EO detection only measures the reduced THz amplitude (Epump) at every ∼ 4
ms. The THz amplitude of the unexcited sample, Eref , is also obtained ∼ 1 ms immediately
after the Epump. In order for the two lock-ins to obtain exact values of both Eref and Epump,
Lock-in 1 and Lock-in 2 should be auto-phased. b) In this way, Lock-in 1, referenced at the
pump beam chopper of 520 Hz, is able to measure Epump - Eref . c) Lock-in 2 is referenced
to the 260 Hz chopper, which therefore measures the sum of the Eref and Epump. A factor of
1/

√
2 is again included because the pulses are phased at π/4 below the peak of the sinusoidal

wave reference of the lock-in.
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5.4 Photoluminescence modulation by intense THz pulses

Figure 5.11: Experimental setup for the THz-modulation of PL which comprises three main
sections: THz pulse generation, PL measurement, and the electro-optic detection.

Figure 5.11 is a schematic diagram of the experimental setup for the modulation of PL via in-

tense THz electric fields. The setup is composed of three main components: (1) intense THz pulse

generation, (2) PL measurement, and (3) the EO detection.

The laser system for the setup is composed of an oscillator-amplifier system. The Ti:Sapphire

laser (Coherent Legend-Elite) amplifies a low-energy 800 nm seed pulse from a mode-locked laser

oscillator (Coherent Micra). Using a beam splitter, 80% of the laser output (pump beam) is allocated

for the generation of intense THz pulses while the 20% is for the photoexcitation of the sample

(excitation beam) and EO detection (sampling beam). The 20% beam goes through an internal

compressor in the Ti:Sapphire laser system while the high energy pump (80%) of ∼3.5 mJ goes
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through an external home-made compressor which outputs a down-chirped pulse with 300 - 400 fs

width. The down-chirping and pulse duration of the pump pulse significantly contributes to the

magnitude and bandwidth of the generated THz electric field from a LiNbO3 crytal [15].

After down-chirping, the pump beam is reshaped by a telescope with a set of cylindrical

lenses (Figure A.5). This allows the pump beam to be demagnified into a cylindrical horizontal

beam. It is found that a demagnification of ∼0.7 in the vertical dimension of the pump beam

results to a maximum THz energy from the LiNbO3 crytal (Figure A.6). Thus, the distances

between the cylindrical lenses in the telescope was fixed to provide 0.7 demagnification throughout

the experiments. Right after the telescope, a 500 Hz chopper was placed (Figure A.7) to block

half of the total pump pulses, which is at 1 kHz repetition rate. This allows THz pulses to be

generated at 500 Hz rate, so it can be easily distinguished from the 1 kHz excitation beam (for the

PL measurement of sample) and sampling beam (for the EO detection).

To optimize the THz generation efficiency, a tilted pulse front technique was employed (see

Section 4.2.2). The pump pulse front is tilted by a grating with a groove density of p = 1800 cm−1.

Afterwards, the pump beam is demagnified by a set of two cylindrical lenses. The first cylindrical

lens mounted after the grating has a focal length of f1 = 250 mm which focuses the pump beam in

the horizontal dimension. The 2nd cylindrical lens, which also focuses at the horizontal dimension,

has f2 = 150 mm. This 4f lens configuration, which is a combination of four focal lengths, provides

a demagnification of Mg1 = f2/f1 = 0.6 of the pump beam image from the grating to the front

of the LiNbO3 crytal. By employing Equations 4.8 - 4.10 and by using the optimum LiNbO3 tilt

angle of γc = 62◦, center wavelength of λ = 805 nm, and refractive index of the optical pump at the

LiNbO3 of ng=2.208, the tilt angles for the grating are calculated to be β = 54.4◦ and α = 39.5◦

(Figure A.7).

A demagnification of Mg1 = 0.6 provided by the 4f lens configuration results in a pump beam

spot size of about 4 to 6 mm2, which should correspond to the size of the collimated THz beam

generated by the LiNbO3 crystal. The THz beam is collected by the first off-axis parabolic mirror

(PM1) that has a diameter of D = 0.5” and an effective focal length of f = 0.59”. The collected THz

radiation is further directed by a set of off-axis parabolic mirrors. In order to preserve the f -number

(N = f/D), the second mirror (PM2) was chosen to have D = 2” and f = 4”, which outputs a
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collimated THz beam. The third mirror (PM3) which has D = 2” and f = 3” is used to refocus the

THz beam onto the sample location. For the EO detection, the parabolic mirrors PM4 and PM5

are chosen to have the same specifications (D and f) with PM3 to maintain similar THz beam spot

size when focused onto the sample and onto the ZnTe detector in the EO setup. The addition of

a flat mirror (M1) in between PM4 and PM5 allows placement of a removable parabolic mirror for

measurement of the THz energy (using a pyroelectric detector, SPJ-D-8, Spectrum Detector Inc.) or

THz beam image (using a thermal imager, PV320 Electrophysics). The removable parabolic mirror

can also be used to focus the measured PL from the back surface of the sample to an optical fiber

thus, the mirrors PM4 and M1 are silver-coated to minimize loss upon the reflection of visible light.

Alignment of the parabolic mirrors were crucial for the optimum THz wave propagation, thus a

strict alignment procedure was applied [183] (see details in Figure A.8).

For the photoluminescence measurement, a collinear excitation beam is directed onto the

sample through a 1 mm hole at the center of PM3. This configuration allows both the focused THz

beam and the excitation beam to be spatially overlapped. The photoexcited spot on the sample was

maintained at < 0.8 mm, which is smaller than the THz beam spot size of 1.2 - 1.5 mm2. Hence,

only the relative changes in the PL with the incident THz electric field pulses were measured. The

PL is collected by a set of two achromatic lenses (Thorlabs, achromatic doublets optimized at 1.0

to 1.7 μm) that have focal lengths of 50 mm and 30 mm, respectively, providing a demagnification

of 5:3. In this manner, the lenses refocused the collected PL into a smaller spot size of ∼0.5 mm,

just appropriate for the 550 μm core size of a coupled optical fiber (Thorlabs M37L, optimized at a

wavelength range of 400 to 2200 nm). The other end of the fiber is coupled to an InGaAs detector

connected to a boxcar integrator. The boxcar integrator is referenced at the repetition rate of the

excitation pulses at 1 kHz, which then provides a dc output of the integrated PL. The dc output

is further processed by a lock-in amplifier, which is referenced to the THz pulses repetition rate of

500 Hz. The reference frequency of the lock-in is from the reference output of the 500 Hz chopper

(Thorlabs MC2000). This configuration allows the lock-in to only measure the relative change in

the integrated PL due to the excitation of THz pulses.

The arrangement of the elements of the experimental setup on the optical table is illustrated

in Figure A.7 and pictures of the THz source, sample position, and EO setup are shown in Figures

A.9, A.10, and A.11, respectively.



CHAPTER 6

Flourescence and Phosphorescence of

Bismoles1

6.1 Introduction

The development of novel phosphorescent material from organic compounds has gain attractions

in the past years due to their potential applications in photochemistry, photobiology, and possibly

as organic light emitting diodes (OLEDs) [184, 185]. Some of the applications in these fields re-

quire long-lived emission with the highest possible quantum yield. In OLEDs, stable phosphorescent

emitters are highly sought due to a possible maximum device efficiency of 100% versus 25% in tradi-

tional fluorescence-based emitters [186]. Furthermore, phosphorescent compounds that can exhibit

longer wavelength in red or in infrared emission are of great value for bio-imaging, as there is less

interference with undesired background emission [187]. One way to achieve these characteristics is

to incorporate heavier p-block elements into a luminescent π-conjugated material that can greatly

enhance the possibility of phosphorescence. To facilitate this process, the excess metastable vibra-

tional energy of the triplet state must be removed by collisions, thus a molecule with sufficiently

dense phase is preferable [188]. The method affords the probability of accessing the triplet state by

increasing the rate of the intersystem crossing (ISC) from the singlet state in order to facilitate the

process of phosphorescence. Such mechanism is referred as the ’heavy element effect’ and has been

1Contents of this chapter is published at “Parke, S. M.; Narreto, M. A. B.; Hupf, E.; Mcdonald, R.; Ferguson,
M. J.; Hegmann, F. A.; Rivard, E. Understanding the Origin of Phosphorescence in Bismoles: A Synthetic and
Computational Study. Inorg. Chem. 2018, 57 (13), 7536-7549.” (featured as a journal cover)
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practiced in synthetic methods of π-conjugated materials containing inorganic Group 13-16 main

group elements [189].

Bismuth (Bi), as a heavy metal, can be a better alternative to rare-noble-metal or rare-earth-

metal centers that were normally used in efficient phosphorescent materials [185]. Bi has low toxicity

and is more abundant than rare-earth elements. Synthesis of the first photoluminescent conjugated

polymer with Bi was only reported recently (2006) [190] which may have a fluorescence nature of

emission (λex=310 nm, λem=440 nm) due to the short Stokes shift. Another conjugation to Bi,

dithienylbismoles, showed broad PL at 600 - 640 nm which was attributed to weak phosphorescence

with a concurrent fluorescence at 400 nm [185]. However, among these few studies, time-resolved

PL measurements were not presented and the effect of the heavy element Bi on the PL dynamics of

these π-conjugated materials was not discussed.

6.2 Bismoles

Here, we present three bismuth-containing five-membered heterocycles, or so-called ’bismoles’. The

schematic diagrams of their distinct molecular structures are presented in Figure 6.1. For the

Bismole 1, a mesitylene represented by the aryl ring, and a thiophene, which is a heterocyclic

compound represented by the aromatic rings with S, are incorporated on the Bi, as shown in the

general structure in Figure 6.1a. In Figure 6.1b, the aryl-substituted Bismole 2 contains proximal

-CH2NMe2 group that could be used to modulate the PL via a possible hypercoordinate Bi· · ·Me2N

interaction. In addition, the placement of pinacolboronate (BPin) groups in the periphery facilitate

Suzuki-Miyaura cross-coupling [191]. Lastly, Bismole 3 is a by-product of the synthesis of Bismole

2 with a copper chloride (CuCl) adduct, as schematically shown in Figure 6.1c.
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Figure 6.1: Product scopes of the synthesis of Bismoles 1, 2, and 3.2

6.3 Details of the experimental method

The bismole samples were dissolved in toluene or tetrahydrofuran (THF) (∼10 mg/mL) and were

drop-cast onto a 1 mm thick optical grade fused quartz substrate (Starna Scientific Ltd.). These

samples were then placed on the cold finger of an optical microscopy cryostat (Cryo Industries).

The subsequent methods for the measurements of the time-integrated PL (TIPL) spectra and time-

resolved PL (TRPL) were conducted in the same manner as described in the Experimental Method

(Section 5.1) of Chapter 5. For the measurements of the nanosecond scale TRPL, a frequency-

doubled 800 nm Ti:sapphire ultrafast laser (Coherent RegA 900) with 65 fs pulse width and 250 kHz

repetition rate was used to optically excite the samples at λex = 400 nm via the second harmonic

signal generation from a BBO crystal. All measurements were carried out at an average of 2 ±
0.2 mW laser excitation power and in a span of 15 minutes, avoiding the contribution of noticeable

PL degradation that occurs in > 25 minutes. As for the recording of the microsecond lifetime

component, a frequency-doubled 800 nm Ti:sapphire with 1 kHz repetition rate (Coherent Legend

Elite) was used for the excitation instead. A set of parabolic mirrors collected the PL onto an optical

fiber coupled to a Si avalanche photodetector (Thorlabs APD130A, 20 ns time resolution) with a

band-pass filter of 705 ± 5 nm. The PL decay was recorded using a 200 MHz oscilloscope (Tektronix

2Synthesis performed and schemes provided by S. M. Parke. Details of the synthesis can be found in the publica-
tion.



CHAPTER 6: PL of Bismoles 80

DPO 2024B).

6.4 Results and Discussion

The bismoles display UV-vis absorption profiles that extend up to ∼ 425 nm in THF, with Bismole

1 showing the most red-shifted absorption of the compound series (Figure 6.2a). This afforded an

opportunity to conduct both ultrafast TRPL and TIPL studies using a common excitation source

at 400 nm. It was hoped that such ultrafast measurements would enable us to examine the emission

behavior of these bismoles at various temperatures under high vacuum and to probe for possible

competing emission pathways such as thermally activated delayed fluorescence (TADF) [192]. De-

spite being structurally distinct, all bismole samples have displayed substantial light absorption at

400 nm. To rule out possible quenching interactions by solvent and to suppress molecular rotations,

the bismoles in the solution form were drop-casted as films for each PL measurement.

Upon excitation at 400 nm, Bismole 1 displayed green PL, with weak emission noted at

room temperature (Figure 6.2a), and which became much more intense upon cooling to T = 77 K

(refer to Figure B.1 in Appendix B). The dominant emission peak arising at ∼ 530 nm and the

resulting small Stokes shift is in line with fluorescence. The PL spectra peak is more than ∼ 90

nm than the predicted absorption maximum (Figure B.5a), and decreasing at 550 - 600 nm, similar

to the experimentally measured absorbance. The calculated absorption maximum corresponds to a

HOMO-LUMO transition of 443 nm (Figure B.6a), which implies that the experimentally obtained

PL spectra is of π-π∗ character with little contribution of the Bi atom.
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Figure 6.2: a) TIPL spectra (left axis) and absorbance (right axis) associated with a drop-
cast film of Bismole 1 at T = 295 K. A long pass filter was used to cutoff wavelengths below
435 nm. b) TRPL of Bismole 1 taken at T = 295 K and at a wavelength range of 540 Âś
10 nm. The TRPL follows a bi-exponential decay (red line), I(t). c) Lifetimes τ1 and τ2
extracted from the bi-exponential fits of TRPL at low temperatures.
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The fluorescence nature of the PL of Bismole 1 is further confirmed by the measured nanosec-

ond scale TRPL. At 540 ± 10 nm, the TRPL follows a bi-exponential decay,

I(t) = A · exp
(
− t

τ1

)
+B · exp

(
− t

τ2

)
(6.1)

where A and B are relative magnitudes of the PL intensity I(t), τ1 and τ2 are the estimated lifetimes

(see also Equation 2.7). The time offset was also considered in the fits. An example of the bi-

exponential decay fit is shown in Figure 6.2b at T = 295 K with the values of the lifetimes τ1 and τ2

presented in Figure 6.2c. For the bi-exponential fits to the TRPL at low temperature, refer to Figure

B.2 in Appendix B. The“fast”component at < 0.08 ns of the bi-exponential decay could be attributed

to vibrational modes (Figure B.2a) that are suppressed at low temperature; thus, τ1 becomes larger,

as shown in Figure 6.2c, and fluorescence intensity is enhanced. The “slow” component at t > 0.1 ns

was assigned as fluorescence from a low-lying singlet transition, which has a consistent lifetime τ2 at

different temperatures. In accordance to the Time-dependent density functional theory (TD-DFT)

calculations3(refer to Figure B.7a), the energy difference between the excited S1 and the T2 states

is only 0.035 eV thus one might expect ISC to yield phosphorescence (after rapid internal decay

from T2 to an emissive T1 state). However, the lack of phosphorescence is likely partly due to the

absence of substantial orbital character at Bi in these states [193]; thus, spin-orbit coupling (which

facilitates ISC) arising from the presence of the heavy element is minimized.

3TD-DFT calculations were performed by E. Hupf. Figures are shown in Appendix B.
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Figure 6.3: a) TIPL intensity at T = 77 K (left axis) and absorbance (right axis) at T =
295 K for Bismole 2 (drop-cast film from THF). b) Normalized TIPL intensity (left axis)
and absorbance (right axis) at various temperatures of the copper complex Bismole 3.

Bismole 2 remarkably shows two broad PL peaks at 77 K, as depicted in Figure 6.3a. The first

peak at ∼ 485 nm comprises 32% of the total integrated emission intensity compared to the second

low-energy peak at ∼ 720 nm. The two peaks are indicative of fluorescence and phosphorescence,

respectively; however, TRPL could not be measured due to the fast photodegradation of the sample

in the excitation beam. Note that the weak absorption at 400 nm is responsible for the weak PL,

which was only observed at 77 K, where molecular motions are inactivated and phosphorescence

then becomes observable [194]. The experimentally measured absorbance corroborate the predicted

UV-vis absorption via TD-DFT calculations (Figure B.5b and B.6b), where a considerable oscillator

strength to low-lying singlet states is predicted at 348 nm for the HOMO-1 to LUMO transition,

and that the absorption decreases at 400 - 450 nm. In addition, the TD-DFT calculation also show

another HOMO-2 to LUMO transition at 361 nm which is due to the significant contribution of the

Bi atom. These two HOMO-LUMO transitions could be attributed to the two PL peaks, but with

a Stokes shift from the absorption spectrum.

The CuCl complex counterpart, Bismole 3, does not yield luminescence that is visible by

eye when excited at 365 nm using a hand-held lamp; however, under the stronger laser excitation

at 400 nm, clear PL is found at room temperature (Figure 6.3b). In addition, this compound
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undergoes much less photodegradation compared to Bismole 2, and becomes almost negligible when

it is progressively cooled to 77 K (see Figure B.3), thus enabling TRPL to be measured at various

temperatures. Relative to the first peak at ∼ 485 nm, the second red-shifted phosphorescence

peak at ∼ 720 nm accounts for 73% of the integrated PL intensity at room temperature. As

the temperature is lowered from 200 to 77 K, the overall integrated PL intensity increases with a

linear trend (Figure 6.4a), leading to an intense long wavelength (phosphorescence) emission and

eventually accounting for 99.75% of the total PL at 77 K. This observation implies improved ISC

efficiency and pronounced participation of the Bi atom in the excitation process. Additionally, it can

be noticed in Figure 6.3b that as the intensity of the phosphorescence is enhanced, the corresponding

emission maximum becomes blue-shifted by 16 nm (0.04 eV) from room temperature to 77 K with

slightly narrowing bandwidth, suggestive of the suppression of low-lying vibrational levels (acting

as nonradiative pathways) from the excited triplet state. Similar to Bismole 2, transitions at the

HOMO-2 to LUMO and HOMO-1 to LUMO were predicted, at 361 nm and 398 nm, respectively

(refer to TD-DFT calculations in Figure B.6c), which corresponds to the shifted two PL peaks.
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Figure 6.4: a) Variation of the PL intensity of Bismole 3 with an increase in temperature
from 77 to 300 K. b) TRPL in nanosecond scale (TRPL-ns) for Bismole 3 taken at 485
± 10 nm. c) Lifetime in microsecond scale for Bismole 3 taken from the TRPL fits to
bi-exponential decay at 705 ± 5 nm and at various temperatures.

Analysis of the emission data by TRPL confirmed the presence of dual fluorescence and

phosphorescence in Bismole 3, as evidenced by concurrent short-lived (ns time scale) and long-lived

(0.1-10 μs) emission, measured at different energy states, thus ruling out TADF. For the short-

lifetime emission (ns), bi-exponential curves were observed (Figure 6.4b) with τ1 = 0.226 ± 0.006 ns

and τ2 = 1.1 ± 0.3 ns that do not significantly change at low temperature. It is also noticeable that
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at t ≤ 0.2 ns, another fast exponential decay is observed, which may again represent vibrational

relaxations being thermally quenched, enabling rapid ISC and the emergence of the phosphorescence

long-lifetime emission profile. At the phosphorescence peak, the dramatic increase of intensity is

accompanied by a longer TRPL event in the microsecond time scale, and the emission again follows

bi-exponential decay; the lifetime values are shown in Figure 6.4c (see fits at Figure B.4). As the

temperature is lowered to 77 K, enhanced phosphorescence is observed accompanied by a longer

microsecond lifetime up to ∼2 μs. The nature of the bi-exponential decay is unclear; it could be

due to mixed metastable triplet states at ∼ 720 nm or possibly morphological effects within the cast

films.

