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Chapter 1. Introduction

Chapter 1. Introduction and aim

Zinc oxide (ZnO) is an important wide bandgap semductor with a wide
variety of applications in piezoelectric transdgcefaristors, phosphors and transparent
conducting films [1,2]. It is a group II-VI diredtandgap n-type semiconductor with a
large energy gap of ~3.4eV at room temperaturda$t wurtzite crystal structure, is
transparent in the visible region and electricaflgnductive. These outstanding
properties make it a promising semiconductor foreptial technological applications
such as ultraviolet light emitting devices and semductor electronics [3]. Among the
several advantages over other competitive matesgalsh as GaN regarding this
application, ZnO has a large free exciton bindingrgy of around 60meV compared to
24meV in GaN, hence the excitonic emission procesae efficiently persist at room
temperature and higher. Stimulated emission aniddagroperties of highly excited
ZnO have been reported in the literature [4,5,3]e keen interest in ZnO for the
realization of ZnO based optoelectronic devicesdiss been fuelled by the significant
development of growth technologies for the fabraatof single crystalline bulk
material, polycrystalline ZnO to epitaxial layersdananowires. Doping ZnO to produce
n-type semiconductor is relatively easy to achimeitb elements such as Al and Ga. On
the other hand, there have been fewer reports aheys-type doping of ZnO using Li
and Na [6,7]. Reliable p-type doping is still amarf intense research. Other salient
properties of ZnO include its broad chemistry legdio many possibilities for wet
chemical etching, low power threshold for opticalmping, radiation hardness and
biocompatibility. Together all these propertiesZoiO make it an ideal candidate for a
variety of devices ranging from sensors to ultrbetitaser diodes and nanotechnology-
based devices such as displays [8].

This investigation is a part of the joint projedBE5762 “Functionality of oxidic
interfaces” devoted to the preparation and charaeteon of multifunctional oxidic
heterostructures consisting of components witho#dectric, magnetic, semiconducting,
and insulating properties to pave the way for tetbgically better performing
materials. Zinc oxide with its aforementioned pnties is an ideal candidate for use as
interface with ferroelectric materials such as tnarititanate in the multifunctional
oxidic heterostructures and to study their propsrtHowever, prior to its application as
an interface, first it is critical to gain fundamahunderstanding of the electronic
properties of ZnO alone without any interface, siitas the properties of a material that
eventually determine its usefulness in an appbecatiThis laid the foundation for
pursuing the reported work.
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Considerable research has been carried out on pgteabproperties of ZnO
using pump probe transient absorption spectroscljoyinescence spectroscopy, up-
conversion technique, transient grating spectrosempl optical Kerr gate luminescence
spectroscopy [9,10,11,12,13]. Reported studiestnlirafast dynamics are explained
in terms of free charge carrier trapping into lazd states which occur on a time scale
of ~1ps. Initially delocalised charge carriers aget trapped into shallow or deep
trapped states within the bandgap [14,15,16]. Hawnelttle has been reported about
the complete ultrafast dynamics of undoped ZnOdibwer the entire visible spectrum.
There is still a lack of general consensus reggrdile mechanisms underlying
photoexcitation and relaxation in ZnO. The exadt af intrinsic and extrinsic defects
in the optical properties of this material is sdilmatter of speculation. Determination of
these aspects is of utmost significance to gaieteebfundamental understanding of the
charge carrier dynamics of the ZnO films.

This thesis is aimed at investigating the relaxapoocesses of charge carriers in
ZnO films and to utilize this knowledge to eventyakfine the dielectric function of
ZnO. It also aims to study surface effects on @ier dynamics in ZnO. The ultrafast
dynamics of pure ZnO films is intensively investiggh by femtosecond time resolved
pump probe spectroscopy. The intention is to imerine dielectric function of ZnO by
employing time resolved pump probe spectroscopgamunction with ellipsometry.
This project is collaborated with the semicondugibysics group in the University of
Leipzig, who has provided the ZnO films used irstimvestigation and have performed
ellipsometry and thermal admittance spectroscopyS)jTon them. The system being
studied is nominally undoped ZnO film on sapphisesabstrate. The thickness of ZnO
layer in different samples ranged between 98nnv&n# and the thickness of sapphire
substrate was ~2Qfh. Upon excitation with an intense femtosecondrlgadse at
400nm, the change in optical density induced byetkatation pulse is probed across
the entire visible region by using supercontinuuemtosecond pulse as probe at
variable time delays between the pump and probsepul

The time resolved spectroscopy employed to invatithe electronic properties
of transient states in ZnO is associated with ieceht processes. Optical properties of
the materials depend on the occupancy of the el@ctistates since the electrons are
able to absorb photons only if empty upper statesamailable. By exciting electrons
with a laser pulse, the occupancy of the electretates is changed and hence its optical
properties. The excited electrons may relax orfgeher excited, thereby altering the
transmission from the sample. This change in trésson was measured in the ultrafast
pump-supercontinuum probe spectroscopy on ZnO fiBiece ZnO is transparent over
the entire visible range, transmission is the nfiishg choice of property for this
investigation.

