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1. Introduction

Many devicesthat have beentraditionally made from bulk inorganic
semiconductors are increasingly replaced by those produced by thin film
technologies and nanotechnologiggich are lesseconomically,energeticallyand
environmentallydemanding The tendency is mogtrominent inthe photovoltaic
industrybut occursalsoin processing and transmitting of digital signalsystalline
and polycrystalline silicon solar cellsvhich prevail in installed applicationkave
reachedaboratoryefficiency of 25% and 209%d], respectively, but their production
is rather expensive because it demanasting, purifying andslicing of large
amounts ofthe sourcematerial.On the other hand,yd-sensitized and organic thin
flmcellsr each efficiencies ¢, respectivelyy but thinl . 9 %
film and inkjet printing production technologies enalighrication of these devices
with notably reducedenergetic and economic cosaed with other technological
advantages e.qg. their low thickness or flexibility

In the areas ofamputational ad communicationtechnologiesa significant
effort is also put inb the researctof nane@lementghat haveexceptionalkconduction
properties graphenecarbon nanotubes) monstandardighti electricity conversion
capabilities {unable energy levels in nanodalse toquantum confinemensilicon
nanocrystals with diretcband gagetc). [2]

This thesis deals witfiHz photoconductivityspectrao f macr anstoopi ¢C
cm-sized samplesmade of more or lessrderedensembles of nanometsized
semiconductingparticlesand we use the term nanomaterial in this seBstaw we
introducethe basic aspects of nanomaterial (photo)conductivity and shetwoth
method is particularlyseful forcharacterizing tis applicationdecisivepropert/ of a
variousnanomateria The work isboth theoretical and experimentebvering also
some methodological aspecWe presenbriginal results concerninghe theory of
macroscopic response of nanostructuresterials in generalndthe implications of
this theory for timeresolvedTHz spectroscopy in particulawe show and discuss
our experimental results onanomaterials made afvo technologically important
semionductors silicon andtitanium dioxide and a refinement of the Monte Carlo
numerical method for calculating properties of stiartge charge transport.

1.1. Conductivity of nanomaterials

Conduction properties of nanomaterials are closely related to theitus&u
The efficiency of thecharge transport on tleng range which is essentiaffor all
electric andelectreoptic applications,is limited by the slowesprocess that the
charge carriers undergo dhe short range These microscopic processes include
charge carrier gneration, separatidB], intra- [4] and internangarticlemotion [5].
However, they can be hardly unambiguously distinguished by contactresests
such as timef-flight methods which are usually employedyr in a field-effect
transistor configuratianA local probe that senses the behavior of charge carriers on
the nanometer length scaleasicial for characterization of the microscopibarge
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transport and subsequently for the improvementof the macroscopicelectric
properties ohanomaterials.

Scanning tunneling microscopes with multiple tgdow measurements of
the conductivity of individual nanowirel§] but they represent rather expensive
devices demanding ulttsigh vacuum conditions and are mostly used in combination
with high-end sample preparation techniques such as molecular beam epmitaxy
electronlithography Devices whose production is @galableuswally containmore
or less complex ensembles of nanoobjedth varying microscopic propertie#\
method able to sense the local motion of charge carriers and providing its average
over the whole ensdite is required. The THz spectroscopy offers this (oolgst

1.2. Relevance of érahertz to nanometer

Terahertz spectroscopy probes the interaction of charge carriers with
electromagneticadiation in the THz frequency range without any contacts attached
to the sampleand inan undemandingenvironment of driedir or primary vacuum
The measurablespectra of complex optical conductivity in thimnge bear
information onthe (nanojransporiof charge carrieror the three following reasons:

1. theplasma frequency of electrons in semiconductsisally lies near the
THz range(e.g.the plasma frequency is THz for electrons at a density
of 10" cm' 3in silicon);

2. scattering ofcharge carrieron defects inbulk semiconductors occurs
usually on the femtoto picosecond time scale, producing a substantial
dispersion dectly in the THz range;

3. a charge carriediffusesa few tens or hundreds of nanometeiighin the

period of a THz pulse (the electrondiffusion lengthlgz =+D/3 is
O60nm in siliconwith the diffusion coefficientDe O36 cn?s 6] at a
frequency 3=1THz). If there are any conduction barriexgith a
comparable spacinguch as boundaries mhnoparticlestheinteractionof
the carrierswith them provides spectral features the THzpart of the
optical conductivity spectrunof the sample

The THz spectroscopy is often combinetth a synchronized photoexcitation
of the sampld in this case,we speak aboutime-resolved THz spectroscopy or
Optical pumpTHz probe (OPTP) spectroscofyhe technique is able ttharacterize
the dynamics of the chargeansport from the moment of carrier photoexcitation to
its trapping or recombinationvith subpicosecond time resolutionThe OPTP
spectroscopy haat leastfour experimental degrees of freedonarying energy and
density ofexcitation photons time afte photoexcitation andampletemperature
Taking advantage of experiments whérese quantities are varied,istpossibleto
characterize theultrafast microscopic charge transport in nanostructured and
disordered semiconductonsth a large detail and deepunderstanding




1.3. Effective response challenge

The wavelengths of THz radiation are upStorderslargerthan the size of
the photoconductive naatements (nanarystals, -clusters,-islands, -wires, etc.)
that constitute discussed materidlee probhg THz beamthuscannot be focused on
a single nanparticle (NP) but it probesan averageesponse of altarriers in a
macroscopic piece of th@homogeneousamplé. A semiconductinghanoparticle
containng photoexcited electrons and holeshavs like a polarizable objectin the
electric field of the probingTHz radiation and the spaces betweadjacent
conductingNPs havefinite capacitances. The so callddpolarization fieldsrelated
to these effects, locallglter the field of the probingadiationand cause that the
measured macroscopabsorption and dispersion of the THz radiatiemelated to
theactual microscopic conductivity of the charge carnera nonlinear manner

This relation between the macroscopic responsetha inhomogeneously
conductivesample to externallectric fields and the microscopiconductivitiesof its
constituents habeen described by various effective medium theqi#dT). The
most often usedpproximateEMTs of MaxwellGarnet or Bruggeman sometimes
fail when thesample morphology isear to percolation. The most general Bergman
EMT is, on the other handjuite complicated and mostly lacks sufficiently precise
input information on the morphology of the systeim.this thesis we presemin
effective mediummodel(called VBD model) developed recentlyn our group and,
largely, within the framework of the thesi#t is able to describe the measurable
photoconductivity in materials that contain semiconducting NPs in the fobotbf
nonpercolated inclusionand compkx percolabn pathways at the same time and
which usesonly on 3 independent parameters describing the sample morphology

1.4. Structure of the thesis

The research in the THz spectral range is relatively younghaadrought
about its own terminology, methddgy, inventions and problemBor this reason,
Chapter2 introducesthe THz spectral rangsith its peculiaritiesn a wider context
and our technique and experimental setup in partictiaChapter3, we give an
overviewof theoretical models of THz photoconductivityat have beensed in the
literature andof experimental works published in the area of Tdpectroscopyf
photoconductive namoaterials

The subsegent chapters present the originddeoretical andexperimental
results of this thesis, starting with the presentationhef VBD effective medium
approach and its comparison to other EMTs in Chaht&/e alsoillustrate this
model on arequivalentelectric circuit analogyln Chapteb, we derive thegeneral

" The size of the THz beam focus in a far field experiment ispemable to its wavelength, i.e.
several millimeters. Nedield THz microscopywhich is not discussed hereaches resolution
of 3e m u s i-wayelesgthdpertureg7], 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 amhomogeneous photoexcited sampl& discuss
solutions related to the proposed EMT model in particWée.apply his theoryto

the experimental spectraf THz photoconductivity of two systems of silicon
nanocrystal§Si-NCs) derived from bulk crystalfie Si by electrochemical etching in
Chapter6 and grown by crystallizationin epitaxial SiOJ/SiOz (x O1) multilayersin
Chapter?.

In Chapter8, we studythe charge carrier transport in bulk rutile Ti@t high
photocarrier densities with the aim to obtain reference bulk data fos-bESed
nanosystems. Despite the relatively wide usage of this material, the understdnding
charge transport in Tigs still limited due to the strong electr@monon interaction
in it and we present qualitatively new findings thanks to utilizing the ps time
resolution of OPTP spectroscopy.

Besides analytical models of (microscopic) cargenductivity, our group
carries ousemiclassi@al Monte Carlocalculationsof carrier motionn nanosystems.

In Chaptel9, we analyze the relation of probabilistic parameters afael system
(probability of nterNP transpoitto its morphologic properties (spatial layout and
touching areas addjacennhanoparticles).

Finally, we sum up the conclusion of the thesis in ChapdeChaptersl1
and 12 contain the bibliographic references and the list of tables, respectively.
Chapterl3 provides alist of symbols and abbreviationsedthroughoutthe thesis
for the convenience of the reader.




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 tHeeld, its current tebnologies and areas of
interest. hen we describe techues relevant for this thesis in detabr further
information we refer to the review &eter Uhd Jepseavid G. Cooke and Martin
Koch[9].

2.1. Terahertz spectral range

The terahertzegionappeaedas a new spectral range overlapping partly with
optics and electronics the last two decaddsit includes the longest fanfrared
(FIR) and the shortest microwave wavesglable2.1). THz radiationis also known
ast he fAmill i meter waveso, accopaysag to a
analogy to the Xays.In the 20" century, the resarch in this area somewhat lagged
behind theadjacent partof the electromagnetic spectrum because of a lack of
efficient sources and detectorBHz frequenciesretoo high forelectroniccircuits
and transistorgL0] andcoherenfTHz emission in the active medium oFiR laseris
highly inefficient[11]. Incohereniow-intensity THz radiation is found in the nature
as a part of théhermal radiatiorof everyblack-body at temperatureabovea few
Kelvins'. This fact finds its use in astronomy in chemical analysihefemission
spectra of cold interstellar dust and distant starburst galgkisyet, it is absorbed
by water vapoin the atmosphere arsibmillimeter telescopesiust belocated at
very dry andhigh altitude places, such as the Atacama Desert, or in the free space
As theranges ofaboratorysourceof optical and electronic radiatiatid not overlap
for a certain timgthe THz part of theelectromagnetic spectrum waslled the
AT er aghaeld] z

Frequency Wavelength Wavenumber Energy

15THz 15¢ m 667cm? 83 meV
FIR
1
3THz 100e m 100cm 12 meV range[14]
THz 0.3THz 1mm 10cm?  1.2meV
range’ 0.3THz 1 mm 10cm? 1.2mevV
=) microwave
0.1THz 3 mm 3.3cm 0.41meV range[15,16]
0.3 GHz 1m 0.0lcm? 1.2g e

Table2.1 Borders of THz frequency range/erlappingwith common optical
and electronic ranges of electromagnetic radiation.