For the three samples, the possible mechanisms of the light emission are hereby explained;

phosphorescence occurs from the initial photoexcitation to an Sn state with subsequent ISC to an

energetically similar Tn state, followed by relaxation to the lowest T1 triplet state, then finally

phosphorescence and relaxation to the S0 ground state. From the TD-DFT calculations of the

singlet and triplet states (Figure B.7), all bismoles show the existence of close-lying S1,2,3 and Tn

states, thus resulting in a high probability for ISC to occur. However, as mentioned earlier, Bismole

1 do not show phosphorescence due to small energy difference between the S1 and the T2 states of

0.035 eV in contrast to Bismoles 2 and 3 with about 0.2 eV, which facilitates the ISC. In addition,

as Bi is an element strongly affected by relativisitic effects, enhanced spin-orbit coupling should lead

to significant mixing of singlet and triplet states, thus further increasing the probability of ISC. It

was determined that Bismoles 2 and 3 show a low-lying singlet state with considerable mixing of

singlet and triplet character (Bismole 2: 55.8% S, 44.0% T and Bismole 3: 63.4% S, 36.0% T). In

the presence of CuCl, Bismole 3 has the highest degree of mixing. This also explains the dramatic

increase of PL intensity of Bismole 2 and 3 at low temperature due to suppressed metastable states.

In contrast, Bismole 1 have a low degree of mixing (92% S and 8% T), which may additionally

explain the absence of phosphorescence.

The phosphorescence energy can be defined as the difference in the adiabatic energy between

the S0 ground state and the T1 triplet state or the zero-point energy corrected difference between

these states (E0−0). The phosphorescence energy of Bismole 2 (E0−0 = 1.76 eV) matches well the

observed phosphorescence energy of 1.73 eV (720 nm). The predicted phosphorescence energy of

Bismole 3 (E0−0 = 1.33 eV) is underestimated by 0.36 - 0.42 eV in comparison to the experimentally



CHAPTER 6: PL of Bismoles 86

observed 1.75 eV (709 nm). On the other hand, Bismole 1 have E0−0 = 1.22 eV which has a predicted

emission in the near-infrared region (1016 nm) and are in line with the lack of experimentally observed

phosphorescence. However, the lack of substantial mixing of excited singlet and triplet states in

Bismole 1, because there is minimal orbital participation from Bi in the excitation processes and

thus reduced spin-orbit coupling, likely hinders effective ISC to an excited triplet state. In contrast,

Bismoles 2 and 3 show considerable orbital character from Bi associated with the excited states;

thus, spin-orbit coupling becomes more pronounced, and phosphorescence is observed experimentally.

While the enhancement of ISC via an external heavy element effect remains a possibility, the lack of

observed phosphorescence in Bismole 1 suggest that participation of the heteroatom in the excitation

process seems to be necessary for phosphorescence to occur [193].

6.5 Summary

In summary, light emission from a series of bismole compounds were successfully obtained

and the luminescence properties of these three bismoles were studied in detail. Bismole 1 was

found to exhibit only fluorescence at low temperatures, and this is most likely due to the lack of

participation of the Bi atom in the excitation process leading to minimal singlet and triplet mixing

in the lower-energy excited states. Bismoles 2 and 3 were found to exhibit both fluorescence and

phosphorescence, and this can be attributed to the increased orbital participation from the Bi in the

excitation processes leading to significant mixing of triplet and singlet character in the lower-energy

excited states. The CuCl interaction in Bismole 3 facilitated higher probability of ISC which resulted

to a more pronounced phosphorescence. The findings of this work and the successful synthesis of the

fluorescent and phosphorescent bismoles may be essential in the ongoing research in phosphorescent

compounds with the application of the ’heavy element effect’ for potential applications in OLEDs

and bioimaging.
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Photoluminescence of Two-Dimensional

Functionalized Silicon Nanosheets

7.1 Introduction

Research on 2D van der Waals layered materials has exploded in the past decade as an aftermath

of the discovery of graphene [195, 196]. One of which that has gained attention recently is the

fabrication of freestanding chemically exfoliated 2D nanosheet [197, 198] that distinguish itself from

the mechanically exfoliated graphene and chemically grown monolayers on a substrate such as silicene

[199] and germanene [200]. With the considerable number of reported 2D nanosheets [197, 201, 202,

203, 204], silicon nanosheets (SiNSs) have the advantage of being compatible with the existing

Si-based technology [205] and thus poise to be a promising candidate in nanodevice applications

[206, 207].

Being a 2D silicon allotrope, freestanding SiNSs have a buckled honeycomb lattice, where one

of the two sublattices are vertically displaced with respect to each other in contrast to the planar

sp2-hybridized graphene [205]. The nonplanar Si=Si bonds, however, are too reactive to be isolated

compared to its 2D carbon counterparts such as graphene [205, 207]. Hence, a rather straightforward

approach for achieving a chemically stable monolayer SiNSs is by complete hydrogenation [206,

208]. The hydrogenated SiNSs is also commonly known as silicane, which is ideally sp3-hybridized

[209]. The challenge is that hydride termination alone is prone to oxidation in ambient conditions,

thus subsequent surface modifications with various functional groups could provide protection [210]

and additional thermal stability [204, 211, 212]. Consequently, the sp3-hybridization by means of

87
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hydrogen adsorption and surface passivation introduce a finite band gap from its Dirac-like band

structure [209, 211, 212, 213, 214, 215, 216], a similar case with the non-zero band gaps arising

from the sp3-hybridization of hydrogenated graphene (graphane) [217, 218] and 2D transition-metal

dichalcogenides [219].

The opening of the band gap can be visualized using photoluminescence (PL) spectroscopy.

For example, among freestanding functionalized 2D SiNSs, Nakano etal. synthesized organically

modified SiNSs that showed blue emission [210, 220, 221, 222]. Meanwhile, depending on the nature

of the organic molecule on the surface of the sheets, the SiNSs exhibited PL from blue to green

[223]. On the other hand, we have recently reported the synthesis of hydrogenated and covalently

functionalized SiNSs that consistently emit green [206, 208, 224], which is unique compared to the

aforementioned studies. Thus, the ability for these freestanding SiNSs to emit light paves a way to

a new class of 2D material with promising technological applications in optoelectronics [221, 225].

But besides the interest on considering SiNSs as potential candidates for practical devices, exploring

the fundamental science on the photoluminescent properties of SiNSs also needs to be addressed.

Understanding where the PL of the SiNSs comes from, would not only elucidate the nature

of their light emission, but also help discriminate other influences that suppress the emission of

light, as well as provide a possibility to control and optimize the PL. PL spectroscopy, which is a

non-contact and powerful technique for probing the optical properties, can give information about

the band structures, carrier lifetime and charge transport in nanomaterials [29]. Additionally, PL

measurements can reveal the structural integrity of 2D materials, whether they are pristine or

disordered, or have defects and impurities [201, 226]. Although PL measurements have been carried

out in freestanding 2D functionalized SiNSs [206, 208, 210, 220, 221, 222, 223, 224], so far there has

been very little work done on their analysis.

Thus, in this work, we explore for the first time the PL dynamics of freestanding 2D func-

tionalized SiNSs. In addition, low temperature PL measurements were carried out as an integral

component in the examination of the mechanisms of carrier transport; a study which has not been re-

ported in photoluminescent SiNSs. Using pulsed laser excitation, we investigate the time-integrated

PL spectra and the time-resolved PL of the as-synthesized and variously functionalized SiNSs in

solution and solid forms. Our findings show that the PL originates from the as-synthesized hydro-
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genated SiNSs with a PL peak energy that agrees to calculated band gap energies. The broad PL

spectra is attributed to the inherent structural disorder of the SiNSs which remains static at low

temperature. Subsequent functionalizations did not affect the PL spectrum of the as-synthesized

SiNSs however, the functional groups play a role in the PL dynamics by influencing the dispersive

carrier transport.

7.2 Functionalized Silicon Nanosheets

Figure 7.1 shows the synthesis of the hydrogenated and covalently functionalized SiNSs. The hy-

drogenated SiNSs (SiNS-H) are synthesized via chemical exfoliation from CaSi2. By adding the

monomers dodecane (C12H25), polystyrene (PS) and polyacrylic acid (PAA), together with the rad-

ical starter azobisisobutyrolnitril (AIBN), hydrosilylation reaction can be initiated [206, 208]. Thus,

the different functionalizations of the SiNSs surface were performed. Here, the samples dispersed in

toluene are SiNS-H(toluene) and SiNS-C12H25(toluene) (Figures 7.1a and 7.1b, respectively). SiNS-

C12H25(toluene) is additionally drop-deposited on UV-fused quartz glass for SiNS-C12H25(solid).

Also, SiNSs functionalized and embedded in polymer (SiNS-polymer@polymer) have been deposited

on a quartz glass via melting; SiNS-PS@PS and SiNS-PAA@PAA (Figure 7.1c and 7.1d, respec-

tively). Additional information on the synthesis can be found in Appendix B and in these reports

[206, 208]. The thicknesses of the modified sheets were measured to be around 2 - 6 nm depending

on the functionalization and the lateral size can render from hundreds of nanometers up to several

micrometers. As an example, the atomic force microscopy (AFM) image of SiNS-C12H25 is shown

in Figure 7.1e. Because the lateral dimensions of the SiNSs are relatively large, there should be no

considerable quantum confinement effects from the inhomogeneity of the sheet sizes.
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Figure 7.1: Synthesis of functionalized SiNSs starting from the chemical exfoliation of a)
SiNS-H from CaSi2. Dodecane, polystyrene, and polyacrylic acid were chosen as substrates
for the hydrosilylation reaction to form b) SiNS-C12H25, c) SiNS-PS@PS and d) SiNS-
PAA@PAA, respectively. e) Atomic force microscope (AFM) image (non-contact tapping
mode) of SiNS-C12H25 spin-coated on Si++/SiO2 substrate (left) and corresponding height
profile along the blue line (right).1

1Synthesis performed by A. Lyuleeva and T. Helbich. AFM conducted by A. Lyuleeva. Images provided by A.
Lyuleeva.
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7.3 Details of the experimental method

The nitrogen-filled cuvettes containing the SiNS substrate(toluene) were placed on an optical stage

while the solid samples were placed on the copper finger of an optical microscopy cryostat (Cryo

Industries). All samples were photoexcited at 400 nm from a frequency-doubled 800 nm Ti:Sapphire

ultrafast laser (Coherent RegA 900) with 65 fs pulse width and 250 kHz repetition rate. All TIPL

and TRPL measurements were carried out at an average of 435 ± 5 μW excitation power with a

0.50 ± 0.10 mm spot size. For the TRPL measurements, the rise time were found to be 35 ± 1 ps

from the convolution fits (see example in Figure C.1). In view of this, the PL decay fits to Equation

7.2 were taken at times greater than 0.1 ns to prevent the contribution of the instrument response.

7.4 Results and Discussion

7.4.1 PL Spectra

All SiNSs exhibit green PL that peaks at a center wavelength of λp = 502-516 nm (Ep = 2.40-2.47

eV) regardless of surface functionalization, as shown in Figure 7.2a. Since there are no dramatic

shifts overall, the consistency in the PL peaks and line shapes implies that the applied modifications

on the surface do not significantly influence the PL spectrum, preserving the emission from the

as-synthesized hydrogenated 2D SiNSs. Subsequent radical hydrosilylation on the surface of the

sp3-hybridized SiNSs does not cause any Si-Si bond cleavage, which would lead to the formation

of a new Si backbone structure. The H-termination is simply replaced by another residue, linked

with the surface via covalent Si-C bond (as shown in the Fourier-transform infrared spectroscopy

(FTIR) in the previous report on the synthesis and characterization of the functionalized SiNSs

[208]). Additionally, the radical-induced hydrosilylation reaction does not involve introduction of

transition metal impurities, which could alter the PL [206]. Therefore, the slight shifts in the PL

spectra of the functionalized SiNSs can be due to its surrounding environment, underlying substrates

or the difference when the SiNSs are isolated in the solution form compared to when they are stacked

in solid phase. These could change the dielectric function of the material or induce strain in the

band structure, as was discussed in the case of MoS2 [227]. An example is a slight red shift of the
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peak energy (Ep) by 37 meV when SiNS-C12H25 is drop casted on glass compared to freestanding

SiNS-C12H25 sheets dispersed in toluene.
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Figure 7.2: a) Normalized PL spectra of SiNS-H(toluene), SiNS-C12H25 and SiNS poly-
mer@polymer samples having peak energies ranging at Ep= 2.40 - 2.47 eV (λp = 502 - 516
nm) measured at room temperature. The excitation source is an ultrafast laser of Eex =
3.1 eV (λex = 400 nm), with an average power of 435 ± 5 μW (average fluence of 0.61
μJ/cm2), blocked by a long pass filter at 435 nm. b) Semi-log plot of the normalized PL
spectra of SiNS-PS@PS indicating an exponential band tail at photon energies below Ep. The
Urbach energy EU is taken from the linear fit at E < 2.2 eV. Low temperature measurements
of the PL spectra; c) the PL spectra of SiNS-PS@PS normalized to the Ep = 2.45 eV at
77 K, and d) the integrated intensity of the PL spectra, I(T ), at low temperature for the
solid samples (SiNS-C12H25(solid), SiNS PS@PS and SiNS PAA@PAA). Left axis shows
the normalized integrated PL to room temperature (I(T )/I(295 K)) (filled symbols). Right
axis shows Io/I(T )− 1 shown in Equation 7.1 where I0 is the integrated PL at 80 K (open
symbols). T0 is extracted from the slope of the linear fits at T < 150 K. Error bars are within
the symbols.



CHAPTER 7: PL of SiNSs 93

Because the light emission originates from the hydrogenation of the SiNSs, the Ep of 2.40 - 2.47

eV is close to calculated band gap energies (Eg). Using a simple quantum well model, the calculated

Eg for hydride-terminated 2D Si network [228] (or so called polysilanes in earlier studies) is 2.5 eV.

Whereas using density functional theory (DFT), Eg is ∼ 1.6 eV to 2.41 eV for a fully hydrogenated

silicane [212, 214, 215, 216] whether it is a direct or indirect gap semiconductor. Experimentally, the

observed green PL of the SiNSs is comparable to the measured optical band gaps of Si films/sheets

grown by chemical vapor deposition (CVD) method: ∼2.3 eV for ∼3.4 nm ultrathin hydrogenated

amorphous Si (a:Si-H) [229] and ∼2.3 eV measured from the PL of 3 - 9 nm crystalline Si with H2

passivation on the surface [230].

For many cases where the band-to-band PL is not preserved, oxygen-related passivation and

defects acting as radiative centers give rise to blue emission, as was reported in other Si-based

nanostructures, such as amorphous silica nanosheets [231], porous Si [232] and Si nanocrystals [233].

Thus, when the SiNSs are exposed to air, the Ep is blue-shifted and another peak arises at ∼ 2.78

eV (Figure C.2) , accompanied by quenching of the green PL intensity. Here, H atoms, terminating

the Si dangling bonds, can be easily replaced with O or OH as confirmed by Si-OH and Si=O bonds

in the FTIR spectrum, which was measured in air [208]. Thus, the green PL (measured in vacuum)

cannot be attributed to oxidized surface states. This further supports that the PL originates from

the band gap of hydrogenated SiNSs.

It can also be observed in Figure 7.2a that the PL spectra are considerably broad having a full

width half max (ΔEPL), ranging from ∼330 to 375 meV. Note that PL from bulk crystalline direct

gap semiconductor has only a ΔEPL of ∼47 meV at room temperature (see Figure 2.4). Broad

ΔEPL that goes to hundreds of meV has been commonly reported in disordered Si such as a-Si:H.

[234]. Moreover, PL spectra having such a broad ΔEPL oftentimes have long exponential tails at

photon energies below Ep, a signature of Urbach tail [235]. The Urbach tail is known to occur in

disordered materials such as ultrathin a:Si-H films [236] and organic semiconductors [237] due to

shallow localized states below the mobility edge [66, 76]. The disordered structure produces local

fluctuations in the bandgap, which would consequently lead to the increase of the width of the PL

peak. Since the PL intensity follows I (hv) ∼ exp(hv/EU ) [60] at photon energies below Ep, the

characteristic energy of the width of the Urbach tail (EU ) can be estimated from the inverse tail

slope at E < 2.2 eV of the semi-log plot of the PL spectra of the hydrogenated and functionalized
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SiNSs at room temperature as illustrated in Figure 7.2b (and Figure C.3). The EU ranges from 272

to 387 meV, comparable to their ΔEPL. Furthermore, the EU taken from the PL is confirmed by

the exponential tail in the absorption spectra (Figure C.4).

The Urbach tail can either originate from the ‘static’ structural disorder or ‘dynamic’ ther-

mal contribution from electron-phonon interaction [238, 239]. Therefore, the behavior at various

temperatures is examined in more detail. The measurements were carried out for the solid samples:

SiNS-C12H25(solid) and SiNS-polymer@polymer composites (SiNS-PS@PS and SiNS-PAA@PAA).

In contrast to reported a-Si:H where there is a suppressed dynamic phonon disorder, a considerable

increase in the Eg as well as a reduced EU at low temperature [238], there is no obvious thermal

contribution in the PL spectra of the SiNSs, as shown in Figure 7.2c for SiNS-PS@PS (see Figure

C.5 for SiNS-C12H25(solid) and SiNS PAA@PAA). Therefore, the static PL spectra that remains

persistent at low temperature is a result of a locked-in structural disorder. The as-synthesized SiNS-

H, even before the surface modifications, already shows an inherent structural disorder accounting

for an EU of ∼300 meV (Figure C.3a).

Although there is no change in the shape of the PL spectra at low temperature due to the

locked-in structural disorder, a dramatic increase of PL efficiency is observed, as displayed in Figure

7.2d. At 80 K, the normalized integrated PL (I(T )/I(295K)) reaches up to 14 times the room

temperature value for the SiNS-C12H25(solid), as an example. The improvement in the PL intensity

can be explained satisfactorily in terms of quenched non-radiative recombination. Non-radiative

recombination is mediated by deep localized states in the middle of the band gap associated with

impurities and lattice defects [24] such as dangling bonds and vacancies [240]. At low temperature,

the photo-excited carriers in the band tails cannot ‘escape non-radiatively’ due to lower thermal

energy [23]. Eventually, the localized e-h pair ‘recombine radiatively’, resulting in a more efficient

luminescence. The competition between the radiative and non-radiative processes yields to the

expression of the characteristic temperature dependent PL intensity in disordered semiconductor

[23, 61] given as

I0
I(T )

− 1 = exp

(
T

T0

)
. (7.1)

I(T ) is the integrated PL intensity over the whole PL spectrum at temperature T and I0 was taken

at T = 80 K. The expression provides the characteristic temperature T0, which is related to the
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valence band tail width Ev0, given as Ev0 = kBT0ln(ν0τr), where ν0 ≈ 1013 s−1 is the phonon

frequency [241] and τr is the radiative recombination lifetime (see Section 2.3.2.1) [23]. The value

of the Ev0 is considered here because it is usually wider than the conduction band tail. Also, Ev0

directly influences the rate of recombination. The electrons cannot radiatively recombine unless free

holes have migrated through the sample and in the same manner, thermally liberated electrons from

the shallow localized states cannot non-radiatively recombine unless the holes have occupied the

deep-level states [23, 65]. Because the value of Ev0 gives the width of the exponential tail states that

extends below the mobility edge, then we can directly relate it to the Urbach energy, Ev0 ≈ EU .

As shown in Figure 7.2d, the increase of the PL intensity at low temperature follows Equa-

tion 7.1 and values of T0 can be extracted at T > 150 K. At lower temperatures, the log plot of

(I0/I(T ) − 1) starts to deviate from the linear dependence. Such behavior has also been reported

in the temperature dependence of the PL intensity of a-Si:H alloys where Equation 7.1 is obeyed at

T > 150K [62, 65]. In Figure 7.2d, the value of I0 is I(80K), which is experimentally accessible. In

Figure C.6, it is shown that by that by arbitrarily deciding the I0 value, which is much larger than

I(80K), yields to a linear dependence over all the temperature regime and that the values of T0

are only slightly affected. Regardless, the I0 value is only an experimental parameter, whereas the

extracted value of T0 is a characteristic material constant [23]. Based on the extracted T0 values and

the measured EU (Figure 7.2 and Figure C.3), the expected total lifetime τ , can be estimated given

that the PL quantum yield ηR is known (Equation 2.3). Thus, for ηR of 0.01-0.02, taken at room

temperature (see Table C.2), the expected τ is ∼ 10−4 to 10−7 s. Note that these are over-estimated

values, because the straightforward approach of estimating τ relies on the assumption that carriers

have equal non-radiative and radiative recombination rates which is not the case given that η � 1.