1.1 Organisation of thesis

The thesis is organized as follows: Chapter 2 “Expental techniques” is
devoted to the description of experimental detalated to pump probe spectroscopy
employed in the presented work. It begins with &cdption of the fundamental
principle of time resolved spectroscopy. Next, bHasic theory of ultrashort pulses is
introduced, with an emphasis on their outstandeatures for use in time resolved
spectroscopy. The supercontinuum generation ofewlght used as the probe pulse in
the time resolved measurements is described ashigtlighting the salient features of
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utilizing white light as probe instead of a singlavelength. Next, the experimental set
up employed in the current investigation is diseds detailed. Particular attention is
laid on the various intricate aspects of the expent such as characterization of pump
and probe pulses, their triggering scheme in theasom&ment, processing and
acquisition of time resolved data, accuracy of tieasurements etc. The chapter ends
with a brief description of the principle of ellp®etry, specifications of transmission
spectrometer, AFM, microscope and TAS set-up tleaevemployed to characterize the
ZnO films.

Chapter 3 “Sample analysis” is devoted to the digson of properties of ZnO
semiconductor films and their characterization.i&a®f semiconductors including its
bandstructure, relevant physical and optical prigerare briefly revised at the
beginning of the chapter. The next section brings focus all the known relevant
properties of ZnO, doping, sample preparation efZhO films under investigation as
well as results from the TAS measurements perforarethem. The dielectric function
of ZnO obtained from ellipsometry is extensivelpalissed in the following section.
The experimental transmission spectra of the Zn@sfialong with their simulated
results obtained using the dielectric function fralipsometric measurements are
discussed in detail. The chapter concludes with pglesentation of microscope and
AFM images of the surfaces of the investigated Zihfs.

Chapter 4 “Disentanglement of contributions intinge resolved spectra of ZnO
films” deals with the simulation of the experimdniane resolved spectra. In order to
extricate various contributions in the time resdigpectrum of ZnO films, a model has
been developed based on its dielectric functione Teveloped model used in
conjunction with Levenberg Marquardt optimizatiantine is explained in detail. The
following section explores various aspects of thautated pump probe spectra to
understand the many facets of the highly complmetresolved data. The correctness
and accuracy of the simulations are addressed ghraarious confidence tests. A
number of illustrations of the simulated fit to theeasured time resolved spectra are
presented at the end of the chapter.

Chapter 5 “Time resolved dynamics in ZnO films” downts the results of time
resolved spectroscopy performed on the ZnO filmi#feient processes in its carrier
dynamics are identified and interpreted. In annaptieto understand the relaxation
mechanisms in ZnO upon ultrafast photoexcitatiba,dequence of events in the carrier
dynamics is proposed in the band picture of ZnCe hhture of relaxation processes
was further investigated by performing pump propectroscopy at different excitation
wavelengths. The results and the ensuing discussitimese findings are presented as
well. Thereafter, the effect of the excitation mggy on the carrier dynamics is
extensively studied. In the last section of thigputler, the pump probe results for
different ZnO samples are discussed and the filiokitless dependence of certain
contributions is studied.

A summary of the key results from the femtosecome tresolved spectroscopy
presenting a convergent picture of the ultrafastagyics in ZnO films is presented. The
open questions and scope of the future work isflpraiscussed as well. References,
appendix and acknowledgements are appended atdhef ¢he thesis.
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Chapter 2. Experimental techniques

2.1 Time resolved pump-probe spectroscopy

Time resolved spectroscopy encompasses a powezfubfstechniques for
probing and characterizing electronic and strutfomaperties of transient excited states
of materials. By employing flexible and tunable hligsources for wide spectral
selectivity as well as covering all temporal ordefanagnitude, it can be utilized to
generate a complete photophysical profile of theene under investigation. The
dynamical information of electronic processes, dthby the temporal progression of
the excited states, typically ranges from the nseomnd to sub-picosecond regime. To
investigate the dynamics, the technique can be ndded in various optical
configurations spanning a wide range of time-retsmhs from millisecond through to
femtosecond regime.