Bridging of thefi g awas startedn 1985 when Auston and Cheunfd.7]
generatedbroadbandTHz pulses viaoptical rectification (OR) of ultrashort laser
pulses ina nonlinear electreoptic crystaland detected time by time-domain

" The maximum of spectral radiance lies at 1 THz for a black boaeatperature of 18.
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spectroscopy(TDS). Principles of OR and TDS are described in the following
sections in detail becauseethare used throughout the experimental part of this
thesis. Since 1985, etection in the time&lomain has remainedhe most frequent
method usedor spectroscopic measurementsTidz laboratories worldwidewhile
various phenomena other than @&e beenraployed to generateulsedbroadband
and also continuowwave (cw) THz radiation. Photoconductive switchesfor
example, utilize ultrashort optical laser pulses, similar to O&hd provide THz
pulses with similar bandwidth&nd somewhat lower intensitie$ these two
generationtechniques are most widely used in tabletop ®pectrosopic setups
nowadays

Other THz sources and detectors

In 2002, Hebling et a[18] proposed theilted-wavefront scheme of optical
rectificationin order to achieve phase matching between a THz and an optical pulse
in highly nonlinear materials, such as LiNbOhis allows one to generate THz
pulses with the peak field of MV/cm™.[19]A THz wav e a techniqgudsot oni cs o
are used to both generate and detatt pulseswith bandwdths exceeding 30 Hz
in laserinduced air plasmp0,21]

Quantum cascade lase(QCL) present the youngest and qupeomising
technology for emitting narronband THz radiation They a&hieve stimulated
emission of FIR radiation on intersubband transitions in quantum wells of a
semiconductor superlatticA. QCL is in principle singlecomponenthip that need
only a power supply and can be either use@xsrnal emitteior as an integraed
elementin optoelectronic circuitslts main drawback is that requires cryogenic
coolingin the fewTHz range QCLs are somewhat tunable and one alapadybuy
a commercial frequencydomain spectroscopic setup with a set of QCHips
covering seval adjacent intervals the THzspectral range

Photomixing of two coherent laser beams with similar frequencies in a
nonlinear crysal also yields coherent narrowbapdlsed or cwI'Hz radiationand a
similar technique can also be used to detect mopawtic THz beams
coherently]9]

Sources based on a beam of free electrordude backwardwave
oscillators synchrotrons free electron lasersand gyrotrons The first ones use
radiation from norrelativistic electrons and can fit into takilgp experiments. The
others are largscale facilities that provide tunable pulsed ortcarouswave THz
radiation ofextraordinaryintensities from beams of relativistic electrons.

Novel lroadbandsources radiating fromboutone THz to tens of THz are
r ef er r endlti-téraherta s b 8 chaiupsineiple and functionality are derived
from the standard time domain THz spectroscopic technigtiesvever by their
spectral content, they technically belondt& (or even midR) broadand sources.

* classic collineasetups reach peak field of several kv/cm.




Incoherent THz spectoscopy in the frequency domain (e.g. in an
Fouriertransform infrared spedmeter)is feasible with thermal sensors such as
pyrometers, bolometers or Golay cell detectf#8] Thermal detectors naturally
suffer from relatively long response times a&hd presence of background thermal
radiation. Theirsensitivitiesare generally lowe(with the exception of hetlectron
bolometersthanthat ofelectreoptic deéectors used in TDS-or thesgeasonsthey
are used rather in hightensity or narrowband experimentsr in THz imaging
applications

THz sciencgtechnologyand 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 collisiaduced dipoles in liquids, particularly
in water; [9] strongly correlated electronisystemg23] and phase transitions in
multiferroics[24].

THz technologieshaturally require means fospectralmanipulation of THz
beams. This can be done e.g. by using tunagibletonic crystalsor tunable
metmaterials It is also possible to achieve -demand THz properties in THz
metamaterials such aggative refractive inder a narrow band[25i 27]

Recently the THz imaging and spectroscopic systems have ma&mealgh
to reachfirst commercial applications. In the field of quality contanid safety, THz
imagingis a complement to usuedyssuch as visible light or Xays. THz waves
can penetrateeommon nonmetallic packaging materialhat are opaque in the
visible rangei such aspaper, wood certain plasticor dry fabrici and provide
contrastand spectral informatioon dielectric contentsthat are mostly without
contrastfor the X-rays (ceramics, plasticiiquids, narcotics or explosivg9]). THz
photons do not ionize the matter and tlaws alsoviable for inspectionof living
persons(t he THz rays can fAs eomrzaled onder tha b an d
clothing) or susceptiblematerials In the field of quality control, THz imaging can
locate voids or moisture and other inhomogeneities in dried [8]d molded
plastics [29], or composite materislor determine the thicknesses of midfiered
paints and coatingd.Hz cameras usually contain an 2D array of microbolometers or
photoconductive antennas in the focal plane of a silicon lens. These cameras are
rapidly approaching redime applications @ they currently reach resolution of
hundredd hundreds of pixels and rates of several frames per sef@jd.

As THz waves arestrongly absorbed by watethey donot penetrate deep
into the skin of living beings andttampts have been made to utilize EHn
diagnostics of skin cancdB1]

THz rays are also utilized in cultural heritage preservationfor non
destructive characterization of the layers of frescoes, plag@irgingsand other
opaque artworks. The detailed knowledge on the layers then eipailesmingof
the mostppropriate restoring anareserving actiong32]

2. THz spectroscopy 7



For further details and references THz technology and materials les
refer the reader tthe review papersf Tonouchi[33] or Ferguson and Zharig4].

2.2. Time-domain spectroscopy

The electric field of THz radiation evolves relatively slovity time (~ps)
compared to the pulse length of available femtosecond laser soArcdsfield
detector, e.g. aalectrooptic sensqrgated with fs laser pulses can thus measure the
instantaneouselectric field of a THz wavd35,36] Changing thetime delay t
betweenthe THz pulseandthe time synchronized lasegating pulseallows one to
samplethe whole waveform of the electrield E(t) of the THz pulsdransmitted
through a sampleThrough Fourier transform one obtairthe complexspectrum
E«(¥)" of theTHz pulse Fig. 2.1).

6
f i
Etl'e 2:
4t E x4
- 2. -
22 M S
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K o-—/\er- my
2F
_4| 1 1

-5 0 5 10 15 20 O01234O
t (ps) Frequency (THz)
Fig.2.1 Left Wavefornms Ef®" and E; of a THz pulse transmittethrough the
setup without sample anttirough a 0.26nmthick TiO, sample at
70K, respectively (Inset sampling points in a section df)
Right: their complex spectE; = |E|é {same scale abeleft plot).

To obtain the THz response function of a sample, colly places it in the
focus or in a collimated section of thalsedTHz beamand measureseparatelyhe
waveforns of:

1.t he A s i g n aEl(tptranbriitied throughsthe sample;
2.t he fdref er e EfEdansinitted either ltheoegh a refecen
sample or measured without the sample in the beam path.

* We do not introduce any special notatifor complexvalued variablesall frequencyresolved
quanities in the thesis are complex. Real and imaginary components are dested
X=X Mji X fje sign conventior(t) = Ex€ ™! is used for a monochromatic wav&ngular
frequencyy =2 3is used irequationsall spectra are plotted against linear freqmes.




Both measured waveforms asmporalconvolutions of the waveform radiated from
the emitter withthe transmission coefficient of the sample/refereand an
instrumental function which describeopagation of the pulse through the sedng
its detection in the sensddpon Fourier transformnto the frequency domairthe
convolutions of temporal functions become productsthe respectivespectral
functions. In the raticE(¥)/E®(¥), the instumental functions cancel ougxactly
and e obtainsthe ratio ofthe complex transmissioroefficient of the sample
tsampid¥) and of the referencetres(¥). [37] This ratio definesthe complexTHz
transmittance of the sample

- tsample(Y) _FE (’X‘)
[ (Y ) Etref (Y ) '

In the case when the sample is removed from the setupthBorreference

T(x)

2.1)

measurement, wget t,; = eXp(iYL/C), whereL is the sample thickness aods

the speed of light in vacuunihe measuredconplex transmittancel(¥) of the
sampleis related tats complex refractive inder. For a homogeneous sample, the
relation read$38]
» 2k

SexplivnL/ C)S
k=0 €N +1+ U

T(v)= 4nexgix (n- IL/c| 7 &n-1

o1 (2.2)

The sum in(2.2) accounts for the firgn FabryPerot reflections of the THz pulse in
the sample. For thick samples, these reflections form sepechtes of the main
pulse in the time domain and can be twiedowed.[39] Then, m is trivially the
numberof echoes taken into account.

- s 40
0.32F gwssrsee — > &
:v‘ | 12t 2 9
0.28} N 30 & o
B 02} S g
i P {3 <=
0.16 Y 10
0.12f » 1o
0.08 . : 0
0 1 2 3 3
Frequency (THz) Frequency (THz)

Fig.2.2 Left THz transmittance o& 0.26mm thick TiO; slabat 70K and
right: its refractive index.

For thin samples, the series should be summed up to the infinity, as the echoes
overlap in the time domaif38] The numerical solution qR.2) is simpler and less
sensitive to errors in measurements when separate echoes can be wipdigwed.
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 presentedFig. 2.1.

In this work, THz time-domain spectroscopy without photoexcitation of the
sampleis used as an auxiliary method for determining the refractive index of a thick
sampleof bulk rutile in the THz frequency rangm Chaptei8. The nextsection
introducesthe Optical pump THz probetechniquewhich is the principalmethod
used inthis thesis.

2.3. Optical pumpi THz probe spectroscopy

Optical pumpTHz probespectroscopyneasures the transient chargg&(t)
of the THz waveform transmittiethrough the samplgponcollinearphotaexcitation
Plare-parallel samplesire placed perpendicular to the direction of propaganaf
the THz pulse; the wavefronts of the THz radiation are planar throughout the
thickness of the sampl@he formation ad propagation of the transiepta r B of o
the THz field inside the sampleis then described bya onedimensionalwave
equation42]

2
dqf—z(g’z) +n(¥)’k2qE(¥y,z)=U(¥,2), (2.3)
wheren is the refractive index of the sample in the ground statdko = ¥/c is the
angular wavenumber of the THz wawe vacuum The right-handside function
U(¥, 2) describes thesource of the transiemart of theTHz field. In terms ofthe
transient conductivitygali(y, 2) that arises in thesampleafter photoexcittion, it
readq42]:

U(¥,2)=-ik,Z,cal(, 2)E(¥, 2), (2.4)

whereE is thetotal THz field (probe + transientat a given depthand Zo is the
vacuum vave impedanceThe transientonductivity is generally a function dhe
depth due tdhe LamberBeerexponential abgption law for the optical excitation
beam Solution ofthe wave equation witkhe suitablesource function angroper
boundary conditios yieldsthet r a n s i eBaaf the eecttic fiedol transmitted
through the sampléolutions concerning nanomaterials and cases important for this
thesisarederivedin Chaptelb. In this Section, welemonstate the solution of3)
on a simple pedagogic case.

