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1. Introduction 1 

1. Introduction  

Many devices that have been traditionally made from bulk inorganic 

semiconductors are increasingly replaced by those produced by thin film 

technologies and nanotechnologies, which are less economically, energetically and 

environmentally demanding. The tendency is most prominent in the photovoltaic 

industry but occurs also in processing and transmitting of digital signals. Crystalline 

and polycrystalline silicon solar cells, which prevail in installed applications, have 

reached laboratory efficiency of 25% and 20% [1], respectively, but their production 

is rather expensive because it demands melting, purifying and slicing of large 

amounts of the source material. On the other hand, dye-sensitized and organic thin 

film cells reach efficiencies of ñonlyò 11.9% and 11.0% [1], respectively, but thin 

film and inkjet printing production technologies enable fabrication of these devices 

with notably reduced energetic and economic costs and with other technological 

advantages e.g. their low thickness or flexibility.  

In the areas of computational and communication technologies, a significant 

effort is also put into the research of nanoelements that have exceptional conduction 

properties (graphene, carbon nanotubes) or non-standard lightïelectricity conversion 

capabilities (tunable energy levels in nanodots due to quantum confinement, silicon 

nanocrystals with direct band gap etc.). [2]  

This thesis deals with THz photoconductivity spectra of macroscopic (ɛm- to 

cm-sized) samples made of more or less ordered ensembles of nanometer-sized 

semiconducting particles and we use the term nanomaterial in this sense. Below we 

introduce the basic aspects of nanomaterial (photo)conductivity and show that our 

method is particularly useful for characterizing this application-decisive property of a 

various nanomaterials. The work is both theoretical and experimental covering also 

some methodological aspects. We present original results concerning the theory of 

macroscopic response of nanostructured materials in general and the implications of 

this theory for time-resolved THz spectroscopy in particular. We show and discuss 

our experimental results on nanomaterials made of two technologically important 

semiconductors: silicon and titanium dioxide, and a refinement of the Monte Carlo 

numerical method for calculating properties of short-range charge transport. 

1.1. Conductivity of nanomaterials 

Conduction properties of nanomaterials are closely related to their structure. 

The efficiency of the charge transport on the long range, which is essential for all 

electric and electro-optic applications, is limited by the slowest process that the 

charge carriers undergo on the short range. These microscopic processes include 

charge carrier generation, separation [3], intra- [4] and inter-nanoparticle motion  [5]. 

However, they can be hardly unambiguously distinguished by contact measurements 

such as time-of-flight methods, which are usually employed, or in a field-effect 

transistor configuration. A local probe that senses the behavior of charge carriers on 

the nanometer length scale is crucial for characterization of the microscopic charge 
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transport and, subsequently, for the improvement of the macroscopic electric 

properties of nanomaterials. 

Scanning tunneling microscopes with multiple tips allow measurements of 

the conductivity of individual nanowires [6] but they represent rather expensive 

devices demanding ultra-high vacuum conditions and are mostly used in combination 

with high-end sample preparation techniques such as molecular beam epitaxy or 

electron lithography. Devices whose production is up scalable usually contain more 

or less complex ensembles of nanoobjects with varying microscopic properties. A 

method able to sense the local motion of charge carriers and providing its average 

over the whole ensemble is required. The THz spectroscopy offers this possibility.  

1.2. Relevance of terahertz to nanometer 

Terahertz spectroscopy probes the interaction of charge carriers with 

electromagnetic radiation in the THz frequency range without any contacts attached 

to the sample and in an undemanding environment of dried air or primary vacuum. 

The measurable spectra of complex optical conductivity in this range bear 

information on the (nano)transport of charge carriers for the three following reasons:  

1. the plasma frequency of electrons in semiconductors usually lies near the 

THz range (e.g. the plasma frequency is 11 THz for electrons at a density 

of 1016 cmī3 in silicon); 

2. scattering of charge carriers on defects in bulk semiconductors occurs 

usually on the femto- to picosecond time scale, producing a substantial 

dispersion directly in the THz range;  

3. a charge carrier diffuses a few tens or hundreds of nanometers within the 

period of a THz pulse (the electron diffusion length ldiff ɜD /=  is 

Ò 60 nm in silicon with the diffusion coefficient De Ò 36 cm2sī1 [6] at a 

frequency ɜ = 1 THz). If there are any conduction barriers with a 

comparable spacing, such as boundaries of nanoparticles, the interaction of 

the carriers with them provides spectral features in the THz part of the 

optical conductivity spectrum of the sample. 

The THz spectroscopy is often combined with a synchronized photoexcitation 

of the sample ï in this case, we speak about Time-resolved THz spectroscopy or 

Optical pumpïTHz probe (OPTP) spectroscopy. The technique is able to characterize 

the dynamics of the charge transport from the moment of carrier photoexcitation to 

its trapping or recombination with sub-picosecond time resolution. The OPTP 

spectroscopy has at least four experimental degrees of freedom: varying energy and 

density of excitation photons, time after photoexcitation and sample temperature. 

Taking advantage of experiments where these quantities are varied, it is possible to 

characterize the ultrafast microscopic charge transport in nanostructured and 

disordered semiconductors with a large detail and a deep understanding. 
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1.3. Effective response challenge 

The wavelengths of THz radiation are up to 5 orders larger than the size of 

the photoconductive nanoelements (nano-crystals, -clusters, -islands, -wires, etc.) 

that constitute discussed materials. The probing THz beam thus cannot be focused on 

a single nanoparticle (NP) but it probes an average response of all carriers in a 

macroscopic piece of the inhomogeneous sample*. A semiconducting nanoparticle 

containing photoexcited electrons and holes behaves like a polarizable object in the 

electric field of the probing THz radiation and the spaces between adjacent 

conducting NPs have finite capacitances. The so called depolarization fields, related 

to these effects, locally alter the field of the probing radiation and cause that the 

measured macroscopic absorption and dispersion of the THz radiation is related to 

the actual microscopic conductivity of the charge carriers in a non-linear manner.  

 This relation between the macroscopic response of the inhomogeneously 

conductive sample to external electric fields and the microscopic conductivities of its 

constituents has been described by various effective medium theories (EMT). The 

most often used approximate EMTs of Maxwell Garnett or Bruggeman sometimes 

fail when the sample morphology is near to percolation. The most general Bergman 

EMT is, on the other hand, quite complicated and mostly lacks sufficiently precise 

input information on the morphology of the system. In this thesis we present an 

effective medium model (called VBD model), developed recently in our group and, 

largely, within the framework of the thesis. It is able to describe the measurable 

photoconductivity in materials that contain semiconducting NPs in the form of both 

non-percolated inclusions and complex percolation pathways at the same time and 

which uses only on 3 independent parameters describing the sample morphology. 

1.4. Structure of the thesis 

The research in the THz spectral range is relatively young and has brought 

about its own terminology, methodology, inventions and problems. For this reason, 

Chapter 2 introduces the THz spectral range with its peculiarities in a wider context 

and our technique and experimental setup in particular. In Chapter 3, we give an 

overview of theoretical models of THz photoconductivity that have been used in the 

literature and of experimental works published in the area of THz spectroscopy of 

photoconductive nanomaterials.  

The subsequent chapters present the original theoretical and experimental 

results of this thesis, starting with the presentation of the VBD effective medium 

approach and its comparison to other EMTs in Chapter 4. We also illustrate this 

model on an equivalent electric circuit analogy. In Chapter 5, we derive the general 

 
* The size of the THz beam focus in a far field experiment is comparable to its wavelength, i.e. 

several millimeters. Near-field THz microscopy, which is not discussed here, reaches resolution 

of 3 ɛm using sub-wavelength apertures [7], or tens of nm using THz scattering on vibrating 

AFM tips [8]. 
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solution of the wave equation describing the differential (transient) THz field 

build-up and propagation in an inhomogeneous photoexcited sample; we discuss 

solutions related to the proposed EMT model in particular. We apply this theory to 

the experimental spectra of THz photoconductivity of two systems of silicon 

nanocrystals (Si-NCs): derived from bulk crystalline Si by electrochemical etching in 

Chapter 6 and grown by crystallization in epitaxial SiOx/SiO2 (x Ò 1) multilayers in 

Chapter 7.  

In Chapter 8, we study the charge carrier transport in bulk rutile TiO2 at high 

photocarrier densities with the aim to obtain reference bulk data for TiO2-based 

nanosystems. Despite the relatively wide usage of this material, the understanding of 

charge transport in TiO2 is still limited due to the strong electron-phonon interaction 

in it and we present qualitatively new findings thanks to utilizing the ps time 

resolution of OPTP spectroscopy.  

Besides analytical models of (microscopic) carrier conductivity, our group 

carries out semi-classical Monte Carlo calculations of carrier motion in nanosystems. 

In Chapter 9, we analyze the relation of probabilistic parameters of a model system 

(probability of inter-NP transport) to its morphologic properties (spatial layout and 

touching areas of adjacent nanoparticles). 

Finally, we sum up the conclusion of the thesis in Chapter 10. Chapters 11 

and 12 contain the bibliographic references and the list of tables, respectively. 

Chapter 13 provides a List of symbols and abbreviations used throughout the thesis 

for the convenience of the reader. 



 

 
 

2. THz spectroscopy 5 

2. THz spectroscopy 

The research in the THz spectral range is quite peculiar and we find it suitable 

to provide first a short overview of the field, its current technologies and areas of 

interest. Then we describe techniques relevant for this thesis in detail. For further 

information we refer to the review of Peter Uhd Jepsen, David G. Cooke and Martin 

Koch [9]. 

2.1. Terahertz spectral range 

The terahertz region appeared as a new spectral range overlapping partly with 

optics and electronics in the last two decades ï it includes the longest far infrared 

(FIR) and the shortest microwave waves (see Table 2.1). THz radiation is also known 

as the ñmillimeter wavesò, according to its wavelength, or the ñT-raysò, in an 

analogy to the X-rays. In the 20th century, the research in this area somewhat lagged 

behind the adjacent parts of the electromagnetic spectrum because of a lack of 

efficient sources and detectors. THz frequencies are too high for electronic circuits 

and transistors [10] and coherent THz emission in the active medium of a FIR laser is 

highly inefficient [11]. Incoherent low-intensity THz radiation is found in the nature 

as a part of the thermal radiation of every black-body at temperatures above a few 

Kelvins*. This fact finds its use in astronomy in chemical analysis of the emission 

spectra of cold interstellar dust and distant starburst galaxies. [12] Yet, it is absorbed 

by water vapor in the atmosphere and submillimeter telescopes must be located at 

very dry and high altitude places, such as the Atacama Desert, or in the free space. 

As the ranges of laboratory sources of optical and electronic radiation did not overlap 

for a certain time, the THz part of the electromagnetic spectrum was called the 

ñTerahertz gapò. [13]  

 Frequency Wavelength Wavenumber Energy  

 15 THz 15 ɛm 667 cm-1 83 meV 
FIR 

range [14] 

THz 

range 

3 THz 100 ɛm 100 cm-1 12 meV 

0.3 THz 1 mm 10 cm-1 1.2 meV 

0.3 THz 1 mm 10 cm-1 1.2 meV 
microwave 

range [15,16] 
0.1 THz 3 mm 3.3 cm-1 0.41 meV 

 0.3 GHz 1 m 0.01 cm-1 1.2 ɛeV 

Table 2.1 Borders of THz frequency range overlapping with common optical 

and electronic ranges of electromagnetic radiation. 