Transient spectroscopy, as discussed below, isnapfprobe technique that
involves two laser pulses. One pulse causes phaigesed perturbation in the sample
and the second investigates the subsequent indiptexdl changes respectively. There
are other techniques that employ more than twoegulsuch as photon echoes and four-
wave mixing (involving three laser pulses). Theeiptetation of experimental data
from such techniques is usually much more comphex tin two pulse ones. Nuclear
magnetic resonance and electron spin resonanceftareimplemented with multiple-
pulse techniques, where radio waves and micro waneegsed instead of visible light.

2.1.1 Principle of pump-probe spectroscopy

In pump probe spectroscopy, a physical processsarias of processes in the
material are stimulated by an intense laser palselled as the pump pulse. It interacts
with the sample and excites it into a non-equilibristate. For efficient initiation of the
dynamical processes, a high intensity pump pulsasexd. Thenceforth, the system
relaxes towards a new equilibrium state. The relaRaprocesses that consequently
follow after the photo-induced excitation in themgde are measured by another laser
pulse known as the probe. A low intensity pulsehiesen as the probe so that it itself
does not cause any perturbation in the sample.ekhet time of arrival of the probe
pulse is accurately known and can be suitably dasigh respect to the pump.
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Probe beam

Detector

Pump beam

Figure 2.1 Schematic of pump-probe spectroscopy

An optical property related to the probe pulsen@raission, reflectivity, absorption,
luminescence, Raman scattering) is monitored fareaes of variable time delays
between pump and probe pulses to investigate thedrl changes in that property
induced by the excitation pulse. Thus, by moniirine probe signal as a function of
the time delay, one can obtain information on #laxation of the generated excitation
and hence the carrier dynamics initiated by the gpoum pump probe spectroscopy,
depending of the material’'s characteristics andrif@mation sought, transient changes
of a variety of optical properties related to theohe pulse such as differential
transmission, fluorescence, absorption or Ramattestay can be monitored. Each
property provides a wide array of information om thample properties in different
spectral domains. Time resolved infrared spect@gaavolves the dynamical study of
vibrational states. Time resolved UV-Visible/Abstiop spectroscopy deals with
dynamics of electronic states of the material. Thesolved fluorescence spectroscopy
provides information about the emission of excitates whereas time resolved Raman
spectroscopy deals with vibrational states.

2.2 Femtosecond white light transmission spectrosgyp

In the presented work, femtosecond pump superaontin probe transmission
spectroscopy is employed to investigate the cheagaer dynamics in ZnO films. Since
ZnO is transparent over the entire visible regtaamsmission is the most fitting choice
of property for this investigation. In transierdrismission spectroscopy, after excitation
by a pump pulse, the changes in the absorptiorficiesit and refractive index (both
derived from the dielectric function) and hence titamsmission changes of the sample
at a particular wavelength or range of wavelengtha sample is measured by a weak
probe pulse as a function of time [1]. Delay tinegazis defined as the time when the
peaks of the pump and probe beams overlap in tinteeasample surface. Both the
pump and probe pulses for measuring the transmissianges are derived from a
pulsed laser. For a system at resonance with aosmobond pulse, at thermal
equilibrium, the sample acts as a saturable absaball the carriers are in the ground
state. After the excitation, the altered dielectudnction decays with time according to
the rate equation. This technique is valid onlytfore delays that are sufficiently large
S0 as to avoid coherent effects. The following sabtions highlight the salient features
of femtosecond pulses and probing with broadbapérsentinuum light justifying the
choice of the technique applied.
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2.2.1 Femtosecond pulsed versus continuous excitati

Continuous (CW) laser beam, where the excitatioreiatively constant with
respect to time, is suitable to investigate slowaxation processes in materials.
However, if the process under study is fast, ttendesired time resolution can only be
achieved by employing a pulsed laser. Pulses witkepwidths of nanoseconds and
picoseconds can be utilized to study various edeatrand lattice dynamics in systems
[2]. However, there are significant basic processésch are often the primary steps in
the carrier dynamics in atoms and molecules thatiofaster than what the nano- and
picoseconds pulses can resolve. In that case, $exwod pulses can be employed to
spectrally tune to the electronic transitions oé tmaterial to probe the dynamical
processes. Ultrafast spectroscopy deals with thestigation of dynamics of the charge
carriers at femtosecond time resolution (1fs£$0 about one optical cycle). The
advantages of using the ultrashort pulses for teselved spectroscopy are many fold.
If some processes induced by the excitation lightfaster than its own time duration, it
will not be possible to observe them. Only thosecpsses which are slower than the
pulse duration will be observed directly. Some €lomwrocesses can be the consequence
of faster ones. In this case, it will be diffictdt understand and correctly interpret their
origin. Femtosecond spectroscopy circumvents thmgdtion by making it possible to
study processes which occur on time scales as s®oremtoseconds. Also, fast
excitation leads to temporally distinct and cleat-start of the dynamics. It enables one
to probe the dynamics of processes with shortesilfée response times so as to loose
as little information as possible and thereforddststime resolution can be achieved.
Additionally, femtosecond pulses being ultrashosvén large peak powers even for
moderate pulse energies, which is ideal for stuglytime nonlinear processes while
remaining below the damage threshold energy. Thd section provides a brief
introduction to the basic physics of ultrashortsesl