Equationg2.3) and(2.4) are valid in theguasi steadystate aproximation
i.e. when the transient conducti t (ydoeg not change substantially during the
few-ps duration of the probe pulse. Many transport processes are slow enough not to
spoi l the approximati on, e. g. tbenacarrier
time scale of hundreds of ps to ns. Om thther hand, the carrier generation,

" Usage of equilibrium refractive index without its excitatioduced transient contribution is
justified ina more technical discussiamthe beginning o€Chapters.
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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 fp&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 thesisfl\Bspeaking, the
transient THz field must be experimentally sampled in a 2D grid of the iprobe
sampling and puniprobe delays andtp, respectively. A twadimensional Fourier
t r an s E(t®) WM gy, ¥,) must then bgerformedand equations mustka
into account a mixing of both frequencigsand ¥, . [43] All experimental THz
photoconductivity spectra in this thesis comply with the requirement of the quasi
steadystate approximation.

Havi ng measur ed Eft)okthettranamitted wavetormpoaer t @
uses the waveform of the THz pulse transmitted through the unexcited $atjple
as the reference. In the frequency space, the transient complex transmittance
s p e c t Ti(xy ohthegphotogenerated excitations is obtdi(seerig. 2.3):

Hearmpd ¥) _ oE, (¥)
tamad?)  E(¥)

o (v) = (25)

N
F*
Py
@D

St - om
E | .l.-—- %
§ 2} h”ﬁis 519
ﬁ wﬁm@%m% q ig%%
S e

31

O0 04081216 2 24
t (ps) Frequency (THz)
Fig.2.3 Left Waveforns E; a n dE: ofjpthe probe pulse transittéd through a
0.26mm thick rutile slab at 78 in equilibrium and 1Ps after
excitati o# phetons/trhatl2666n, feSpectivelyRight
Transient transmittancef the excitations(the scaleis in relation
with the left plot)

In a homogeneousample with a thin photoexcited layer, the experimental
transient transmittance spectrum is directly defined by the transient change of the
conductivity spectrum of the samp#2]:

" ¥pis used for the Fourier counterpart of plimpmbe delayt, solely in this place. It is not to be
confused here with the plasma frequency that is defined in S&c8amnd used thereafter.
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__aily) 7,
@ ()= F5 2o (26)

whereUis the sample absorption coefficient for the pump light mnaeh, stand for
the THz refractive indices of the media in front and behind the photoexcited la
respectively (vacuum, substrate, cuvette faces, unexcited part of the sample etc.).

The transient transmittance includesponse fronall polar excitatios that
are active in the THz range suchbasd carrierspolarons, excitons, optical phonons
etc. This thesis deals with the ultrafast transporitnmbile carriersfor this purpose,
pumping with ovethe-bandgap photons is used to generate charge cairiettse
conduction and valence baatlithe sample

In the simplestheoreticalcase ofa thin homogeneousample with a single
(or one dominant) type ofphotcarriers, the overall transient conductivity is
proportional to the mobilitg(¥) of thesingle charge carrier:

i) = eNye(¥), (27)

wheree is the elementary chargeThe densityNo of photccarriersat the sample
surfaces given by

N, = Uf 3, (2.8)

wherezis the quantum yieldf phot@eneationandt is thepumpphobn fluence in

a single excitation puls@n photons/cry also referred to as the excitation fluence
here) While Uis usually taken from the literatuog measured independentipd: is
determined experimentally, the quantum yield is mostly a priory umknandin
some cases imay substantially differ from 100%444] For this reason, the quantum
yield andthe magnitude of thearrier mobilitymostly cannot be distinguishefdom
each othem thetransientconductivity(2.7) and only the yielemobility product can
be calculated from themeasuredtransient transmittanceEquations(2.5)i(2.8)
togethe show that in the case of a thin homogeneous sawifileone dominant type
of photocarriers an OPTP measurement yields straightforwardly the complex
mobility spectrum of the charge carriers (multiplied by the quantum wbidh is
the onlyunknown paramterto be discussed)

)= Lt oE (¥)
3~Q;(¥)—-e—f z E() (2.9

Because of theclear physical meaningof the equation abovefor
homogeneous semiconductorge useits right-hand side to define theormalized
transiem transmittancepectrum

1 +n, g (¥)
ef Z, Et(v)

Plorm(¥) = (2.10)
and considerit as a suitable normalize@éxperimental output quantitgf Optical
pumg@ THz probe experiments[45] Also in samples with a more complicated
response (with several types of photaduestive excitations and with a complicated
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morphology)glom holds the meaningf the average photoconductive response of
the sample per single absorbed pump pha@od perelementarychargeand it is
expressedn units of the mobility. This quantity becomes especially usefat
experimentsn inhomogeneous samples.

The equationst@ove were derived for a general purpmbe delayt, within
the steadystate approximatiarBy changingp,, OPTP spectroscopy can measure the
carrier THz photaonductivity spectrum at different stages of the generaiion
transporittrapping/recombination pross. With picosecond THz probe pulses, it
provides resolution which cannot be achieved with other conductivity measuring
techniques.

By changing the pump photon fluenee one can generate carriers in a
sample at a broad range of densities without the pnégudeparing sets of samples
with different dopant concentrations. This enables characterization of the studied
material in different conductivity states. Notably, our resef@ttapterd) shows that
the response originatingoim conductivelypercolatedsemiconductingparts of a
(nangmaterialsamplescaleslinearly with the carrier density while the response of
nonpercolatedpartsof the sample depend®nlinearly on the carrier density. This
allows one tadistinguishbetwe@ samples containingercolated and nepercolated
semiconductor particleand even discriminate and characterize separately the
percolated and nepercolatedsemiconductingsubsystemsn a single structure
provided that thelata areobtainedovera broadange of excitation densitiefgl,45]

2.3.1. Spectrally averagetransient THz kinetics

Besidesmeasuringhec o mp | et e \Ed)(and Fourietsensigrming
them totransient conductivity specirat selected times, after photoexcitationone
cancarry out the following useful experimenthd probé&ésampling delay is set to
correspond tahe maximum othe transient signafE: waveformanda scanof the
pump probe delay, is performedFig. 2.4). In this way,a 1-dimensional scan of the
transientTHz dynamicsis obtained Thes scansprovide spectrallyaveragedTHz
response to the photoexcitationgithe time evolution of the transient absorption
(photoconductivity) of the samplein the whole freqancy range of the given
experimentaketup The highest resolution is here givby the timewidth of the main
peak of the THz electric field which is usuallyfeav hundreds of femtoseconds
(cf. inset inFig. 2.1).

One cannot directly determine whether the evolution of the measured
dynamics is caused by chgas 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 slected punigprobe delays. The kinetics may
display for example ultrafast cooling of hot electrptig], photocarrier injection and
electron hole separatiof8] or expansion of a dense electron plasma (Se8tin
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 (&@g 2.4, discussed in
Section7.4).

s + S93

Signal (arb. units)

-1 0 1 2 3 10! 102 10°
Pump-probe delay (ps)
(Selection fronFIG. 5. in[46])

T

Fig. 2.4 Example oftransient THzineticsmeasured bypumg probescan on
superlattices of Si nanocrystals in Si@atrix. Legend referdo
different nanocrystal sizebnes serve as guidéo 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 tran of pulses of a regenerative Ti:sapphire amplifier (Spitfire ACE,
SpectraPhysics/Newport) with inJ pulse energy, 8350fs pulse length, repetition
rate5 kHz and central wavelengt= 800nm. The linearly polaged laser bearwas
split into three beamby 800nm beam splitteras indicated irFig. 2.5: the probe,
thesampling andhe pumpbeam

Eachoptical probebeam pulse generates a THz pulse via optical rectification
(describedlaten in a 1mm thik (110}ZnTe crystal (themitte). The emitted
divergent THz beam is collected and focused with an ellipsaidahinum 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 @athe probdHz pulse is focused
with a seconetllipsoidal mirrorthrough a THzransparent pellicle beam spliti@nto
the front face of anotherrim thick (1103ZnTe crystal (thesensoy.

The optical sampling beam pulses undergo adjustment of intensapd
polarization and are introduced perpendicula the pellicle beam splitter which
reflects them collinearly with the THz beam onto the sensdhe instantaneous
electric field of the THz pulsmmducesbirefringence in the sensorystalthrough the
linear electraoptic effect (the Pockels effecgnd the polarizationstate of the
simultaneously passing sampling pulséhuschanged
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Fig. 2.5 Diagram of experimental setup. Thickness of red (fundamdatadr
beam lines indicates qualitatively the power of individual beams.

The polarization of the sampling pulse tisenconverted intanearly circularwith a
quarterwave plate (8BabinetSoleil compensatds used and fine tuned before each
experimentalsession to act as th&4 platein actual laboratoryconditions) The
general elliptical polarization of the sampling pulssudsequentlyesolved into its

two orthogonal linearly polarized components by using a Wollaston prism (the
analyzer in the diagm). The intensities of these two components are measured with
two antiparallelsilicon photodiodes A and B. The difference signal (B) from the
photodiodesis linearly proportional to the instantaneous THz field in the sensor.
Phasesensitive detectio synchronized withthe chopping frequency of the pump
beam detects t It as theadifferenabetvweentdsignal gviththep
pump-beam on aahoff.

To avoid absorption of THz radiation on water vapor, the THz part of the
experiment is encked in a custormade aluminum box with optical windows that is
evacuated with a primary vacuum pump to a pressure of less thbarlduring the
measurement. The sampleplaced onto the front face ofpdanar metal holder with
a circular aperture eithalirectly inside the box or within aontinuousflow optical
cryostat (Oxford Optistat)hat hasa 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 resolwn of 3fs.

The pump beam photonsare either used to excite charge carriers in the
sample directly at the fundamental frequency or they are converted to a higher
energythat exceeds the band gap of the samiglest often a110)orientedBBO
crystal is sed for second harmonic generation, occasionally followed with another
(110)oriented BBO crystal to generatéhe third harmonic frequencyvia sum
frequency generatiofrom the second harmonic beam and the collinearly passing
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idle remainder of théundametal bean). 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 CaF
planaconcave lens so that a relatively horangous excitation density is achieved
across the measured area of the sanfples lens is [aced in such distance from the
sample holder thaless than 1/3 ofhe power of the incident pump beampasses
through the holder apertur&@he excitation densitytdahe edge othe aperturas at
least67% of that inits center withsuchsetting) The angle of incidence of the pump
beam on the sample is aboustodxGitdthelBm ch means
width of the measured area of the sample.