Bridging of the ñgapò was started in 1985 when Auston and Cheung [17] 

generated broadband THz pulses via optical rectification (OR) of ultrashort laser 

pulses in a non-linear electro-optic crystal and detected them by time-domain 

 
* The maximum of spectral radiance lies at 1 THz for a black body at a temperature of 18 K. 
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spectroscopy (TDS). Principles of OR and TDS are described in the following 

sections in detail because they are used throughout the experimental part of this 

thesis. Since 1985, detection in the time-domain has remained the most frequent 

method used for spectroscopic measurements in THz laboratories worldwide, while 

various phenomena other than OR have been employed to generate pulsed broadband 

and also continuous-wave (cw) THz radiation. Photoconductive switches, for 

example, utilize ultrashort optical laser pulses, similar to OR, and provide THz 

pulses with similar bandwidths and somewhat lower intensities ï these two 

generation techniques are most widely used in tabletop THz spectroscopic setups 

nowadays. 

Other THz sources and detectors 

In 2002, Hebling et al. [18] proposed the tilted-wave-front scheme of optical 

rectification in order to achieve phase matching between a THz and an optical pulse 

in highly nonlinear materials, such as LiNbO3. This allows one to generate THz 

pulses with the peak field of ~1 MV/cm*. [19] ñTHz wave air photonicsò techniques 

are used to both generate and detect THz pulses with bandwidths exceeding 30 THz 

in laser-induced air plasma [20,21].  

Quantum cascade lasers (QCL) present the youngest and quite promising 

technology for emitting narrowband THz radiation. They achieve stimulated 

emission of FIR radiation on intersubband transitions in quantum wells of a 

semiconductor superlattice. A QCL is in principle single-component chip that needs 

only a power supply and can be either used as external emitter or as an integrated 

element in optoelectronic circuits. Its main drawback is that it requires cryogenic 

cooling in the few-THz range. QCLs are somewhat tunable and one can already buy 

a commercial frequency-domain spectroscopic setup with a set of QCL chips 

covering several adjacent intervals in the THz spectral range.  

Photomixing of two coherent laser beams with similar frequencies in a 

non-linear crystal also yields coherent narrowband pulsed or cw THz radiation and a 

similar technique can also be used to detect monochromatic THz beams 

coherently. [9]  

Sources based on a beam of free electrons include backward-wave 

oscillators, synchrotrons, free electron lasers and gyrotrons. The first ones use 

radiation from non-relativistic electrons and can fit into table-top experiments. The 

others are large-scale facilities that provide tunable pulsed or continuous-wave THz 

radiation of extraordinary intensities from beams of relativistic electrons. 

Novel broadband sources radiating from about one THz to tens of THz are 

referred to as ñmulti-terahertzò because their principle and functionality are derived 

from the standard time domain THz spectroscopic techniques. However, by their 

spectral content, they technically belong to FIR (or even mid-IR) broadband sources. 

 
* classic collinear setups reach peak field of several kV/cm. 
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Incoherent THz spectroscopy in the frequency domain (e.g. in an 

Fourier-transform infrared spectrometer) is feasible with thermal sensors such as 

pyrometers, bolometers or Golay cell detectors. [22] Thermal detectors naturally 

suffer from relatively long response times and the presence of background thermal 

radiation. Their sensitivities are generally lower (with the exception of hot-electron 

bolometers) than that of electro-optic detectors used in TDS. For these reasons, they 

are used rather in high-intensity or narrow-band experiments or in THz imaging 

applications.  

THz science, technology and applications 

The scientific areas of interest, besides charge carrier transport, cover: 

vibrational modes of molecular crystals, crystals of organic molecules in particular; 

relaxation processes of permanent or collision-induced dipoles in liquids, particularly 

in water;  [9] strongly correlated electronic systems [23] and phase transitions in 

multiferroics [24].  

THz technologies naturally require means for spectral manipulation of THz 

beams. This can be done e.g. by using tunable photonic crystals or tunable 

metamaterials. It is also possible to achieve on-demand THz properties in THz 

metamaterials such as negative refractive index in a narrow band.  [25ï27]  

Recently, the THz imaging and spectroscopic systems have matured enough 

to reach first commercial applications. In the field of quality control and safety, THz 

imaging is a complement to usual rays such as visible light or X-rays. THz waves 

can penetrate common non-metallic packaging materials that are opaque in the 

visible range ï such as paper, wood, certain plastics or dry fabric ï and provide 

contrast and spectral information on dielectric contents that are mostly without 

contrast for the X-rays (ceramics, plastics, liquids, narcotics or explosives [9]). THz 

photons do not ionize the matter and thus are also viable for inspection of living 

persons (the THz rays can ñseeò contraband or weapons concealed under the 

clothing) or susceptible materials. In the field of quality control, THz imaging can 

locate voids or moisture and other inhomogeneities in dried food [28], molded 

plastics  [29], or composite materials or determine the thicknesses of multi-layered 

paints and coatings. THz cameras usually contain an 2D array of microbolometers or 

photoconductive antennas in the focal plane of a silicon lens. These cameras are 

rapidly approaching real-time applications as they currently reach resolution of 

hundreds Ĭ hundreds of pixels and rates of several frames per second. [30] 

As THz waves are strongly absorbed by water, they do not penetrate deep 

into the skin of living beings and attempts have been made to utilize THz in 

diagnostics of skin cancer. [31] 

THz rays are also utilized in cultural heritage preservation ï for non-

destructive characterization of the layers of frescoes, plasters, paintings and other 

opaque artworks. The detailed knowledge on the layers then enables performing of 

the most appropriate restoring and preserving actions. [32] 
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For further details and references on THz technology and materials let us 

refer the reader to the review papers of Tonouchi [33] or Ferguson and Zhang [34]. 

2.2. Time-domain spectroscopy 

The electric field of THz radiation evolves relatively slowly in time (~ps) 

compared to the pulse length of available femtosecond laser sources. An E-field 

detector, e.g. an electro-optic sensor, gated with fs laser pulses can thus measure the 

instantaneous electric field of a THz wave. [35,36] Changing the time delay t 

between the THz pulse and the time synchronized laser gating pulse allows one to 

sample the whole waveform of the electric field Et(t) of the THz pulse transmitted 

through a sample. Through Fourier transform one obtains the complex spectrum 

Et(ɤ)* of the THz pulse (Fig. 2.1).  

 

Fig. 2.1 Left: Waveforms Et
ref and Et of a THz pulse transmitted through the 

setup without sample and through a 0.26 mm thick TiO2 sample at 

70 K, respectively. (Inset: sampling points in a section of Et) 

Right: their complex spectra Et = |Et|e
iű (same scale as the left plot). 

To obtain the THz response function of a sample, one usually places it in the 

focus or in a collimated section of the pulsed THz beam and measures separately the 

waveforms of:  

1. the ñsignalò THz pulse Et(t) transmitted through the sample;  

2. the ñreferenceò THz pulse Et
ref(t) transmitted either through a reference 

sample or measured without the sample in the beam path.  

 
* We do not introduce any special notation for complex-valued variables; all frequency-resolved 

quantities in the thesis are complex. Real and imaginary components are denoted as: 

X = Xǋ + iXǌ. The sign convention E(t) = Eɤeīiɤt is used for a monochromatic wave. Angular 

frequency ɤ = 2ɜ́ is used in equations; all spectra are plotted against linear frequency ɜ. 
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2. THz spectroscopy 9 

Both measured waveforms are temporal convolutions of the waveform radiated from 

the emitter with the transmission coefficient of the sample/reference and an 

instrumental function which describes propagation of the pulse through the setup and 

its detection in the sensor. Upon Fourier transform into the frequency domain, the 

convolutions of temporal functions become products of the respective spectral 

functions. In the ratio Et(ɤ)/Et
ref(ɤ), the instrumental functions cancel out exactly 

and one obtains the ratio of the complex transmission coefficient of the sample 

tsample(ɤ) and of the reference tref (ɤ). [37] This ratio defines the complex THz 

transmittance of the sample: 

 ()
()

()
()
()ɤE
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ɤt
ɤT
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t

t

ref

sample
==  . (2.1) 

In the case when the sample is removed from the setup for the reference 

measurement, we get ( )cLɤit /expref = , where L is the sample thickness and c is 

the speed of light in vacuum. The measured complex transmittance T(ɤ) of the 

sample is related to its complex refractive index n. For a homogeneous sample, the 

relation reads [38] 

 ()
( )[ ]

( )
( )ä

=
ù
ú

ø
é
ê

è
ö
÷

õ
æ
ç

å

+

-

+

-
=

m

k

k

cLnɤi
n

n

n

cLnɤin
ɤT

0

2

2
/exp

1

1

1

/1exp4
. (2.2) 

The sum in (2.2) accounts for the first m Fabry-Perot reflections of the THz pulse in 

the sample. For thick samples, these reflections form separate echoes of the main 

pulse in the time domain and can be time-windowed. [39] Then, m is trivially the 

number of echoes taken into account.   

 

Fig. 2.2 Left: THz transmittance of a 0.26 mm thick TiO2 slab at 70 K and 

right: its refractive index. 

For thin samples, the series should be summed up to the infinity, as the echoes 

overlap in the time domain. [38] The numerical solution of (2.2) is simpler and less 

sensitive to errors in measurements when separate echoes can be windowed. [40] 

With THz-opaque samples it is also possible to carry out experiments in reflection 
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geometry. [41] Fig. 2.2 shows the complex transmittance and refractive index 

calculated from the data presented in Fig. 2.1. 

In this work, THz time-domain spectroscopy without photoexcitation of the 

sample is used as an auxiliary method for determining the refractive index of a thick 

sample of bulk rutile in the THz frequency range in Chapter 8. The next section 

introduces the Optical pumpïTHz probe technique which is the principal method 

used in this thesis. 

2.3. Optical pumpïTHz probe spectroscopy 

Optical pumpïTHz probe spectroscopy measures the transient change ȹEt(t) 

of the THz waveform transmitted through the sample upon collinear photoexcitation. 

Plane-parallel samples are placed perpendicular to the direction of propagation z of 

the THz pulse; the wavefronts of the THz radiation are planar throughout the 

thickness of the sample. The formation and propagation of the transient part ȹE of 

the THz field inside the sample is then described by a one-dimensional wave 

equation [42] 

 
( )

() ( ) ( )zɤUzɤEkɤn
dz

zɤEd
,,ȹ

,ȹ 2

0

2

2

2

=+ , (2.3) 

where n is the refractive index of the sample in the ground state* and k0 = ɤ/c is the 

angular wavenumber of the THz wave in vacuum. The right-hand-side function 

U(ɤ, z) describes the source of the transient part of the THz field. In terms of the 

transient conductivity ȹů(ɤ, z) that arises in the sample after photoexcitation, it 

reads [42]: 

 ( ) ( )( )zɤEzɤůZikzɤU ,,ȹ, 00-= , (2.4) 

where E is the total THz field (probe + transient) at a given depth and Z0 is the 

vacuum wave impedance. The transient conductivity is generally a function of the 

depth due to the Lambert-Beer exponential absorption law for the optical excitation 

beam. Solution of the wave equation with the suitable source function and proper 

boundary conditions yields the transient part ȹEt of the electric field transmitted 

through the sample. Solutions concerning nanomaterials and cases important for this 

thesis are derived in Chapter 5. In this Section, we demonstrate the solution of (2.3) 

on a simple pedagogic case.  