2.2.1.1 Ultrashort pulses

An ultrashort pulse of light is an electromagngtidse whose pulse duration is
less than 10 s. The femtosecond pulses being very short hawead spectral width.
Owing to the concentration of energy in an extrgnsélort time interval of upto 10,
they are characterized by high peak intensity tisaglly leads to nonlinear interactions
in various medium. The peak pulse power is extrgrigige even at moderate pulse
energies [3,4]. They are usually generated witherlodked lasers, but sometimes also
with optical parametric amplifiers (possibly usiagsupercontinuum as input) or with
free electron lasers [5]. The mode-locked femtosdcqulse is made up of
superposition of many electromagnetic waves, haorestant phase relation and is
transform limited.

The electromagnetic waves are completely deschiyethe space and time dependent
electric field. The real part of the complex elecfreld of an ultrashort pulse oscillates
at a mean angular frequenay corresponding to the central wavelength of thesgul
[6,7]. The complex field is usually representedtbg product of an amplitudit), a
phase term and a phase functigt) as in equation (2.1).

E(t) = /1(t)e “W'e¥® 1p.
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E(e) = F(E()) = /S(w)e %Y (2.2)

The expression of the complex electric field in treguency domain can be obtained
from the Fourier transform oOE(t). Figure 2.2 depicts the temporal profile of an
ultrashort pulse. Like in the time domain, the put&n be characterized by intensity
and a phase function in the frequency domain ag aglshown in expression (2.2).
Because of the presence of the teffin) is centered aroundy, E(w-wo) is generally
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Figure 2.2 Temporal profile of an ultrashort pulse
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approximated byE(w). The spectral density of the pulse is givenSty) andg(w) is
the spectral phase. The intensity functitifisandS() determine the time duration and
spectral bandwidth of the pulse. Since the tempanal spatial characteristics of the
field are related to each other through Fouriengfarm, the bandwidth and pulse
duration cannot vary independently of each oth&eiTproduct, known as the time-
bandwidth product, has a lower bound. The minimatue depends on the definition
used for defining the duration and on the shapi@fpulse. For a given spectrum, the
minimum time-bandwidth product, and therefore thertest pulse, is obtained by a
transform-limited pulse, i.e., for a constant spgbhasep(w). For a Gaussian pulse,
the bandwidth productv-4t > 0.441. High values of the time-bandwidth produst,
the other hand, indicate a more complex pulse.

The inherent wide spectral bandwidth of an ultrashoulse has a significant
consequence when it propagates through a mateedium. The medium experiences
higher refractive index for shorter wavelengths &iwe-versa. This is known as group
velocity dispersion. The speed of a wavelengtihenrhaterial is equal to= c/n, where

n is the index of refraction for that wavelength.eféfore during propagation, the
higher wavelengths of the femtosecond pulse trafester than the shorter ones. As a
result, the original short pulse becomes longdimme with the higher wavelength part
arriving first to the sample. This is known as phiit results in temporal broadening of
the pulse. It is discussed in detail in the follogvsection.

2.2.2 Single wavelength versus white light probe

When employing a single wavelength as the probe,whvelength must be
selected in the spectral domain where it is knowrexpected that some transitions
induced by the pump pulse would be present. Atpbist, it should be mentioned that
the terminology “single” wavelength should not la&en in a strict sense since the
ultrashort pulse inherently has a spectral widthuad the single central wavelength.
Monochromatic probe pulses or pulses with narroecspl width limit the observation
window for transitions and hence the informatiorowbthe optical processes too. In
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time resolved optical spectroscopy, it is desirdbleave smoothly tunable frequencies
for the probe pulses. Such tunable probe pulsesbeagenerated by conventional
sources such as optical parametric amplifiers (QRé&)able solid-state lasers and
quantum cascaded lasers. Femtosecond OPAs, howetreduce complexity to the
laser system, are expensive and difficult to aligncomparison to these sources, an
alternative supercontinuum source has the advanvdgmvering a wider range of
spectral frequencies without experiencing the tideday caused by the wavelength
tuning of conventional sources. A supercontinuumtavipulse can simultaneously
probe all states spanning a broad energy rangderieilg detailed information on the
time dependent variation of optical parameterssstbhe entire spectral range. The next
section provides a brief overview of the physicalckground of supercontinuum
generation.