Also, ηR increases accordingly at low temperatures. Thus, these estimated lifetimes could be slower

than the measured values (which will be presented later). Nevertheless, the temperature dependence

of the PL intensity further demonstrates the disordered nature of the SiNSs characterized by the

Urbach tail.
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7.4.2 PL Dynamics

Besides the PL spectra, the TRPL elucidates the carrier dynamics and charge transport during

the recombination processes. To the best of our knowledge, among the reported 2D Si nanosheets,

only Kim et al. have demonstrated TRPL results measured from a monolayered Si grown by CVD.

They showed nanosecond lifetime from an exponential decay [242]. In our case, the TRPL of all

freestanding functionalized SiNSs also show nanosecond lifetime decay rate (as presented in Figure

7.2a), however the slow power law decay that lasts up to t ∼ 90 ns expresses a long diffusion and

energy relaxation within the bands. No microsecond lifetime component was detected. We have

compared the absorbance against the PL spectra in Figure C.7 to determine whether the transition

could be direct or indirect. Due to the broad PL spectra and long exponential tails, unfortunately

the type of transition is not easily distinguishable.

The TRPL data, measured at the PL peak wavelength of λ = 510 ± 5 nm (E = 2.43 ± 0.02

eV), all have a universal fit to an empirical inverse power law function:

I(t) =
I(0)

(bt+ 1)
c , (7.2)

which represents band-to-band or bimolecular recombination dynamics (see Section 2.2.2) [69]. Here,

I(0) is the PL intensity at time t = 0, b is a parameter related to the bimolecular coefficient and

carrier density, and c is the power law exponent. The inverse power law shown in Equation 7.2 is

fitted to all TRPL data with a y-offset to include the baseline as the average of the dark counts. To

confirm the non-exponential nature of the TRPL, the data were also fitted to stretched exponential

decay and bi-exponential decay shown in Equations 2.8 and 2.7 (Section 2.2.1), respectively. Both

bi-exponential and stretched exponential decays have been demonstrated in other Si nanostructures.
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Figure 7.3: a) Log-log plot of the TRPL of all SiNS samples measured at room temperature
and at the peak of the PL spectra, λ = 510 ± 5 nm (E = 2.43 ± 0.02 eV). The intensities
are offset on the order of 10. The solid lines represent the fits to Equation 7.2. b) Semi-log
plot showing an example of three fits; power law, stretched exponential, and bi-exponential
decay for the TRPL of SiNS-C12H25(solid) at T = 77 K. c) The inverse power law exponent
c taken from the TRPL fits. Low temperature data were taken from the fits of the TRPL of
solid samples only. The horizontal dashed line serves as guide to eye for c = 1. Error bars
are within the data points.

Bi-exponential PL decay was observed for surface passivated colloidal Si nanocrystals, which

describes charge transfer from the Si core to the environment [243]. In thin film of Si nanocrys-

tals, a stretched exponential PL decay has been related to distribution of lifetimes resulting from

variations in nanocrystal sizes [245], disorder induced by hydrogen [244], and disorder arising from

the surface states of oxidized nanocrystallites [246]. Whereas in porous Si, stretched exponential

decay represents the interplay between excitonic recombination within the quantum dots and carrier
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diffusion among their disordered interconnections [39]. Furthermore, in few reported semiconduc-

tors and nanomaterials, the PL decay is a combination of both exponential and power law, which

requires multiple fit parameters and describes various mechanisms in the PL dynamics involving e-h,

exciton-like and polaron-pair recombination with carrier trapping [247, 248, 249]. In the presented

case of functionalized SiNSs, the TRPL clearly obeys a power law decay as demonstrated in Figure

7.3b for the TRPL of SiNS-C12H25(solid) at 77 K (refer to Figures C.8, C.9, and C.10 for more

comparisons).

The value of the inverse power law exponent in Equation 7.2 plays a significant role in un-

derstanding the PL kinetics and carrier transport. The power law exponent is c = α+ 1 in which

α reaches unity for a band-to-band or non-dispersive bimolecular recombination process [23]. In

the case where α < 1, such that the power law exponent becomes 1 < c < 2, Equation 7.2 is then

used to describe a diffusion-limited bimolecular recombination, which has been shown in transient

absorption of polymer films [68, 250] and PL of disordered semiconductors [69, 251, 252]. At longer

times (t >> 1), Equation 7.2 becomes a simplified inverse power law: I (t)∝ t−c, which has a similar

form in the transient photocurrent of a:Si-H and other disordered systems obtained from time-of-

flight (TOF) experiments [66, 76]. Here, the inverse power law decay of the transient photocurrent

is a result of the dispersive transport of carriers either by tunneling or ‘trapping and release’ in an

exponential distribution of shallow trapping states (we have referred to this as localized states in

the Urbach tail). Within the framework of the time-dependent PL, at longer times the simplified

inverse power law has been observed to be a universal feature in radiative recombination of electrons

and holes in the band tails states [72] and recombination dynamics involving charge release from

trapping centers [74], with power law exponents ranging at 1 < c < 2. The authors [74] mentioned

some reports ascribing c = 2 for diffusive case, c = 1.5 for a combination of diffusion and tunnel-

ing, and c = 1 for tunneling between localized states, but a unified interpretation remains unclear.

It is proposed that the power law time dependence is a result of many-body interactions between

trapping levels and the c value depends on the degree of correlation between the centres (with c = 1

for weakly correlated centers) [74], but a specific mechanism of carrier transport was not discussed.

It was then argued that PL decays that typically have 1.5 > c > 0.95 [73] involves tunneling from

electron traps to a random distribution of recombination centers, where c approaches a limit of 0.95

for the smallest number of recombination centers. On the other hand, the power law exponent of
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1.5 > c > 1 [67, 72] is explained in the context of multiple trapping mechanism in the band tail

states [66]. It is suggested that the PL power law decay should have c = 1.5 under normal carrier

diffusion and c = 1 for dispersive diffusion [67, 72]. Although the physical meaning of the value of

c is not yet well established and that it may vary depending on the mechanism of carrier transport,

it can be summarized from these reports that PL decays with power law exponents of c < 2 indi-

cates electron-hole recombination with diffusion of carriers that is limited by traps (as with the term

‘diffusion-limited bimolecular recombination’).

The universal fit of the TRPL to inverse power law decay re-affirms that the PL dynamics is

governed by e− h recombination but the power law exponents of c < 2 (Figure 7.3c) indicates that

the PL originates from the recombination of electrons and holes from the band tail states. Thus,

the PL dynamics is characterized by a diffusion-limited bimolecular recombination and reflects the

disordered nature of the SiNS. The amount of this disorder can be related to the value of the power

law exponent c. The suspended SiNSs in toluene, SiNS-C12H25(toluene) and SiNS-H(toluene), have

power law exponents closer to 2 at room temperature with c = 1.64 and 1.44, respectively. Among

the solid samples, SiNS-PAA@PAA has c = 1.56 at 295 K while both SiNS-C12H25(solid) and SiNS-

PS@PS have the least value of power law exponent at c ≈ 1. Based on the c values, such as in the

case of SiNS-C12H25, there is less structural deformation among the SiNSs when freely dispersed

in toluene than stacked on solid substrates that facilitates the interaction between the functional

groups. Depending on the nature of the functional groups on the SiNSs, they can interact with

each other, being adjacently located on the surface [253]. The molecules with a specific functionality

could arrange and order themselves after their attachment, e.g. π − π interactions in case of the

adjacent styrene moieties, or hydrogen bond formations, which might be present between the acrylic

acid groups. This could be a potential factor for additional deformation of the surface and thus

lead to different angles in the buckling of the SiNSs as depicted in Figures 7.4a and 7.4b. Hence, in

SiNSs being a 2D system, it is highly plausible that the locked-in structural disorder arises from the

variations in the buckling. This disorder in the SiNSs is also confirmed by the solid-state nuclear

magnetic resonance (NMR) spectroscopy, as shown in Figure 7.4c. The buckling-induced distortion

and the NMR results will be discussed in detail later.
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Figure 7.4: a) Schematic diagram depicting the distorted buckling of the SiNSs function-
alized with R = C12H25, PS, and PAA via radical induced hydrosilylation reaction, and
b) corresponding side view. c) Silicon-29 NMR spectra of representative ordered silicon
(measured from 44 μm silicon particles), disordered silicon, SiNS-H, and C12H25(solid), and
SiNS-PS@PS.2d) The buckling-induced distortion in the monolayer sheets creates disorder
in the energy landscape, therefore the electron experiences dispersive transport either through
multiple trapping and release or multistep tunneling mechanism. e) Similar illustration is
provided along the spatial coordinate. In addition, the (1) diffusion-limited radiative bimolec-
ular recombination is illustrated with e-h pair (red and white circles, respectively) between
localized states while the (2) non-radiative recombination is mediated by deep-level states. f)
These schematic diagrams correspond to a density of states g(E) that has a distribution of
localized band tail states spreading exponentially below the mobility edge of the conduction
band (or above the valence band). The g(E) of deep-level states is in the middle of the
mobility gap.

2NMR Spectroscopy performed by M. Ha.
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The mechanism of diffusion-limited bimolecular recombination can be better understood when

investigating the PL dynamics at various temperatures. In Figure 7.3c, the power law exponents of

SiNS-PAA@PAA have shown to have a different temperature dependent behaviour compared to the

SiNS-C12H25(solid) and SiNS-PS@PS. For SiNS-PAA@PAA, the power law exponent almost linearly

approaches the value c = 2 at T > 230 K. At T < 230 K, c decreases until it reaches c ≈ 1 at T

= 80 K. Such behaviour resembles a temperature dependent charge transport attributed to carrier

‘multiple trapping and release’ [75]. In this mechanism, electrons hop between nearby localized sites

acting as charge traps, gets thermally activated above the mobility edge before falling again into the

distant trap [23], as illustrated in the energy landscape in Figure 7.4d and recombination dynamics

in Figure 7.4e. The thermal activation allows the electrons to migrate above the mobility edge,

thereby resulting in c value closer to 2. However, in this mechanism, it is assumed that the thermal

excitation (which allows the electron to escape from the holes) always yields to a lower probability

of radiative bimolecular recombination and hence, the thermal quenching of the PL intensity. At

decreasing temperature, the electrons tend to diffuse into the deep localized sites, allowing a higher

probability to recombine with the trapped holes in the valence band tail resulting in increased PL

efficiency. The mechanism may differ for SiNS-C12H25(solid) and SiNS-PS@PS, where the power

law exponents of c ≈ 1 are observed to be almost constant until 150 K (Figure 7.3c). This behavior

agrees to a hopping transport mechanism via thermally-assisted multistep tunneling [75] where the

value of c is not significantly affected by temperature because tunneling occurs between neighboring

sites with almost equivalent energies [254]. At much lower temperature (T < 150 K), the c values

slightly increase from c ≈ 1 up to c ≈ 1.5 which could imply improvement in the bimolecular

recombination. It is most probable that the tunneling to neighboring localized states are no longer

thermally-assisted and thus, in this temperature regime, the efficient radiative recombination could

be due to direct tunneling of electrons in the conduction band tail to the trapped hole in the valence

band tail (Figure 7.4f). This results to the dramatic increase of their PL intensities at T < 150 K,

as shown in Figure 7.2d. In line with this, SiNS-C12H25(solid) have shown to have relatively higher

c and higher PL intensity compared to the SiNS-PS@PS.

We have presented a case where the buckling-induced distortion is responsible to the disorder

in the 2D SiNSs. In a-Si:H, it was demonstrated that deviations in the bond angles [239] significantly

affects the EU. Furthermore, the buckling-induced distortion has been observed in epitaxially grown



CHAPTER 7: PL of SiNSs 102

SiNSs [256]. In this report, the constraint imposed by the silver substrate induced a differently

buckled sp2 − sp3 arrangements, which provoked an intrinsic disorder in the SiNSs. The local

vertical distortions in the Si lattice were associated to the Raman-inactive vibrational mode A1g. In

our case, this A-mode peak also appear in the Raman spectrum of the SiNS-C12H25(solid) (Figure

C.12). However, because our SiNSs are freestanding, the hydrogenation and functionalization of the

Si sheets result in ideally sp3-hybridized structure, and thus the A-mode peak in the Raman may not

conclusively point to the disorder in the SiNSs. In terms of X-ray diffraction (XRD), our previous

report [206] showed XRD spectra of SiNS-H and SiNS-C12H25(solid) that has relatively broad peaks,

which are commonly observed in amorphous materials [257]. The XRD, however, was measured on

the powdered form of the samples and thus, the broad peaks could only be due to the finite sizes

and stacking of the nanosheets, and not necessarily on the amorphous character. In view of these

complimentary measurements, we have decided to perform solid-state nuclear magnetic resonance

(NMR) spectroscopy, which is a non-perturbing technique that provides structural information about

the local atomic chemical environment over several bonds. Thus, it is a sensitive local probe of short-

and medium-range order in the structure of nanomaterials. The 29Si cross-polarization magic-angle

spinning (CPMAS) NMR spectra of SiNS-H and SiNS-C12H25(solid) has the presence of a broad

resonance ranging from -80 to -120 ppm and lacks the sharp isotropic chemical shift (δiso = -81 ppm)

corresponding to crystalline (ordered) silicon (Figure 7.4c). This broadness mirrors those features

seen in disordered silicon nanoparticles [258], as well as NMR studies of other metal nanoparticles

([259, 260, 261, 262, 263, 264, 265, 266, 267]. Due to the deviations in bond angles from the

buckling-induced distortion in the SiNSs, a distribution of chemical shifts culminates as the broad

featureless resonance. In regard to the SiNS-C12H25(solid) spectrum, features between +20 to -90

ppm associated with the functionalized surface are also present with residual SiO2 oxidation present

at -110 ppm [268, 269]. The disordered nature of the SiNSs observed via 29Si NMR spectroscopy

is consistent with the our observations, suggesting that the SiNSs are non-crystalline 2D sheets

imposed by the the buckling-induced distortions.
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7.5 Summary

In summary, we have investigated the PL of variously functionalized freestanding SiNSs at different

temperatures. The SiNSs consistently emit green PL and the PL peak emission agrees to the calcu-

lated band gaps of hydrogenated 2D silicon. The origin of the PL is band-to-band recombination,

however the the PL spectra are broad and exhibit long exponential tails, representing the band tail

states arising from the locked-in structural disorder in the SiNSs. The effect of the disorder in the

SiNSs is further demonstrated in the PL dynamics. The time-resolved PL has a universal fit to an

inverse power law decay that represents a diffusion-limited bimolecular recombination. Although

the subsequent functionalizations of the hydrogenated SiNSs do not change the nature of the PL,

the functionalizations affects the dispersive charge transport near the mobility edge.

To the best of our knowledge, this work provides a more comprehensive picture of the PL

dynamics among reported freestanding functionalized SiNSs. The information presented here is

important for the optimization of the optical and transport properties of SiNSs, where less disorder

is desirable. Though, the nature of the PL may be analogous to a disordered semiconductor, it

paves the way for the 2D SiNSs into the established and emerging applications of amorphous Si in

optoelectronics industry; such as thin film transistors, photo detectors and solar cells [225, 255]. The

study may also provide essential understanding on the carrier dynamics in 2D systems.



CHAPTER 8

Photoluminescence and

Photoconductivity of Bulk Germanium

8.1 Overview of the Ge band structure

Ge has an indirect band gap as shown in Figure 8.1. By taking the valence band maximum as E = 0,

at room temperature (T = 300 K), the indirect and direct band gap energies are Eg−ind = 0.664

eV (Γ-L[111] minimum point of the Brilloin zone) and Eg−dir = 0.805 eV (Γ-Γ point), respectively

[96, 273]. Because of the indirect gap nature of Ge, the study of carrier dynamics has not advanced at

the same pace with Group III-V direct gap semiconductors such as GaAs [273]. Indirect transitions

are much less probable than direct ones, as it requires a two-step process with the participation of

phonons to fulfill conservation of quasi-momentum [44] (see Section 2.3.1.2).

Photoexcitation can occur from Γ to Γ valleys, as depicted in Figure 8.1b, as well as excitation

from the continuum valence band to the L[111] valley if the excitation energies are much higher than

the band gaps, Eex > 2 eV. Thus, at high excitation levels, possible direct e-h recombination

could occur, e.g. from Γ-Γ point, as well as indirect recombinations via phonon-assisted intervalley

scattering (e.g. scattering from L[111] valley to Γ valley). Note that there are four similar valleys

in the entire [111] direction, and thus injected electrons may also scatter from these side bands.

For a nonpolar semiconductor such as Ge, electron scattering in k -space is mainly determined by

the first-order optical phonon deformation scattering [43, 273, 274]. Because the first-order optical

phonons are only restricted in a narrow region of the Brillouin zone, intervalley scattering from the

L valley is probable but it is forbidden from the X[100] valleys due to symmetry restrictions [273].

104
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This might explain as to why indirect PL has not been observed from the X[100] valley in Ge. The

PL measurements will be presented in the next section.

Because of the degeneracy of the upper two valence bands (heavy-hole and light-hole) at

elevated temperatures, recombination of electrons to hole can be considered only at the heavy-hole

band [273]. Moreover, the density of states of the lowest valence band (split-off) is small compared to

the upper two valence bands, and the energy is only 28 meV lower (comparable to thermal energy at

room temperature), thus its contribution to the overall recombination dynamics could be negligible.

� �

Figure 8.1: a) Energy band diagram of Germanium at T = 77 K. E = 0 is assummed
at the maximum of the heavy hole valence band. The band gap energies of the direct and
nearest indirect valleys are shown, as well as the density of state masses in both conduction
and valence bands. b) The corresponding allowed transitions (vertical solid arrows), possible
intervalley scattering (dashed arrows), and intraband relaxation (curved solid arrows) are
illustrated. Both figures are taken from Ref. [273].

8.2 Photoluminescence (PL)

NIR PL spectroscopy is an effective tool to demonstrate the e-h recombination across the direct

and indirect band gaps of Ge. Steady-state indirect PL of bulk crystalline Ge has been shown

first in earlier experiments subjected to liquid Helium temperature (T ≤ 5 K) [276, 277, 278, 279],

where the PL intensity is observed to be more pronounced. With the advent of more sensitive
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NIR detectors in the past decade and by using continuous wave (cw) excitation with high photon

energies, the indirect PL spectrum of bulk Ge can be readily obtained at room temperature [280].

On the other hand, enhanced steady-state direct PL can be easily achieved by means of heavy doping

[281], tensile strain [282, 283], and/or increased temperature [284]. At high excitation fluences, both

direct and indirect steady-state PL can be observed in both bulk and nanowire Ge [285, 286]. For

the past few years, more studies that involve PL of Ge have been rapidly being reported in terms

of device fabrication. Through quantum confinement, different preparations such as mixing with

other elements (Ge alloys), application of strain using different substrates, and nanoscale technology

[287, 288, 289, 290, 291, 292, 293], radiative processes can be enhanced and/or PL spectra can be

shifted from the NIR to the visible wavelengths.

In this report, we use ultrafast laser pulses for the photoexcitation of bulk Ge instead of a cw

laser. At smaller laser excitation energy of 1.55 eV, both direct and indirect PL are obtained from

undoped and doped bulk Ge samples at room temperature. The samples are crytalline Ge wafers

oriented at the 100 direction with 0.5 mm thicknesses (MTI Corp.). The NIR PL spectroscopy was

employed (see Section 5.2) to obtain the PL spectra. At different excitation fluences, an interplay

between the direct and indirect PL is demonstrated. To the best of our knowledge, investigating the

interplay between the direct and indirect PL in Ge at 1.55 eV pulse laser excitation has not been

reported so far.

8.2.1 Results and Discussion

8.2.2 Fluence dependence of the PL of Ge

An excitation of 800 nm (1.55 eV) is expected to fill both indirect (L) and direct (Γ) valleys of the

conduction band with population of electrons. In order to obtain reasonable PL spectra in the Ge

samples, higher optical fluences with carrier densities of up to 400 × 1018 cm−3 were used. Such

high laser pumping power could result in shifting the quasi-Fermi energy levels near the conduction

band [37, 294] (Figure D.1).