The powernf the pump bearns controlled by usingeutraldensity filters or a
variable polarizing attenuat@nd measured with power meter The power meter
(PM in Fig. 2.5) is placed in an accessible section of the plmeam between the
attenuator and the vacuum bagit cannot beplacal in the position of the sample
inside the evacuated vacuum box (or inside a chilled cryastat) each change of
attenuation.The fraction Kpox Of the pump power measured before the b@Rmead
that transmitsthroughthe aperture of an empty sample holder is measured before
each experimental session with unevacuated box. The power incident pmollee
area of the samplés then calculated aPinc = Khox®meas during the experiment
whenever the attenuation is chang&do thin sapphire plates are placed in front of
the sample holder to mimic reflectiafi the pump bearon cryostatinput windows
when determiningKnox for measurementat low temperaturess the used power
metes cannot fit into the cryostat chamberPmeas is either measured with
athermopile detector (PowerMax PM3oifn Coherent)that is placed manually
directly into the pump beam pattior powersPmeasO20 mW); or the pump beam is
deflectedby a flipper mirrorinto a silicon photodiodgoower meter(Coherent
LM-2 VIS for 1060nm Oa0400nm and LM2 UV for 400nm 0a0250nm; for
powersPmeasO25mW). The photorfluenceincident on the sample front surface is
calculated as

P
f = c 211
inc E: 2 ( )
o P

whereh is the Planck constarkep is the repetition rate of the source laser ansl

the radius of the sample holder apertgre 1.5mm throughout this thesishe
reflectivity R of the sampldront face(and possiblyof a cuvettefront face for the
pump light is found in the literatureor measuredand the excitation fluenceis

L = (17 R)*inc. When measuring theeferencdield waveformE transmitted through
the sample in the ground statke pump beam is blocked and the chopper is placed
in the path of the probe beafrable2.2 sums up the charactstics of our setup.
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Feature Value/Range Note

dynamic range 8 I 1 %mplitude .
(typical) ~ 82 dBpower 200 accumulations
c dynamic range 7 . 57T mplitude 6000 accumulations
-% (bestachieve ~ 100 dBpower (16 houry
% spectral rangé€82 dB) 0.27 2.3THz
o spectral range (108B) 0.47 1.4THz
spectral resolution 0.1THz typ\l,(\j:u)éfg\;lrt:sl\gg bS
pumg probescanrange 660 ps
S pumg probescanresolution 0.2ps
£ max tind(@=800nm) 1T phient
0 (o= 400nm) 21 15 phier? 1 homogeneasover
max L inc o= nm C u .
) i 3mmdiameter
max tinc(@=266n 2 m) 41 ¥phicn? y
[2)
,§ temperature range 67 900K cryostat/furnace
=
§ peak THz field ~5kV/cm without cryostat

*The excitation density at the edge of the aperture is at least 6#%atan its center.

Table2.2 Characteristics of the OPTP experimental setup

Optical rectification

One of the most common processes for tafybe generation of broadband
THz pulses is optical rectificationf ultrashort optical pulegiside a secondrder
nortlinear crystal. It is a process somewhat similar to difference frequency
generation buit takes place among the photonsaadinglelaserpulse. Theelectric
field of the laser pulse drives oscillateof bound charges (ions) in the crystal lattice
around certain average positiod$iese oscillations are natural also in linear optics
0 their interaction with light is expressed by the complex values ofdickr
susceptibility or refractive indexof the material(blue in Fig. 2.6). However,in
nonlinear crystals the average positionsf the oscillating iondiffer from ther
equilibrium positions due tdhe asymmetry of lattice forces; the higher is the
intersity of the driving field, the further are the new average positodrthe ions
from thar equilibrium locations.
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Fig.2.6 Schematics of ion oscillations in an asymmetric pote(iiack line)
in an optical electric field.Gray. parabolic approximation at the
bottom of the potentialblue linear oscillation,green nontlinear
oscillation, red: rectified lowfrequency component of ndmear
polarization.

This shift ofaveragepositions of bound chargésed inFig. 2.6) constitutes
a net polarization in the crystal which is proportional to the intensity of thetfiatd
is necessarilyrectified (unipolar, noralternating). This is becausiee asymmetrical
lattice forces allow shift of the average positions of the oscillating ions only in
specific lattice directionand back to the equilibriun€onsidering illumination bgn
ultrashort optical pulsehe unipolar tectified) polarizationcurrentpulse becomes a
source ofalow-frequency fieldproportionalto itstime derivative Quantitatively the
nortlinear polarizationP of the mediumwith seconebrder susceptibility tensa®?
at a general frequenayis equal to

R)=eaf .., (ma +w-a)E (a +w)E (a)da (212)

wherel3 is the permittivity of vacuumasteriskdenotes complex conjugatioqy is
t he centr al qfsthelbpondeidtie of thealaset pulieéy ). The spectrum
of the emitted pulse and its temporal shape isrdehed by the bandwidth ohé
optical pulse The phase matching condition is giventbgequality oftherefractive
index of the emitted waves andhe group refractive indexgroup Of the incident
optical light:
n(w)=n(a)+q %‘3) b Nyoup(@0) (213

ZnTe crystals display good phasetching and frequenayixing properties
for rectification of femtosecond optical pulses at 8@®to THz frequencies and low
absorption up to IHz. Fig. 2.7 shows the absorption coefficient and refractive
index of ZnTe. AbsorptionHig. 2.7(a)) at high THz frequencies is dominated by the
transverse optical phonon mode at 5T8#; at lower frequenciethere occur two
bands that were assigned by Gallot et[48] to transverse acoustic phonon at
1.6 THz and longitudinal acoustic phonon at 3Hz. The réractive index of ZnTe
(Fig. 2.7(b)) is governed by the optical phonon in the THz range.
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Fig.2.7 THz properties of(001)}ZnTe at room temperatur@) absorption
coefficientand (b)refractive indexSymbolsexperimental datdine:

theoretical response of Fghonon at 5.37Hz.
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3. THz spectroscey of nanomaterials in the
literature

In the Introductionwe pointed out that th€Hz spectral rangés particularly
sensitive tothe properties of charge transport on the nanosdal¢his chapter we
mention the approachesmost frequently usedto model ad/or fit THz
photoconductivity of nanostructured, disordered and bulk semiconductors. We
emphasize the difference between the effectghairge carrier localization and
effective medium responsesemiconductor nanostructures. These two effects have
similar impact on measuretiHz photoconductivityspectra and occur insaably in
semiconductor  nanostructurescontaining  norpercolated semiconducting
nanoparticles (NP9)ut have physically different origsnin the following sectiors,
we remind the Drude adel and Dy r e @pging modelsof the mobility, the
Locdized plasmonmodel ofthe conductivity, various Effective medium theories,
Monte Carlosimulations of microscopic transpairt the classical limitand the
phenomenologicaDrude Smith model. The DruslSmith model deservescertain
attention as it is relatively widely used the area of THz photoconductivitiput
extensive discussions about its meaning have pointeplosstblemisconceptionsn
the physical interpretation of its parametdrs.the endof this Chapterprevious
importantexperimentalvorksare reviewed.

Bulk vs. Nano

Publishedoapersof THz laboratories worldwide confirm a distinct difference
between therHz photaconductivity spectra ofmaterials based osemiconducting
nangarticles (polycrystals, nanodots, nanotubes/wires,.)etid those of bulk
semiconductorg50] Geneally speaking, photocarriers in thelk exhibit a real part
of conductivity decreasing with frequency and a positive imaginary conductivity
(Fig. 3.1(a)). In contrast, photocarriers in mamgnomaterialsshow a Hz 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
acurrent that lags behind the applied electfield, i.e. the response of a
nonpolarizablematerial described by certain resistivity amdelfinductance The
negative imaginary conductivity in the response of nanomaterials is, in this sense,
characteristic to polarizablemedium described by certaincapacitance [50,51]

" also referred to asharge carrier confinementin the classica] morphological reaning of
confinement). Charge carriers in the regime of substagti@ntum confinement were not
detected by OPTP in this thesis, although it is possible.
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Fig.3.1 SymbolsTHz photoconductivityspectra ofutile excited at 266m:
(@) bulk at70K, t =181 1%®photons/cri (b) ~20nm TiO;
nanocrystalss = 3.3 1'®photonsén? at 300K. Lines Drude fit
with m* = 6.9me, (4 = 320fs;

3.1. Drude model

Theinductive THz response ofmobile charge carrierto weakprobingfields
(below afew tens of kvem ¥ in bulk materialsis usually well described by the
Drudemodelof electronmobility:

ed 1

T m*1-ix ¢

E:Drude('x‘) (3.2
where is the momentum relaxation timéhé mean free time between collisiafs
a carrer after which its velocity is randomizgdndm* is the effective mass of the
carrier (electron or hole) itihe given (conduction of valencd)and.At a photocarrier
densityN, the transient conductivity of Drude carriers is

(3.2)

where is the plasma frequency of the photocarrier plasma.

Fig. 3.1(a) shows in lines the Drude fit of thieHz responsef photoelectrons
in bulk rutile. The Drude model is based ora classical approacko the electron
transportand was employednany timesfor the description of charge transport in
bulk metals and semiconductaise utilize it for bulk rutile in Chaptes). It also
describes charge transporh larger percolatedparts of naromaterials (Si
microcrystals if52], largeSi nanocrystals in Chapt6éy or along nanowirefb3].

The Drude model considerseither finite density of electron states nar
possible dependence Gf on the energy ofarriers Thesetwo effects can béaken
into account by using the Boltzmann transgguationto calculate the conductivity
spectrum of electrons ia given materialbut that approachis computationally
demanding[54] For conductivity spectra that slightly depart from the Drude model,
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severalphenomenological parametrizatioase used, e.ghe Cole-Davidson(CD)
model withexponenb < 1 andthe Cole-Cole (CC) model withexponent (I 0) < 1,
where the exponents aratroducedin the denominator of the Drude modas$
follows:

5 .
wife)= =N 8 pi (o). (33)
™ - 9r)

The Colé Davidson models was used for fittieguilibrium THz spectra of complex
conductivity of silicon withextremely low carrier density 103 cm' by Jeon and
Grischkowsky[55,56] Beard et al.[57] studied THz photoconductivity of bulk
GaAs and Siand extensively discussethe CC and CDmodek as well as their
combination, asvritten in(3.3).

3.2. Hopping

Hopping represents a conduction process qualitatively different frama

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

in the band gap of doped glasses and semiconductors orifisp®lecular sites in
organic crystals, electrons dwell in states below the conduction band edge.
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Fig.3.2 Left: Dyre random free energy med of hopping mobility
(Ghin = 10fs, Ghax=10ps). Right: Localized plasmon conductivity
model co=1THz,2=2THz).

The Random free energy model introduced by )98 assumes that

photocarriers jump randomly over energy barriers between the localized states with

mobility

el M G) 2 0! )
e(¥)=iv M i G)- (- v 0o)Y1/ Gy, - 170G, (3.4)
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where the fregency of the hops lies betweendkk and 1lhin. The formula describes

a monotonous increase of the real part of the conductivity between the limit
frequencies Kig. 3.2). The low frequency and DC transport is etaetined by the
hopping mobility amplitudeey and 1lhax The model ceases to be valid at
frequencies high above (W because it omits a necessary higiguency
conductivity drop due to finite carrier inertia. It was used e.g. to model transport of
trapped carriers in hydrogenated microcrystalline silipg3y.