Equations (2.3) and (2.4) are valid in the quasi steady-state approximation, 

i.e. when the transient conductivity ȹů does not change substantially during the 

few-ps duration of the probe pulse. Many transport processes are slow enough not to 

spoil the approximation, e.g. the carrier recombination causes a decay of ȹů on a 

time scale of hundreds of ps to ns. On the other hand, the carrier generation, 

 
*  Usage of equilibrium refractive index without its excitation-induced transient contribution is 

justified in a more technical discussion in the beginning of Chapter 5. 
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thermalization and other ultrafast processes may take place within a picosecond after 

photoexcitation. The measurement of a single probe waveform is meaningless in 

such time intervals: each point in the few-ps-lasting THz waveform would have 

interacted with the sample in a different conductivity state. In order to assess the 

transient conductivity during such fast processes, one must follow a more elaborate 

measuring procedure which is not the subject of this thesis. Briefly speaking, the 

transient THz field must be experimentally sampled in a 2D grid of the probeï

sampling and pumpïprobe delays t and tp, respectively. A two-dimensional Fourier 

transform ȹEt(t, tp) Ÿ ȹEt(ɤ, ɤp) must then be performed and equations must take 

into account a mixing of both frequencies ɤ and ɤp
*. [43] All experimental THz 

photoconductivity spectra in this thesis comply with the requirement of the quasi 

steady-state approximation.  

Having measured the transient part ȹEt(t) of the transmitted waveform, one 

uses the waveform of the THz pulse transmitted through the unexcited sample Et(t) 

as the reference. In the frequency space, the transient complex transmittance 

spectrum ȹT(ɤ) of the photogenerated excitations is obtained (see Fig. 2.3): 

 ()
()

()
()
()ɤE

ɤE

ɤt

ɤt
ɤT

t

t

sample

sample ȹȹ
ȹ ==  . (2.5)  

  

Fig. 2.3 Left: Waveforms Et and ȹEt of the probe pulse transmitted through a 

0.26 mm thick rutile slab at 70 K in equilibrium and 11 ps after 

excitation with 1.6Ĭ1014 photons/cm2 at 266 nm, respectively. Right: 

Transient transmittance of the excitations (the scale is in relation 

with the left plot).  

In a homogeneous sample with a thin photoexcited layer, the experimental 

transient transmittance spectrum is directly defined by the transient change of the 

conductivity spectrum of the sample [42]: 

 
* ɤp is used for the Fourier counterpart of pumpïprobe delay tp solely in this place. It is not to be 

confused here with the plasma frequency that is defined in Section 3.3 and used thereafter. 
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where Ŭ is the sample absorption coefficient for the pump light and n1, n2 stand for 

the THz refractive indices of the media in front and behind the photoexcited layer, 

respectively (vacuum, substrate, cuvette faces, unexcited part of the sample etc.).  

The transient transmittance includes response from all polar excitations that 

are active in the THz range such as band carriers, polarons, excitons, optical phonons 

etc. This thesis deals with the ultrafast transport of mobile carriers; for this purpose, 

pumping with over-the-band-gap photons is used to generate charge carriers in the 

conduction and valence band of the sample.  

In the simplest theoretical case of a thin homogeneous sample with a single 

(or one dominant) type of photocarriers, the overall transient conductivity is 

proportional to the mobility ɛ(ɤ) of the single charge carrier: 

 () ()ɤɛeNɤů 0ȹ = , (2.7) 

where e is the elementary charge.  The density N0 of photocarriers at the sample 

surface is given by 

 ɝŬN f=0 , (2.8) 

where ɝ is the quantum yield of photogeneration and ʟ  is the pump photon fluence in 

a single excitation pulse (in photons/cm2, also referred to as the excitation fluence 

here). While Ŭ is usually taken from the literature or measured independently and ʟ  is 

determined experimentally, the quantum yield is mostly a priory unknown and in 

some cases it may substantially differ from 100%. [44] For this reason, the quantum 

yield and the magnitude of the carrier mobility mostly cannot be distinguished from 

each other in the transient conductivity (2.7) and only the yield-mobility product can 

be calculated from the measured transient transmittance. Equations (2.5)ï(2.8) 

together show that in the case of a thin homogeneous sample with one dominant type 

of photocarriers, an OPTP measurement yields straightforwardly the complex 

mobility spectrum of the charge carriers (multiplied by the quantum yield which is 

the only unknown parameter to be discussed): 
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Because of the clear physical meaning of the equation above for 

homogeneous semiconductors, we use its right-hand side to define the normalized 

transient transmittance spectrum 
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 (2.10) 

and consider it as a suitable normalized experimental output quantity of Optical 

pumpïTHz probe experiments. [45] Also in samples with a more complicated 

response (with several types of photoconductive excitations and with a complicated 
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morphology) ȹTnorm holds the meaning of the average photoconductive response of 

the sample per single absorbed pump photon and per elementary charge and it is 

expressed in units of the mobility. This quantity becomes especially useful for 

experiments in inhomogeneous samples. 

The equations above were derived for a general pumpïprobe delay tp within 

the steady-state approximation. By changing tp, OPTP spectroscopy can measure the 

carrier THz photoconductivity spectrum at different stages of the generationï

transportïtrapping/recombination process. With picosecond THz probe pulses, it 

provides resolution which cannot be achieved with other conductivity measuring 

techniques.  

By changing the pump photon fluence ,ʟ one can generate carriers in a 

sample at a broad range of densities without the need of preparing sets of samples 

with different dopant concentrations. This enables characterization of the studied 

material in different conductivity states. Notably, our research (Chapter 4) shows that 

the response originating from conductively percolated semiconducting parts of a 

(nano)material sample scales linearly with the carrier density while the response of 

non-percolated parts of the sample depends non-linearly on the carrier density. This 

allows one to distinguish between samples containing percolated and non-percolated 

semiconductor particles and even discriminate and characterize separately the 

percolated and non-percolated semiconducting subsystems in a single structure, 

provided that the data are obtained over a broad range of excitation densities. [4,45]  

2.3.1. Spectrally averaged transient THz kinetics 

Besides measuring the complete waveforms ȹEt(t) (and Fourier-transforming 

them to transient conductivity spectra) at selected times tp after photoexcitation, one 

can carry out the following useful experiment. The probeïsampling delay t is set to 

correspond to the maximum of the transient signal ȹEt waveform and a scan of the 

pumpïprobe delay tp is performed (Fig. 2.4). In this way, a 1-dimensional scan of the 

transient THz dynamics is obtained. These scans provide spectrally averaged THz 

response to the photoexcitation, i. e. the time evolution of the transient absorption 

(photoconductivity) of the sample in the whole frequency range of the given 

experimental setup. The highest resolution is here given by the timewidth of the main 

peak of the THz electric field which is usually a few hundreds of femtoseconds 

(cf. inset in Fig. 2.1). 

One cannot directly determine whether the evolution of the measured 

dynamics is caused by changes of carrier concentration or of their mobility. Different 

processes are usually attributed to the observed kinetics according to their 

characteristic time constants and according to the observed changes of transient THz 

conductivity spectra measured at selected pumpïprobe delays. The kinetics may 

display for example ultrafast cooling of hot electrons [47], photocarrier injection and 

electronïhole separation [48] or expansion of a dense electron plasma (Section 8.1) 

in the first units or tens of ps, and usually the decay of mobile carriers through their 
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recombination or trapping on longer time scales (see Fig. 2.4, discussed in 

Section 7.4). 

 
(Selection from FIG. 5. in [46] ) 

Fig. 2.4 Example of transient THz kinetics measured by pumpïprobe scan on 

superlattices of Si nanocrystals in SiO2 matrix. Legend refers to 

different nanocrystal sizes; lines serve as guides to the eye.  

2.4. Experimental setup 

In this chapter the experimental methods used throughout this thesis are 

introduced from the practical point of view. We stress experimental characteristics 

and limitations. All OPTP experiments in this thesis were performed by using the 

output train of pulses of a regenerative Ti:sapphire amplifier (Spitfire ACE, 

Spectra-Physics/Newport) with 1 mJ pulse energy, 35ï50 fs pulse length, repetition 

rate 5 kHz and central wavelength ɚ = 800 nm. The linearly polarized laser beam was 

split into three beams by 800 nm beam splitters as indicated in Fig. 2.5: the probe, 

the sampling and the pump beam.  

Each optical probe beam pulse generates a THz pulse via optical rectification 

(described later) in a 1 mm thick (110)-ZnTe crystal (the emitter). The emitted 

divergent THz beam is collected and focused with an ellipsoidal aluminum mirror 

that has its foci at the output face of the emitter and at the aperture of the sample 

holder. After transmission through the sample plane, the probe THz pulse is focused 

with a second ellipsoidal mirror through a THz-transparent pellicle beam splitter onto 

the front face of another 1 mm thick (110)-ZnTe crystal (the sensor).  

The optical sampling beam pulses undergo adjustment of intensity and 

polarization and are introduced perpendicular to the pellicle beam splitter which 

reflects them collinearly with the THz beam onto the sensor. The instantaneous 

electric field of the THz pulse induces birefringence in the sensor crystal through the 

linear electro-optic effect (the Pockels effect) and the polarization state of the 

simultaneously passing sampling pulse is thus changed.  
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Fig. 2.5 Diagram of experimental setup. Thickness of red (fundamental) laser 

beam lines indicates qualitatively the power of individual beams.  

The polarization of the sampling pulse is then converted into nearly circular with a 

quarter-wave plate (a Babinet-Soleil compensator is used and fine tuned before each 

experimental session to act as the ɚ/4 plate in actual laboratory conditions). The 

general elliptical polarization of the sampling pulse is subsequently resolved into its 

two orthogonal linearly polarized components by using a Wollaston prism (the 

analyzer in the diagram). The intensities of these two components are measured with 

two antiparallel silicon photodiodes A and B. The difference signal (A ī B) from the 

photodiodes is linearly proportional to the instantaneous THz field in the sensor. 

Phase-sensitive detection synchronized with the chopping frequency of the pump 

beam detects the transient change ȹEt(t) as the difference between the signal with the 

pump-beam on and off. 

To avoid absorption of THz radiation on water vapor, the THz part of the 

experiment is enclosed in a custom-made aluminum box with optical windows that is 

evacuated with a primary vacuum pump to a pressure of less than 1 mbar during the 

measurement. The sample is placed onto the front face of a planar metal holder with 

a circular aperture either directly inside the box or within a continuous-flow optical 

cryostat (Oxford Optistat) that has a pair of sapphire input windows and a pair of 

Mylar output windows. The delay between pulses in individual beams is controlled 

with delay lines with a resolution of 3 fs. 

The pump beam photons are either used to excite charge carriers in the 

sample directly at their fundamental frequency or they are converted to a higher 

energy that exceeds the band gap of the sample. Most often a (110)-oriented BBO 

crystal is used for second harmonic generation, occasionally followed with another 

(110)-oriented BBO crystal to generate the third harmonic frequency (via sum 

frequency generation from the second harmonic beam and the collinearly passing 
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idle remainder of the fundamental beam). An optical parametric amplifier system 

TOPAS is alternatively used to convert the pump beam to other photon energies if 

needed.  

At any excitation wavelength, the pump beam is defocused with a CaF2 

plano-concave lens so that a relatively homogeneous excitation density is achieved 

across the measured area of the sample. (The lens is placed in such distance from the 

sample holder that less than 1/3 of the power of the incident pump beam passes 

through the holder aperture. The excitation density at the edge of the aperture is at 

least 67% of that in its center with such setting.) The angle of incidence of the pump 

beam on the sample is about 10Á which means that it takes 1.8 ps to excite the 3 mm 

width of the measured area of the sample.  