2.2.2.1 Supercontinuum generation of white light

In a process known as supercontinuum (SC) genaratkireme broadening of
narrow spectral laser pulses can be realized asudt rof the nonlinear interactions of
the intense laser pulses with the nonlinear mediumhich they propagate [8,9,10,4].
Supercontinuum can be generated in materials derdiit nature and structure,
including solid state materials, organic and inaigaliquids and gas media. The
essential processes contributing to the continuemegation are common to all. The
supercontinuum pulse, designed to serve as theeppalse in time resolved pump-
probe experiments, is often generated by focusmgnaplified femtosecond pulse onto
a silica or sapphire plate. Another source for 8@egation is optical fibers which allow
strong nonlinear interactions over a significamigkh of the fiber for the laser pulses
with sufficiently high intensity, relaxing the regements of high input laser power
necessary for efficient supercontinuum generatidmre supercontinuum generated in
optical fibers spans the entire visible and a aersible part of the near-infrared
spectral region even with input peak powers asdevikW [11]. However, the intensity
of the supercontinuum generated in optical fibergypically lower than that of white
light produced by high-power focused laser pulsesolid state and gas media.

The supercontinuum, which derives its name fronmeikemely broad and continuous
spectrum, can stretch over the entire visible aartl @f the near-infrared regions. It has
unique spectral properties, a controlled pulse lwidhd high spectral brightness.
Supercontinuum generation is a complex phenomertaohwinvolves changes in the
temporal and spatial beam characteristics throughlimear processes and requires
extremely high pulse energy and extremely shorseuwluration. It does not cover a
specific phenomena but a number of nonlinear efféedds to considerable spectral
broadening of pulses [8,12]. The processes of Sergéion can be different, depending
particularly on the dispersion, the pulse duradod the peak powers of the input laser
pulses. When femtosecond pulses are used, the domphysical process and the
starting mechanism leading to the spectral broadeis self phase modulation (SPM)
due to an intensity dependent refractive indexadidition to self phase modulation,
however, a number of other nonlinear effects siechaametric four wave mixing and
Raman scattering may play a role as well. For pampiith picosecond or nanosecond
pulses, Raman scattering and four-wave mixing carmiore important. In general,
these nonlinear processes have to be considerednibination with group velocity
dispersion. Thin samples tend to reduce the efiegroup velocity dispersion as well
as the influence of nonlinearities other than SPM.
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As mentioned above, the physical mechanisms behathser generation of white light

involve self-phase modulation. Self phase modutaisoa phenomenon in which a laser
pulse propagating in a medium interacts with thedimma and imposes a phase
modulation on itself. The strong field of a lasean induces an appreciable intensity
dependent change in the refractive index of theiuneas:

n=ng +nol (t) (2.3)

whereng is the field-free unperturbed refractive indextté mediumn, is the nonlinear
refractive index which varies with the intensift) of the laser beam. In response to the
intensity dependent refractive index, the mediuentheacts back and inflicts a phase
change on the incoming wave resulting in self phrasdulation. The nonlinear phase
incursion acquired by a laser pulse over a distanoea medium with Kerr nonlinearity
is written as in expression (2.4).

“(t) =%n2| oL (2.4)

For pulsed laser beam as input, the temporal vamiaif the laser intensity leads to a
self phase modulation in time. It can be infernemht expression (2.4) that the intensity
dependence of the refractive index of the mediumpathe temporal profile of the field
intensity in a laser pulse on the time dependemndkeononlinear phase shift. Since the
time derivative of the phase of the wave is theudargfrequency, the time dependent
phase shift gives rise to a time-dependent frequdegiation across the laser pulse and
hence SPM also appears as a frequency modulatishoa by expression (2.5). This
Is known as chirp.

Aatt) =%n2L%' (2.5)

Aa)=£}n2LI—O (2.6)
c T

Thus, the output beam appears with a self phases@ttispectral broadening with the
maximum spectral broadening of the laser pulsemestid by equation (2.6). It is

evident that it is strongly influenced by the peaatensity |y of the laser pulse and the

pulse widthz. Since SC is a very weak effect, very high inteesiare needed. Typical

values are: 100fs pulses with 1 nJ energy — pealepof 10 kW. In SPM, the temporal

self-action induces a symmetric spectral broadeninthe laser pulses. However, the
spectral broadening of the laser pulse may becaymmetric because of a number of
physical factors, the three most significant ineligpatial self-action, shock waves and
the retarded part of the nonlinear optical respafskee medium.