CHAPTER 8: PL and PC of Germanium 107

��� ��� ��� ���
�

��

��

��

��

	��

	��

	��


���������

�����������

�����������

��� ��� ��� ���


���������

 ��!�"��������

��� ��� ��� ���


���������

#!�$��������

#!�$�������� ��!�"��������

�

��

��

��

��

	��

	��

	��

�
�
��
�
��
�
�
	�


��
�
�
�

�����������

���%&������

#!�$��������

�'��(�)�

�'��*!)

�(!��)�'��*!)

�+��!��)�'��*!)

 ��!�"�*������

�

��

��

��

��

	��

	��

	��

�����������

����������

(!��)�'�

+��!��)�'�

�

�

�

Figure 8.2: Examples of PL spectra of a) undoped Ge, b) Ge-Sb doped (n-doped), and c)
Ge-Ga doped (p-doped) at low (28 mW), medium (104 mW), and high (199 mW) pumping
power. The green dashed and blue dotted lines represent the best fits to the Equations 2.17
and 2.22 for the direct and indirect transitions, respectively, while the red solid line is the
overall PL fit. Horizontal and vertical dashed lines were included as guides to the eye for
the peaks of the direct and indirect PL, respectively, relative to the low fluence PL spectra.

The population of both bands results to a PL spectrum that has two distinct peaks at the

NIR region, shown in Figures 8.2. The PL data were fitted to Equations 2.17 and 2.22 for the PL

intensities from a direct and an indirect gap semiconductor. It can be observed that the direct PL,

which is the most probable recombination, has less PL intensity as compared to the indirect PL.

There are possible reasons to this: 1) There are more population of carriers in the L valley because
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of higher density of states. The effective mass m∗L is ∼5 times higher than m∗Γ and considering

that there are four valleys in the L region. At 1.55 eV excitation, the ratio of the density of states

in the L valley to the Γ valley is estimated to be 1:0.02 [295]. 2) Moreover, higher energetically

carriers can scatter from the X[100] space of the band to the L valley. Note that the X valley is

even more populated where the ratio of the density of states of X to the L valley is 2.7:1 [295] and

that the mobility in the X valley is nearly five times higher than the L valley [296]. 3) The indirect

recombination process could have been mediated by a faster intervalley scattering from Γ to L valley

at ∼230 fs, which competes to the carrier thermalization process of < 1 ps in the Γ valley [5, 297].

Contrary to the use of cw lasers, with high photon energies, practiced by most studies (514

nm [280], 515 nm [282], 532 nm [285, 286, 288, 298], and 671 nm [284]), here, a reasonable PL spectra

with good S/N ratio can already be obtained using an ultrafast 800 nm excitation. With 50 fs pulses

every 1 ms, the pulsed excitation might have resulted to better radiative efficiency as compared to

steady-state measurements because it prevents possible build up of quasi-equilibrium distribution of

trapped photogenerated carriers [57] and may allow enough time for the free carriers to go through

the scattering and relaxation (femtosecond to picosecond scale) and recombination (picosecond to

mirosecond scale) processes. Our observation is similar to Ref. [299] where PL spectra with both

direct and indirect peaks were observed at room temperature using 200 μs laser pulses at 1.06 μm

wavelength.

The doping by Sb (n-doping) and Ga (p-doping) increased the carrier concentration of undoped

Ge in 4 orders of magnitude (nGe−undoped = 2.33×1013 cm−3, nGe−Sb = 1-40×1017 cm−3, and

nGe−Ga = 1.2-4×1017 cm−3 based on the manufacturer’s resistivity values, MTI Corp.). The doping

results to enhanced PL intensity, as exemplified in Figure 8.2b-c. The indirect PL is mostly enhanced

by n-doping, which implies higher electron population filling in the L valley [282], as a result of higher

density of states. In the case of p-doping, the presence of more holes in the valence band resulted

to more enhancement in the direct PL intensity as compared to the indirect PL. This compliments

the fact that the direct transition is faster, allowing more electrons from the direct valley to easily

find holes to recombine with in the valence band. The PL spectra of both doped and undoped bulk

Ge were fitted to the PL spectral shape of a direct and an indirect gap semiconductor expressed in

Equations 2.17 and 2.22, respectively. The extracted best fit parameters are shown in Figure 8.3.



CHAPTER 8: PL and PC of Germanium 109

� �� ��� ��� ��� ��� ��� ��� ���
���

���

�	�

���

���

���

���

�
�
�
�
�
��
��
��
	

�
�


������������������������

�����������

����� ������

������������

!� ����

�����������

� ��� ��� ��� ���
�"#�

�"#�

�"#�

�"��

�"�#

�"��


�
	�
�
�
�
	�
�
�
��
�
	

�
�
�


������������������������

�����������

����� ������

������������

$�����������%&����'(��������&��"�����)

$�����������%&����'(��������&��"##���)

*�����+,

-�������+,

� ��� ��� ��� ���
�"#�

�"#�

�"#�

�"��

�"�#

�"��

�
�
�
�
	�
�
�
	�
�
�
��
�
	

�
�
�


������������������������

�����������

����� ������

������������

$�����������%&����'(��������&��"�����)

$�����������%&����'(��������&��"##���)

*�����+,

-�������+,

Figure 8.3: Parameter values taken from the best fits of the PL spectra of Ge samples to
Equations 2.17 and 2.22 (Chapter 2): a) Band gap energies, b) PL peak energies, and c)
lattice temperature of the samples plotted against increasing carrier density. Guides to the
eye are included for the expected band gap energies taken from Ref. [96].

Based on the best fits, the undoped Ge has a direct and indirect band gap energies of

Eg−dir ∼0.77 eV and Eg−ind ∼0.62 eV, respectively, which are 0.03 - 0.04 eV lower than the reported

band gap values at room temperature [96], as displayed in Figure 8.3a-b. Because the band tails

(Urbach tail) [49] at the low energy range of the direct and indirect PL spectra were not considered

in the fits, the fitting is slightly red-shifted which gave lower values of Eg [35, 284, 300]. At increasing

excitation density, whereby the quasi-Fermi level is increased, an expected slight Burstein-Moss shift

[301] of the PL peaks to higher energy (Figure 8.3b) is observed, which is more noticeable at the

indirect PL. Due to state-filling of the conduction band, the absorption edge is pushed to higher

energies, resulting in shifted PL peaks. However, at n > 150×1018 cm−3, the PL peak tends to shift

back, which could imply narrowing of the band gap. Band gap narrowing are typically observed at

very high carrier concentrations (∼ 1019 cm−3), due to interaction within the bands (arising from

the anisotropy of Ge band structure) or increased carrier-impurity interaction (as seen in highly

doped semiconductors) [302, 303]. Thus, in this case, there appears to be a competition of the

Burstein-Moss effect and the band gap narrowing as observed in other semiconductors [304, 305].

The band gap and PL peak energies of both doped samples are slightly shifted by 3 to 14

meV relative to the undoped Ge, which is more noticeable in the indirect PL (Figure 8.3a-b). If we

assume that the small energy differences of the doped Ge samples, relative to the undoped Ge, are

due to the ionization binding energies of shallow acceptor and donor levels at the band edge, these
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values are close to the reported ones for Ge-Sb (ED=10.29 meV) and Ge-Ga (EA=11.32 meV) [96].

In terms of the width of the PL spectra, the FWHM remains at ∼ 1.8kBT (direct PL) and ∼ 3.4kBT

(indirect PL) (see Figure 2.4). At higher excitation fluences, the lattice temperature is shown to

increase by 10 - 20 K (Figure 8.3c). This is not relatively significant and thus, any competition

between the direct and indirect PL is not solely influenced by the elevated temperature within the

crystal as exemplified in Ref. [284].

8.2.2.1 Interplay between the direct and indirect PL of Ge

We now investigate the interplay arising from the direct and indirect PL. From Figure 8.4, it

is observed that the PL intensity increases with the excitation fluence. However, when comparing

the direct and indirect PL peaks in general, there is more noticeable increase in the direct PL at

higher fluences, while the indirect PL peaks appears to saturate. The continual enhancement in the

direct PL intensity is due to the higher recombination rate across the direct gap (compared to the

phonon-assisted recombination across the indirect gap) even though the population of electrons is

higher in the indirect band [299]. By taking the integrated PL as a function of fluence, the relative

changes between the direct and indirect PL show that there is more enhancement in the direct PL, as

shown in Figure 8.4a. When the overall integrated PL (across the whole PL spectrum) is considered,

the PL reaches a saturation point at much higher carrier density (>150×1018cm−3), as shown in

Figure 8.4b. Because the direct PL is continually increasing, the saturation region of the overall

integrated PL means that there is a balancing effect between the direct and indirect integrated PL.
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Figure 8.4: a) The ratio between the integrated direct and indirect PL increases against
the excitation fluence, however b) the overall integrated PL (across the whole PL spectrum)
shows saturation at higher laser pumping power.

The saturation at higher carrier densities points to a nonlinear behaviour, indicative of non-

radiative processes which hamper further light emission. Instead of a two-body process, which is the

e-h pair recombination, a three-body process (referred as Auger recombination) could be involved

due to very high excitation fluence. To check the carrier concentration at the regime of Auger pro-

cess, we consider the calculated bimolecular coefficient B of 2.5× 10−13 cm3/s [306] and the Auger

coefficient C ranging from ∼10−31 cm6/s [307] to 4× 10−32 cm6/s [308]. At our excitation levels with

carrier densities of 15 to 40× 1019 cm−3, the radiative bimolecular recombination rate is calculated

as Bn2 ∼1027cm−3/s, which is much less than the Auger recombination rate of Cn3 ∼1029 cm−3/s.

This means that in order to avoid Auger processes to occur, the carrier density should be less than

∼4× 1019 cm−3. Thus, our minimum excitation fluence is within the onset of having non-radiative

Auger recombination.

On the other hand, the saturation of the PL intensity occuring in the indirect band, could also

be related to less efficient phonon-assisted intervalley scattering to the L valley. However, addition of

carriers via intervalley scattering to the more populated L valley is less probable due to state-filling

effects. Further investigation could be made in this case, such as modeling of state-filling effects in

the direct and indirect bands of Ge.

Regardless, an interplay of the direct and indirect PL has been shown by simply increasing the

photoexcited carriers. The ability to modulate the PL peaks may allow us to understand the carrier
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dynamics involved. Moreover, it could possibly open up potential photonic applications because

the direct PL wavelength of 1550 nm is the current standard telecommunication wavelength. In

addition to varying the excitation fluence, other possible means of enhancing or quenching the PL

peaks could be explored. This effect is further presented in Chapter 10.

8.3 Photoconductivity (PC)

While photoluminescence measurements allow us to study a subset of transitions that are radiative,

investigating the photoconductivity allows us to monitor a subset of photocarriers which have an

appreciable mobility [92]. Here, we employ time-resolved THz spectroscopy (TRTS) (see Section

4.3) in acquiring the transient PC in bulk Ge. The advantage of TRTS is that we can capture the

PC dynamics as early as ∼300 fs after the photoexcitation. At very early time (in the picosecond

scale), the transport of the photoexcited electrons at the conduction band is dominated by thermal

relaxation and scattering [310]. At latter time (� 1 ps), the photoexcited carriers undergo recom-

bination processes. Thus, exploring the PC dynamics in different time regimes may reveal different

mechanisms that govern the carrier transport in bulk crystalline Ge.

8.3.1 Picosecond scale transient photoconductivity

As shown in Figure 8.5a, the transient photoconductivity of Ge exhibits a long decay, in line with the

long-range transport in crystalline semiconductor. At higher fluence, the decay tends to be relatively

faster, indicating a decreasing effective carrier lifetime. The measured | − ΔT/T0| was attempted

to be fitted in a simple inverse power law of bimolecular recombination but was unsuccessful, which

means that bulk recombination is not the only main contribution in the decay. Considering that the

optical penetration depth is only 220 nm at an excitation of 1.55 eV, surface recombination or possi-

bly recombination through more defect concentration start to dominate at higher carrier density and

the diffusion of carriers into the bulk becomes more ineffective [309]. The faster photoconductive

decay due to surface recombination is more noticeble in the | −ΔT/T0| using 3.10 eV pump, as seen

in Figure 8.5b, whereby the penetration depth is only limited to 15 nm. To account both surface and

bulk recombinations, the fitting of | −ΔT/T0| to a combination of exponential decay (monomolec-
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ular recombination) and inverse power law (bimolecular recombination) was performed but was not

deemed successful. Therefore, it is recommended that the diffusion and the optical absorption of

the sample should be included in the spatial and temporal evolution of the photogenerated carriers

(see Equation 2.4) [11, 34] and that the fitting should be performed at much longer times. Here, the

behaviour of the | − ΔT/T0| is relatively constant at long times (> 200 ps), comparable with the

indirect gap Si that also has longer recombination lifetimes [311] and unlike the direct gap GaAs,

which has shown to have faster | −ΔT/T0| decay [11, 311].
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Figure 8.5: a) Absolute differential THz transmission of photoexcited Ge at excitation energy
of 1.55 eV measured at different fluences and b) a comparison of 1.55 eV and 3.10 eV
excitation.

8.3.2 Complex conductivity of photoexcited Ge

To better grasp the mechanisms of the carrier transport, we employ the 2-chop scan method of the

TRTS (Section 5.3.3) in obtaining the conductivity in the frequency domain and in extracting rele-

vant parameters that would describe the PC dynamics. Figure 8.6 shows the complex conductivity

plots obtained from the values of Eref and Epump, measured at different pump fluences. The solid

lines represent the fits to Equations 3.15 and 3.16 for the real and imaginary parts of the complex

conductivity, respectively, according to the Drude model of free carriers. The good fits of the ex-

perimental results to the Drude model demontrates a proof-of-concept to the effectivity of TRTS in

probing the complex conductivity at the THz regime of photoexcited bulk semiconductors.
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Figure 8.6: Complex conductivity (with σ1(ω) and σ2(ω) as the real and imaginary parts,
respectively) of undoped n-type Ge acquired using 2-chop scan method of TRTS at Δt = 100
ps. The solid blue lines represent the Drude model fits. An electron effective mass of 0.12m0

(for conductivity measurements) and substrate refractive index of N = 4.0 were used in the
best fits.

The extracted parameters from the fit at various pump fluences is shown in Figure 8.7a-

d. The scattering time decreases at higher excitation density while the plasma frequency and dc

conductivity increases, as expected (Figure 8.7a-c). Because the scattering time is within 180 to

250 fs, the crossover points, σ1(ω) = σ2(ω) falls at 0.5 < ω/2π < 1.0, thus our THz bandwidth is

ideal in demonstrating the Drude model of free carriers in Ge. At much lower fluence, with a carrier

concentration of 0.65 ± 0.1 × 1017cm−3, the scattering time is 248 ± 6 fs, which yields an electron

mobility value of 3642 ± 88 cm2/V·s (Figure 8.7d). This closely agrees with the expected μe of <

3900 cm2/V·s at T = 300 K [96]. At higher carrier concentration, the mobility is reduced due to the

increased overall scattering rate (1/τ) arising from a combination of defects, carrier-carrier scattering,

phonons, and ionized impurities. Ionized impurity scattering can reduce the mobility down to 40%

but it only occurs at extremely low temperature [312]. While at higher temperature, the other

contributions (defects, carrier-carrier interaction, phonons) start to dominate especially at higher

carrier densities, in the order of 1016 to 1017 cm−3. Since our measurements lie within this range of

carrier concentration, we plotted the overall scattering rate as a function of the carrier concentration

as shown in Figure 8.8, to analyze the dominant scattering contribution. The behaviour agrees well to

a carrier-carrier scattering contribution, which vary approximately linear to the carrier concentration,

given by 1
τ ∼ n|ln(n)| [11, 312], with an offset due to phonon scattering. The offset value of 1/τph

= 3.4 ± 0.2 THz is within the vicinity of expected phonon scattering rate in Ge at T = 300 K [313].
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Figure 8.7: Parameters taken from the Drude model fits to the measured complex conductivity
of Ge: a) Scattering time τ , b) Plasma frequency ωp, c) dc conductivity σdc, and d) Mobility
μ.
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Figure 8.8: The effective scattering rate (1/τeff ) increases linearly as a function of the
carrier density (n). The y-intercept corresponds to the phonon scattering rate (1/τph) at T
= 300 K.
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Figure 8.9: The resistivity values of Ge extracted from TRTS (black squares) compared to
the reported resistivity (red line) of n-type Ge in Ref. [314]. The carrier concentration
values from TRTS (black squares) were calculated using the relation, n = σdc/(eμ). Here,
the σdc and μ values were taken from the Drude fits to the complex conductivities measured
at Δt = 100 ps. For the initial carrier concentration (blue circles), the values were directly
calulated from the optical excitation fluences. For the reported data (red line), the resistivity
values were measured using Haynes and Shockley circuit [315] and Hall effect [314] methods
at low and high ranges of carrier concentrations, respectively.

Furthermore, we plotted the the resistivity (1/σdc) as a function of carrier concentration (n)

in Figure 8.9. The σdc values were extracted from the Drude fits to the complex conductivities at

Δt = 100 ps. The initial carrier concentrations (blue circles), which were directly calculated from

the optical fluences, corresponded to resistivity values that are closer (especially at lower n values) to

the reported resistivity of an n-type Ge using contact methods (red line) [314, 315]. The measured

carrier concentrations (black squares), which were derived using the relation, n = σdc/(eμ), are much

lower. It shows here that the TRTS can provide the values of n, μ, and σdc at a specific time after

the excitation of a laser pulse (Δt), which are not accessible in steady-state measurements. Thus,

the TRTS is an effective tool when investigating the electrical properties based on the transient

response of a photoexcited semiconductor. Also, when comparing the efficiency of non-contact

TRTS measurements to contact methods, it was shown that the TRTS provided reasonable values

compared to the resistivities measured using Hall Van der Pauw method due to poor electrical

contacts [311].
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8.3.2.1 Low temperature
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Figure 8.10: Parameters taken from the Drude model fits to the measured complex conduc-
tivity of Ge; a) dc conductivity σdc, and b) mobility μ. The measurements were carried out
at a fluence of F = 5.6 μJ/cm2 (n = 4.7 ± 0.3 ×1017 cm−3). The reported mobility values
for carrier concentration in the order of ∼1017 cm−3 [109] are overlaid in b) plot.

The complex conductivity of Ge was also investigated at temperatures below T = 300 K using

an excitation fluence of F = 5.6 μJ/cm2 (n = 4.7 ± 0.3 ×1017 cm−3). The extracted σdc and μ values,

from the Drude model fits to the measured complex conductivities, are shown in Figures 8.10a and

8.10b, respectively (ωp values are shown in Figure D.2). The mobility increases at low temperature,

as expected due to the suppression of lattice scattering [316] (see Section 3.5.1), and reaches up to a

maximum of ∼5500 cm2/V·s at T = 160 K. With the suppression of lattice scattering, the mobility

is expected to follow T−1.5 dependence, as depicted by the magenta dashed line in Figure 8.10b.

However, the mobility dependence departs from T−1.5 due to the competition against impurity

scattering, which follows a T 1.5 dependence at much lower temperature (black dashed line). The

observed temperature-dependent mobility is in close agreement with the behaviour of reported Hall

mobilities of Ge [109] for a carrier concentration in the order of ∼1017 cm−3. In this report [109],

the mobility increases from room temperature value to a maximum of ∼5000 cm2/V·s at T = 150

K. For T < 150 K, the mobility reduced down to a minimum value of ∼ 4000 cm2/V·s at T = 10

K. Additionally, it has been observed by other report [317] that ionized impurity scattering is not

the only contributing factor to the reduced mobility. By accounting the contribution from e-h

scattering into the expected temperature dependent mobility, in addition to the lattice and impurity
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scattering, it was shown that the expected behaviour is more consistent with the experimentally

measured mobilities in Ge [317].

8.4 Summary

In summary, the photoluminescence and photoconductivity of bulk Ge were investigated. The PL

from both direct and indirect band gaps was measured and the interplay of the direct and indirect

PL was examined at various excitation fluences. As the excitation density becomes higher, the direct

PL is shown to continually increase whereas the indirect PL tends to saturate possibly due to Auger

processes. This demonstration entails that the photoexcitation of carriers can modulate the direct

and indirect PL.