The power of the pump beam is controlled by using neutral density filters or a 

variable polarizing attenuator and measured with a power meter. The power meter 

(PM in Fig. 2.5) is placed in an accessible section of the pump beam between the 

attenuator and the vacuum box as it cannot be placed in the position of the sample 

inside the evacuated vacuum box (or inside a chilled cryostat) after each change of 

attenuation. The fraction Kbox of the pump power measured before the box (Pmeas) 

that transmits through the aperture of an empty sample holder is measured before 

each experimental session with unevacuated box. The power incident on the probed 

area of the sample is then calculated as Pinc = KboxĀPmeas during the experiment 

whenever the attenuation is changed. Two thin sapphire plates are placed in front of 

the sample holder to mimic reflection of the pump beam on cryostat input windows 

when determining Kbox for measurements at low temperatures as the used power 

meters cannot fit into the cryostat chamber. Pmeas is either measured with 

a thermopile detector (PowerMax PM3 from Coherent) that is placed manually 

directly into the pump beam path (for powers Pmeas Ó 20 mW); or the pump beam is 

deflected by a flipper mirror into a silicon photodiode power meter (Coherent 

LM-2 VIS for 1060 nm Ó ɚ Ó 400 nm and LM-2 UV for 400 nm Ó ɚ Ó 250 nm; for 

powers Pmeas Ò 25 mW). The photon fluence incident on the sample front surface is 

calculated as 

 
2

rep

inc
inc

ŕf
ɚ

hc

P
=f  (2.11) 

where h is the Planck constant, frep is the repetition rate of the source laser and r is 

the radius of the sample holder aperture (r = 1.5 mm throughout this thesis). The 

reflectivity R of the sample front face (and possibly of a cuvette front face) for the 

pump light is found in the literature or measured and the excitation fluence is 

 ʟ= (1 ī R) iʟnc . When measuring the reference field waveform E transmitted through 

the sample in the ground state, the pump beam is blocked and the chopper is placed 

in the path of the probe beam. Table 2.2 sums up the characteristics of our setup. 
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 Feature Value/Range Note 

D
e
te

c
ti
o

n 

dynamic range  

(typical) 

8Ĭ10ī5 amplitude  

~ 82 dB power 
200 accumulations 

dynamic range 

(best achieved) 

7.5Ĭ10ī6 amplitude 

~ 100 dB power 

6000 accumulations 

(16 hours) 

spectral range (82 dB) 0.2 ï 2.3 THz  

spectral range (100 dB) 0.4 ï 1.4 THz  

spectral resolution 0.1 THz 
typically (with Ṃ10 ps 

waveform scan) 

E
x
c
it
a
ti
o

n 

pumpïprobe scan range 660 ps  

pumpïprobe scan resolution 0.2 ps  

max. iʟnc(ɚ = 800 nm) 1Ĭ1016 ph/cm2 

*diameter mm 3

over  shomogeneou

î
ý

î
ü

û
 

max. iʟnc(ɚ = 400 nm) 2Ĭ1015 ph/cm2 

max. iʟnc(ɚ = 266 n²m) 4Ĭ1014 ph/cm2 

C
o

n
d

it
io

n
s 

temperature range 6 ï 900 K cryostat/furnace 

peak THz field ~5 kV/cm without cryostat 

*The excitation density at the edge of the aperture is at least 67% of that in its center. 

Table 2.2 Characteristics of the OPTP experimental setup. *  

Optical rectification 

One of the most common processes for table-top generation of broadband 

THz pulses is optical rectification of ultrashort optical pules inside a second-order 

non-linear crystal. It is a process somewhat similar to difference frequency 

generation but it takes place among the photons of a single laser pulse. The electric 

field of the laser pulse drives oscillations of bound charges (ions) in the crystal lattice 

around certain average positions. These oscillations are natural also in linear optics 

ð their interaction with light is expressed by the complex values of first-order 

susceptibility or refractive index of the material (blue in Fig. 2.6). However, in 

non-linear crystals, the average positions of the oscillating ions differ from their 

equilibrium positions due to the asymmetry of lattice forces; the higher is the 

intensity of the driving field, the further are the new average positions of the ions 

from their equilibrium locations.  
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Fig. 2.6 Schematics of ion oscillations in an asymmetric potential (black line) 

in an optical electric field. Gray: parabolic approximation at the 

bottom of the potential, blue: linear oscillation, green: non-linear 

oscillation, red: rectified low-frequency component of non-linear 

polarization. 

 This shift of average positions of bound charges (red in Fig. 2.6) constitutes 

a net polarization in the crystal which is proportional to the intensity of the field that 

is necessarily rectified (unipolar, non-alternating). This is because the asymmetrical 

lattice forces allow shifts of the average positions of the oscillating ions only in 

specific lattice directions and back to the equilibrium. Considering illumination by an 

ultrashort optical pulse, the unipolar (rectified) polarization current pulse becomes a 

source of a low-frequency field proportional to its time derivative. Quantitatively, the 

non-linear polarization P of the medium with second-order susceptibility tensor ɢ(2) 

at a general frequency ɤ is equal to: 

 () ( ) ( ) ()ñ
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*+-+=
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0

0

d,,
ɋɋ

ɋɋ
kjijki ɋɋEɋEɋɋP wwwcew , (2.12) 

where Ů0 is the permittivity of vacuum, asterisk denotes complex conjugation, ɋ0 is 

the central frequency and ȹɋ is the bandwidth of the laser pulse E(ɋ). The spectrum 

of the emitted pulse and its temporal shape is determined by the bandwidth of the 

optical pulse. The phase matching condition is given by the equality of the refractive 

index of the emitted waves and the group refractive index ngroup of the incident 

optical light: 

 () ()
()
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d

d
group ɋn

ɋ

ɋn
ɋɋnn ¹+=w  (2.13) 

ZnTe crystals display good phase-matching and frequency-mixing properties 

for rectification of femtosecond optical pulses at 800 nm to THz frequencies and low 

absorption up to 3 THz. Fig. 2.7 shows the absorption coefficient and refractive 

index of ZnTe. Absorption (Fig. 2.7(a)) at high THz frequencies is dominated by the 

transverse optical phonon mode at 5.32 THz; at lower frequencies there occur two 

bands that were assigned by Gallot et al. [49] to transverse acoustic phonon at 

1.6 THz and longitudinal acoustic phonon at 3.7 THz. The refractive index of ZnTe 

(Fig. 2.7(b)) is governed by the optical phonon in the THz range. 
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(FIG. 1(b,c) in [49] ) 

Fig. 2.7 THz properties of (001)-ZnTe at room temperature (a) absorption 

coefficient and (b) refractive index. Symbols: experimental data, line: 

theoretical response of TO-phonon at 5.32 THz.  
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3. THz spectroscopy of nanomaterials in the 

literature  

In the Introduction we pointed out that the THz spectral range is particularly 

sensitive to the properties of charge transport on the nanoscale. In this chapter we 

mention the approaches most frequently used to model and/or fit THz 

photoconductivity of nanostructured, disordered and bulk semiconductors. We 

emphasize the difference between the effects of charge carrier localization* and 

effective medium response in semiconductor nanostructures. These two effects have 

similar impact on measured THz photoconductivity spectra and occur inseparably in 

semiconductor nanostructures containing non-percolated semiconducting 

nanoparticles (NPs) but have physically different origins. In the following sections, 

we remind the Drude model and Dyreôs hopping models of the mobility, the 

Localized plasmon model of the conductivity, various Effective medium theories, 

Monte Carlo simulations of microscopic transport in the classical limit and the 

phenomenological Drude-Smith model. The Drude-Smith model deserves certain 

attention as it is relatively widely used in the area of THz photoconductivity but 

extensive discussions about its meaning have pointed out possible misconceptions in 

the physical interpretation of its parameters. In the end of this Chapter, previous 

important experimental works are reviewed. 

 

Bulk vs. Nano  

Published papers of THz laboratories worldwide confirm a distinct difference 

between the THz photoconductivity spectra of materials based on semiconducting 

nanoparticles (polycrystals, nanodots, nanotubes/wires, etc.) and those of bulk 

semiconductors. [50] Generally speaking, photocarriers in the bulk exhibit a real part 

of conductivity decreasing with frequency and a positive imaginary conductivity 

(Fig. 3.1(a)). In contrast, photocarriers in many nanomaterials show a THz response 

with the real part increasing with frequency and a negative imaginary part 

(Fig. 3.1(b)). In an analogy to electrical circuits, the bulk response represents 

a current that lags behind the applied electric field, i.e. the response of a 

non-polarizable material described by certain resistivity and a self-inductance. The 

negative imaginary conductivity in the response of nanomaterials is, in this sense, 

characteristic to a polarizable medium described by a certain capacitance.  [50,51] 

 

 

 
* also referred to as charge carrier confinement (in the classical, morphological meaning of 

confinement). Charge carriers in the regime of substantial quantum confinement were not 

detected by OPTP in this thesis, although it is possible. 
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Fig. 3.1 Symbols: THz photoconductivity spectra of rutile excited at 266 nm: 

(a) bulk at 70 K,  ʟ= 1.8Ĭ1013 photons/cm2, (b) ~20 nm TiO2 

nanocrystals ʟ  = 3.3Ĭ1014 photons/cm2 at 300 K. Lines: Drude fit 

with m*  = 6.9 me, ŰS = 320 fs; 

3.1. Drude model  

The inductive THz response of mobile charge carriers to weak probing fields 

(below a few tens of kVcmī1) in bulk materials is usually well described by the 

Drude model of electron mobility: 

 ()
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= , (3.1) 

where ŰS is the momentum relaxation time (the mean free time between collisions of 

a carrier after which its velocity is randomized) and m* is the effective mass of the 

carrier (electron or hole) in the given (conduction of valence) band. At a photocarrier 

density N, the transient conductivity of Drude carriers is 
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where ɤp is the plasma frequency of the photocarrier plasma. 

Fig. 3.1(a) shows in lines the Drude fit of the THz response of photoelectrons 

in bulk rutile. The Drude model is based on a classical approach to the electron 

transport and was employed many times for the description of charge transport in 

bulk metals and semiconductors (we utilize it for bulk rutile in Chapter 8). It also 

describes charge transport in larger percolated parts of nanomaterials (Si 

microcrystals in [52], large Si nanocrystals in Chapter 6) or along nanowires [53]. 

The Drude model considers neither finite density of electron states nor a 

possible dependence of ŰS on the energy of carriers. These two effects can be taken 

into account by using the Boltzmann transport equation to calculate the conductivity 

spectrum of electrons in a given material but that approach is computationally 

demanding. [54] For conductivity spectra that slightly depart from the Drude model, 

0 0.4 0.8 1.2 1.6 2

Frequency (THz)

80

60

40

20

0

-20

-40

D
T

n
o
rm

 (
c
m

2
V
ï
1 sï
1 )

Re

Im

Drude fit

(a) bulk TiO 2

0 0.5 1 1.5 2 2.5

Frequency (THz)

0.06

0.04

0.02

0

-0.02

-0.04

D
T

n
o
rm

 (
c
m

2
V
ï
1 sï
1 )

(b) ~20nm TiO2 

nanoparticles



 

 

 
 

22 

several phenomenological parametrizations are used, e.g. the Cole-Davidson (CD) 

model with exponent ɓ < 1 and the Cole-Cole (CC) model with exponent (1 ï ŭ) < 1, 

where the exponents are introduced in the denominator of the Drude model as 

follows: 
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The ColeïDavidson models was used for fitting equilibrium THz spectra of complex 

conductivity of silicon with extremely low carrier density < 1013 cmī3 by Jeon and 

Grischkowsky. [55,56] Beard et al. [57] studied THz photoconductivity of bulk 

GaAs and Si and extensively discussed the CC and CD models as well as their 

combination, as written in (3.3).  

3.2. Hopping 

Hopping represents a conduction process qualitatively different from band 

conduction. In materials with high densities of localized states such as defect states 

in the band gap of doped glasses and semiconductors or in specific molecular sites in 

organic crystals, electrons dwell in states below the conduction band edge.  

 

Fig. 3.2 Left: Dyre random free energy model of hopping mobility 

(Űmin = 10 fs, Űmax = 10 ps). Right: Localized plasmon conductivity 

model (ɤ0 = 1 THz, ɔ = 2 THz). 