2.3 Experimental details

The following sub-sections provide a detailed dipsion of the technical
aspects of the experiment employed in the present@® to perform time resolved
supercontinuum transmission spectroscopic measutsroa ZnO films.

10
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2.3.1 Experimental set up

Titanium doped sapphire is a solid state laser umedcapable of tunable
operation over a broad range of near infrared veangths from around 720-1050nm
[7,13,14]. The maximum gain and efficiency is ob&al at 800nm. The Ti:AD; laser
gain medium has i as the active ion in an aluminium oxide hostdattiBecause of its
wide absorption band in the blue-green region, gnéor the lasing is supplied by a
standard CW Nd:YVO4 laser operating at 532nm. Tinésgion band of Ti:sapphire is
shifted towards lower energy side and extends 800nm to wavelengths greater than
1000nm. However, the lasing action is possible atlwavelengths longer than 670nm
because the long wavelength side of the absorptma overlaps the short wavelength
end of emission spectrum. Figure 2.3 depicts thersatic arrangement of the first half
of the experimental set-up.

Figure 2.3 Schematic of the first half of experitaarrangement depicting the
generation of 150fs pulses at 800nm by Ti:sappsalator and then amplification by
regenerative amplifier. The pulses are frequenaptim to 400nm in KDP crystal

The Tsunamimode-locked oscillator generates ultrashort puaés a typical duration
of 150fs and average output power afl per pulse at a repetition frequency of 80MHz
[15,16,2,17]. Ti:sapphire laser output pulses abm®0 are directed intdSpitfire
Ti:sapphire regenerative amplifier for amplificatioThe Ti:sapphire provides the seed
for the amplifier system. A Nd:YLF laser operati@g 527nm running at 1kHz
repetition rate is used as the driver for amplifaoa The regenerative amplifier consists
of a resonator in which the injected seed pulseanalkeveral round trips achieving very
high gains. This principle is coupled with chirppdlse amplification since the peak
power in the amplifier becomes too high. Pulsehvaigh peak power undergo self-
focussing destructively because of the nonlineanitye index of refraction making it a
limiting factor. TheSpitfire finds its way around by using a series of gratingsthe
dispersive element to stretch the duration of muleefore they actually enter the
amplifier and thus reducing its self-focusing inddcdamage significantly. The
amplifier amplifies the original seed pulses by idiom times converting the low-power
output of the seed-laser at 80 MHz repetition tatkigh-power 1mJ per pulse output at
1 kHz. After amplification, the pulse is then temgity recompressed to its original
duration by a grating pair with essentially the agife dispersion. Next, the amplified
800nm output is fed into KDP crystal for secondnmamic generation [18,19]. The

11
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output is frequency doubled 400nm beam. For pumpvelgagth dependent
measurements, th€sunamioscillator was also tuned to yield output at 782and
818nm. Then the output of 391nm and 409nm wavethsngespectively could be
achieved after the second harmonic.

Pump part: The frequency doubled 400nm beam is split into twoa beam splitter
(80:20). Figure 2.4 depicts the schematic arrangenoé the latter part of the
experimental set-up. The larger fraction (80%)ras$mitted as pump pulse so that a
broader selection of higher excited states carcbessed. The pump pulse travels to the
sample via a fixed path. There is a fixed delag lin this part required to make the
optical path difference same initially for both themp and probe beams, right on the
sample. An optical chopper is placed to have traree repetition rate of the pump
pulses, by repetitively switching light beam on aifi An arrangement of half wave
plate and a polarizer is also placed to vary trerggnof the pump beam, should this be
necessary. The light beam directed with the helmiofors is focused onto the sample
using a lens.

400nm, 150fs A/D converte data aquisition
beam from SHG | > |
CCD arra
l grating spectromet (reference)
variable delay line Iy
. y L4 I
'—nl ﬁa [ probe beam - white light :
BS1
V| M3
\% pump beam - 400nm i 0 M2 y
M1 LI U Y
fixed delay lin M2 plate polarizen.2
sample
opncalchopper
L3 >
notch filter—v—
(signal)
CCD arra
| — |

A/D converte data aquisitio

Figure 2.4 Schematic of the latter half of the expental set up

Since only the transmission of the probe beam otmghé measured by the detector, the
pump pulse is configured to photoexcite the sarapkn angle with respect to the probe
beam, as shown in figure 2.4. In order to preveatgump light from interfering with
the detection of the probe signal, it is furtheiekled from the detector by placing a
pinhole in front of it. The spectrum of the frequagrdoubled laser pulse aE400nm
used as the excitation pump pulse is shown in déigls. The full width at half
maximum (FWHM) for the pump pulse is 2.2 nm. Thetspze of the beam is ~1j110.