The THz complex conductivity of photoexcited Ge was also investigated using TRTS. The

measurements agree well with the Drude model for conductivity of free carriers. Particularly, the

mobility values extracted from the Drude model fits were examined at various excitation densities

and temperatures. The behaviour of the fluence and temperature dependent mobilities showed the

effect of carrier-carrier, impurity, and lattice scattering. This demonstrates a proof-of-concept to

the capability of TRTS as a non-contact tool in effectively probing conductivities as well as carrier

dynamics in the ultrafast scales in semiconductors.
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Time-resolved Terahertz Spectroscopy of

Photoexcited Germanium Inverse Opal

Films

9.1 Introduction

Ge has higher carrier mobility [320] and longer wavelength absorption [321] compared to silicon that

is commonly used in optoelectronics industry. However, due to the expensive Ge material, fabri-

cation of cost-effective nanostructured Ge including nanowires (NWs) [322, 323, 324], nanocrystals

(NCs) [325], and porous thin films [326, 327] have attracted significant interest lately. These low-

dimensional materials have shown excellent properties. In particular, nanoporous Ge has been shown

to exhibit tunable photoluminescence [328], serve as a potential agent of adsorption and catalysis

[329], and act as a high-performance battery electrode [330, 331]. Potential applications such as

hybrid solar cells and thin film anodes for lithium ion batteries [327, 332] have also been explored,

however, the optoelectronic properties on the ultrafast and macroscopic scales, which are important

in device fabrications, remain unknown.

Ultrafast optical spectroscopy such as time-resolved optical pump-optical probe [322, 324] and

TRTS [323] have been used to investigate the properties of Ge NWs, and TRPL for Ge NCs [325].

But to the best of our knowledge, investigation of the fundamental ultrafast carrier dynamics has

not been reported for porous Ge films. Among the spectroscopies used in bulk semiconductors and

nanoscale materials [107, 311, 333, 334], TRTS has been an established non-destructive technique for

119
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probing transient photoconductivity on the ultrafast scale. TRTS technique does not only provides

substantial information regarding their optoelectronic properties, such as carrier mobilities, but

also elucidates the transport dynamics of carriers such as those confined within limited dimensions

[4, 8, 134]. Among porous materials, Lloyd-Hughes et al. employed TRTS in photoexcited InP

consisting of 2D 50 nm pores [335]. In this chapter, we present the TRTS of a 3D macroporous Ge

film, also referred as ‘Ge with inverse opals’ [327]. We determine fast transient photoconductivities

that last < 100 ps and frequency-resolved complex conductivities that follow the Drude-Smith model

of carrier localization, both suggesting short-range transport in the Ge films. However, despite the

disordered nature of the films, they show significantly high carrier mobilities of ∼ 190 cm2/(V·s),
which is remarkable for materials prepared from a wet-chemical synthesis. The Ge inverse opal films

were also compared to the TRTS of unstructured Ge film.

9.2 Ge films from wet-chemical synthesis

In this study, we explore the electrical properties and carrier dynamics of photoexcited un-

structured (continuous film) and macroporous Ge films. The fabrication of macroporous and un-

structured Ge films allows the excellent optoelectronic properties of Ge to be translated into a large

surface area to volume ratio. [Ge9]4− Zintl clusters were used as wet soluble Ge source for the

bottom-up wet-chemical fabrication of the Ge nanomorphologies. For the macroporous strucure, the

inverse opal (INOP) structures were introduced by using polymethylmethacrylate (PMMA) beads

as template molds. These PMMA beads were removed by annealing the structure at 500 ◦C for only

5 minutes followed by dissolution in tetrahydrofuran (THF), resulting in a Ge film with macrop-

orous matrix (refer to Appendix E for details of the synthesis). Because the films did not undergo

additional and longer annealing processes, they are expected to be amorphous. Investigating the

samples in its amorphous phase offers an opportunity to be considered in the emerging applications

of amorphous materials in the microelectronics industry [255]. Maintaining high degree of crys-

tallinity and purity has been a challenge when fabricating cost effective microscale materials [4] and

thus amorphous materials, which do not need further processing, can be immediately useful. As

compared to more elaborate methods such as chemical vapor deposition [336] and electrochemical

etching [337], the wet chemical synthesis of the Ge inverse opal structures is rather straightforward
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with an exceptional control over the shape, size, and spatial arrangement of the pores [327].

Figure 9.1: SEM images of the a) Ge unstructured film, b) Ge INOP-1, and c) Ge INOP-2,
and d-f) their Raman spectroscopies with broad amorphous peak at ∼ 270 cm−1 and slight
sharp crytallinity peak at ∼ 290 cm−1.1

The samples investigated herein are Ge film without INOP structures (Ge unstructured) and

two Ge films with INOPs (Ge INOPs). The scanning electron microscopy (SEM) images of the

samples are shown in Figure 9.1a-c. Enlarged SEM images are displayed in Figures E.1 to E.3. The

Ge unstructured film shows an amorphous matrix with loose granular structures while the Ge INOP

films show a rather continuous Ge flat structure with INOPs. The removal of 150 nm and 340 nm

PMMA beads in the Ge films resulted to the formation of INOP diameters ranging from 40 to 65 nm

and 205 to 285 nm, respectively. For simplicity, we shall refer to these films as ‘Ge INOP-1’ and ‘Ge

1Synthesis was performed by M. A. Giebel. Raman spectroscopy was performed by S. Geier and D. Boeh (TUM).
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INOP-2’. The pore wall thicknesses range from 19 to 29 nm for the Ge INOP-1 and from 54 to 126

nm for the Ge INOP-2. As displayed in Figure 9.1b-c, the formation of distinct and uniform inverse

opals was only effective at larger PMMA beads. Raman spectroscopy confirms an amorphous Ge

for all the samples with a Raman peak at ∼ 270 cm−1, however, there appears a slight crystallinity

especially on the Ge INOP counterparts at ∼ 290 cm−1 (see Figures 9.1d-e).

9.3 Photoconductivity of Ge films probed by TRTS

We employed TRTS to investigate the ultrafast carrier dynamics and photoconductivities of these

samples with different morphologies. Because the estimated optical band gap of unstructured Ge

is Eg−ind = 0.95 eV, determined from the Photothermal Deflection Spectroscopy (PDS) (Appendix

E.3), we used pulsed laser with an energy of 1.53 eV (and with 100 fs pulse width) to momentarily

excite charge carriers within the net Ge material of the films. The measured Eg−ind is close to

reported Tauc plots of amorphous Ge (a-Ge) with Eg−ind = 0.88 - 0.92 eV [338] and Eg−ind =

0.84 - 0.94 eV of a-Ge ultra-thin films [339]. From the measured absorption coefficient, the optical

penetration depth is only ∼ 450 nm from the surface of the Ge film with a thickness of 2.1 - 3.0 μm.

Figure 9.2a shows an enlarged image of the Ge INOP-2 film on a quartz substrate, which was placed

on a 1.5 mm aperture of the cold finger in the TRTS setup. Figure 9.2b schematically illustrates

the TRTS experiment where the transmitted THz electric field without the optical pump (reference)

and with the optical pump (pumped) are measured both in time and frequency domain. Here,

both transient and complex conductivities were measured. For the transient photoconductivity, the

THz probe is used to monitor the rise and decay of the photo-excited carriers. As the time-delayed

(Δt) THz probe propagates through the sample, a reduced THz transmission (−ΔT ) is observed

immediately after the excitation. Therefore, the time evolution of the optically-induced relative

changes between the reference and pumped THz electric field amplitude peaks, |−ΔT/T0|, provides
a good indication of the dynamics of the photoexcited carriers in sub-picosecond scale.

The measured transient photoconductivities of the Ge unstructured film and Ge INOPs,

|−ΔT/T0| shown in Figure 9.2c, have fast rise times of ∼ 0.35 - 0.50 ps (Figure E.5). These values

are comparable to the minimum response time of our THz pulse detection setup which suggest a fast

photoexcitation of mobile carriers that typically occurs in less than 0.50 ps [254]. The process among
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the Ge film samples mainly involves intraband relaxation of carriers [297, 323] which accounts for

the fast rise time. In contrast, the rise time of bulk crystalline Ge is ∼ 3.5 ps (Figure E.5d), which

is relatively slow due to phonon-assisted scattering to the low mobility satellite valleys [34, 296]

especially at high excitation energy of Eex > Eg−dir.

Figure 9.2: a) SEM image of the inverse opal Ge film fabricated from a wet-chemical syn-
thesis. The 3D inverse opals in the Ge film were formed from the removal of 340 nm PMMA
beads (sample referred as ‘Ge INOP-2 film’). b) A schematic diagram illustrating the Ge film
sample on a quartz substrate mounted on a cold cryostat finger. The sample is illuminated
with an 805 nm optical pump and a THz electric field probe that overlap at a pump-probe
delay time Δt = 0. c) The optically-induced relative changes in the THz electric field ampli-
tude peaks, |−ΔT/T0|, are obtained for the Ge film without inverse opals (Ge unstructured)
and the inverse opal counterparts (Ge INOP-1 and Ge INOP-2 nm films), which lasts < 50
ps.

As the THz transmission recovers, the decay mechanism of the transient photoconductivities

can be deduced. Figures 9.3a-c shows the log-log plots of the |−ΔT/T0| of the Ge films. In Figure

9.3a, the Ge unstructured has a fast decay time of < 100 ps as opposed to a bulk crystalline Ge which

typically have mobile carrier lifetimes that last up to microseconds (refer to Figure 8.5). As expected
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from the nature of the amorphous or disordered material, the lack of long-range order in Ge material

impedes carrier migration, resulting in localization of charge carriers and short photoconductivity.

For the Ge INOP samples, the |−ΔT/T0| peaks are further decreased which are mainly attributed

to reduced photoexcited carrier density within the Ge material when INOPs were introduced (see

also Figure E.6). Furthermore, the transient photoconductivities of Ge INOP-1 and Ge INOP-2 are

shortened to < 50 ps and < 30 ps, respectively. Regardless, such decay times are still significantly

longer than that of amorphous Si which was reported to last only for ∼ 2 ps [102].

The ultrafast carrier dynamics can be well described by the universal fit of the transient

photoconductivities to three decay components, as shown in Figure 9.3a-c. Firstly, the ‘fast’ initial

|−ΔT/T0| follows a single exponential decay, A · exp(−Δt/τc), where the pre-factor A and carrier

decay time constant τc can be extracted. Lastly, the ‘slow’ tail of the |−ΔT/T0| in the latter time can

be fitted to two power law decays; B ·Δt−β1 and C ·Δt−β2 where B, and C are pre-factors, β1 and

β2 are the power law exponents, respectively. The carrier dynamics, represented by the behavior of

|−ΔT/T0|, is unchanged at higher carrier density (Figure E.7) which shows no additional nonlinear

effect such as Auger recombination processes [101, 323]. Most of the carriers, accounting to 40-55%

of the integrated |−ΔT/T0| of Ge unstructured at < 4 ps and Ge INOPs at < 1.5 ps, undergo

an exponential decay, indicative of monomolecular process [23, 84] where carriers are effectively

trapped in deep localized states possibly resulting from the unsaturated surface or defects at the

grain boundaries. The unstructured Ge has τc of ∼ 2.3 to 2.5 ps while the Ge INOPs have faster τc of

∼ 0.6 to 1 ps. The Ge INOP-1 have τc that are 10-20% faster than that of the Ge INOP-2, suggestive

of higher population of surface states in smaller INOP size. At low temperature, τc decreases (Figure

E.8) because carriers drift faster to the localized states as they lose thermal energy.
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Figure 9.3: Log-log plots of |−ΔT/T0| of a) Ge unstructured, b) Ge INOP-1, and c) Ge
INOP-2 measured at room temperature and at a fluence of F = 760 ± 10 μJ/cm2. Regions
of the |−ΔT/T0| were fitted to a single exponential decay (red line) and two power law
decays (blue and magenta lines). As a guide to the eye, the solid lines are extended over
the fitting range. d-f) Complex conductivity extracted from the TRTS measurements of
the Ge unstructured at −Δt ∼ 1.25 ps and Ge INOP samples at −Δt ∼ 0.85 ps after
photoexcitation, displaying both real (σreal, black squares) and imaginary part (σimaginary,
red circles). The blue dashed lines are the corresponding fits to the Drude-Smith model,
shown in Equation 3.18 and the black dotted lines are guide to the eye at σ = 0.
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At the slower timescale, the transient photoconductivities are followed by power law decay

dynamics, typically observed in amorphous or disordered semiconductors [66, 84, 88, 90, 101, 254],

where long-lived carriers migrate between the localized states via multiple trapping. The power law

time decay (−Δt−β) relates to the carrier hopping in the trap distribution that extends below the

mobility edge. This distribution corresponds to the exponential density of states [90] in the band tail

which relates to the disorder of the material, referred as Urbach tail [50, 338] (see Section 3.5.2). Our

PDS measurement (Figure E.4) confirms this broad exponential tail that extends at photon energies

below the band gap. The mechanism of carrier multiple trapping within the bands has also been

explained in earlier studies, such as in time-of-flight (TOF) transient photocurrent measurements

[66, 76, 77] in disordered semiconductors.

While Figures 9.3a-c shows the time-dependent conductivity, the frequency-resolved complex

conductivity spectra σ̃(ω) are measured within the spectral bandwidth of the THz probe. Here, both

THz electric field waveforms from the unexcited (Eref ) and photoexcited (Epump) were obtained

to plot the σ̃(ω) for each Ge film at a fixed Δt as shown in Figures 9.3d-f. To investigate the

mechanism, it is shown that the experimental σ̃(ω) can be approximated by a Drude-Smith model

of carrier localization, presented in Equation 3.18 (refer to Figure E.10 for other fits). The Drude-

Smith model has been effective in describing suppressed long-range transport in materials due to

disorder [4, 101, 107], which is in agreement with our investigation in the short-lived |−ΔT/T0|.

Table 9.1: Parameters obtained from the Drude-Smith model fits (Equation 3.17) to the
complex conductivities of Ge films. The σ̃(ω) of the Ge films were measured at a fluence of
F = 760 ± 10 μJ/cm2 at THz probe delay of Δt = 6.75 ps for the Ge unstructured and Δt
= 2.35 ps for the Ge INOP films.

Sample τDS (fs) c μm (cm2/V·s)
Ge unstructured 61 ± 1 -0.78 ± 0.01 199 ± 6

Ge INOP - 1 47 ± 3 -0.73 ± 0.01 190 ± 13

Ge INOP - 2 48 ± 4 -0.72 ± 0.02 190 ± 11

The fit parameters extracted from the Drude-Smith model are presented in Table 9.1 where

the c values were found to be -0.78 for the Ge unstructured and around -0.73 for both Ge INOP films.
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Note that c = 1 means complete localization of carriers. Thus, the c values measured at the Δt where

dispersive transport occurs are in line with the multiple trapping mechanism. Meaning, a fraction

of carriers backscattered and thereby 20 - 30 % could have possibly drifted across the intergranular

boundaries. Less carrier localization are observed in Ge INOPs due to relatively lower c values

compared to the unstructured Ge, which may confirm the presence of more crystalline particles

indicated from their Raman spectra (Figure 9.1e-f). In addition, the SEM images (Figure 9.1a-c

and Figures E.1 - E.3) show that the Ge INOPs have more intergranular connections (resulting to

flat structure) within the pore walls compared to that of Ge unstructured film. However, the faster

scattering time τDS of ∼ 50 fs implies a reduced carrier mean free path as they collide against the

particle boundaries [103, 340], which could be due to smaller microcrystalline grains in the Ge INOPs

compared to the Ge unstructured film.

In addition, the fluence dependence of the macroscopic mobility μm values measured at the

earlier timescale (Δt ∼ 1.25 ps and ∼ 0.85 ps) and at the regime where the dispersive transport

occurs (Δt ∼ 2.35 ps and ∼ 6.75 ps) are presented in Figure 9.4. We use the effective mass of

electron in Ge for conductivity measurements, given as 0.12m0, which provides a good estimate of

the mobility in bulk Ge (refer to Figure 8.7). As the majority of the hot carriers are eventually

trapped, the long-lived carriers (at Δt ∼ 2.35 ps and ∼ 6.75 ps) undergo multiple trapping thus,

the momentum scattering time τDS (Figure E.11) becomes almost constant against carrier density,

providing an efficient measure of their mobilities at Δt ∼ 6.75 ps (Ge unstructured) and at ∼ 2.35

ps (for Ge INOPs). Consequently, the μm values that are almost constant agrees with the multiple

trapping transport, contrary to an electron-hole recombination process observed at latter Δt in

polycrystalline silicon where the free carrier mobilities increase at higher optical fluences [103], as

well as the increase of mobilities in bulk Ge (see Figure 8.7).
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Figure 9.4: Macroscopic mobilities, μm, of the a) Ge unstructured, b) Ge INOP-1 and c)
Ge INOP-2 measured at the hot regime (Δt ∼ 1.25 ps, 0.85 ps) and at the regime where
dispersive transport occurs (Δt ∼ 6.75 ps, 2.35 ps) against different pump fluences. All plots
have the same y-axis scale with a).

The average macroscopic mobilities of 190 ± 13 cm2/V·s for the Ge INOPs are comparable

to that of the Ge unstructured of 199 ± 6 cm2/V·s, thus introducing INOPs do not compromise the

Ge film’s electrical property. Using the Einstein relation where the diffusion coefficient can be taken

as D = μkBT
e (see Equation 2.4), the characteristic length L can be approximated as L =

√
2D/f

at the THz frequency regime of f = 0.5 - 2.5 THz [100, 333]. Thus, by taking the μm value of 200

cm2/V·s, it is estimated that the charge carriers travel a distance of 20 - 45 nm, which is within the

average grain size of 64 ± 31 nm estimated from the SEM image of the Ge unstructured film. Also,

the distance is less than the pore wall thickness of Ge INOP-2 (90 ± 36 nm) and comparable to the

pore wall thickness of a-Ge INOP-1 (24 ± 5 nm). Moreover, note that both Ge INOPs have same

values of c and τDS , which strongly indicates that they have similar particle topology. Therefore,

the morphology of the Ge material in the Ge INOPs are responsible to the carrier confinement and

not the INOP sizes.

Remarkably, our measured carrier mobility values are significantly high compared with typical

values of reported a-Si with electron-drift-mobilitiy (using Schottky-diode circuit) of μo < 13 cm2/V·s
[89] and μo = 10 - 20 cm2/V·s [341], as well as the Hall mobility of a-Ge of μH < 3 × 10−2 cm2/V·s (at
n ∼ 1× 1018 cm−3) [342]. Typically, for an amorphous semiconductor with a free-electron effective

mass, the electron wavelength at room temperature (or the mean free path) would be around 10−6

cm, which gives a highest possible mobility value in the order of 100 cm2/V·s corresponding to
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disorder scattering [47, 342]. Therefore, the high carrier mobility values of our Ge films cannot be

entirely accounted from their amorphous character. The slight crystallinity of the samples, arising

from the peaks of the Raman spectroscopy at ∼ 290 cm−1 (Figure 9.1d-f), are therefore responsible

to the high carrier mobility, in which the μm values are closer to reported polycrystalline Ge. The

reported effective hole mobility of polycrystalline Ge fabricated by pulsed laser annealing is 295

cm2/V·s [343] while the highest hole mobility value reported so far in polycrytalline Ge, which was

fabricated on insulating substrates at temperatures below 900 ◦C from an a-Ge precursor, is 340

cm2/V· [344]. The fact that our Ge films were synthesized in a rather simpler method of wet-

chemical sysnthesis and did not go through long annealing process at very high temperatures, the

carrier mobility of 190 ± 13 cm2/V·s is exceptional. This makes the Ge INOPs as competitive

candidates for macroporous materials in optoelectronics.

9.4 Summary

In summary, by means of time-resolved terahertz spectroscopy, we have investigated the ultrafast

carrier dynamics of a Ge film and its INOP counterparts. From their transient photoconductivities,

the underlying mechanisms are explained; in the sub-picosecond scale, the carriers undergo intraband

relaxation and afterwards, most carriers are effectively trapped possibly in the surface states at the

grain boundaries and the long-lived carriers experience multiple trapping in the localized states

due to the nature of the disordered material. Introduction of the inverse opals in the Ge films did

not affect the carrier dynamics. The THz complex conductivities, which are approximated by the

Drude-Smith model of carrier localization, confirm the disorder-inhibited transport among the Ge

unstructured and Ge INOP films. Despite of these, the measured mobilities of the Ge INOPs are

remarkably high and are comparable to that of the Ge unstructured film at ∼ 190 cm2/V·s, which is

significantly higher compared to reported amorphous Ge and is at par with polycrystalline Ge films.