3.3. Localized plasmon

In contrast to the previous two models that describe molafityndividual
charge carriers, the localized plasmon (LP) model characterizes the collective
response of a carrier plasma in an isolated inclussoigh( as in semiconducting
nanoparticlg). (It is also referred to as the localizedfsage plasmon as it deribes
the behavior of a surface plasmon in a-a@velength particle.)t is based on the
considerationthat positive and negative charges the inclusion get spatially
separatedy anapplied electriqTHz) field 8 the opposite chargesccumulate at
opposite side®f the inclusion which subsequently exhibits an apparent polarization
The LP model describes the interactidretweenthese two plasmas of opposite
chargedsby a restoringelectrostatidorce that pulls the charge carriers back to their
initial positiors. The motion of charge carriers is then described as the respoase of
driven damped harmonic oscillat¢s2]

.o F
i) = - _ 35
oi(y) = -iv p—yg T (3.5)

whereF is the oscillator strengtho is the damping ratand ¥o is the undamped
resonance frequency. The resonance frequency is linearlgrjool to the plasma
frequency of théphotgcarrier ensemble enclosed within the inclusion

Ne
Gm*
Theproportionality constang can be determinefbr inclusionsof a givenshape and
orientationrelative to the probing fieldirection [53,59]

The overdampedimit of LP (¥oL 9) is the Debye model with relaxation
timed=a/¥o?

¥o=d¥=d (3.6)

@(Y)ZGZN iv d
mo iv o1

(3.7

that can be used to descritiee conductivity of carriersin a potential well oithe
diffusive type of conductivityat lowfrequencies in 1D systems with energy
barriers[44]

The LP model isusdul for modelling the macroscopic response of charge
carriers indiluted ensemblesof nonpercolated NPsvhere the intrananoparticle
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carrier interactionsare much more important than inteanoparticle interactions
(capacitive couplings across the gapsween adjacent NPs). The same céase
equivalentlydescribed below in terms of tHdaxwell Garnetteffective medium
approximationFor more complex geometriesy@hereffective medium theorgnust

beconsidered

3.4. Effective mediumresponse

Nanomaterials examed by THz spectroscopare generallymade ofpieces
of asemiconducting material dispersed in vacuumnoan insulating materiahat
servesas the matrixin the ground statehé matrix material is characterized by its
permittivity Gh and the semicondtting particles havex ground stateermittivity G.
From the point of view oTHz (= millimeter) waves the materials inhomogeneous

on the subwavelength scale asdseen as a homogeneous composite with a single

effective(or macroscopi permittivity U The measurable permittivityis related to
the microscopigpermittivitiesGh and ("

0= fEMT(Qn-q)-Z ), (3.8)

wherefemr is a function or a functional that also dependshanfilling fractiors ard
the morphology of the componen Various Effective Medium Theories (EMTS)
have been formulated to concret(3e8).

After photoexcitation, generated chargearriers exhibit a microscopt
transientconductivityo@i™, which contributes to the permittivity of the particles

s ETUISHL. ¢ Q . (39)

This microscopic transient conductivitgi™® is the soughafter quantity that
characterizes the transport ottklectric chargénsidethe nanelementsHowever,
in the probing THz field, photocarriers are separdigel to sample morphologgs
in the LP conceptand the accumulatgabsitive anchegativecharge clouds give rise
to intra and interparticle depolamtion fields thasum with the probing fieldThe
microscopic transient conductivitygti™® constitutesthe response of the charge
carriersto the local field which differs from theapplied probing THz field. The
compositehusexhibits aneasurablenacroscopidransient onduc@ i vi t vy

G DNQOSKCHION ;q“; , (3.10)

whichis related tahe microscopic onthrough the applicable EMT

*We drop the frequency argument)(of Uand (i variables in the general EMT equations for the
sake @ legibility.
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qll =-i¥ 'ejeuohotoexcned Ugroundstatel;I=
e u
N (3.11)
e q1l mic 0 o o g
=- g T%Jn Q 2 8' fEMT(un’q)’Z )L}
* v

The microscopic transient conductiviggi™® can be retrieveérom the macrosopic
oneonly if one knowsin which manner it is encoded therein, ivehich form does
femt take inthe particular sampléelhe mathematical complexity of the retrieval of
qu™¢ from THz photoconductivity spectrés in a sense the traddf for the
experinental advantagef not needing any physical electrical contaats&chedto
the sampleWe beginbelow with the concept of the depolarization factorof a
single polarizable particle amdview three well known EMT# order to present our
own EMT transpeentlyand in a wider contexh the following chapter.

Depolarization factolmand shapdactor
The polarizabilityof a semiconducting nanoparticie the THz frequency
range occurgyenerallymostly due tothe separation of electrenand holes (both
conducive/valence otbound in excitons or localizeid surface statgsrather than
ions. The local electric fieloh a single particlés

E!oc =E- STP’ (312)

Y
whereP is the polarization of the inchion caused by separation of charges in it due
to the ambient THz field&E. Thedimensionlesslepolarization factog is connected
to the shape and orientation of individual nanopartide=1 for a plane
perpendicular to the fields = 1/2 for a cylinderperpendicular to the field and
s = 1/3 for a sphere. Asemi)conductoparallel to the field has depolarization factor
equal to 03 it does not polarize, naturallfpolarization in(3.12) is proportional to
the microscopigoermittivity of the particleandto the local field

P=0(J - 1)E,. (3.13)
After substituting 8.13) into (3.12), one can factoout Ejoc:

EIoc :E o un o - (314)
sQ+(1- 8)Q,

The first two EMTs mentioned belo(Maxwell Garnettand Bruggemangtem from
this singleparticle viav and are suitable for description @omposites with
inclusions that all have the same shépe the sama). Their equations take simple
forms when using an alternative ofs, the so called shape factét[ 1/s 1 1.
(K =2for spheres oK =1 for cylinders perpendicular to the probing fieldhe
third well known EMT (Bergman)and also our approadintroduced in Chaptef)
aremoreclearlylinked to the depolarization factet
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3.4.1. Maxwell GarnettEMT
Maxwell Garnett(MG) theory[60,61] is one of the simplest EMTs ans
applicable whenone of the component®rms nonpercolatedand rather sparse

inclusions inthe other componenthe relation betwen the macroand microscopic
parameters takes a rather symmetric form

G4 _Y4-9% (315
O+KG, () +KG,

wheres is the volume filling fraction othe nonpercolated component (it may be
either the semicondting or the insulating component)in the case of

semiconductinginclusions in an insulating matrix, the acroscopic transient
conductivityin this approximations related to the microscopaneas

o — S(K +1)ZQn2 qﬁmic
Ju(s+K)+ 7 (2- s))a. o
(un( ) L{)( ))%%(S"'K)"'q)(l' S)+Iqlln:|c (1_ )
¢ ¥y :
Mics shows inthe Subection2.1.1 of his thesif37] that when the transient
microscopic conductivity of charge carriers in thaclusions follows the Drude

model(3.2), the effective response fothe compositeakes the formof a damped
harmonic oscillator

o _ S(K +:|_)2Qn2 N iy
G+ K)+ Q- ) m* w2 x2- v/ (3.17)

with dampingo = 1/(%.

(3.16)
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(Fig. 2.4 in[37])
Fig.3.3 Multi-THz mobility ¢ = /(e A)Nf asparse semiconducting spheres
with Drude type of microscopic conductividy left: the microscopic
mobility; right: the macroscopic mobility according to
Maxwell-Garnet EMT at different carrier densitids

This response is exactly equieat to the conductivity ofhe localized plasmoi(3.5)
with the coefficient betweethe resonance anthe plasmafrequency(3.6) given
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solely by the morphology of the structure and itqquilibrium microscopic
permittivities

_ 1-s
q_\/Qn(s+ K)+Q - s) (319

The effective response of inclusions thus shows a resonaeed-ij. 3.3) at a
frequency that shifts with the square root of carrier de«sity3.6)).

The MG model is exact in the limit of low filling fractiorf62] In that case, the
impact of mutual capacitangebetween the inclusions on the macroscopic
conductivityis negligible in comparison with thatrananoparticle effect of charge
separation and plasmascillation.

3.4.2. Bruggeman BMT

The Bruggeman EMTreatsthe phases of a heterogeneous systempletely
symmetricallyin a way similar to that oMaxwell Garnett Eachindividual piece of
the material with local permittivity §, Gh is consideredas an inclusionthat is
embeddedn the rest of thecompositewhich possessethe effective (macroscopic)
permittivity 0 The two materials are thus treated symmetrically. The Bruggeman
mixing rule can be easily derived using M& formula(3.15): Uplaysthe role of the
matrix in the Bruggeman modethereforethe permittivity of the matrix G is
replaced byJin (3.15) and a second term is added to tight-handside of the
equation to account for theclusionsof the matrix materigbresenin therest of the
compositewith the complementaryilling fraction (11 s). The Bruggeman formula
then reads:

o o o -0 o _ o
Ou Uozs H’ 5+ (1- s)M,1 0. (3.19)
U+KU U +KU U, +KU

The numerator on the left hand side is cleddgnticalto zeroand oneobtainsthe
Bruggemansummatior[63] in which the matrix and thehptoconductive particles
play symmetrical role. The formula 8.19) is additive and can be expanded with
another fraction describing a third componefh the composite with a different
permittivity and/or shape factor.

In contrast to the MG modeT he BruggemarEMT is valid for anyfilling
fraction s. However,it dictatesthe following percolation threshoklof the two
componerg based only on their filling fractions and depolarization factor,
indepement of different possible spatial arrangements. §orl/(K+1)[ s the
photoconductive component is percolated #@nd nonpercolated for lower values
The percolation thresid is found analogicallyfor the matrix with filling
fraction(11 s). In the case of spherical inclusiofs:; instancethe semiconductor is
nonpercolated fos < 1/3, matrix is norpercolated fos > 2/3 and both are required
to be percolated in betweernVice versa, with photmonductive -cylinders
perpendicular to the fielgs O1/2), the two components for can never be percolated
simultaneously.In morphologiescomposed ofhigher portions of noipercolated
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inclusionsor with more complex percolation morpholgggnother EMT musbe
used.