The Random free energy model introduced by Dyre [58] assumes that 

photocarriers jump randomly over energy barriers between the localized states with 

mobility 
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where the frequency of the hops lies between 1/Űmax and 1/Űmin. The formula describes 

a monotonous increase of the real part of the conductivity between the limit 

frequencies (Fig. 3.2). The low frequency and DC transport is determined by the 

hopping mobility amplitude ɛH and 1/Űmax. The model ceases to be valid at 

frequencies high above 1/Űmin because it omits a necessary high-frequency 

conductivity drop due to finite carrier inertia. It was used e.g. to model transport of 

trapped carriers in hydrogenated microcrystalline silicon [43]. 

3.3. Localized plasmon 

In contrast to the previous two models that describe mobility of individual 

charge carriers, the localized plasmon (LP) model characterizes the collective 

response of a carrier plasma in an isolated inclusion (such as in semiconducting 

nanoparticles). (It is also referred to as the localized surface plasmon as it describes 

the behavior of a surface plasmon in a sub-wavelength particle.) It is based on the 

consideration that positive and negative charges in the inclusion get spatially 

separated by an applied electric (THz) field ð the opposite charges accumulate at 

opposite sides of the inclusion which subsequently exhibits an apparent polarization. 

The LP model describes the interaction between these two plasmas of opposite 

charges by a restoring electrostatic force that pulls the charge carriers back to their 

initial positions. The motion of charge carriers is then described as the response of a 

driven damped harmonic oscillator  [52] 
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where F is the oscillator strength, ɔ is the damping rate and ɤ0 is the undamped 

resonance frequency. The resonance frequency is linearly proportional to the plasma 

frequency of the (photo)carrier ensemble enclosed within the inclusion   
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The proportionality constant ɖ can be determined for inclusions of a given shape and 

orientation relative to the probing field direction. [53,59]  

The overdamped limit  of LP (ɤ0 Ḻ ɔ) is the Debye model with relaxation 

time ɗ = ɔ/ɤ0
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that can be used to describe the conductivity of carriers in a potential well or the 

diffusive type of conductivity at low-frequencies in 1D systems with energy 

barriers. [44] 

The LP model is useful for modelling the macroscopic response of charge 

carriers in diluted ensembles of non-percolated NPs where the intra-nanoparticle 
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carrier interactions are much more important than inter-nanoparticle interactions 

(capacitive couplings across the gaps between adjacent NPs). The same case is 

equivalently described below in terms of the Maxwell Garnett effective medium 

approximation. For more complex geometries, another effective medium theory must 

be considered. 

3.4. Effective medium response 

Nanomaterials examined by THz spectroscopy are generally made of pieces 

of a semiconducting material dispersed in vacuum or in an insulating material that 

serves as the matrix. In the ground state, the matrix material is characterized by its 

permittivity Ům and the semiconducting particles have a ground state permittivity Ůp. 

From the point of view of THz (= millimeter) waves, the material is inhomogeneous 

on the subwavelength scale and is seen as a homogeneous composite with a single 

effective (or macroscopic) permittivity Ů. The measurable permittivity Ů is related to 

the microscopic permittivities Ům and Ůp
* 

 ),,( pmEMT 2ŮŮfŮ= , (3.8) 

where fEMT is a function or a functional that also depends on the filling fractions and 

the morphology of the components. Various Effective Medium Theories (EMTs) 

have been formulated to concretize (3.8). 

After photoexcitation, generated charge carriers exhibit a microscopic 

transient conductivity ȹůmic, which contributes to the permittivity of the particles 
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This microscopic transient conductivity ȹůmic is the sought-after quantity that 

characterizes the transport of the electric charge inside the nanoelements. However, 

in the probing THz field, photocarriers are separated due to sample morphology (as 

in the LP concept) and the accumulated positive and negative charge clouds give rise 

to intra- and interparticle depolarization fields that sum with the probing field. The 

microscopic transient conductivity ȹůmic constitutes the response of the charge 

carriers to the local field which differs from the applied probing THz field. The 

composite thus exhibits a measurable macroscopic transient conductivity ȹů  
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which is related to the microscopic one through the applicable EMT: 

 
*We drop the frequency argument (ɤ) of Ů and ů variables in the general EMT equations for the 

sake of legibility.  
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The microscopic transient conductivity ȹůmic can be retrieved from the macroscopic 

one only if one knows in which manner it is encoded therein, i.e. which form does 

fEMT take in the particular sample. The mathematical complexity of the retrieval of 

ȹůmic from THz photoconductivity spectra is in a sense the trade-off for the 

experimental advantage of not needing any physical electrical contacts attached to 

the sample. We begin below with the concept of the depolarization factor ȿ of a 

single polarizable particle and review three well known EMTs in order to present our 

own EMT transparently and in a wider context in the following chapter. 

Depolarization factor and shape factor 

The polarizability of a semiconducting nanoparticle in the THz frequency 

range occurs generally mostly due to the separation of electrons and holes (both 

conductive/valence or bound in excitons or localized in surface states), rather than 

ions. The local electric field in a single particle is 
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P
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where P is the polarization of the inclusion caused by separation of charges in it due 

to the ambient THz field E. The dimensionless depolarization factor ȿ is connected 

to the shape and orientation of individual nanoparticle. ȿ = 1 for a plane 

perpendicular to the field; ȿ = 1/2 for a cylinder perpendicular to the field and 

ȿ = 1/3 for a sphere. A (semi)conductor parallel to the field has depolarization factor 

equal to 0 ð it does not polarize, naturally. Polarization in (3.12) is proportional to 

the microscopic permittivity of the particle and to the local field: 

 ( )locp0 1 EŮŮP -= . (3.13) 

After substituting (3.13) into (3.12), one can factor out Eloc: 
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The first two EMTs mentioned below (Maxwell Garnett and Bruggeman) stem from 

this single-particle view and are suitable for description of composites with 

inclusions that all have the same shape (i.e. the same ȿ). Their equations take simple 

forms when using an alternative of ȿ, the so called shape factor K ſ 1/ȿ ī 1. 

(K = 2 for spheres or K = 1 for cylinders perpendicular to the probing field.) The 

third well known EMT (Bergman) and also our approach (introduced in Chapter 4) 

are more clearly linked to the depolarization factor ȿ. 
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3.4.1. Maxwell Garnett EMT 

Maxwell Garnett (MG) theory [60,61] is one of the simplest EMTs and is 

applicable when one of the components forms non-percolated and rather sparse 

inclusions in the other component. The relation between the macro- and microscopic 

parameters takes a rather symmetric form 
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where s is the volume filling fraction of the non-percolated component (it may be 

either the semiconducting or the insulating component). In the case of 

semiconducting inclusions in an insulating matrix, the macroscopic transient 

conductivity in this approximation is related to the microscopic one as 
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Mics shows in the Subsection 2.1.1 of his thesis [37] that when the transient 

microscopic conductivity of charge carriers in the inclusions follows the Drude 

model (3.2), the effective response of the composite takes the form of a damped 

harmonic oscillator 
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with damping ɔ = 1/ŰS.  

 
(Fig. 2.4 in [37] ) 

Fig. 3.3 Multi -THz mobility ɛ = ů/(eĀNe) of a sparse semiconducting spheres 

with Drude type of microscopic conductivity ð left: the microscopic 

mobility; right: the macroscopic mobility according to 

Maxwell-Garnet EMT at different carrier densities Ne. 

This response is exactly equivalent to the conductivity of the localized plasmon (3.5) 

with the coefficient between the resonance and the plasma frequency (3.6) given 

 Maxwell-Garnett EMT 
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solely by the morphology of the structure and its equilibrium microscopic 

permittivities  
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The effective response of inclusions thus shows a resonance (see Fig. 3.3) at a 

frequency that shifts with the square root of carrier density (cf. (3.6)).  

The MG model is exact in the limit of low filling fractions. [62] In that case, the 

impact of mutual capacitances between the inclusions on the macroscopic 

conductivity is negligible in comparison with the intra-nanoparticle effect of charge 

separation and plasmon oscillation.  

3.4.2. Bruggeman EMT 

The Bruggeman EMT treats the phases of a heterogeneous system completely 

symmetrically in a way similar to that of Maxwell Garnett. Each individual piece of 

the material with local permittivity Ůp, Ům is considered as an inclusion that is 

embedded in the rest of the composite which possesses the effective (macroscopic) 

permittivity Ů. The two materials are thus treated symmetrically. The Bruggeman 

mixing rule can be easily derived using the MG formula (3.15): Ů plays the role of the 

matrix in the Bruggeman model, therefore the permittivity of the matrix Ům is 

replaced by Ů in (3.15) and a second term is added to the right-hand-side of the 

equation to account for the inclusions of the matrix material present in the rest of the 

composite with the complementary filling fraction (1 ī s). The Bruggeman formula 

then reads: 
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The numerator on the left hand side is clearly identical to zero and one obtains the 

Bruggeman summation [63] in which the matrix and the photoconductive particles 

play symmetrical roles. The formula (3.19) is additive and can be expanded with 

another fraction describing a third component of the composite with a different 

permittivity and/or shape factor. 

In contrast to the MG model, The Bruggeman EMT is valid for any filling 

fraction s. However, it dictates the following percolation thresholds of the two 

components based only on their fi lling fractions and depolarization factor, 

independent of different possible spatial arrangements. For s > 1/(K + 1) ſ ȿ the 

photoconductive component is percolated and it is non-percolated for lower values. 

The percolation threshold is found analogically for the matrix with filling 

fraction (1 ī s). In the case of spherical inclusions, for instance, the semiconductor is 

non-percolated for s < 1/3, matrix is non-percolated for s > 2/3 and both are required 

to be percolated in between. Vice versa, with photoconductive cylinders 

perpendicular to the field (ȿ Ó 1/2), the two components for can never be percolated 

simultaneously. In morphologies composed of higher portions of non-percolated 
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inclusions or with more complex percolation morphology, another EMT must be 

used.  

3.4.3. Bergman EMT 

The Maxwell Garnett EMT characterizes the photoconductive inclusions with 

a single shape factor; the Bruggeman EMT can take into account a specific 

distribution of shape factors but requires mathematical bonds between filling 

fractions and percolation thresholds of individual components. The Bergman EMT, 

in contrast, is technically able to parametrize a two-component system of any 

morphology, e.g. a sample containing both percolated and non-percolated 

semiconducting elements with a continuous distribution of shape factors in a matrix. 

We first overview several equivalent formulations of the Bergman EMT that occur in 

the literature and then shortly discuss its properties. The material is described by the 

volume filling fractions of the percolated parts Vm and Vp (called also percolation 

strengths) of the matrix and the photoconductive components, respectively, and by a 

so called spectral function (or distribution) v(l), which characterizes the density of 

non-percolated parts with various shapes (denoted by the parameter l: 0 < l < 1) in 

the sample.  