This excellent electrical property makes them potential candidates for optoelectronic applications

in addition to the fact that the Ge INOPs were fabricated from a starightforward wet-chemical

synthesis in contrast to more elaborate methods.



CHAPTER 10

Modulation of the Photoluminesce of

Germanium via Intense Terahertz Electric

Field Pulses

10.1 Introduction

With the advent of table top generation of intense THz electric fields [17, 19, 145], the investiga-

tion of nonlinear transport phenomena in semiconductors comes into a new height. The ability to

nonlinearly manipulate light-matter interaction in an ‘all optical’ fashion delivers an opportunity

to uncover exciting physics in the ultrafast time scale. The use of single or sub-cyle intense THz

pulses provides a huge advantage in investigating its transient effects in picosecond scale. More-

over, although nonlinear transport at high external bias electric fields (e.g. Zener tunneling, impact

ionization, hot electrons [26, 155]) have already been fully exploited in the perturbation of semicon-

ductors using contact methods, this concept remain fairly new in terms of the application of strong

electric fields at THz frequencies [18].

We are specially interested in the effects of intense THz electric field pulses in the interband

luminescence in semiconductors. Recently, several groups have shown that intense THz pulses with

field strengths greater than 200 kV/cm can either generate, enhance or quench the emission of light.

Without optical excitation, PL can be generated from GaAs QWs through impact ionization at an

incident THz pulse with ETHz = 1.05 MV/cm [171]. Remarkably, this means that the application

of ETHz provided enough electron kinetic energy that exceeded the ionization threshold of > 1.52

130
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eV. In the same manner, it was demonstrated that intense THz caused Zener tunneling prior to

impact ionization, that resulted to the THz-induced luminescence in an undoped bulk GaAs with

metamaterial THz resonators [169]. In photoexcited semiconductor, PL flashes that lasts > 15 ns

have been observed in photoexcited undoped GaAs/AlGaAs QWs [345] by means of field ionization

from the impurity states, which allowed the release of additional carriers.

In contrast to these THz-induced PL reports, quenching of the PL was observed in photoex-

cited GaAs and CdTe at the arrival of THz pulses, which could be due to THz-induced heating of

the lattice reducing the efficiency of carrier recombination [346]. On the other hand, other possible

mechanism was presented in the Monte Carlo simulation of these experimental results [347]. Gener-

ated phonons induced by intense THz pulses in intrinsic and photoexcited carriers can either drive

carriers to other valleys or to non-radiative centers, both resulting in quenched PL. Recently, another

study [16, 35] demonstrated that intense THz do not only quench PL in GaAs, it can also result in

THz-induced PL enhancement that was observed at higher energy tail of the PL spectrum. Here, the

authors provided a more comprehensive picture of the mechanism: the PL quenching (near the band

edge) is due to THz-induced hot-carrier diffusion which reduced the overall radiative efficiency in the

bulk of GaAs, while the PL enhancement (at higher energies of the PL spectrum) was due to recom-

bination from hot electrons [35]. A simple model that unifies both the THz-induced PL quenching

and enhancement was presented in this report [35]. By including the effects of THz heating into the

hot-carrier temperature [348] in the 1D diffusion equation (see Equation 2.4) and the PL intensity

(see Equation 2.17), the model fitted well with the experimentally observed quenching at the PL

peak of GaAs (< 1.48 eV), the crossover point (∼1.48 eV between PL quenching and enhancement),

and the enhancement of the PL at the higher energy tail (> 1.48 eV). Moreover, the fractional

change in the THz-induced PL quenching and enhancement is the same, which compliments the

mechanism that THz heating drives electrons to higher energy states.

In addition, the authors [35] eluded to the idea that THz-induced intervalley scattering could

also be a possible route whereby carriers could be driven to the satellite valleys that would result in

quenched direct band gap PL and enhanced higher energetic PL due to hot carries being scattered

back from the side valleys (which have higher band gaps) to the Γ valley. This is possible as along

as the gained kinetic energy of the carriers from the ETHz is able to overcome the Γ - L separation

energy. The pendoromotive energy (see Equaton 4.23) should be sufficient enough to fasciliate
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such acceleration of carriers. This proposition is in line with observed enhanced THz transmission

in photoexcited bulk GaAs and InAs [177, 178, 180] at higher ETHz. Here, the conductivity is

reduced because carriers could have scattered into the L side valley that is less mobile (see discussion

in Section 4.4.4). Unfortunately, the previous work [35] did not include effects of intense THz

in intervalley scattering in their model. Also, because of the direct gap nature of Group III-V

semiconductors mentioned above, THz-induced intervalley scattering could not be simply confirmed

thru PL measurements from the side valleys. Motivated by these works, we choose to investigate

the PL of Ge, whereby at higher excitation energy, both direct and indirect PL can be observed,

as demonstrated in Section 8.2 in Chapter 8. It is hoped that intense THz electric field could also

modulate the interplay between the direct and the indirect PL (as was discussed in Section 8.2.2).

10.2 Details of the experimental method

Figure 10.1: An illustration depicting the method for the THz modulation of the integrated
PL of Ge. A 1.55 eV optical pulse photoexcites the surface of the Ge, which results in
emission of light at the NIR wavelengths. The changes in the PL (ΔPL) are measured at
different delay times (Δt) between the optical pulse and the peak of THz pulse.

The intense THz source is generated from a LiNbO3 crystal by means of optical rectification method

combined with tilted pump pulse front technique. Details of the experimental setup were presented

in Section 5.4 in Chapter 5. The THz beam that propagates in free space are then directed by a

set of parabolic mirrors and eventually focused onto the surface of the sample, which is an undoped

single crystal Ge wafer with 0.5 mm thickness oriented at <100> (MTI Corp.). The sample is

is photoexcited collinearly with 1.55 eV, 55 fs, 1 kHz pulses from a regenerative Ti:sapphire laser
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source and spatially overlapped with the focused THz beam. The PL from the photoexcited surface

of Ge is then measured at different delay times (Δt) between the peak of the THz pulse and the

optical pulse, as depicted in Figure 10.1. Here, the transient PL is measured by an InGaAs avalanche

photodetector (Thorlabs APD110C, 50 MHz bandwidth, 900 - 1700 nm) with a long pass filter of 950

nm and a short pass filter at 1600 nm for the direct PL, or InGaAs amplified photodetector (Thorlabs

PDA10D, 15 MHz, 800 - 2600 nm) with a 1650 nm long pass filter for the indirect PL. More details

on the photodetector responsivities and filter cut-off wavelength range are provided in Figure F.1.

With an aid of an oscilloscope, the transient PL pulses measured by the InGaAs detector were gated

using a boxcar integrator triggered at 1 kHz, which is the repetition rate of the excitation beam.

The DC output from the boxcar integrator was further processed by a lock-in amplifier referenced

to the THz pulses repetition rate of 500 Hz, therefore the changes in the integrated PL, ΔPL, is

only due to the temporally overlapped THz and optical pulses. In this work, all measured PL are

integrated. Note that this is similar with the reported spectrally integrated changes in PL referred

as ΔPLint in Ref. [16, 35]. For sampling the single cycle THz pulses, an electro-optic detection

technique was employed using a <110> GaP crystal.
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10.3 THz electric field pulses
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Figure 10.2: a) The THz beam spot size measured using a pyroelectric detector which shows
a circular area. b) The x and y line profiles from (a) are plotted with their corresponding
Gaussian fits (Equation 5.2). c) Time-domain waveform of the THz electric field pulse
which peaks at ∼ 290 kV/cm (black line). The background is also measured without the THz
pulse (red line). d) Corresponding FFT of the waveforms which display a flat background
and a THz electric field that peaks at ∼ 0.9 THz. The unsmooth curve has sharp lines due
to water absorption.

The image of the focused THz beam spot incident to the Ge surface is shown in Figure 10.2a. It

has circular shape with an intensity following a Gaussian profile (Figure 10.2b). From the Gaussian

fits to the x and y profiles of the focused THz beam, the dimensions (1/e2 beam width) is estimated

to be x = 1.26 mm and y = 1.16 mm. Thus, the excitation beam was maintained at less than ∼
0.8 mm to ensure that the measured ΔPL is only due to the effect of the intense THz. At ∼ 2 mJ

optical pump onto the LiNbO3 crystal, a 1 ps single-cycle THz pulse is obtained with a maximum

peak electric field of ∼ 290 kV/cm (Figure 10.2c). The Fourier transform of the pulse, at Figure

10.2d, shows a bandwidth of 0.1 to 3 THz with a maximum amplitude at ∼ 0.9 THz.
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10.4 THz-modulated PL at room temperature
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Figure 10.3: Fractional change in the integrated direct PL (ΔPL/PL) plotted against the
optical pump - THz pulse delay time (Δt) measured at an optical pump fluence of F = 1.27
mJ/cm2 (left axis) with an applied peak THz electric field of ETHz = 210 ± 10 kV/cm
(|ETHz| right axis). The Hilbert transform of the ETHz, H(ETHz) is also overlayed with
respect to the right axis.

Figure 10.3 shows the fractional change of the integrated PL, ΔPL/PL, at the direct gap measured

at different delay times Δt between the optical pulse and the peak of the THz pulse. Even with a

small fractional change of only a maximum of -0.27 %, an obvious quenching of the PL is observed.

In the same manner, a THz-induced PL quenching at the indirect gap PL (see Figure F.2) was

observed, with an optimum ΔPL/PL of -0.14%, and no other modulations were detected at longer

times. The fact that PL quenching is observed, we rule out other known extreme nonlinear effects

of intense THz in photogeneration, such as Zener tunneling and impact ionization [171, 345]. The

results are similar with the reported PL quenching in GaAs and CdTe [16, 35, 346], however the

ΔPL/PL in Ge is much less than the maximum -4% change achieved in GaAs [35, 346] and -17%

obtained in CdTe [346] at less intense ETHz of ≤ 200 kV/cm.

It seems that more state filling reduces the effect of the THz field considering that the ex-

citation energy of 1.55 eV is way above the band edges of Ge (Eg−dir = 0.805 eV and Eg−ind =

0.664 eV at T = 300 K [273]), having an excess energy of ∼ 0.745 as compared to < 0.13 eV in
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GaAs and CdTe (Eg = 1.42 eV for GaAs, Eg = 1.49 eV for CdTe [96]). Additionally, at an optical

fluence of F = 1.27 mJ/cm2, an estimated 134×1018 cm−3 carriers are injected into the bands. At

this excitation level, scattering events becomes more dominant (see Section 8.3.1) and possibly an

onset of Auger processes, as was presented in Section 8.2.2 in Chapter 8. In order to avoid Auger,

ideally, the carrier density should be < 4 ×1019 cm−3, however reasonable PL signals were difficult

to achieve at very low excitation levels. Furthermore, the injection of large carrier density makes the

sample highly conductive, which could probably reduce the effect of the intense THz electric field

[15]. Thus, all of these factors, may all compete to the effects of intense THz at similar picosecond

timescale.

It can be noticed that the time-domain ΔPL/PL have fluctuations at -0.5<Δt<0.5 ps that

almost follows the modulations in the |ETHz| waveform, and therefore directly correlates the effect

of the intense THz electric field. This behaviour was not observed in the previous report in GaAs,

whereby the ΔPL/PL only follows the THz waveform envelope (Hilbert transform of the ETHz)

[35]. At Δt > 1 ps, the -ΔPL/PL recovers to 0% when ETHz reaches 0 kV/cm, similar to reported

‘recovery time’ in GaAs [35, 346]. Note that we define the recovery time here as the Δt that any

THz-induced changes in the PL becomes no longer effective. It was explained that GaAs has faster

recovery time compared to the THz-induced quenched PL of CdTe beacuse of its lighter electron

effective mass of 0.067m0 (0.11m0 in CdTe) and shorter Γ - L separation of 0.29 eV (1.4 eV in

CdTe), which increases its scattering time in the event of THz-induced intervalley scattering [347].

Ge has a smaller effective mass of m∗e=0.041m0 at the Γ point of k-space (direct) and has only Γ

- L separation of 0.14 eV at room temperature (see Figure 8.1 for the Ge band structure) [273].

However, at the L valley (indirect), the effective mass of 0.22m0 is even double than that of CdTe.

Thus, the fast recovery times in both ΔPL/PL in the direct and indirect gap do not agree with

the proposed mechanism that the recovery time is related to the intervalley scattering time that is

influenced by the effective masses.

The fact that both indirect and direct ΔPL/PL show quenching does not fully support the

proposed mechanism of THz-induced intervalley scattering from the Γ to L valley (or vice versa)

because if carriers are to be added arising from intervalley scattering, a PL enhancement should be

expected in either the indirect or direct PL. Otherwise, if the intense THz is able to drive intervalley

scattering, carriers in both indirect and direct band could have scattered in other side bands upon
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the THz excitation. However, this is unlikely to happen into the other neareast satellite valley X[100]

that has a higher energy (Eg−X=0.85 eV) and larger effective mass (0.32m0). On the other hand,

the observed overall small fraction of PL quenching could support the idea of THz-induced heating

of the lattice [346] which further fascilitates non-radiative recombination via electron-electron or

electron-phonon scattering. Similarly, the PL quenching could also agree with the THz-induced

hot-carrier diffusion model [35], where intense THz allows carriers to penetrate deeper into the bulk

thereby allowing them more time to recombine through nonradiative channels and decrease the rate

of e-h recombination. To elaborate on the effect of intense THz with carrier density, a fluence

dependence was carried out as displayed in Figure 10.4 for both direct and indirect PL. Overall,

reduced ΔPL/PL is observed at carrier densities ranging from ∼30 to 240 ×1018 cm−3 for our

range of optical fluences.
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Figure 10.4: Fluence dependence of the integrated PL (blue circles) and the peak amplitudes
of the ΔPL/PL (black squares) at the a) direct transition and at the b) indirect transition
of Ge, at an applied ETHz = 230 ± 10 kV/cm.

To understand the behavior of the ΔPL/PL, we investigate first the integrated PL with

respect to the right axes of Figure 10.4. The integrated PL enhances with the increasing carrier

density but at n > 134× 1018 cm−3 (F > 1.27 mJ/cm2), the integrated PL deviates from the linear

increase (more noticeable in the direc PL), which corresponds to reduced efficiency of recombination.

This large carrier concentration could contribute to higher order of nonradiative recombination. Note

that in Section 8.2.2 of Chapter 8, we have estimated that Auger processes may occur at carrier

densities above ∼4×1019 cm−3. Thus, the increase of the PL is rather linear at weak excitation and
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then starts to depart from this linear trend at much higher n values. Besides Auger, other processes

may also play a role here at higher excitation level; e-h and lattice scattering that dominates at

higher carrier densities and temperature (as was also discussed in Section 8.3.1). Consequently, as

the recombination becomes less efficient, at n > 150 × 1018 cm−3 the fractional PL quenching in

the integrated PL (ΔPL/PL) starts to decrease. Thus, an optimum THz-induced PL quenching

ΔPL/PL can only be obtained at certain range of carrier density where the e-h recombination

is more efficient (or at the highest bimolecular recombination rate). Note that in GaAs [35], no

optimum ΔPL/PL was observed as the optical fluence is continually increased (although at lower

excitation levels, an optimum ΔPL was observed.)
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10.5 THz-modulated PL at low temperature
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Figure 10.5: Plots of ΔPL/PL (left axis) and |ETHz| (right axis) at various temperatures
measured at the a) direct gap and b) indirect gap at a fluence of F = 1.27 mJ/cm2, and
ETHz = 260 ± 10 kV/cm. Due to the very small S/N ratio, the data points of the ΔPL/PL
were smoothed to the red curves to serve as guides to the eye.

The THz-induced modulated PL is further investigated by lowering the temperature to reduce heat-

ing effects. An excitation fluence of F = 1.27 mJ/cm2 were maintained, as this is where the optimum

THz-induced PL quenching occurs. Figure 10.5 shows the time domain ΔPL/PL at various tem-

peratures. Whereas Figure 10.6 shows the plots of the temperature dependence of the integrated

PL (blue circles) and the highest fractional PL change (black squares, peak of ΔPL/PL taken from



CHAPTER 10: THz-modulated PL of Ge 140

the time domain in Figure 10.5 within the vicinity of Δt = 0 ps), for both direct and indirect PL

measurements.
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Figure 10.6: Temperature dependence of the integrated PL (blue circles) and the peak am-
plitudes of the ΔPL/PL (black squares) at the a) direct and at the b) indirect transitions
at a maximum electric field of ETHz = 230 kV/cm. The peak amplitudes of the ΔPL/PL
were taken from the time-domain waveforms and the error bars were determined from the
baseline at ETHz = 0 kV/cm.

Firstly, we look at the temperature dependence of the integrated PL (blue circles with respect

to the right axes in Figure 10.6). The integrated direct PL is shown to decrease at low temperature

while it is opposite in the indirect PL. The decreasing PL has been observed in steady-state PL

measurements of Ge from the direct transition especially at extremely low temperatures (T < 10

K) [282, 299]. One explanation is due to the reduced thermal excitation of electrons from the L

valley to the Γ valley [282]. This could be a reasonable point with the decreased integrated PL

from the indirect transition at elevated temperatures, however in our case, the integrated direct

PL do not follow an Arrhenius plot (see Figure F.3), which is commonly used for extracting the

thermal activation energy [23]. Thus, the decrease in direct PL cannot be only attributed to less

thermal activation of carriers. One possible reason is the temperature dependence of the Fermi

level, which reduced the amount of the direct gap PL, in agreement to reported direct PL of Ge

[299]. In the case of the increasing indirect PL at low temperature, the reason is still unclear. In a

previous report [280], it was demonstrated that although the indirect PL peak intensity increased

at low temperature, the integrated PL over the energy range of the spectrum is still lower at 100 K

compared to room temperature. The report [280] explains that the decrease of integrated PL at low
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temperature is due to the reduced radiative recombination efficiency arising from higher transverse

acoustic phonon absorption. The reported behaviour of the integrated indirect PL is inconsistent

with our observation. Unfortunately, this could not be explained fully due to the lack of experimental

reports in low temperature PL of undoped bulk single-crystalline Ge and complimentary theoretical

studies.

Despite the fact that the integrated PL intensity in the direct gap decreases at low tempera-

ture, the THz-induced ΔPL/PL display a dynamic case. PL quenching was observed first at room

temperature, which slowly transitioned to enhancement with upto 0.22 ± 0.8 % at T = 150 K. While

in the indirect ΔPL/PL, quenching was only observed throughout the whole temperature regime.

It is interesting to note that the time-domain ΔPL/PL also follow the modulations in the |ETHz|
waveform (see Figure 10.5), which again clearly demonstrates the immediate effect of |ETHz|. At

latter times, Δt � 0 ps, no further modulations were observed. It is also noteworthy to mention

that no ΔPL/PL was observed when we gated the transient PL at 1.33, 2.87, and 5.83 ns after the

arrival of the ETHz peak to check any late effects.

With the enhanced ΔPL/PL observed at the direct gap and quenched ΔPL/PL at the

indirect gap at low temperature, one may reason out that this could possibly be due to intervalley

scattering of carriers from the L valley to the Γ valley. If this is the case, the modulation of the

ΔPL/PL, that closely follows the |ETHz| in the time domain, implies that the THz-induced ballistic

transport of carriers is much faster than a phonon-assisted scattering, which happens at ∼230 ± 25

fs [5] (reported for Γ to L transfer time at high carrier densities of 1018-1019 cm−3 using ultrafast

time-resolved luminescence and transmission techniques). Note that in GaAs, with an application

of ETHz=130 kV/cm, it only takes at least 40 fs for carriers to gain necessary energy for intervalley

scattering (Γ - L) and the effective transfer time has an extremely short value of 20 fs [349]. Also,

unlike the presumed scattering to the less mobile L valley in bulk GaAs and InAs [177, 178, 180, 347],

the enhancement of the direct PL observed here implies that the carriers in Ge are scattered to the

more mobile Γ valley as illustrated in Figure 10.7a. In this case, our result of THz-induced PL

enhancement agrees with the reported increase of free-carrier absorption in Ge at intermediate THz

energies [296]. In this report [296], the increased absorption, with an application of certain range of

THz energies, strongly indicates increased carrier population in Γ valley compared to how much is

expected from its density of states. This observation, once again, is unique compared to GaAs and
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InAs [177, 178, 180], as well as Si [296], because electrons may have scattered or accelerated to the Γ

valley that has much higher mobility (compared to its satellite valleys). The absorption investigations

[296] was done at room temperature however in our case, the THz-induced PL enhancement (or the

THz-induced absorption counterpart) at the direct valley was only observed at T < 225 K.
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Figure 10.7: a) A schematic diagram of the band structure of Ge at T = 77 K adapted from
[273]. A possible intervalley scattering is depicted from the L valley to the Γ valley that
is more mobile, b) Temperature dependence of the peak amplitudes of the ΔPL/PL (black
squares) from the direct transition, plotted together with the electron mobility taken from the
TRTS measurements (see Figure 8.10 in Chapter 8).