3.4.3. Bergman EMT

The Maxwell GarnetEMT 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 andpercolationthresholds of individual componentBhe Bergman EMT
in contrast,is technically able to parametrize &wo-component system ofng
morphology e.g. a sample containing both percolatadd nonrpercolated
semiconductinglementswith a continuousdistribution of shape factoia a matrix.
We firstoverviewseveral equivalent formulations of the Bergman EMT that occur in
the literature and then shortly discuss its propertias. material is described by the
volumefilling fractions of thepercolated part¥m andV, (called also percolation
strengths)f the matrix and the photoconductive components, respectasdlybya
so called spectral functiofor distribution)v(l), which characterizes the density of
nonpercolated parts with varioghapes (denoted by the paraméted <1 <1) in
the sample

In the general case, thapectral functionand the filling fractions are
normalized as

1

V, +V, + (i )dl =1. (3.20a)

Vv, + }y(l )dl=s (3.20b)

The effective permittivity of the structure is then given by an integral dwewhole
spectral distribution
1
] o o 0 V | y .
0=V, 0, +V,{ +4 T 05,9
0

0

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 formin the literaturd64i 66] with a different
definition of the spectral functimand of the percolation factor

e 1 [}

é o ~ 0 u
e > ae Q - [ ‘
—-1= s@(:pge—p- 18+9 Ldll}, (3.22
€m e CEm = 0 Em | u

e 0o .¢ u

e 0 =p m u

whereC, is the percolation factor of the photoconductive material (the portion that is
percolated) and(l) is a variant of the spectral density function
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C =

Vo
p s !

v(l)=- s% : (3.23)

The normalized percolationrehgthis sometimes includeds a delta function
in an exteded spectral functiof67]:

_ecd()1=0

o) =1 , 3.24
gm() :'g(l), 0<I<1 (329
reducing 8.22) to
e 1 2
e O u
e= emé,L+ Y gL(I)dI@. (3.25
F:‘ 9 Em +| lij
g % €~ Em H

Bergman68] and Bergman and Stro(i@9] equivalently representthe spectral
function gex(l) with a sumof real simple pole® Os, < 1 of the integrand in325)
with real positive residued< Fn< 1

. F
€ .1=5 "™ (3.26)
e (&
m n m +Sn
e - e,

where the residues are normalized to the filling fraction of the photoconductive
component:
aF, =s. (3.27)
n

A comparison of the denominator in the integri(3.21) to thatin the local
electric field in a polarizable inclusiof8.14) suggests that the parameldras the
intuitive meaning of the depolarization factgr Indeed, in the limit of very low
filling fractions (inclusions with negligible mutual electrostatic interaction), the
spectal distribution would feature a series of delta peaks positioned at the
depolarization factors belonging to the respective shapes present in the $angple (
andtheir amplitudes would correspondttee values of the filling fractions of these
shapes.With increasing filling fractions, mutual capae# coupling between
individual (photo)condutive inclusions increasingly change their polarizability in a
complex way. This behavior is represented by widening and shifting of the peaks in
the spectral distoution v(I) and even by completely new peaks arising due to
complex electrostatic couplisgoetween near and far parts of the structure. This
observation shows the generaharacterof this description, compared to the
terminology ofdiscretedepolarizatio factors.

From the mathematical point of viewn ithe case when one of the
permittivities is negative (metallic behavior), themestsan | (or s in (3.14)) for
which the denominator vanisheBhe contribution of the integral to the effective
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permittivity then describes plasmon oscillations in inclusions of a particular shape
(localized plasmon resonanc@he spectral functiowl) canthus alsde understood

as the distribution of oscillatotrengths for the different shapes of semiconducting
inclusions present in the sample.

The Bergman EMT is seldom used to intergngberimentatlatabecause¢he
spectral function of th@articular samplecannot be usuallgasily found(see the
related dscussion iff65,66)). In our work it prowded 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 desciibed
Chapter4.

3.5. Monte Carlo simulations of carrier confinement

Our group has developed a program that calculates the mobility spectrum of
classicalthermalmotion of a chargecarrier ina semiconductor (nano)particle of a
given shap€70]. Themainphysicalinput variables are:

1 size andshape ofthe semiconductomanoparticles(cubes, spheres,
ellipsoids);

1 scattering time of the carrier in the bulk volume of gaticle together
with carrier velocity it definethe carrier mean free pathee,

1 temperature and velocity distribution (Maxwell-Boltzmann or
FermiDirac) from which the carrier randomly selects its velocity
magnitudeafter a scattering event;

1 probabilities that the carrier scatters at, reflects from or tutimelaghthe
particleboundary to an adjacergarticle;

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

The algorithmrecordsthe carriervelocity vectorcoordinatess (i = x, Y, 2) in
time tNjor a statistical ensemble of i@t conditions and trajectories determined by
the temperaturd. The Kubo formula then yields its mobility spectrum from the
velocity autocorrelation functiof71]:

=iTﬁ O, ) expivtiti,  i.j=xy.z, (328)

wherekg is the Boltzmann constant abdackets denote averaging oecanonical
ensemble with given temperaturdlote thatej is generallya tenso® its diagonal
elements describe moh along the axe@hese are identical whenodelingisotropic
structures); the offliagonal elements reflect the impactpoksibleexternal magnetic
field on the carrier motiomasdiscussed ifi72]. The simulationprogramis capable
to take into account othgrrocessesuch ascarrier trapping on bulk and surface
defects and their thermal reemission or the presengeafuniform electric field in
the nanocrystals.
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Fig. 3.4 Mobility spectra of carriersnf* =1 me) at 300K (thermal velocity
1. 1 7?in/$, Gcattering time 8516) in isolated sphericgbarticles
(100% probability of carrier reflection at gpiale boundary)with
variousratio of nanocrystal diametdrandcarrier mean free path.

Fig. 3.4 shows the calculated mobility spectra of a carrier in an isolated
spherical particle with different ratios betwettie 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 zebecause the insulating boundaries of the
inclusion deny the longange 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 rodinigp of the carier in the inclusion[70] The
imaginary pa 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 fieldsin samples with nomercolated nanoparticles, compare in
Fig. 3.4 andFig. 3.3.

3.6. Remarks on nanoscale conductivity

We have shown in the previous two sections that thectdamatype of
photoconductive response is own to nanomaterials but that it may be produced by
two different effects: the effective medium response of apenolated composite
and confinement of charge carrier in individual nanopatrticles. Let us pdirtheu
difference.

On thenanoscale the microscopicmobility of carriers depends dramatically
on thesize of the confining nanoparticleF(g. 3.4): with particle size below the
carrier mean free path, the mobilglganges from inductive to capacitive. The carrier
densitydoes not play a role here (carfiearrier interaction may come into play at
high densities).

By contrast, theabsolutesizeof the photoconductive particles does not play
any role in their macrosopic (effective) response Instead, the macroscopic
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conductivity of the composite depends strongly on the cadeeasity (or, strictly
speaking, on their microscopic conductivity), seg 3.3.

We thus see thdhe capacitive type of THz photoconductive response is not
necessarilgonnected 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 eres from such results. For example, Micsalef47]
studied THz photoconductivity of CdS nanocrystals (N@#) diameters of 10.Am
and observed capacitive type of response. Their analysis of depolarization fields and
possible arrangements of the sample surprisingly showed that charge localization
occurs at ~4@Gm length scale. Transmission electron microgcfpEM) images
then confirmed that individual 3@m NCs were packed to clusters of a
corresponding size.

3.7. Drude-Smith model

In 1968, N.V. Smithproposed a modificatioof the Drudemodelto describe
the unusual, capacitivelike conductivity of mercuryd such behavioris very
uncommonamongbothliquid and solidmetals[73] His sacalled DrudeSmith (DS)
modelwas usedater onby different groupso fit the THz photoconductivityspectra
of nanostructured semiconductors, although the physical interpretation of its fitting
paraneters remained unclear namely in the cases when the effect of the
depolarization fields was not carefully evaluatdd. 2009, ND me c  [@0] al
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 t hat eleGttoisen merauwcykisssoat t er i ng
strong that, after a time of the order of t
reverse its dIi78]dcdescria thioassumpton,iimoduced the
parametecy (denoted originallp)as At he expectateraoolisional ue of
wheret i s t he s c a[t3l], evihiah is gsupposed tde the measure of
persistence of the initial velocity of an electron afieollisions.(The collisions are
counted from the beginning of the motion of the etattwhen it was accelerated
with a unit impulse of electric field.) The complex conductiwitigh Drude Smith
time (bs then read$§74]:

qﬁ(x):Neztﬂjs 1 ejLét.c—p”p
m* 1-i¥ Gka o= (1-iv )

Smith pointed outhatin the case bindependent collisionc, = (cy)P, (3.29) actually
does notead to qualitatively new behavias itis easily summedip to takethe form

of the Drudeconductivity (3.2) with amodified scattering timél = QS/(]-' Cl). To

benefit from the new parametey, Smithtruncated the seridsy settingc, =0 for
p>1 and thus introduced the so-called single scattering approximationThe
conductvity of mercury waditted with the obtainedequation

]

c

). (3.29)

c
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Nels 1 S+ g (3.30)

m* 1-iv Psg 1- mgsu

yielding a good agreement with experimantatawith N = 2.7 electrons per atom
andc: =1 O . EgBation(3.30) is since thermreferred toas the Drudé&Smith model of
conductivity. The justification for single scattering approximation was unclear in the
original work of Smiti73]. In 2001, Smith suggested that only the first scatjes
ballistic, with preferential backscattering, and the following events are diff[i&giye

In samples with DS type of THz (photo)conductivitlyjs assumed thdhe
first collision of a carrier accelerated by the probing THz field is its battksicey
on the boundary of theanoparticlein which it was generated and the following
scattering events in the volume of tharticle are random. The parametec: with
val ues bet wed¢hanin@rpreted ds thelextent of the localization of
cariiersinside theparticles[75]

NNDme c [} fitted the DrudeSmith modelto the broadbandmobility
spectra calculated frorthe Monte Carlosimulations(cf. Section3.5) of classical
motion of acharge carrier inarioussystems oparticles They found out that

CpJDrude Smith (’X‘)

1 TheDS modeffits well the carrier mobility only when a limited part of the
spectral range is considered

1 The lowfrequency extrapolation dhe DS model thatwas fitted on actual
(experimental, simulated) data in a limited spectral ramgs lead to
guantitatively wrong conclusions on longnge transporin the NP
system.

f An analytical connection between thBS parametersc; and s and
physical transportagrameters of the nanosystémamelythe probability of
carrierbackscattering on thearticleboundary pulk scattering timég and
the time of carrier round trip in thearticle can be found only when the
diameterof the particlds smallerthanlfree

The truncated DS modelis thus physically adequate for describing the
microscopicconductivity ofparticlesthat are smaller than the mean free path of the
charge carriers in therfizO] Nevertheless, in this case the depolarization fields that
affect the measurable macroscopic conductivithould be taken into account
independentlythe DS model should be put inside an applicable Eithe place of
the microscopi c 0%donabtaic &nimedelt of thet reeasurablep
macroscopic o n d u c €. If this stepis ogerlookedthe DrudeSmith parameters
may lose their physical significance completely as described below; in addition, they
would strongly depend on the photocarriersign

The review ofexperimental papers in Secti8r® shows that this procedure
was not always followed in practiée the DS model has been relatively frequently
used to fit the measuredacroscopiaesponse oflifferent nanmaterials Below we
show that this approach cannot yield physical information as it leads to intermixing
of several phenomena in too few paramet®¥vgh c; =0, the DS modelclearly
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reduces tdhe Drude conductivity of an ensemble aflelocdized electrons3.2). In
the other limit,cc =17 leguation(3.30) can be easily rearranged into the form of a
damped harmonic oscillator:

o )_Ne2 -y

m WG - ¥?- 2w/ Qg (339

where, adopting théocalized plasmomotation according t¢3.5), the undamped
angular frequencyr, =1/ (., and the damping rate= 2/ are bound together in

a fixed ratioo=2¥,, which represents critical damping of the oscillator.

The DS parametan thusconstitutesa smoothparametrization oé transition
betweentwo special cases ofmacroscopiccorductivity: Drude model and the
localized plasmormodel in the regime of critical dampingiowever, even the
simplest example ofmacroscopicresponseof particles with Drude microscopic
conductivity within the Maxwell Garnet EMT (3.17) showed that there is no
requirementor the plasma frequency and the damping rate to be bound in an exact
ratio. The DS model is thus essentially ungarametrized for the purposs
physical interpretation ofmacroscopicresponseof a compositg(although itoften
provides satisfactorfjts in a limited spectral range)n other words,fithe DS model
is used to fit directly theneasured THzonductivity spectrathe effects oboth the
carrier confinement and depolarization fielare mixed in eachof the DSfitting
parametersc: and (bs and the physical interpretationof such fits would be
completely obscuteThe information obtained from DS fitsf macroscopicTHz
photoconductivity spectr@an beuseful for categorizingthe data and . for
describing evolution ofhe spectra in aeries of samples with systematically varied
parametersuch aghosepresented ifi76].