In the general case, the spectral function and the filling fractions are 

normalized as 
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The effective permittivity of the structure is then given by an integral over the whole 

spectral distribution 
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We use this variant of the Bergman EMT that is more suitable for 

interpretation of our VBD EMT in the next chapter. The Bergman EMT is more 

frequently found in an equivalent form in the literature [64ï66] with a different 

definition of the spectral function and of the percolation factor: 
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where Cp is the percolation factor of the photoconductive material (the portion that is 

percolated) and g(l) is a variant of the spectral density function: 
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The normalized percolation strength is sometimes included as a delta function  

in an extended spectral function [67]: 
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reducing (3.22) to 
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Bergman [68] and Bergman and Stroud [69] equivalently represent the spectral 

function gext(l) with a sum of real simple poles 0 Ò sn < 1 of the integrand in (3.25) 

with real positive residues 0 < Fn < 1 
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where the residues are normalized to the filling fraction of the photoconductive 

component: 
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A comparison of the denominator in the integral of (3.21) to that in the local 

electric field in a polarizable inclusion (3.14) suggests that the parameter l has the 

intuitive meaning of the depolarization factor ȿ. Indeed, in the limit of very low 

filling fractions (inclusions with negligible mutual electrostatic interaction), the 

spectral distribution would feature a series of delta peaks positioned at the 

depolarization factors belonging to the respective shapes present in the sample (l = ȿ) 

and their amplitudes would correspond to the values of the filling fractions of these 

shapes. With increasing filling fractions, mutual capacitive coupling between 

individual (photo)conductive inclusions increasingly change their polarizability in a 

complex way. This behavior is represented by widening and shifting of the peaks in 

the spectral distribution v(l) and even by completely new peaks arising due to 

complex electrostatic couplings between near and far parts of the structure. This 

observation shows the general character of this description, compared to the 

terminology of discrete depolarization factors. 

From the mathematical point of view, in the case when one of the 

permittivities is negative (metallic behavior), there exists an l (or ȿ in (3.14)) for 

which the denominator vanishes. The contribution of the integral to the effective 
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permittivity then describes plasmon oscillations in inclusions of a particular shape 

(localized plasmon resonance). The spectral function v(l) can thus also be understood 

as the distribution of oscillator strengths for the different shapes of semiconducting 

inclusions present in the sample.  

The Bergman EMT is seldom used to interpret experimental data because the 

spectral function of the particular  sample cannot be  usually easily found (see the 

related discussion in [65,66]). In our work it provided us with a background for the 

development of a simpler expression which appeared to be particularly suitable for 

the interpretation of THz photoconductivity spectra and which is described in 

Chapter 4. 

3.5. Monte Carlo simulations of carrier confinement 

Our group has developed a program that calculates the mobility spectrum of 

classical thermal motion of a charge carrier in a semiconductor (nano)particle of a 

given shape [70]. The main physical input variables are: 

¶ size and shape of the semiconductor nanoparticles (cubes, spheres, 

ellipsoids); 

¶ scattering time of the carrier in the bulk volume of the particle, together 

with carrier velocity it defines the carrier mean free path l free; 

¶ temperature and velocity distribution (Maxwell-Boltzmann or 

Fermi-Dirac) from which the carrier randomly selects its velocity 

magnitude after a scattering event; 

¶ probabilities that the carrier scatters at, reflects from or tunnels through the 

particle boundary to an adjacent particle; 

¶ distribution of a static electric and/or magnetic field inside the particle. 

The algorithm records the carrier velocity vector coordinates vi (i = x, y, z) in 

time tǋ for a statistical ensemble of initial conditions and trajectories determined by 

the temperature T. The Kubo formula then yields its mobility spectrum from the 

velocity autocorrelation function [71]: 
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where kB is the Boltzmann constant and brackets denote averaging over a canonical 

ensemble with given temperature.  Note that ɛij is generally a tensor ð its diagonal 

elements describe motion along the axes (these are identical when modeling isotropic 

structures); the off-diagonal elements reflect the impact of possible external magnetic 

field on the carrier motion, as discussed in [72]. The simulation program is capable 

to take into account other processes such as carrier trapping on bulk and surface 

defects and their thermal reemission or the presence of a non-uniform electric field in 

the nanocrystals. 
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(FIG. 1. in [70] , notation adapted) 

Fig. 3.4 Mobility spectra of carriers (m*  = 1 me) at 300 K (thermal velocity 

1.17Ĭ105 m/s, scattering time 85.6 fs) in isolated spherical particles 

(100% probability of carrier reflection at particle boundary) with 

various ratio of nanocrystal diameter d and carrier mean free path.  

Fig. 3.4 shows the calculated mobility spectra of a carrier in an isolated 

spherical particle with different ratios between the particle diameter and the carrier 

mean free path. With infinite particle diameter (black line), the carrier exhibits a bulk 

behavior and shows the Drude type of mobility. With a finite inclusion diameter, the 

theoretical DC mobility must drop to zero because the insulating boundaries of the 

inclusion deny the long-range transport. The real mobility peak (centered at zero 

frequency for Drude mobility) shifts with decreasing particle size to a higher 

frequency that is related to the round-trip of the carrier in the inclusion. [70] The 

imaginary part of the mobility simultaneously decreases to negative values in the 

range below the resonance frequency, producing a capacitive type of response there.  

This type of spectral change is qualitatively (!) similar to that caused by the 

depolarization fields in samples with non-percolated nanoparticles, compare in 

Fig. 3.4 and Fig. 3.3.  

3.6. Remarks on nanoscale conductivity 

We have shown in the previous two sections that the capacitive type of 

photoconductive response is own to nanomaterials but that it may be produced by 

two different effects: the effective medium response of a non-percolated composite 

and confinement of charge carrier in individual nanoparticles. Let us point out the 

difference. 

On the nanoscale, the microscopic mobility of carriers depends dramatically 

on the size of the confining nanoparticle (Fig. 3.4): with particle size below the 

carrier mean free path, the mobility changes from inductive to capacitive. The carrier 

density does not play a role here (carrierïcarrier interaction may come into play at 

high densities).  

By contrast, the absolute size of the photoconductive particles does not play 

any role in their macroscopic (effective) response. Instead, the macroscopic 
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conductivity of the composite depends strongly on the carrier density (or, strictly 

speaking, on their microscopic conductivity), see Fig. 3.3.  

We thus see that the capacitive type of THz photoconductive response is not 

necessarily connected to charge carrier localization on the most expected length scale 

(usually the size of an elementary building block of the nanomaterial) and a more 

detailed analysis should ensue from such results. For example, Mics et al. [47] 

studied THz photoconductivity of CdS nanocrystals (NCs) with diameters of 10.4 nm 

and observed capacitive type of response. Their analysis of depolarization fields and 

possible arrangements of the sample surprisingly showed that charge localization 

occurs at ~40 nm length scale. Transmission electron microscopy (TEM) images 

then confirmed that individual 10-nm NCs were packed to clusters of a 

corresponding size.   

3.7. Drude-Smith model 

In 1968, N. V. Smith proposed a modification of the Drude model to describe 

the unusual, capacitive-like conductivity of mercury ð such behavior is very 

uncommon among both liquid and solid metals. [73] His so-called Drude-Smith (DS) 

model was used later on by different groups to fit the THz photoconductivity spectra 

of nanostructured semiconductors, although the physical interpretation of its fitting 

parameters remained unclear, namely in the cases when the effect of the 

depolarization fields was not carefully evaluated. In 2009, NŊmec et al. [70] 

published an analysis trying to relate the parameters of the DS model to actual 

physical properties of a wide range of model systems. Below, we review the DS 

model and its drawbacks according to that paper. 

Smith suggested that ñthe backscattering of the electrons in mercury is so 

strong that, after a time of the order of the scattering time Ű, an electron tends to 

reverse its direction of motion.ñ [73] To describe this assumption, he introduced the 

parameter cp (denoted originally ɓ) as ñthe expectation value of cos  ᵻafter a collision 

where  ᵻ is the scattering angleñ [73], which is supposed to be the measure of 

persistence of the initial velocity of an electron after p collisions. (The collisions are 

counted from the beginning of the motion of the electron when it was accelerated 

with a unit impulse of electric field.) The complex conductivity with Drude-Smith 

time ŰDS then reads [74]: 
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Smith pointed out that in the case of independent collision, cp = (c1)
p, (3.29) actually 

does not lead to qualitatively new behavior as it is easily summed up to take the form 

of the Drude conductivity (3.2) with a modified scattering time ( )1DSS 1/ cŰŰ -= . To 

benefit from the new parameter cp, Smith truncated the series by setting cp = 0 for 

p > 1 and thus introduced the so-called single scattering approximation. The 

conductivity of mercury was fitted with the obtained equation 
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yielding a good agreement with experimental data with N = 2.7 electrons per atom 

and c1 = ī0.49. Equation (3.30) is since then referred to as the Drude-Smith model of 

conductivity. The justification for single scattering approximation was unclear in the 

original work of Smith [73]. In 2001, Smith suggested that only the first scattering is 

ballistic, with preferential backscattering, and the following events are diffusive [74].  

In samples with DS type of THz (photo)conductivity, it is assumed that the 

first collision of a carrier accelerated by the probing THz field is its backscattering 

on the boundary of the nanoparticle in which it was generated and the following 

scattering events in the volume of the particle are random.  The parameter c1 with 

values between 0 and ī1 is then interpreted as the extent of the localization of 

carriers inside the particles. [75]  

NŊmec et al. [70] fitted the Drude-Smith model to the broadband mobility 

spectra calculated from the Monte Carlo simulations (cf. Section 3.5) of classical 

motion of a charge carrier in various systems of particles. They found out that: 

¶ The DS model fits well the carrier mobility only when a limited part of the 

spectral range is considered. 

¶ The low-frequency extrapolation of the DS model that was fitted on actual 

(experimental, simulated) data in a limited spectral range may lead to 

quantitatively wrong conclusions on long-range transport in the NP 

system. 

¶ An analytical connection between the DS parameters c1 and ŰDS and 

physical transport parameters of the nanosystem (namely the probability of 

carrier backscattering on the particle boundary, bulk scattering time ŰS and 

the time of carrier round trip in the particle) can be found only when the 

diameter of the particle is smaller than l free.  

The truncated DS model is thus physically adequate for describing the 

microscopic conductivity of particles that are smaller than the mean free path of the 

charge carriers in them. [70]  Nevertheless, in this case the depolarization fields that 

affect the measurable macroscopic conductivity should be taken into account 

independently; the DS model should be put inside an applicable EMT in the place of 

the microscopic conductivity term ȹůmic to obtain a model of the measurable 

macroscopic conductivity ȹů. If this step is overlooked, the Drude-Smith parameters 

may lose their physical significance completely as described below; in addition, they 

would strongly depend on the photocarrier density. 

The review of experimental papers in Section 3.9 shows that this procedure 

was not always followed in practice ð the DS model has been relatively frequently 

used to fit the measured macroscopic response of different nanomaterials. Below we 

show that this approach cannot yield physical information as it leads to intermixing 

of several phenomena in too few parameters. With c1 = 0, the DS model clearly 
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reduces to the Drude conductivity of an ensemble of delocalized electrons (3.2). In 

the other limit, c1 = ī1, equation (3.30) can be easily rearranged into the form of a 

damped harmonic oscillator: 

 ()
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where, adopting the localized plasmon notation according to (3.5), the undamped 

angular frequency DS0 /1 Űɤ=  and the damping rate DS/2 Űɔ=  are bound together in 

a fixed ratio 02ɤɔ= , which represents critical damping of the oscillator.  

The DS parameter c1 thus constitutes a smooth parametrization of a transition 

between two special cases of macroscopic conductivity: Drude model and the 

localized plasmon model in the regime of critical damping. However, even the 

simplest example of macroscopic response of particles with Drude microscopic 

conductivity within the Maxwell Garnett EMT (3.17) showed that there is no 

requirement for the plasma frequency and the damping rate to be bound in an exact 

ratio. The DS model is thus essentially under-parametrized for the purpose of 

physical interpretation of macroscopic response of a composite (although it often 

provides satisfactory fits in a limited spectral range). In other words, if the DS model 

is used to fit directly the measured THz conductivity spectra, the effects of both the 

carrier confinement and depolarization fields are mixed in each of the DS fitting 

parameters c1 and ŰDS and the physical interpretation of such fits would be 

completely obscure. The information obtained from DS fits of macroscopic THz 

photoconductivity spectra can be useful for categorizing the data and e. g. for 

describing evolution of the spectra in a series of samples with systematically varied 

parameters such as those presented in [76]. 