Thus, we compare the temperature-dependent direct ΔPL/PL to the overall electron mobility

μ of Ge, which was measured using TRTS (refer to Figure 8.10 in Chapter 8). Remarkably, the tem-

perature dependence of the direct gap ΔPL/PL coincide with behaviour of μ at low temperatures,

as shown in Figure 10.7b. The increasing μ at lower temperature is due to reduced lattice scattering,

while the ionized impurity scattering competes at T < 150 K, resulting in a sudden reduction of μ

value at T = 80 K. Hence, we can infer from this observation that the quenching of ΔPL/PL at

high temperatures could be associated with THz-induced heating, whereby carrier-phonon scattering

reduces the photogeneration and recombination (similar to the GaAs reports [16, 35, 346]), or even

possibly due to THz-induced hot phonon effects. However, at low temperatures where the effects of

phonons are reduced, the PL enhancement of the direct ΔPL/PL could have been made possible

by a more dominant THz-induced intervalley scattering.

If THz-induced intervalley scattering is not the case and if the mechanism is purely THz-

induced heating throughout the temperature regime, a consistent PL quenching should be observed.
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At low temperatures, the increasing optical penetration depth [350] will fascilitate more carrier

diffusion into the bulk and THz-induced hot-carrier diffusion [35] could mediate further non-radiative

processes resulting in reduced PL efficiency, which is not the case especially in the direct ΔPL/PL. In

another perspective, the enhancement of the ΔPL/PL could also be due to impact ionization. THz-

induced impact ionization was explained to be responsible in the quadratic increased absorption in

InSb [172] at ETHz > 75 kV/cm, and decreased conductivity in n-doped InAs at ETHz=110 kV/cm

[180]. Also, the authors [172] report that the ionization in InSb is from shallow impurities, thus this

may support the effect of ionization scattering in the reduced ΔPL/PL at T < 150 K. However,

generation of carriers from impact ionization should be observed at longer times (even after > 1 ps)

[172, 180, 296], which is not apparent in our results. Moreover, impact ionization does not agree with

the THz-induced quenching observed in the indirect PL. Therefore, these mechanisms (THz-induced

heating and impact ionization) alone, are insufficient to explain the temperature dependent interplay

of the direct and indirect ΔPL/PL at low temperature.

10.6 Summary

Modulations of the direct and indirect PL of photoexcited Ge were investigated via the application

of intense THz electric field pulses. The changes in the integrated PL intensity at the time-domain

closely follows the modulation of the THz pulses in the picosecond scale, thus an immediate effect of

intense THz electric fields is observed in the acceleration of carriers. THz-induced PL quenching was

observed at room temperature and enhancement at lower temperatures for the direct PL only. It is

proposed that the quenching could be due to dominant THz-induced heating. At lower temperatures,

a dominant THz-induced intervalley scattering from the indirect to the direct valley takes place.

To further understand the nonlinear effect of the intense THz electric fields in the modulation

of the PL of Ge, deeper analysis could be performed by incorporating quantitative interpretation

that would account for diffusion [351], hot phonons [352] and hot electrons [353], recombination

and scattering rates [354], in the presence of intense THz electric field pulses. The ‘dynamic Drude

model’ described in Section 4.4.4 [15, 177], as well as simulations including temperature dependent

many-body effects and phonon modes, are also recommended. In terms of the experiment, it is

recommended to investigate with tunable excitation energies ranging from the indirect band gap
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energy to higher energies than the direct band gap for the observation of the onset of THz-induced

intervalley scattering. As such, NIR ultrafast sources would be needed or the use of operational

parametric amplifiers with a powerful laser source (to compensate the loss of efficiency in the con-

version). Unfortunately, due to the weak PL of Ge, spectral measurements were not carried out

at the excitation levels of our experiment, which could reveal more information on the intense THz

effects in the temperature dependence of the band structure of Ge [355]. Doped Ge samples could be

investigated, where intense PL could be achieved, however ionization to impurities would be more

pronounced. THz near field enhancement could also be employed at the surface of Ge on device

structures. This could lead to potential technological applications especially that the direct PL peak

of Ge is at 1550 nm, which is the standard telecommunication wavelength.



CHAPTER 11

Conclusions and Future Directions

In conclusion, we have investigated the photoluminescence and photoconductivity dynamics of dif-

ferent types of semiconductors, from bulk to low dimensional materials, using photoluminescence

(PL) and terahertz (THz) spectroscopy. This collective work provides a comprehensive picture of the

light emission and carrier transport from a molecular to band structure, long-range to short-range

transport in a pristine and disordered materials, and nonlinear transport at high electric fields.

Due to the unique band structure of Ge, the PL spectra of a photoexcited bulk Ge followed

a combined lineshape of both direct and indirect band gap semiconductors. An interplay of the

direct and indirect PL was observed as a function of excitation carrier density, possibly due to

the competing effect of Auger recombination. At relatively low excitation density, an interplay

was also demonstrated by an application of intense THz electric field pulses. PL quenching was

observed at room temperature for both direct and indirect PL, which could be a result of THz-

induced heating effects. When other scattering events became less dominant at low temperature,

enhancement and quenching were observed in the small modulations of the integrated direct and

indirect PL, respectively. It is proposed that the enhancement at the direct band gap is due to

additional population of carriers by means of THz-induced intervalley scattering. These findings

have not been reported so far in terms of THz-induced modulations of PL from direct and indirect

transitions in a semiconductor. Thus, the information could be relevant in the use of intense THz

electric fields in high-field transport and manipulation of light emission in bulk semiconductors. To

carry out an in-depth study, it is recommended to measure the temperature-dependent PL spectra,

which would reveal more information on the effect of intense THz electric field into the density of

states and band structure of Ge. Incorporating quantitative analysis that would account for carrier
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diffusion, hot phonons, hot electrons, recombination and scattering rates, could also provide better

insight into the underlying physics of the THz-induced heating and intervalley scattering in Ge.

Photoconductivity measurements for a bulk Ge were also carried out using TRTS. The ac

complex conductivity that follows the Drude model of free carriers demonstrates a proof-of-principle

on the capability of TRTS in probing ultrafast carrier dynamics in materials. Additionally, the effect

of scattering was observed in the fluence and temperature dependent mobilities. In the case of a

disordered semiconductor, such as the Ge films with inverse opals, the frequency-resolved complex

conductivities follow the Drude-Smith model of carrier localization. Also, the transient photocon-

ductivities only last at less than a hundred picosecond and the photoconductivity dynamics imply a

dispersive transport of carriers, whereby carriers experience multiple trapping in the localized states

that extends below the mobility edge of the band (Urbach tail). Despite of this, a relatively high

mobility was obtained, which is remarkable for drop-casted Ge inverse opal films synthesized from

a wet-chemical process. The mobility values were comparable to reported polycrystalline Ge films

that were fabricated by more elaborate methods. Thus, in addition to the rather straightforward

approach in the synthesis, the excellent electrical properties of the Ge inverse opal films make them

a good candidate as battery anodes. Future directions of this study include investigation of Ge

and Si hybrid inverse opal films with different percentage of Si content and a detailed temperature

dependence measurement to further elucidate the mechanism of the carrier mobility.

The disordered nature of semiconductor was also observed in the PL of freestanding two-

dimensional functionalized silicon nanosheets (SiNSs). Due to the structural disorder, the Urbach

tail was observed in the broad PL spectra, which indicates the amorphous character of the SiNS.

The PL is shown to originate from the hydrogenation of the SiNSs and various functionalizations

did not affect the PL spectra. But the effects of the functionalizations were noticeable in the PL

dynamics that follow an inverse power law decay, indicative of diffusion-limited bimolecular recom-

bination. The transport is more dispersive depending on the functionalization and the surrounding

environment of the SiNSs. Low temperature measurements were also carried out, which shows im-

proved carrier transport despite the static structural disorder. At lower thermal energy, carriers

can escape from non-radiative channels, thereby improving the PL efficiency. Investigations of the

carrier dynamics in various functionalized SiNSs is demonstrated here for the first time, which is

essential in understanding the optical properties of two-dimensional silicon-based nanostructures.
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In the future, TRTS will be carried out in order to probe the carrier transport at earlier timescale

before the recombination takes place, which will provide more details in the role of carrier traps in

the SiNSs.

In a series of Bismuth-based molecular compounds, the emergence of two PL spectra were

observed at different energies, which correspond to fluorescence and phosphorescence. Due to the

‘heavy element effect’ of bismuth, enhanced spin-orbit coupling could be achieved which facilitated

the efficient intersystem crossing from singlet to triplet states, resulting in dual emission. Such effect

became more pronounced at low temperature with the suppression of metastable vibrational states.

The study provided relevant information on the ongoing research on the synthesis of phosphorescent

bismoles for organic light-emitting diode and bioimaging applications. It would also be interesting

to look at how external field can affect the dual emission. Because of the non-perturbative advantage

of THz wave, a study can be performed with an application of intense THz electric fields on the

photoexcitation of bismole compounds.



References

[1] Rullière, C. (Ed.) 2005. Femtosecond Laser Pulses Principles and Experiments. USA: Springer
Science+Business Media, Inc.

[2] Diels, J.-C. & Rudolph, W. 1996. Ultrashort Laser Phenomena Fundamentals, Techniques, and
Applications on a Femtosecond Time Scale. USA: Academic Press, Inc.

[3] Prasankumar, R. P. & Taylor, A. J (Eds). 2012. Optical Techniques for Solid-State Materials
Characterization. USA: CRC Press, pp. 443-447.

[4] Ulbricht, R.; Hendry, E.; Shan, J.; Heinz, T. F.; Bonn, M. Carrier Dynamics in Semiconductors
Studied with Time-Resolved Terahertz Spectroscopy. Rev. Mod. Phys. 2011, 83(2), 543-586.

[5] Zhou, X. Q.; van Oriel; H. M.; Mak, G. Femtosecond kinetics of photoexcited carriers in
germanium. Physical Review B 1994, 50, 8, 5226-5229.

[6] Vardeny, Z. V. (Ed.) 2009. Ultrafast Dynamics and Laser Action of Organic Semiconductors.
USA: CRC Press.

[7] Svelto, O.; Silvestri, S.; Denardo, G. (Eds.) 1996. Ultrafast Processes in Spectroscopy. New
York: Plenum Press.

[8] Lloyd-Hughes, J.; Jeon, T. I. A Review of the Terahertz Conductivity of Bulk and Nano-
Materials. J. Infrared, Millimeter, Terahertz Waves 2012, 33(9), 871-925.

[9] De los Reyes, G. B. 2015. Ultrafast Photoluminescence Spectroscopy of Silicon Nanocrystals
(Doctoral dissertation). University of Alberta.

[10] Hegmann, F. A.; Ostroverkhova, O.; Cooke, D. G. 2006. Probing Organic Semiconductors
with Terahertz Pulses In Lanzani, G. (Ed.), Photophysics of Molecular Materials From Single
Molecules to Single Crystals. Weinhem: Wiley-VCH Verlag GmbH & Co. KGaA, pp. 367-419.

[11] Cooke, D. G. 2007. Time-resolved terahertz spectroscopy of bulk and nanoscale semiconductors
(Doctoral dissertation). University of Alberta.

[12] Cocker, T. L. 2012. Exploring Conductivity in Nanomaterials with Terahertz Pulses (Doctoral
dissertation). University of Alberta.

[13] Hirori, H.; Blanchard, F.; Tanaka, K. Single-cycle terahertz pulses with amplitudes exceeding
1 MV/cm generated by optical rectification in LiNbO3. Appl. Phys. Lett. 2011, 98, 091106.

148



References 149
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Rohlfing, D.; Fässler, T.F. Zintl Clusters as Wet-Chemical Precursors for Germanium Nanomor-
phologies with Tunable Composition. Angewandte Chemie 2016, 128, 2487-2491.

[328] Armatas, G.S. and Kanatzidis, G. Hexagonal Mesoporous Germanium. Science 2006, 313,
5788, 817-820.

[329] Zao, X.; Conradsson, T.; Klingstedt, M.; Dadachov, M. S.; OâĂŹKeeffe, M. A mesoporous
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APPENDIX A

Supporting information to Chapter 5

A.1 TRPL of GaAs

Figure A.1: a) Linear, b) Semi-log, c) Log-log plots of the TRPL of GaAs measured at 885
nm using an optical excitation of 400 nm (blue dots). The solid blue lines corresponds to
the convolution fit to a Gaussian function and bi-exponential decay. The Gaussian function
provided a time width of 37 ps while the d) bi-exponential decay fit shows d) the lifetime
measurements in the nanosecond scale.1

1TRPL data were measured by M.A.B. Narreto and C. Mannes, and the fits were performed by D. N. Purschke.
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Figure A.2: Wavelength dependence of the instrument response of the TRPL setup using
Grating 3 at 200 μm entrance slit taken from the TRPL data of GaAs excited at 400 nm.

A.2 NIR PL Setup

Figure A.3: Image of the NIR PL experimental setup.
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Figure A.4: FWHM of each spectrum measured by an NIR spectrometer (Ocean Optics) as a
function of wavelength (that is set using a Labview program that controls the monochromator
(Triax 180, Horiba)). The monochromator is set at 2 mm entrance and exit slits. The light
source is a tungsten filament at T = 3100 K (Ocean Optics).

A.3 Details of the experimental setup for the intense THz
generation and detection

Figure A.5: a) Telescope design for the pump beam, which is composed of three cylindri-
cal lenses. The first lens focuses the spherical pump beam into a vertical line. Then the
combination of the second and third lenses collimates and reshapes it into a cylindrical hor-
izontal beam. b) At specific distances for the second and third lenses, while maintaining the
collimation, a demagnification of the pump beam is obtained in the horizontal dimension.2



Appendix A 176

Figure A.6: THz energy as a function of demagnification based on the adjustment of the
telescope lenses.3
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Figure A.8: Alignment procedure for the parabolic mirrors. A handheld laser source at 635
nm (HLS635, Thorlabs) coupled to a single mode optical fiber with a variable attenuator
(VOA50-APC, Thorlabs) was used to aid a uniform propagation of coherent light through
the parabolic mirrors. The output of the optical fiber was coupled to a bare silica fiber with
a core size of 0.5 mm. The end of the silica fiber acts as a point source at the focus of the
parabolic mirror for the EO detection (PM5). To ensure that the coherent beam is collimated
as it propagates after the parabolic mirror PM5, the beam diameter size was maintained by
markers. In addition, a shearing interferometer (SI254, Thorlabs) was used to aid the
minute adjustments of the parabolic mirrors by providing a qualitative measure of the light
collimation. For the adjustment of the focusing parabolic mirrors, the focused beam was
imaged using a CMOS camera (DCC3240M, Thorlabs).

2a) Designed by C. Huang and D. N. Purschke and b) Measured by C. Huang
3Measured by C. Huang
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Figure A.9: Picture of the THz source setup.

Figure A.10: Picture of the optical cryostat placed after PM3. The red line illustrates the
excitation beam path, while the blue arrow represents the THz beam.
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Figure A.11: Picture of the EO setup. The red line illustrates the sampling beam path, while
the blue arrow represents the THz beam.
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APPENDIX B

Supporting information to Chapter 6

B.1 TIPL and TRPL measurements

Figure B.1: Low temperature TIPL spectra of Bismole 1.
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Figure B.2: Low temperature TRPL measurements of Bismole 1 with their correspoding fits
to a bi-exponential decay.
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Figure B.3: TIPL spectra of Bismole 3 at T = 77 K measured over time.

Figure B.4: Low temperature TRPL-μs measurements of Bismole 3 with their correspoding
fits to a bi-exponential decay.

B.2 TD-DFT calculations1

1TD-DFT calculations were performed by E. Hupf
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Figure B.5: Calculated UV-vis spectra of a) Bismole 1, b) Bismole 2, and c) Bismole 3
including the six singlet excitation states with the highest oscillator strength (red bars).
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Figure B.6: TD-DFT computed main transitions for a) Bismole 1, b) Bismole 2, and c)
Bismole 3 to low-lying singlet states and the associated molecular orbitals.
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Figure B.7: Calculated singlet and triplet states of a) Bismole 1, b) Bismole 2, and c)
Bismole 3.



APPENDIX C

Supporting information to Chapter 7

C.1 Preparation and characterization of the samples1

General Information on sample preparation: The reagents were purchased from Sigma-Aldrich,
Wacker and Alfa Aesar and were, if not stated otherwise, used without further purification. Styrene
and acrylic acid (AA) were distilled under reduced pressure and stored under argon at 7 ◦C. Azo-
bisisobutyronitrile (AIBN) was recrystallized from methanol. Prior to its usage, toluene was dried
with a MBraun solvent purification system MB SPS-800 whereby argon 5.0 (99.9990 %, Westfalen
AG) was used as inert gas. Acetone was distilled, dried over molecular sieve, degassed and stored
under argon. The exfoliated SiNSs were stored in a LABmaster 130 (MBraun) glove box with argon
4.8 (99.998 %, Westfalen AG). Air or water sensitive reactions were executed under standard Schlenk
techniques.

Synthesis and etching of SiNS-H : These steps were performed following the established procedure
as described previously [206, 208].

4-DDB induced functionalization with 1-dodecene: The dispersed SiNS-H in dry, degassed toluene
(2 mL) is transferred into a Schlenk-tube and 1-dodecene (3 mmol, 0.66 mL) is added. The reaction
mixture is degassed via three freeze-thaw-pump cycles, filled with argon and 4-DDB (5 mg) is added.
After stirring overnight, the mixture is transferred into a centrifuge tube, mixed with methanol (3
mL) and centrifuged (9000 rpm, 5 min). The residue is twice re-dispersed in toluene and centrifuged
with the corresponding anti-solvent (2 mL). The SiNS-C12H25 were re-dispersed in toluene (SiNS-
C12H25(toluene)) for further use. In the solid form, the SiNS-C12H25 were drop casted onto a 1 mm
thick optical grade fused quartz, referred as SiNS-C12H25(solid).

AIBN based radical induced functionalization and polymerization: In a Schlenk-tube a dispersion
(12 mL) of SiNS-H (corresponds to 0.088 g exfoliated (Si6H6)n) in water-free degassed toluene (or
ethanol for acrylic acid) is mixed with the substrate (3.30 g, 3 wt%, with regard to compound
before etching). After degassing via three freeze-thaw-pump cycles, AIBN (0.020 g) is added and
the reaction mixture is stirred at 70 ◦C for 16 h. After stirring, the mixture is transferred into a
centrifuge tube, mixed with methanol (3 mL) and centrifuged (9000 rpm, 5 min). The residue is
twice re-dispersed in toluene and centrifuged with the corresponding anti-solvent (2 mL).

Isolation of SiNS-substrate@polymer : The reaction mixture is precipitated in methanol (or toluene
for poly(acrylic acid) (PAA)) and centrifuged (9000 rpm/2 min). The hybrid material is re-dispersed
(2 times), precipitated and isolated by freeze drying from benzene (or water for SiNS-PAA@PAA).

Material preparation for the PL measurements in solution: The SiNSs are dispersed in water-free
toluene and transferred in a sealed quartz cuvette, referred to as SiNS substrate(toluene).

1Synthesis of the samples were performed by A. Lyuleeva and T. Helbich, NMR spectroscopy was performed by
M. Ha.
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Material preparation for the PL measurements in solid state: The material (∼ 500 μm thickness) is
drop-casted from toluene dispersion on a non-fluorescent glass plate (∼ 1 mm thickness), referred as
SiNS-substrate(solid). The measurements of the composites are done after melting (∼ 150 ◦C) the
SiNSs-polymer@polymer on a non fluorescent glass substrate.