12
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Figure 2.5 Spectrum of 400nm pump beam

Probe part: The smaller fraction of the beam after gettindeated from beam splitter
passes through a variable delay line. Delay lin@ device that lengthens the path the
probe light has to travel relative to the pump be&farying the path length will in
effect vary the time delay between the pump andenoulses. It consists of a retro-
reflector on a rail system. The retroreflector barmpositioned along a precise motorized
transitional stage by computer control of a stepp®tor. For instance, if the
retroreflector moves backwards and lengthens thg pgaakes that much longer for the
probe light to reach the sample than the pump b&dm.400nm pulse after passing
through the optical delay is focused on a sappplate to generate supercontinuum
white light. The generated continuum is sent thiowg filter filled with yellow
coumarine dye solution diluted in methanol in ortiesuppress the contribution of the
400nm fundamental wavelength from the white lighgctrum. For efficient absorption
of the 400nm from the white light spectrum, the dpdution is constantly replaced by
the solution in a connected bottle and circulateugh the cuvette. It is crucial to
ensure that the energy of the probe pulse is sefffily low to ascertain that it itself
does not induce any significant pumping of the danwplume into the excited state.
Following different optical paths, the pump andh@deams are finally focussed onto
the sample and aligned to have maximum spatiallaydretween them at the sample
surface. A 400nm notch filter placed before theedietr suppresses all the scattering
from the sample occurring at the pump wavelengtie dutput beam is then directed to
the “signal” grating spectrometer which serves tas detector. Owing to the lack of
reproducibility of white light from pulse to pulsdirect measurement of the ratio of
probe before and after pump pulse is not suffici@he fluctuations of white light are
normalised and accounted for by introducing a ssfee spectrometer. A part of the
unchanged probe beam is also directed to a “redefagrating spectrometer. For every
measurement, the probe pulse bearing the effechahge caused due to the pump
pulse, is always monitored and compared with rdspeahe unchanged reference
spectrum. It is discussed in more detail in secRd®2. The grating spectrometers
which detect the differential transmission spectmank by spreading out the incoming
light according to the wavelength of the photon.eTsignal is then sent to data
acquisition system. The measured spectra can beedien a software designed
specially for the pump-probe set-up. Different paggers such as delay line and number
of laser shorts etc. can be controlled in it.

13



Chapter 2. Experimental techniques

w
N

signal 1
—reference 1
—signal 2
—reference 2

N
N

o
(o]

Transmission intensity
[EY
o

o
o

300 400 500 600
Wavelength [nm]

Figure 2.6 Spectra of supercontinuum probe beam

Figure 2.6 shows the spectrum of the broad whghtlused as the probe pulse to
investigate the dynamics of the excited system wiahtinuous spectral components
ranging from 320 to 560nm. It can be seen fronfithee that even after suppression of
the fundamental wavelength by the coumarine dyeerfilthe spectrum of the
supercontinuum generated by high energy pulse®G@im features a well-pronounced
peak at the fundamental wavelength. The spectraiyedecreases rapidly in the wings
since the pulse energy of the input pulse is sposad the whole bandwidth, leading to
smaller intensities in wavelength ranges far frdre fundamental wavelength. The
properties of the spectrally broadened white ligiy substantially from pulse to pulse.
Figure 2.6 illustrates the two sets of supercontmspectra for the signal and reference
spectrometers, labelled as 1 and 2. The specwélepand the corresponding intensity
of the two white light pulses is not exactly thenga A lot of rapid fluctuations occur in
different spectral components of the white lighttoouum.

Determination of approximate “zero-time”"The delay line can be precisely controlled
by the software which includes a provision to cletige time steps as well as the “zero-
time”. Delay time zero is defined as the time whiee peaks of the pump and probe
beams overlap in time at the sample surface. liyitithe displayed zero-time in the
software may not be the actual one for an unadjudtday line. In order to find the
position in the delay line which corresponds tauatizero-time, it is calibrated using
coumarine dye solution diluted in methanol. At negadelay times (when the probe
arrives earlier than the pump), there is no sigha to the pump pulse. The signal
appears only when the probe arrives later thaptnep. The dye gives a large and long
lived signal lasting over several picoseconds, thagking it easier to detect the signal.
This signal from the dye is monitored by changimg delay time between the pump and
probe. The time (and the corresponding delay mositior which the signal just seems
to start is set as the zero-time.