We use the DS model in this thesis solely as an instrument for analytical 

reproduction of Monte Carlo mobility spectra in a limited spectral range in order to 

speed up fitting with these spectra that are based on time-consuming simulations. 

3.8. Quantum confinement 

Quantum confinement, i. e. discretization and shifting of energy levels in a 

semiconductor due to decreased size of the crystal, is an important property of 

nanomaterials. It occurs on sizes below ~10 nm or less, depending on the material. 

Samples containing nanocrystals with substantial quantum confinement are studied 

in Chapter 6 but the size distribution of these NCs was too wide to enable monitoring 

of single energy levels by THz spectroscopy in this thesis. Hendry et al. [77] used 

kinetics of spectrally averaged transient THz response to observe electron-to-hole 

energy transfer in CdSe quantum dots (QDs) in dependence on QD diameter (from 

1.7 to 10 nm). This was possible because the ~meV energies of THz photons are 

small enough to avoid interband excitations in the QDs. The lowest energy hole state 

has the highest polarizability in the given system according to Wang et al. [78] and 

transient THz absorption thus served as a measure of the population of this state.  



 

 
 

3. THz spectroscopy of nanomaterials in the literature 35 

3.9. Published experimental works  

A selection of experimental papers on THz photoconductivity gives an 

overview of the achievements and uncertainties of our method in the debated field. 

We mention some systems that may be relevant for our study. The results in this 

section are grouped into subsections by the studied material. First two parts are 

dedicated to semiconductors most relevant for this study ð silicon and titanium 

dioxide. Some other inorganic nanocrystals are briefly review in subsection 

afterwards and the last subsection covers studies on 1-dimensional structures. 

3.9.1. Silicon micro- and nanocrystals 

Nienhuys and Sundstrºm [52] investigated silicon microcrystals (1ï30 ɛm in 

diameter, produced by grinding of a Si wafer) in a polymer matrix. They found a 

good agreement between the measured THz photoconductivity spectra and the 

localized plasmon model (3.5) and identified the plasmon damping time of about 

150 fs with the Drude scattering time of electrons in the volume of microcrystals. 

The expected plasma frequency dependence Nɤ ~0  (3.6) was approximately 

reproduced in the examined pump fluence range. 

The group of Frank A. Hegmann [75] measured THz photoconductivity 

spectra of Si nanocrystals (NCs) in SiO2 matrix produced by annealing of 1 ɛm thick 

SiO films. Samples with NC diameter from 3 nm to 7 nm and with an increasing 

average interparticle spacing of 0.7ï1.4 nm were obtained. The Drude-Smith model 

was found to provide the best fit after considering also some other approaches 

(effective medium theory alone, two-site hopping model [79], localized Drude 

model [80]). The parameter of the Drude-Smith model c1 decreased towards ī0.98 

with decreasing NC diameter. The non-zero DC transport corresponding to c1 > ī1 

was confirmed by contact measurements; the fitted values of ŰDS ~ 15 fs were 

successfully linked to the NC sizes. 

In another paper of the same group [76], silicon-rich SiOx (x = 0.2-1.0) films 

were annealed similarly to obtain samples of Si nanocrystals with different degrees 

of percolation in SiO2 matrix with different degrees of percolation. The time 

evolution and Si-content dependence of the measured THz photoconductivity spectra 

were evaluated by using the Drude-Smith model and by random-walk simulations of 

carrier motion in a 3D array of closely packed nanospheres without bulk scattering. 

Percolation threshold for Si filling fractions above 38% was observed and a carrier 

diffusion length on the order of 100 nm was derived in percolated samples. 

Fekete et al. [43] studied hydrogenated microcrystalline silicon with variable 

degree of crystallinity, prepared by plasma enhanced chemical vapor deposition from 

silane and hydrogen. The transient THz kinetics scans showed a sub-ps ultrafast 

component attributed to a Drude-like transport of carriers inside the grains with a 

mobility of 70 cm2Vī1sī1; within ~600 fs, the carriers got captured in shallow states 

at the boundaries of 20ï30 nm large grains and the transport at longer times was 

dominated by the hopping process.  
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3.9.2. Titanium dioxide nanocrystals 

Turner, Beard and Schmuttenmaer [81] studied 25 nm large Degussa P25 

TiO2 nanoparticles sensitized with the Ru535 dye at 77 K. The carrier cooling was 

observed during the first ~300 fs and, at longer times, the carrier mean free path was 

estimated to range between 1.6 and 4.0 nm. The complex conductivity spectra were 

fitted by the Drude-Smith model and it was shown that charge carriers, whose long-

range mobility is reduced by the disorder, are still quite mobile on a short range 

inside nanoparticles. From our perspective the parameters of the Drude-Smith model 

do not carry a clear physical meaning in this case since l free was much smaller than 

the nanoparticle diameter. 

Hendry et al. [82] also noted that the interpretation of the results in [81] using 

the DS model is problematical and they investigated samples sintered from the same 

commercial precursor (Degussa P25 TiO2) without any sensitizing dye. Fits with the 

Drude model of microscopic conductivity within the Maxwell Garnett EMT 

reproduced well the main features of the measured THz photoconductivity spectra. 

Moreover, the carrier density and temperature dependences of the measured THz 

photoconductivity were fully explained as consequences of the dependence of the 

carrier mobility on these parameters. Carrier mobilities of ~0.01 cm2/(VĀs) in the 

nanoparticles and ~1 cm2/(VĀs) in a reference bulk rutile sample were reported at 

room temperature.  

The study by NŊmec et al. [70] presenting Monte Carlo simulations and 

comparing them with the Drude-Smith model of the conductivity (cf. Section 3.5), 

was supported by experimental data measured on 7 nm TiO2 and 15 nm ZnO NCs. 

The effective response of the samples was found to be a linear function of the 

microscopic carrier conductivity because the NCs were conductively percolated. 

Fitting of the experimental data with the mobility spectra obtained by Monte Carlo 

calculations provided reasonable values of the quantum yield of photoexcitation and 

of the probability of carrier backscattering on NC boundaries.  

Nanocrystalline mesoporous films made of 4 nm percolated TiO2 were also 

studied by Nemec et al. [83] and the Monte Carlo method gave excellent fits to the 

spectra, providing microscopic parameters of the carrier localization. The NCs were 

dielectrically percolated or at least ñgluedò together with amorphous titania and 

linear scaling between microscopic and effective conductivity was justified.  

In another paper of NŊmec et al. [48] a comparison of sub-ps dynamics of 

charge carrier injection in two pairs of samples made of 9 nm TiO2 and 15 nm ZnO 

NCs sensitized with two different dyes (Ru- and Zn-based) showed a striking 

difference between the two materials, independent of the dye. Electrons in TiO2 

exhibit a low mobility due to the very strong electron-phonon coupling in contrast 

with ZnO where the electron mobility is higher by nearly two orders of magnitude. 

On the other hand, sensitized TiO2 NCs accept photoelectrons from the excited dye 

molecule much faster than ZnO NCs because the high permittivity of TiO2 provides 

better screening of the excited dye cation. Attraction between the dye cation and the 

injected electron then significantly slows down the transport in ZnO. Spectra of THz 
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photoconductivity were interpreted within the framework of the Monte Carlo method 

that took into account distribution of the electric field of the dye cation inside the 

NCs. [3] 

Tiwana et al. [84] studied THz photoconductivity kinetics both in 

dye-sensitize and bare sintered films of 20 nm TiO2 nanoparticles. In the bare films, 

the photoconductivity onset was faster than the experimental time resolution and the 

signal decayed on the ~1.5 ns time scale. Sensitization with a Ru-based dye led to an 

appreciable slower injection speed ð the photoconductivity kinetics displayed a 70 ï 

200 ps rise followed by a ~5 ns decay. Mobility of about 0.1 cm2/(VĀs) was reported 

at room temperature both in the bare and dye-sensitized samples.  

Another study of this group [85] compared the THz photoconductivity 

kinetics in three promising photovoltaic materials, nanoporous films of TiO2Ě ZnO 

and SnO2 sensitized with the same dye. Parallel transient device photocurrent 

measurements showed a correlation between the in-device carrier mobility and the 

rate of early-stage carrier injection rate observed by THz spectroscopy. The carrier 

injection into TiO2 was faster (in accord with the findings of NŊmec et al. [48]) and 

the in-device mobility was closer to the bulk value than in the other two oxides. 

3.9.3. InP, InGaAs, CdS, CdSe, VO2 nanoparticles 

Beard et al. [86] observed almost purely imaginary capacitive THz 

photoconductivity in disordered arrays of InP nanoparticles (3.2 nm in diameter). 

The photoconductivity increased 6 times when the average spacing between NPs was 

decreased from 1.8 to 0.9 nm and the spectra were fitted with the Drude-Smith 

model. Transient THz kinetics scans showed that NPs with smaller spacing have 

longer trapping time; this was attributed to enhanced inter-NP tunneling. Control 

sample of bulk InP epitaxial layer displayed relatively slow (~3 ps) 

photoconductivity onset due to the scattering of hot electrons to low-mobility L and 

X valleys, this process was missing in samples with nanoparticles.  

In another study [87], this group successfully used the Bruggeman EMT with 

Drude mobility to characterize the size-dependence of THz photoconductivity in 

CdSe nanoparticles of various sizes between 2.5 and 25 nm. The decrease of electron 

mobility with particle size was explained in terms of scattering on nanoparticle 

boundaries at sizes above the electron Bohr radius (4.9 nm).  

Merchant et al. [88] studied depletion regions around surface states at 50 nm 

pores in S-doped nanoporous InP membranes by means of both transient and 

equilibrium THz spectroscopy. In the steady state, the depletion regions of adjacent 

pores nearly touch and carriers in the remaining non-depleted regions exhibit 

localized (capacitive) response. of the membrane. Upon photoexcitation, the 

depletion regions narrow as many of the pore surface states fill and the conductive 

photocarriers exhibit Drude type of conductivity 

Cocker et al. [89] investigated metal-insulator transition of nanogranular VO2 

(94 Ñ 26 nm grain diameter) film between 320 and 390 K by steady-state THz 

spectroscopy. The variation of the macroscopic conductivity with temperature 
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(changing filling fractions of grains in metallic and in insulating state) could not be 

reproduced using Bruggeman nor Maxwell Garnett EMT with Drude microscopic 

mobility. Direct fit with the Drude-Smith model and evaluation of its amplitude (via 

plasma frequency) yielded electron densities in the metallic state consistent with 

values reported elsewhere. The condition of comparable carrier mean free path and 

nanoparticle size (cf. Section 3.7) was partly justified.  

Mics et al. [47] studied a thin film of 10 nm CdS nanocrystals prepared from 

chemical bath followed by annealing. Fits of the THz photoconductivity spectra with 

the result of Monte-Carlo calculations showed that electron localization occurs at 

length scales > 28 nm, suggesting that groups of adjacent NCs are in a good 

conductive contact and form aggregates that are mutually connected only by narrow 

channels. THz photoconductivity spectra and kinetics measured at different 

excitation densities and with two pump photon energies revealed existence of energy 

barriers between the NCs; electrons with high excess energy (soon after 

photoexcitation or at high excitation densities due to band filling) showed higher 

probabilities of passing to adjacent NCs and clusters. 

3.9.4. Quantum wires, nanotubes 

Parkinson et al.  [53] examined an array of randomly oriented GaAs 

nanowires (50ï100 nm in diameter, 5ï10 nm long). They successfully fitted THz 

photoconductivity spectra with a sum of the Drude model (conductivity of nanowires 

parallel to THz field) and a localized plasmon mode (conductivity of perpendicular 

nanowires). The same sum conductivity model was successfully used in their next 

study [90] that compared THz photoconductivity spectra and dynamics of GaAs 

nanowires after different production and post-growth conditions. The importance of 

surface passivation was pointed out in order to increase carrier lifetime in GaAs, 

based on experimental results.  