We use theDS model in this thesis solelgs an instrument for analytical
reproduction ofMonte Carlomobility spectrain a limited spectl rangein order to
speed up fitting with these spectra that are baseuinerconsumingsimulations.

3.8. Quantum confinement

Quantum confinement, &. discretizationand shifting of energyjevelsin a
semiconductor due to decreased size of the crystadn igmportant property of
nanomaterialslt occurs on sizes belowlOnm or less, depending on the material.
Samples containing nanocrystals with substantial quantum confinement are studied
in Chaptel6 but the &e distribution of these NCs was too wide to enable monitoring
of single energy levels byHz spectroscopyn this thesisHendry et al[77] used
kinetics of spectrally averagedansientTHz responsdo observeelectronto-hole
enegy transfer in CdSe quantum ddgt3Ds) in dependence on QD diameter (from
1.7 to 10nm). This was possible because theeV energies of THz photons are
small enough to avoid interband excitationshe QDs The lowest energy hole state
hasthe highest pahrizability in the given systermaccording to Wang et dI78] and
transient THz absorption thus served as a measure of the population of this state.
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3.9. Published experimental works

A selection of experimental papes THz photoconductivitygives an
overviewof the achievements and uncertaintieoof method in the debated field.
We mention some systems that may be relevant for our stursyresults in this
section are grouped into subsectionstbg studied material First two parts are
dedicated to semicmluctorsmost relevant for this study) silicon and titanium
dioxide. Some other inorganic nanocrystalsare briefly review in subsection
afterwardsand the last subsection covers studies-dmiensional structures.

3.9.1. Silicon micro- and nanccrystals

Nienhuysa n d S u rf5@]snvestiyatedsilicon miciocrystals (130e m i n
diametey produced by grinding of a Si wajen a polymer matrix They found a
good agreement between tmeeasured THz photonductivity spectra and the
localized plasmommodel (3.5) and identified theplasmondamping time of about
150 fs with the Drude scattering timef electrons in the volume of microcrystals

The expected plasma frequen@ependence¥0~m (3.6) was apprximately

reproduced inheexamined pump fluence range.

The group of Frank A. Hegmain5] measuredTHz photoconductivity
spectra ofSi nanocrystalgNCs)in SiO, matrix produced by annealing ofel nthick
SiO films. Sampleswith NC diameterfrom 3 nm to 7 nm and with an increasing
averge interparticle spacingf 0.7i 1.4nm were obtainedThe Drude Smith model
was found to provideghe best fit after consideringlso some otheapproaches
(effective medium theory alone, twgite hopping moddl79], localized Drude
model[80]). The parameteof the DrudeSmith modelctcd ecr eased t owar d
with decreasing NQiameter The norzero DC transportorresponding ta; >1 1
was confirmed by contact measurenserthe fitted values oflps~15fs were
successfully linked to the NC sizes.

In another papeof the samegroup[76], siliconrich SiO (x=0.2-1.0) films
were annealedimilarly to obtain samplesf Si nanocrystals with different degrees
of percolationin SiO, matrix with different degreesof percolation The time
evolution and Stonent dependerof the measuredHz photoconductivityspectra
were evaluated by using the Drufenith modeland by andomwalk simulations of
carrier motion in a 3D array of closely packed nanospheitt®ut bulk scattering
Percolation threshold for Sillfng fractions above 38% was observed and a carrier
diffusion length on the order of 100n was derived in percolated samples.

Fekete et al[43] studiedhydrogenated microcrystalline silicon widariable
degree of crystallinity, prepared by plasma enhanced chemical vapor deposition from
silane and hydrogerilhe transient THz kinetics scarghoweda subps ultrafast
component attributed ta Drudelike transportof carriersinside the grains with a
mobility of 70cm?V" ¥ 1 within ~600 fs, thecarriersgot captured in shallow states
at the boundaries of 280 nm large grains and the transport at longer times was
dominated by the hopping process.
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3.9.2. Titanium dioxidenanocrystals

Turner, Beard and Schmuttenm&t] studied 25nm large Degussa P25
TiO2 nanoparticles sensitized with the Ru535 dye&/ 7K. The carriercooling was
observed duringhe first ~300's and at longer times, thearrier mean free pathas
estimatedo rangebetween 1.6 and 4rim. The complex conductity spectra were
fitted by the DrudeSmith model and it was showhat charge carriers, whokeng-
rangemobility is reduced bythe disorder, are still quite mobile om short range
insidenanoparticlesFrom our perspective thgarameters athe Drude Smth model
do not carry a clear physical meanimgthis case sincie was meh smaller than
thenanoparticlediameter.

Hendry et al[82] alsonotedthatthe intepretation of the resulis [81] using
the DS modelis problematicabndtheyinvestigatedsamplessintered fromthe same
commercial precursdiDegussa P25 Tig) without any sensitizing dyeFits withthe
Drude model of microscopic conductivity withithe Maxwell Garnett EMT
reproducedvell the main features of theneasired THz photoconductivity spectra
Moreover,the carrier density and temperatudependenceof the measuredHz
photoconductivitywere fully explainedas consequensef the dependence of the
carrier mobility on these paramete@arrier mobilites of ~0.01cn? ( ViA the
nanoparticles and ~dn?/ ( ViA a )eference bulk rutile sampleere reportedat
room temperature

The study by Nidmec et al[70] presentingMonte Carlo simulationsand
comparing them with the Drue®mith model ofthe conductivity (cf. Section3.5),
was supportedy experimental data measured 8nm TiO2 and 15nm ZnO NCs.
The effective response of the samples vi@ad to bea linear function of the
microscopic carrier conductivitpecausethe NCs wereconductively percolated.
Fitting of the experimental dataith the mobility spectraobtained byMonte Carlo
calculationsprovidedreasonablealues ofthe quantumyield of phobexcitationand
of theprobability of carrier backscattering on NC boundaries.

Nanocrystalline mesoporous films made afiM percolatedTiO, were also
studiedby Nemec et al[83] and theMonte Carlomethod gave excellent fits to the
spectra, providing microscopic parametershafcarrier localizationThe NCs were
dielectrically percolated or at leadiglued together with amorphous titania and
linear scalig between microscopic and effective conductivity was justified

Il n anot her p a p[d8] a confiparidblofmseileps dyriamics lof.
charge carrier injectiom two pairs of samples made ®hm TiO2 and15nm ZnO
NCs sensitized with two different dyeRu- and Znrbased)showeda striking
difference between the two materials, independent of the Elgetrons inTiO2
exhibit a low mobility due to the very strong electmmonon coupling in contrast
with ZnO where the electron mobility is higher by nearly two orders of magnitude.
On the other hand, sensitiz&tD> NCs accept photoelectrefrom the excited dye
molecule much faster than ZnRCs because the high permittivity of Ti@rovides
better screening of the excited dye catitiraction between the dye cation and the
injected electron then significantly slows down the transport in Bp@ctra of THz
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photocomluctivity 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 ofr#@ TiO. nanoparticlesin the bare films
the photaonductivity onset wafaster than thexperinentaltime resolution andhe
signaldecayed on the ~1rs time scaleSensitization with &u-baseddyeled to an
appreciableslowerinjection speed thephotoconductivity kinetics displagla 70i
200ps risefollowed bya~5 nsdecay.Mobility of abou 0.1cm?/ ( Vwasrgported
at room temperaturgoth inthebare and dysensitized samples

Another study of this grouf85] compared the THz photoconductivity
kinetics inthree promising photovoltaic materiglsanoporous films of TigE Zn O
and SnQ sensitized with the same dy®arallel transient device photocurrent
measurements showed a correlatlmetween the hdevice carrier mobility and the
rate of earlystage carrier injection rate observed by THz spectroschpgcarrier
injection irto TiO2 was fastelin accordwith thef i ndi ngs a.f48))MMdimec et
the indevice mobility waloserto the bulk value than in the other two oxides.

3.9.3. InP, InGaAs, CdS, CdSe, Vonanopatrticles

Beard et al[86] observed almost purelymiaginary capacitive THz
photoconductivity in disordered arrays P nanoparticle (3.2nm in diameter).
The photoconductivity increased 6 times when éveragespacing between NPs was
decreased from 1#® 0.9nm and the spectra were fitted with the @@smith
model. Transient THz kineticscans showed that NPs with smaller spacing have
longer trapping timethis wasattributed to enhanced int&iP tunneling. Control
sample of bulk InP emxial layer displayed relatively slow (~30s)
photoconductivityonset due tahe scattering of hot electrons to lemvobility L and
X valleys, this process was ssing in samplewith nanoparticles

In another studyB7], this group successfully used the Bruggeman EMT with
Drude mobility to characterizehe sizedependence of THz photoconductivity
CdSe nanoparticles ofirioussizesbetweer2.5 and 251m. The decrease @lectron
mobility with particle size was explained in terms of scattering on nanoparticle
boundaries at sizes above thectten Bohr radius (4.9m).

Merchant et al[88] studied depletion regions arounarfeice states at 5m
pores in S-doped nanoporous InP membrangs 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-aepleted regions exhib
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 metahsulator transition of anogranular V@
(94N26nm grain diameterfilm between 30 and 390K by steadystate THz
spectroscopy The variation of the macroscopicconductivity with temperature
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(changing filling fractions of grains in mélia and in insulating statejould not be
reproduced using Bruggeman nidiaxwell GarnettEMT with Drude microscopic
mobility. Direct fit with the Drude-Smith modeland evaluation of its amplitude (via
plasma frequency) yielded electron densities in the metallic state consistent with
values reporig elsewhereThe conditionof comparable carrier mean free path and
nanoparticle size (cBection3.7) was partly justified.

Mics et al.[47] studieda thin film of 10 nm CdS nanocrystalprepared from
chemical bath followed by annealirfgts of theTHz photoconductivityspectra with
the result of MonteCarlo calculationsshowedthat electron localization occurs at
length scales 28nm, suggesting that groups of adjacent NCs are igood
conductive contact and form aggregates thataraially connected only by narrow
channels THz photoconductivity spectra andkinetics measuredat different
excitation densitieandwith two pump photon energiesvealed existence of energy
barriers between the NCselectrons with high excess energy (soon after
photoexcitation or at higlexcitation densities due to band fillingghowedhigher
probabilities of passing to adjacent NCs and clusters.

3.9.4. Quantum wires nanotubes

Parkinson et al.[53] examined an array ofandomly orientedGaAs
nanowires (50100nm in diameter, 510 nm long). They successfully fittedHz
photoconductivityspectra with a sum of the Drude mo@@nductvity of nanowires
parallel to THz field)and a localized plasmon mo@eonductvity of perpendicular
nanowires) The amesum conductivity model wasuccessfullyused in their next
study[90] that comparedl'Hz photoconductivityspectra and dynamics of GaAs
nanowires after different production and pgetwth conditionsThe importance of
surface passivatiowas pointed outn order to increase carrier lifetime in GaAs,
based on experimental results.