AFM : SiNS-C12H25 is spin-coated from a dispersion in toluene (9000 rpm, 150 sec) and dried at 120
◦C. Tapping mode AFM image is taken using contact mode (Asylum Research MFP-3D AFM with
an ARC Controller).

Transmittance: Measurements were conducted using a xenon arc lamp (300 W, 77 Hz) chopped at
77 Hz through an Oriel Cornerstone 260 1

4 m monochromator (Newport) and an Oriel Merlin digital
lock-in amplifier (Newport).

Absolute Quantum Yields (AQY): AQY were measured on a Hamamatsu Absolute PL Quantum
Yield C11347 spectrometer.

29Si Solid-State Nuclear Magnetic Resonance Spectroscopy : Silicon-29 NMR spectra were acquired
on a Bruker Avance II HD 400 NMR spectrometer at 9.39 T (ν0(

29Si) = 79.46 MHz) using a 4 mm
double-resonance (H-X) MAS Bruker probe. All samples were prepared under inert atmosphere and
packed in air-tight 4 mm zirconia rotors. Magic-angle spinning conditions with a spinning frequency
of 10.0 kHz were used to acquire all NMR data using a cross-polarization [270] pulse sequence (4.0
μ π/2 pulse, ramped Hartman-Hahn match condition on 29Si, 5.0 ms contact time, recycle delay of
8.0 s and 10.0 s for SiNS-C12H25 and SiNS-H respectively, and TPPM [271] high-power (γB1/2π =
62.5 kHz) 1H decoupling). All 29Si NMR spectra were referenced to TMS (δ = 0 ppm) using the
secondary reference, tetrakis(trimethylsilyl)silane, and setting the high frequency peak to -9.8 ppm
[272].

C.2 Supporting Figures
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Figure C.1: Examples of convolution fits to the TRPL data of a) SiNS-C12H25(solid) and
b) SiNS-C12H25(solid) at T = 295 K. The fits were also applied to SiNS-H, SiNS-PS@PS
and SiNS-PAA@PAA at T = 295 K. All of the convolution fits (Equation 5.1) of Gaussian
function g(t) (Equation 5.2) and inverse power law function (Equation 7.2) provided a rise
time of 35 ± 1 ps.
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Figure C.2: PL intensity vs. wavelength of SiNS-PS@PS measured in air. Quenched and
blue-shifted PL are observed through time. In addition, another peak arises at ∼ 2.78 eV
due to oxidized surface states.
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Figure C.3: Log plots of the normalized PL intensity of a) SiNS-H, b)-c) SiNS-
C12H25(substrate) and d) SiNS PAA@PAA. The intensity of the PL is ∼ exp(hν/EU )
at photon energies below the band edge where the characteristic energy of the Urbach tail,
EU , can be estimated. Linear fits were taken at E < 2.2 eV.
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Figure C.4: Plots of the natural log of the absorption coefficient, ln(α), against energy hν of
a) SiNS-C12H25(solid) and b) SiNS-PS@PS. The absorption coefficient follows an Urbach
rule given as α = α0exp(hν/EU ) where EU is the characteristic energy of the Urbach tail.
Rewriting the equation gives ln(α) = ln(α0) + (hν/EU ) thus EU can be taken from the
inverse of the slope at photon energies below the PL peak. However, multiple slopes can be
observed due to the scattering effects from both SiNSs and polymer substrate. No absorbance
measurements were done on the solution samples due to the limitation of the instrument
and the SiNS-PAA@PAA due to large noise from the scattering in PAA substrate.2

2Absorbance was conducted by A. Lyuleeva and M.A.B. Narreto. Analysis was performed by M.A.B. Narreto.
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Figure C.5: Normalized PL Spectra of the SiNS-C12H25(solid), SiNS-PS@PS, and SiNS-
PAA@PAA plotted against a-c) wavelength (nm) and d-f) energy (eV), respectively, at
various temperatures. No significant change in the spectral bandwidths is observed at low
temperature.
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Figure C.6: Plot of the (I0/I(T )− 1) in log scale as a function of the temperature. In this
case, the I0 values are arbitrarily assigned, which yielded to a linear dependence of the plot
over all the temperature range of measurement. The corresponding T0 values were extracted
from the slopes (solid lines). The I0 and T0 values are listed in Table C.2.

Using the T0 values from Figure C.6, the estimated carrier lifetime τ is within the range of
10−8 to 10−5 s, which is higher than the estimated τ using values in Figure 7.2d (Chapter 7). These
are still over-estimated values because the QY is only < 2%.

Table C.1: I0 values used in plotting Equation 7.1 for Figure 7.2d (Chapter 7) and Figure
C.6, and the corresponding T0 values extracted from the slopes.

Sample Figure7.2d Figure C.6
I0 (a.u.) T0(K) I0 (a.u.) T0(K)

SiNS-C12H25(solid) I(80K) 152 ± 5 3.19[I(80K)] 167 ± 5
SiNS-PS@PS I(80K) 192 ± 5 1.19[I(80K)] 210 ± 5

SiNS-PAA@PAA I(80K) 187 ± 5 1.94[I(80K)] 225 ± 5

Table C.2: Absolute Average Quantum Yield (%) of solution and solid samples.3

SiNS-H(toluene) SiNS-C12H25(toluene) SiNS-C12H25(solid) SiNS-PS@PS
0.98 2.10 0.91 2.33

3AQY measurements were conducted by P. Altman (TUM).
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Figure C.7: Plots of the normalized PL intensity of SiNS-C12H25(solid) and SiNS-PS@PS
overlaid with the a-b) square and c-d) square roots of the absorbance plots, respectively.

For direct transition, the absorbance is expressed as (αhν) ∝ (hν − Eg)
1/2

and for indirect

transition, (αhν) ∝ (hν − Eg)
2
. Thus, the extrapolated linear dashed lines show the y-

offset of the absorption coefficients (αhv)
2
and (αhv)

1/2
, which are the estimated direct

and indirect optical band gap energies Eg, respectively. Here, the absorption coefficient is
α = ln(10) × A/d. The Absorbance A is calculated from the Transmittance (%T ) using
Beer’s law A = 2− log10(%T ) and d is the sample thickness. No absorbance measurements
were done on the solution samples due to the limitation of the instrument and the SiNS-
PAA@PAA due to large noise from the scattering in PAA substrate.4

4Absorbance was conducted by A. Lyuleeva and M.A.B. Narreto. Analysis were performed by M.A.B. Narreto.
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Figure C.8: Examples of a) bi-exponential decay and b) stretched exponential decay fits to
the TRPL of SiNS-C12H25(toluene) at T = 295 K.
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Figure C.9: χ2 values extracted from the non-linear least square fits of the TRPL at various
temperatures for a) SiNS-H, b) SiNS-C12H25(toluene), c) SiNS-C12H25(solid), d) SiNS-
PS@PS, and e) SiNS-PAA@PAA. Fits to the inverse power law decay (blue up triangle
symbols) have the best χ2 compared to fits to stretched exponential decay (down magenta
triangle symbols) and bi-exponential decay (green diamond symbols).
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Figure C.10: The parameters a) A, b) b and c) d (y-offset) taken from the normalized
TRPL fits to inverse power law decay shown in Equation 6.2. Dashed lines are guide to eye
for ideal values. Errors are within the data points.
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Figure C.11: Inverse power law fits (blue and red solid lines) of Equation 6.2 to the
TRPL measurements (gray shades) at 230 K and 77 K for a) SiNS-PS@PS and b) SiNS-
PAA@PAA displaying different c values. The dashed lines are quide to the eye for t−2 and
t−1 dependence.
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Figure C.12: Raman spectrum of SiNS-C12H25(solid)
5. The bands at 494 cm−1 (E-mode)

and 376 cm−1 (A-mode) are Si-Si modes at the lateral and vertical directions, respectively.
In previous report [256], the local vertical distortions in the SiNSs 2D structure is associated
to the activation of A-mode (A1g) peaks, whose intensity is a function of the amount and
distribution of buckled Si atoms. However, comparison of the Raman spectra should be treated
with caution. The authors [256] report an expitaxially grown SiNSs on a substrate which
was hypothesized to be initially planar with sp2 arrangements and that the distorted buckling
was induced by the substrate, which resulted in mixed sp2 − sp3 structure. In our work,
the freestanding hydrogenated and functionalized SiNSs are ideally sp3-hybridized. Thus, the
Raman spectrum is inconclusive.

5Raman spectroscopy was performed by M. J. Kloberg (TUM).



APPENDIX D

Supporting information to Chapter 8

D.1 Absorption within the material

In this section, we shall briefly discuss the absorption in semiconductors, which would help us
calculate the actual carrier density from an optical excitation. The number of photoexcited carrier
density n, by means of absorption, is proportional to the intensity of the illumination source, which
can be estimated if the fundamental optical properties of the material are known, such that

n =
(1−R)F0

(hν)δ
. (D.1)

R is the reflection coefficient and δ is the penetration depth, where both values depends on the
excitation energy hν. F0 is the average fluence given as F0 = P/[f(πr2)], where P is the time
average power, f is the repetition rate of the laser, and r is the radius of the photoexcited surface
[318, 319]. The penetration depth, which is the distance at which the light wave travels through the
material, is inverse of the absorption coefficient α. It is wavelength (λ) dependent, given as

δ =
1

α
=

c

2ωk
=

λ

4πk
, (D.2)

where ω = 2πf is the angular frequency, c is the speed of light, and k is the extinction coefficient. One
can also describe the penetration depth as the decay of the light wave inside the material. According
to the Beer-Lambert law I = I0exp(−L

δ ), the intensity of the incident light on the material, with
thickness L, decays exponentially in which the light wave has decreased by 1/e or 37% of the original
intensity I0.

For Ge, at λ = 400 nm (E = 3.1 eV), δ = 15 nm, R= 0.47. At λ = 800 nm (E = 1.55 eV), δ
= 220 nm, R= 0.42 [96].

Referring to Figure 10.3 of Chapter 10, the 1.55 eV optical pump pulses at f = 1 kHz has an
average measured power of P = 6.4 ± 0.2 mW and a beam spot with a radius of r = 0.4 ± 0.01
mm, providing a fluence of F = 1.27 ± 0.05 mJ/cm2. Thus, the estimated carrier density is n =
134 ± 10 ×1018 cm−3. At this carrier density, an optimum direct ΔPL/PL is obtained, as shown
in Figure 10.4.
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Figure D.1: Fermi level at T = 0 K for different carrier doping concentrations in Ge, taken
from Ref. [37].

D.2 TRTS of Ge
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Figure D.2: Parameters taken from the Drude model fits to the measured complex conduc-
tivity of Ge: a) scattering time τ , and b) plasma frequency ωp. The measurements were
carried out at constant F = 5.6 μJ/cm2. These provided almost constant values of ωp except
at 240 K where ωp is less than 10 THz compared to other data. This could be more likely
an inconsistency in the optical fluence.



APPENDIX E

Supporting information to Chapter 9

E.1 Sample preparation1

Ge unstructured : Quartz substrate was cleaned in a solution of Extran (alkaline solution), water
and then acetone in an ultrasonic bath (15 min each). For better adhesion, the substrate was put
into an O2-Plasma (50% power) for 10 min. Subsequentely, a solution of K4Ge9 in Ethylenediamine
(en) was dropcasted onto the substrate. After the solution was dried, the substrate was placed in a
Schlenk next to a vial containing GeCl4 so that a linking reaction could occur (K4Ge9 + GeCl4 →
4 KCl + 10 Ge0). Remaining solvent was removed by drying the sample in vacuo at 100 ◦C for 1 h.
Subsequently, the sample was annealed at 500 ◦C for 5 min. Finally, the sample was washed with
dmso then thf (30 min each) to remove any residual KCl and dried in vacuo.

Ge INOP-1 : Quartz substrate was cleaned in a solution of Extran (alkaline solution), water and
then acetone in an ultrasonic bath (15 min each). For better adhesion, the substrate was put into
an O2-Plasma (50% power) for 10 min. A solution of PMMA (150 nm spheres, 15%wt in water)
was dipcoated onto the subtrate and any residual solvent was removed in vacuo at 100 ◦C for 4
h. Subsequentely, a solution of K4Ge9 in Ethylenediamine (en) was dropcasted onto the substrate.
After the solution was dried, the substrate was placed in a Schlenk next to a vial containing GeCl4
so that a linking reaction could occur (K4Ge9 + GeCl4 → 4 KCl + 10 Ge0). Remaining solvent
was removed drying the sample in vacuo at 100 ◦C for 1 h. PMMA was destroyed by annealing the
sample at 500 ◦C for 5 min. Residual KCl as well as PMMA degradation products were removed by
washing with dmso then thf (30 min each). Finally, the sample was dried in vacuo.

Ge INOP-2 : Quartz substrate was cleaned in a solution of Extran (alkaline solution), water and
then acetone in an ultrasonic bath (15 min each). For better adhesion, the substrate was put into
an O2-Plasma (50% power) for 10 min. A solution of PMMA (340 nm spheres, 15%wt in water)
was dipcoated onto the subtrate and any residual solvent was removed in vacuo at 100 ◦C for 4
h. Subsequentely, a solution of K4Ge9 in Ethylenediamine (en) was dropcasted onto the substrate.
After the solution was dried, the substrate was placed in a Schlenk next to a vial containing GeCl4
so that a linking reaction could occur (K4Ge9 + GeCl4 → 4 KCl + 10 Ge0). Remaining solvent
was removed drying the sample in vacuo at 100 ◦C for 1 h. PMMA was destroyed by annealing the
sample at 500 ◦C for 5 min. Residual KCl as well as PMMA degradation products were removed by
washing with dmso then thf (30 min each). Finally, the sample was dried in vacuo.

1Synthesis of the samples were performed by M. A. Giebel. This section was written by M. A. Giebel (TUM).
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E.2 SEM images2

Figure E.1: SEM images of the Ge unstructured film showing a loose granular structure.

2Images taken by M. A. Giebel (TUM).
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Figure E.2: SEM images of the Ge film with 150 nm PMMA removed (Ge INOP-1) showing
structured material with a rough surface. The thin film thickness is 2.1 - 3.0 μm determined
using a profilometer.
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Figure E.3: SEM images of the Ge film with with 340 nm PMMA removed (Ge INOP-2)
showing inverse opal structured material throughout large area. The thin film thickness is
2.4 - 2.8 μm determined using a profilometer.

E.3 Photothermal Deflection Spectroscopy

The Ge film on a substrate is placed in a cuvette filled with perfluorohexane. A continuous wave
laser is directed across the top of the surface of the sample. Perpendicular to the laser, a pumping
beam of monochromatic light with adjustable wavelength is directed onto the sample. The laser
beam passing through is therefore slightly deflected during the measurement. This deflection (which
is proportional to the absorption of the film) is measured by an optical detector. The detected PDS
signal were normalized onto the highest signal detected in each sample and the following empiric
formula was used to determine the absorption coefficient α,

α ≈ −1

d
· ln(1− 0.96 · PDSsignal) (E.1)

Here, d stands for thickness of the sample.
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Figure E.4: Determination of a band gap from the absorbance of the Ge film that was
annealed for 5 min at 500 ◦C. The band gap of 0.95(3) eV is determined from the the
x-intercept (x0) of the linear fit (red line).3

The absorption coefficient α of an indirect semiconductor is given as:

α(E) ∼ (E − Eg−ind)
2

E
(E.2)

Therefore,
√
α · E plotted against E in Figure E.4 provided a band gap of 0.95(3) eV. A transition

from linear to logarithmic dependence is shown at lower photon energies. This behaviour is known
as Urbach tail and covers a broad energy range.

For a 1.53 eV (810 nm) of optical excitation, the absorption coefficient is found to be α =
0.212×109 cm−1 or a penetration depth of δ = 1

α = 455 nm. Further annealing of the Ge film upto
8 hours resulted to Eg−ind = 0.662 eV, in agreement with the indirect band gap of crystalline Ge.

3PDS measurement was performed by M. A. Giebel and futher analyzed by M.A.B. Narreto.
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E.4 Supporting figures
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Figure E.5: Plots of the transient photoconductivities, with 10 - 90% rise times, of a) bulk
crystalline Ge at F = 0.67 μJ/cm2, and the samples b) Ge unstructured, c) Ge INOP-1,
and d) Ge INOP-2 measured at a fluence of F = 760 ± 10 μJ/cm2.
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Figure E.6: Fluence dependence of the peak of |−ΔT/T0|. Broken lines are guide to the eye
for the linear trend.
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Figure E.7: Fluence dependence of the |−ΔT/T0| of a) Ge unstructured, b) Ge INOP-1,
and c) Ge INOP-2. The amplitudes were offset by a factor of 10.
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Figure E.8: Time constant parameter τc taken from the single exponential fit at the earlier
timescale of the |−ΔT/T0| plotted against various temperatures for the Ge unstructured
(black square), Ge INOP-1 (red circles), and Ge INOP-2 (blue triangles).
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Figure E.9: Exponents a) β1 and b) β2 extracted from the two power law decay fits to the
slower timescale of the |−ΔT/T0|. The dependence of β1 and β2 against temperature is
inconsistent and thus the mechanism of multiple trapping charge transport, represented by
these power law decay exponents, is unclear.
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Figure E.10: Sample figures of the complex conductivity σ̃(ω) of a) Ge unstructured at Δt
= 1.25 ps, b) Ge INOP - 1, and c) Ge INOP - 2 at Δt = 0.85 ps measured at room
temperature and at different pump fluences. Blue dashed lines are the Drude-Smith (D-S)
fits to the real part (σ1) and imaginary part (σ2) of the σ̃(ω).
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Figure E.11: Parameters extracted from the Drude-Smith fits to the σ̃(ω) of the Ge films
at various fluences and Δt at T = 300 K; a) dc conductivity σdc, b) scattering time τ , c)
persistence of velocity c, and d) plasma frequency ωp. Notice that the σdc is more constant
at latter Δt in the regime of dispersive transport.
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Figure E.12: a) Macroscopic carrier mobility μm and b) dc conductivity σdc extracted from
the Drude-Smith fits to the complex conductivity of Ge films at various temperatures, at a
fluence of F = 760 ± 10 μJ/cm2 and at Δt = 1.25 ps (for Ge unstructured) and 0.85 ps
(for the Ge INOPs). The μm decreases with temperature, which could be due to impurity
scattering.



APPENDIX F

Supporting information to Chapter 10

F.1 Supporting figures

Figure F.1: a) An example of the PL spectrum of undoped Ge showing the direct and indirect
PL peaks. The shaded portions are the filter cut-offs for the measurement of the integrated
direct PL (yellow) and integrated indirect PL (pink). The 1600 nm (#84-656) shortpass
and 1650 nm (#68-652) longpass are manufactured by Edmund Optics. Unfortunately,
the wavelength transmission/rejection plots are not provided. Based on the specifications,
the transmission and rejection wavelength ranges are indicated in the plot. Because the filter
response is not sharp, an overlap is indicated in the middle of the shaded portions of the filter
cut-off. b) Responsivity of the InGaAs avalanche photodetector (Thorlabs APD110C) for the
measurement of integrated direct PL. c) Responsivity of the InGaAs amplified photodetector
(Thorlabs PDA10D) for the measurement of the integrated indirect PL. Shaded portions
indicate the filter cut-off.
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Figure F.2: Differential change in the indirect PL (ΔPL/PL) plotted against the optical
pump - THz pulse delay time (Δt) measured at an optical pump fluence of 1.41 ± 0.08
mJ/cm2 with an applied peak THz electric field of ETHz = 210 ± 10 kV/cm.
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Figure F.3: The integrated PL from the direct gap plotted against the inverse of temper-
ature. The nonlinear trend shows that the dependence do not follow an Arrhenius plot,
k = Aexp(−Ea/(kBT )), where k is the rate constant, which could be correlated to the quan-
tum yield, η = 1/τ , and is directly proportional to the integrated PL. Ea is the activation
energy and A is a pre-exponential factor. The concept is similar to Equation 3.25.
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Figure F.4: Normalized peak amplitude of the ETHz, detected by the EO sampling, as it
transmits through the photoexcited Ge surface at a time delay of Δt.
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