In another paper of this group [91], THz (photo)conductivity of randomly 

oriented GaAs, InAs and InP nanowires of various diameters (20-200 nm) was 

compared. The localized plasmon model was used and the behavior of plasma 

frequency (ɤp ~ N1/2) was examined in detail. The THz photoconductivity kinetics 

showed a decrease of carrier lifetime with decreasing NW diameter due to the 

surface recombination in all 3 materials. InP NWs showed the lowest surface 

recombination velocity and were studied further in [92] with the help of 

time-resolved photoluminescence and HRTEM* images of the NWs. HRTEM 

images revealed transversal stacking faults that on the one hand increase the carrier 

scattering rate but, on the other hand, effectively separate electrons from holes and 

thus increase the carrier lifetime.  

The first Optical pumpïTHz probe study of GaN nanowires [93] was also 

accomplished by the group of Parkinson et al. High-quality NWs grown by 

 
* High-resolution transmission electron microscopy 
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molecular-beam epitaxy exhibit a ~2.5 ns lifetime which is several times longer than 

in bulk and thin film samples. Conductivity spectra of randomly oriented NWs lying 

on a substrate were successfully fitted with the sum Drude+LP model yielding a 

mobility of 800Ñ100 cm2Vī1sī1 in the NWs, comparable to or higher than in a 

reference commercial bulk sample. 

The group of Frank A. Hegmann [94] detected large anisotropy in the 

photoconductivity of a high-mobility 2D wetting layer of InGaAs which had parallel 

chains of self-assembled InGaAs quantum dots on it. Transient THz kinetics revealed 

that the nanochains act as fast and efficient traps for carriers moving perpendicular to 

the them in the 2D wetting layer at low temperatures while thermal emission from 

the nanochains and nanodots into the 2D wetting layer dominates the THz 

photoconductivity spectra at temperatures above 90 K.  

The same group found [95] also a strong anisotropy in transient THz kinetics 

of laterally ordered InGaAs quantum wires embedded in a GaAs matrix. Here, the 

carriers excited in the matrix and in the wetting layer were captured in the quantum 

wires in the first 6-30 ps after photoexcitation and then showed the Drude type of 

mobility along the nanowires.  

Ponseca et al. [96] measured the transverse THz photoconductivity of a 

regular array of heavily Sn-doped InP nanowires (150 nm in diameter). The structure 

exhibited strong waveguiding effects of the excitation light that were evaluated by 

precise numerical calculations. The mobility of electrons localized in the transverse 

direction of the NWs was evaluated by Monte Carlo simulations (cf. Section 3.5). 

Sets of THz photoconductivity spectra measured over a wide range of excitation 

densities at two pump wavelengths (400 nm and 610 nm) were successfully fitted 

with the effective conductivity obtained from the Monte Carlo mobilities through 

Maxwell Garnett EMT.  
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4. VBD effective medium theory 

The VBD effective medium model was developed in our group on the basis 

of numerical calculations of electric field distribution in nanomaterials with various 

morphologies. The formula for the effective conductivity/permittivity of a composite 

that we propose within this model may be understood from a simple equivalent 

electric circuit approach depending on 3 parameters: V, B, D. In this Chapter, we first 

summarize the derivation of the model that we published in [97]. Next, we relate it to 

the experimental method of this thesis. We interpret the parameters V, B, D in terms 

of the Maxwell Garnett EMT for some morphologies and we further show that the 

model can be understood in the framework of the Bergman effective medium 

approach with a single representative depolarization factor. The model itself was 

developed by Ivan RychetskĨ, Hynek NŊmec and Petr Kuģel; the author participated 

in the discussions and interpretations of the model in the later parts of this Chapter.  

4.1. Effective permittivity calculation  

Numerical electrostatic calculations were carried out with a number of model 

structures. Fourteen different periodic two-dimensional structures consisting of 

spherical particles and linear connectors with an equilibrium permittivity of Ůp = 35 

in a matrix with the permittivity Ům = 1 were designed (Fig. 4.1 shows several 

examples). 

 
(selection from Fig. 1. in [97] ) 

Fig. 4.1 Examples of 2D structures examined in presented model; black: 

particles with adjustable permittivity, white: dielectric matrix, gray 

dashed line: boundary of elementary periodic unit cell. 
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Each structure was non-percolated along the y coordinate and featured a more or less 

complex percolation pathway across the unit cell along the x coordinate and thus it 

was utilized to obtain data for both percolation regimes in our calculations. Four 

different classes of structures were analyzed: 

¶ 7 structures were variants of a simple chain type ñnṥmò (first row in 

Fig. 4.1); purpose: inspecting the effects of the length of the pathway and 

of the spacing between parallel sections of the pathway.  

¶ 4 structures combined 2 different types of simple chains ð like the 

ñ8ṥ8 & 2ṥ4ò structure in Fig. 4.1 inspecting a possibly different 

coupling between the chains than in simple chain structures. 

¶ 3 fractal structures showed the effects of increasing fractal complexity of 

backward meanders, starting from one of the simple chains and ending 

with ñMoore 3ò in Fig. 4.1.  

¶ 2 irregular structures (one percolated, shown in Fig. 4.1, and one 

non-percolated) were investigated as a reference to the ordered ones.  

The structures were approximated by non-uniform triangular meshes by a suitable 

image processing procedure [98] for the purpose of the numerical calculations.  

The distribution of the local electric field E(x, y) in each structure upon 

applying external static electric field along one of the coordinates was calculated by 

solving quasi-static Maxwell equations with periodic boundary conditions using the 

finite element method (namely the programming language FreeFem++ and the 

software of the same name). The calculated distribution of electric energy was 

averaged over the volume of the unit cell and equated to the situation where the same 

amount of energy was distributed homogeneously in a unit cell with the 

permittivity Ů: 
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where Ů(x, y) is the microscopic permittivity in the structure, i.e. it equals Ůp inside 

particles and Ům inside the matrix. The calculated permittivity Ů then represents by 

definition the effective (macroscopic) permittivity of the structure in the 

non-photoexcited state.  

Finally, an imaginary contribution iȹŮpǌ was added to the particle permittivity 

Ůp (in order to simulate the photoexcitation) and the calculation was repeated for a 

wide range of values of ȹŮpǌ. The complex valued change ȹŮ of the effective 

permittivity (with respect to its equilibrium value Ů) as a function of the additional 

imaginary permittivity of the particles ȹŮpǌ was thus obtained. We further refer to ȹŮ 

and ȹŮpǌ as to the transient effective permittivity and transient imaginary permittivity 

or particles, respectively, to keep in the context of the thesis chapters. However, we 

stress that the field calculations above are performed in the quasi-static limit and the 

adjective transient refers only to the fact that transient (photo)excitation is used to 

induce these changes in the experiment.  
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(selection from Fig. 2. in [97] , labels added) 

Fig. 4.2 Calculated dependences of the change of effective permittivity on 

the transient imaginary permittivity of particles in examined 

structures with the field applied (a,c) along the percolation pathways 

and (b,d) perpendicular to the percolation pathways. Color legend is 

the same for both plots on a row. 

Fig. 4.2 shows ȹŮ(ȹŮpǌ) dependences for several simple chain and fractal 

morphologies for the field applied along x and y (i.e. in both percolation regimes). 

Both the real part (dashed lines) and the imaginary part (full lines) of transient 

effective permittivity show a power dependence for ȹŮp'' < 10, and the power 

dependences have the same slopes in the log-log scale for all percolated and 

non-percolated structures. For high values of the particle transient permittivity 

(ȹŮp'' > 103 in chains and ȹŮp'' > 104 in the most complex fractal Moore 3), the real 

part of effective permittivity shows a saturated behavior in both percolation regimes. 

The imaginary effective permittivity, in contrast, shows a distinct difference between 

the percolation regimes for high ȹŮp'': it further increases steadily for percolated 

structures (Fig. 4.2(a,c)) and it decreases for non-percolated structures 
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(Fig. 4.2(b,d)). A transition region is observed in between, whose spectral width 

increases with increasing complexity of the structure.  

Compared to the phenomena observed in Fig. 4.2, neither the irregular 

structures, nor the other periodic ones exhibited qualitatively new features in the 

effective permittivity dependences. Before we analyze the obtained dependences 

further, let us introduce the equivalent electric circuit model. It provides an analytic 

formula that fits these dependences well and gives an intuitive interpretation of the 

calculated response of examined structures. 

4.2. Equivalent electric circuit model 

Our EMT works in the quasi-static approximation and thus we can consider 

electric circuit analogies to our structures on the same level of approximation. The 

particles in the photoexcited state are basically just pieces of a conductor that 1) are 

connected along the percolation pathways into wires with some resistivity and/or 

2) behave as capacitors with certain capacitance wherever they are separated from 

each other by a sheet of the dielectric matrix in the direction of the applied field. We 

want to find the simplest possible electric circuit whose response is in a general 

agreement with the results of the numerical simulations above. Fig. 4.3 shows the 

two simplest circuits that may represent a percolated and a non-percolated structure.  

The capacitor CNP in the RC branches in both circuits accounts for the 

capacitance of the matrix-filled gaps between the non-percolated particles or between 

parallel sections of particle chains and the resistor RNP stands for the resistance 

across these elements in the direction of the applied field. The lower branch in 

Fig. 4.3(a) stands for the resistance along the percolation pathway RP. (A rigorous 

analogy would require additional parallel R and RC branches for different pathways 

and different capacitive gaps that can be found in the modeled structures. As it will 

be shown later, single representative capacitive and resistive factors satisfactorily 

describe the response of most structures.) 

 
(Fig. 3. in [97] , notation adapted) 

Fig. 4.3 Equivalent electric circuits of modelled structures: (a) with and 

(b) without a percolation pathway. 

The admittance of the circuits in Fig. 4.3 is simply found as 
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with the standalone 1/RP term omitted in the admittance of the non-percolated circuit 

in Fig. 4.3(b). The inverse resistances 1/RP,NP are naturally proportional to the real 

part of particle transient conductivity ȹůmicǋ, as opposed to the capacitance CNP that is 

related only to the morphology of the sample and the permittivity of the matrix.  

We do not seek specific relations between the quantities describing the circuit 

and the nanostructure. The definition of the admittance (4.2) serves us merely as the 

function pattern for our EMT ī the relation between the microscopic and the 

effective conductivity. The total circuit admittance is analogous to the effective 

transient conductivity ȹů of the represented structure: 
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where V is the percolation strength of the photoconductive material 

(cf. Subsection 3.4.3). Note that, from now on, we simplify the notation V ſ Vp as we 

deal only with the change of the effective conductivity/permittivity. The constant 

percolation strength Vm of the dielectric matrix does not play a role in the change of 

the effective quantities and using V only for Vp is thus unambiguous. B and D 

constitute morphology parameters whose interpretation is discussed in the following 

subsections. 

Equation (4.3) defines the VBD effective medium model in terms of complex 

conductivity. In order to fit it to the calculated effective transient permittivities, we 

convert it using the definition 
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to the probably briefest variant in terms of complex permittivity 

 
ù
ù
ú

ø

é
é
ê

è

+
+=

p

p
ȹ1

ȹȹ
ŮD

B
VŮŮ . (4.5) 

For purely imaginary ȹŮp = iȹŮpǌ, the dependence is explicitly 
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Equation (4.6) was found to fit the calculated ȹŮ(ȹŮpǌ) dependences very well 

for all examined structures (see Fig. 4.4), except for the non-percolated direction of 

the most complex fractal ñMoore 3ò. (See Section 4.6 below for comments on the 


































































































































































