In anotherpaperof this groug91], THz (photo)conductivity of randomly
oriented GaAs, InAs and InP nanowires of various diamd20s200nm) was
compared The localized plasmon model was used and the behaViplasma
frequency(¥p ~ NY?) was examined in detailThe THz photoconductivity kinetics
showeda decrease otarrier lifetime with decreasing NW diametdue to the
surface recombinationn all 3 materials InP NWs showed the lowessurface
recombination velocity and were studied further in[92] with the help of
time-resolved photoluminescencand HRTEM images of the NWs. HRTEM
images revealettansversabtacking faultghat on the one hand increase the carrier
scattering rate but, otlhe other handgffectively separate electrons from hokexd
thus increase the carrier lifetime

The first Optical pumjTHz probestudy of GaN nanowird®3] was also
accomplished by # group of Parkinson e al. High-quality NWs grown by

* High-resolution transmigon electron microscopy
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molecularbeam epitaxy exhibit a ~2r&s 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 sumd®uP modelyielding a
mobility of 800N 1 @®?V' § !in the NWs, comparable to or higher than in a
referencecommercial bulk sample

The group of Frank A. Hegmar94] detected lege anisotropy inthe
photoconductivity of digh-mobility 2D wetting layer of InGaAs which had parallel
chains ofself-assembled InGaAguantum dots on.iffransient THz kineticsevealed
that the nanochains act f@st and efficient traps for carriers wiog perpendicular to
the themin the 2D wetting layerat low temperaturesvhile thermalemission from
the nanochains and nanodotato the 2D wetting layer dominatethe THz
photocaductivity spectraat temperatures abo@® K.

The same group four[@5] alsoa strong anisotropy itransient THz kinetics
of laterally ordered InGaAs quantum wires embedded @GaAs matrix. Here, the
carriers excited in the matrix and in the wetting layere captured in the quantum
wires in thefirst 6-30 ps after photoexcitation and then skealthe Drude type of
mobility along the nanowires.

Ponseca et al96] measuredthe transverse THz photoconductivity of a
regular array of heavily Sdoped InP nanowires (1%0n in diameter). Thetructure
exhibited strongvaveguiding effect®f the excitation lighthat were evaluatedy
precise numerical calculationshe mobility of electrons localized in the transverse
direction of the NWs was evaluated Monte Carlosimulations (cfSection3.5).
Sets of THz photocanductivity spectra measured ovarwide range of excitation
densitiesat two pump wavelength@00nm and 61(m) were successfully fitted
with the effective conductivity obtained from thdonte Carlomobilities through
Maxwell GarnetEMT.
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4. VBD effectivemedium theory

The VBD effective medium modelas developedh our groupon the basis
of numericalcalculations ofelectricfield distribution innanomaterialsvith various
morphologiesThe formula for the effective conductivity/permittivity of a composite
that we propose with this modelmay be understooffom a simple equivalent
electric circuit approactiepending on 3 parameteX4:B, D. In this Chapterye first
summarizehe derivation of the model thate publishedin [97]. Next, we relate it to
the experimental method of this thesis. We interpret the paranvet®rP in terms
of the Maxwell GarnettEMT for somemorphologies and &further showthat the
model can be understood in the frameworktloé Bergman effective medium
approach with asingle representativelepolarization factor.The model itself was
developed by Ivan Rychdtd Hy ne k NNDme cheauthod paficipated Ku g el ;
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 oflmode
structures. Fourteenlifferent periodic two-dimensional structures consisting of
sphericalparticlesand linearconnectorswith an equilibrium permittivity of (3 = 35
in a matrix with the permittivity Uh=1 were designedFig.4.1 shows several
examples).

8D8 & 24 Irregular

Moore 3

(selection frontig. 1.in [97])

Fig.41 Examples of 2D structures ex@ed in presented modehlack
particleswith adjustable permittivitywhite dielectric matrix gray
dashed lineboundary of elementary periodic unit cell.
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Each structuravasnon-percolated along theecoordinate and featured a more or less
complex petcolation pathway across the unit cell along xheoordinateand thusit
was utilized to obtairdata for both percolation regimes aur calculations.Four
different classes of structures wargalyzed

1 7 structures were variants af simple chain typgin§ mo (first row in
Fig. 4.1); purposeinspecing the effects othe length of the pathway and
of thespacingoetween parallel sectisiof the pathway

1 4 structurescombined 2 different types of simple chais & like the
A8 8&25 40 st r ucFguwid enspeacimy a possibly different
coupling between the chaitigan in simple chain structures

1 3 fractal structureshowedthe effects of increasing fractal complexity of
backward meanders, starting from oofethe simple chains and ending
wi t h fBMoRgrad.

1 2 irregular structures(one percolated shown in Fig.4.1, and one
nonpercolatedvere investigateds areference to the ordered ones.

The dructures were approximated by rmoniform triangular meshes by a suitable
image processing procedy@s] for the purpose of the numerical calculations.

The dstribution of the local electric fieldE(x, y) in each structure upon
applying external static electric field alongeoaf the coordinates was calculated by
solving quasistatic Maxwell equations with periodic boundary conditions using the
finite element method n@mely the programming language FreeFem++ and the
software of the same name). The calculadéstribution of electric energy was
averagedver the volume of thenit celland equated to the situatiaerethe same
amount of energy was distributedomogeneouslyin a unit cell with the
permittivity l°J

A Lh y)E2(x,y dxdy-—tﬁ Ef(x, y)dxdy, (4.1)

wherex, y) is the microscopic permittivity in the structure, iiteequals(y inside
particles andd, inside the matrix. Thealculatedpermittivity Uthen representdy
definition the effective (macroscopic) permittivity of the structure in the
nonphotoexcited state.

Finally, an imaginary contributiorgdynj was added to the par-r
( (in order to simulate the photoexcitaticemd the calculation was regted for a
wide range of values offjnj The complex valuedc h a n § ef thepeffective
permittivity (with respect to its equilibrium valug as a function of thadditional
i maginary permittQnviway bh uMefusherpeieionped d | es
andgddnj as t o effective permittivisy anel transieltnaginarypermittivity
or particles respectivelyto keep in the contexif the thesischapters. However, we
stress that the field calculations above are performed in the-sfaéisiimit and the
adjectivetransientrefers only to the fact that transient (photo)excitation is used to
induce these changesthe experiment
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Fig.4.2 Calculated dependences of the change of effective permittivity on
the trangent imaginary permittivity of particles inexamined
structureswith the field applied (a,c) along the percolation pathways
and (b,d) perpendicular to the percolation pathw@ydor legend is
the same for both plots on a row.

Fig.4.2 s h o wi$ Gin)

dependences

for sever al

morphologies for the field applied alogandy (i.e. in both percolation regimes).

Both the real part (dashed lines) and the imaginary part (full lines) of transient
effective permittivity s h o w
dependences have the same slopes in thdo¢pgcale for all percolated and
nonpercolated structures. Fdrigh valuesof the particle transient permittivity

(@ >10i n
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part of effective permittivity shows a saturated behavior in both percolation regimes.
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percol at i onQ"itdéugherrnersase$steadily foi pprcolaten

t he

structures Kig. 4.2(a,c))

and

it decreases for

nonpercolated

structures

42

00)

Si mp



(Fig.4.2(b,d)). A transition region is observed between, whose spectral width
increases with increasing complexity of the structure.

Compared to the phenomena observedFig. 4.2, neither the irregular
structures, nor the other periodic ones exhibited quakigt new features in the
effective permittivity dependence8efore we analyze the obtained dependences
further, let us introduce thequivalent electric circuimodel. It provides an analytic
formula that fits these dependences well and gives an imtintigrpretationof the
calculatedesponse of examined structures.

4.2. Equivalent electric circuit model

Our EMT works in the quasstatic approximatiorand thuswe can consider
electric circuit analogies to our structures on the same level of approxiniBien.
particles inthe photoexcited statare basically just pieces of a condudiwat 1)are
connected along the percolation pathways into wivédk some resistivityandor
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.
want to find the simplest possible electric circuit whose response is in a general
agreement with the results of the numerical simulations alf6ge4.3 shows the
two simplest circuitthatmayrepresent a percolatethd a nofpercolated structure.

The capacitorCyp in the RC branches in both circuits accounts ttos
capacitance of theatrix-filled gaps between the ngercolated particlesr between
parallel sections oparticle chainsand the resistorRyp stands for the resistance
across theselementsin the direction of the applied fieldThe lowerbranchin
Fig. 4.3(a) stands for the resistan@dongthe perctation pathwayRe. (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 stru&sariswill
be shown latersingle representativecapacitive and restive factors satisfactorily
describe the response of most structures.)

(@ (b)
Ryp Crp
Ry

(Fig. 3.in [97], notation adapted)

Fig.4.3 Equivalent electric circust of modelled structures(a)with and
(b) without a percolation pathway.

Theadmittanceof thecircuitsin Fig. 4.3 is simply found as
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Y:i+¢
[

P 1+
¥CppRyp

, 4.2

with thestandalond/Re term omitted irthe admittance othe nonpercolatectircuit
in Fig. 4.3(b). The inverseresistances Bbnp are naturallyproportional to theeal
part ofparticle transienconductivitycq@i™“Njps opposed tihe capacitanc€&ne that is
related only to the morphology of the sample and the permittivity of the matrix.
We do not seekpecific relations between the quantities describing the circuit
and the nanostructure. The dhtion of the admittancél.2) servesus merely as the
function pattern foro u r EMT 1 t he r enlicoscopocand theet ween th
effective conductivity The total circuit admittance is adogousto the effective
transientc o n d u c @ df theireprgsengedtructure

qul mic
1+ iDqﬁomic ’
LY
where V is the percolation strengthof the photoconductive material
(cf. Subsectior8.4.3. Notethat from now on we simplify the notatiotV [ V, as we
deal only with thechangeof the effective conductivity/permittivityThe constant
percolation strengtWn, of thedielectricmatrix does not play a ®in the change of
the effective quantities and usingonly for V, is thus unambiguousB and D
constitute morphology parameters whose interpretation is discustesifollowing
subsections
Equation(4.3) definesthe VBD effective medium model in terms of complex
conductivity In order b fit it to the calculateckffective transientpermittivities we
convert it using théeefinition

o =V me + (4.3)

o 1000 o _ il mic
-—, = 5 4.4
oJ YU o, ¥ U (4.9)
to the probably briefest variaint terms of complex permittivity
o o g/ B 45)
= +—— :
w ch)é 1+ D}
For pur el y=iiogathe depandgnce@xplicitly
o . o DBl & . Bl 9
ioddi = i i CFL!!' u. (4.6)

Equation(4.6) was found to fithe calculatectd{ Gnj Ylependencesery well
for all examinedstructureqseeFig. 4.4), exept for thenonpercolated direction of
themo s t compl e x 3f0(See ttiari4.6 belblofar coenments on
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