2.3.2 Data acquisition

For normalization of the measurement, a probe pigdsmeasured before the
excitation of the sample. The pump pulse excites dample atqt0. Thereafter, a
second probe pulse records the transmission chasagesed by the preceding pump
pulse at a variable delay time. Apart from measuthre probe beams before and after
the pump pulse, reference beams as well as amlinyntis recorded in the transient
spectra in order to remove any undesired stray kghtribution. The exact method of
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measurement of the change in optical density specis as follows: The ambient light
and electronic noise are recorded by the spectemet the absence of both pump and
probe beams as the dark current signals. They emeted adp®%1) and15™(1) for
signal and reference spectrometers respectivelg. §gectrometers then record the
spectral distribution of the probe beam superimgasethe dark noise only, in the
absence of pump pulse @¥%(1) andly(1).

159(2) - 1392

To(A) = (2.7)
-1 ()
sig _ | sig

ry= I 150) (2.8)
1= () - 15" ()

AOD(A) = log (-2 (/‘)) 2.9

T(1)

The transmission before the pump excitatidg(t), normalized with respect to the
reference signal is calculated using equation (2EQuation (2.8) calculates the
normalized transmissiof(4) after the pump excitation from the correspondipgcsra
15%1) and I"*(1). For a given delay timey,tthe change in optical densithOD(1),
corrected for all the undesired noise and fluctregidue to white light instability, is
calculated by taking the logarithm of the diffeiahtransmission spectrum according to
equation (2.9). It should be noted that positM®D(1) corresponds to increase in
absorption while negativ&OD(A) is increase in transmission or bleaching. The rieed
such a complex triggering and measurement arisestaihe instability of the probe
white light.

Triggering scheme of pulsedzigure 2.7 shows the triggering scheme of the panmgp
probe pulses. At first the probe pulse is measbeddre excitation of the sample. Then
the pump pulse excites the samplega0t Thereafter, a second probe pulse is measured
at a delay timeqt> O after the excitation. This pulse bears theceftd the optical
changes in the sample caused by the preceding putep. The designed sequences of
pump and probe pulses, shown in a single grey hilo¢ke schematic, corresponds to
one measurement at one delay position. This measumtas done at variable delay

Pump pulses

Ims

Probe pulses

Delay time [ps]
Figure 2.7 Schematic depicting the triggering sahefmpump and probe pulses
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times to construct the temporal evolution of tharge in optical density spectrum. The
repetition rate of probe pulses is 1KHz and thatefpump pulses is 500Hz. For each
delay time, the sample volume is repeatedly exdig@ succession of laser shots and
the accumulated signal collected by the detectystesn is then averaged. The number
of laser shots is controlled by the software. Agerg over a large number of laser
shots (typically 1000) abridges the random noigaals, improves the signal to noise
ratio and hence enhances the stability and accuoddhe collected spectral data.
However, care must be taken about the photo-destruemf the sample from
overexposure to high energy pulses. Moreover, \‘arge number of laser shots
introduces additional acquisition time.

2.3.3 Accuracy of pump-probe experiments

Temporal resolution: The temporal resolution in pump-probe experimasts
limited by the duration of the pump and probe paitadich, in the presented work, is
150fs. Convoluting it with that of the probe puls€l00fs), the cross correlation turns
out to be approximately ~200fs. For time delaysr@nahan the pulse duration, the
probe coherently interacts with the pump pulse #e$e coherent processes may be
superposing on incoherent ones. Coherent effeats bea avoided by probing at
sufficiently large delay times such that the exwmta of the pump experiences phase
loss due to dephasing processes before the aofithé leading edge of the probe. Any
process occurring faster than pulse width must tbhdied with care. The temporal
overlap between pump and probe pulses ultimatelypeke the time-resolution of the
system. In addition, the duration of the pump arabe pulses must be shorter than the
relaxation times of the dynamical processes untigtys It is also important to pump
the sample at regular intervals that are longen tha response time of the sample to
ensure that there is no overlap of excitation evdram the current pump and the
previous one. Additionally, the time between sustesprobe pulses, as defined by the
pulse repetition rate, must not exceed the timenalor the carriers under study to
decay back to the ground state.

Data acquisition rate and signal to noise ratid@:he key desirable features for
the detector are sensitivity and response timeiasngby repetition rate. With the
aforementioned triggering scheme, the frequengyabe pulse is 1kHZ and that of the
pump pulse is 500Hz. A high sensitivity is requitedneasure the weak signals. With a
long pulse, a detector with a short time resolut@an distinguish the difference
between the excitation pulse and the emission dedag data read out rate is 1IMHz.
The detection electronics makes it possible to oreasansient transmission changes as
small as 10.

Spectral resolution:The spectral resolution of the diode lines in grating
spectrometer is 0.8nm. As mentioned earlier, timtdsecond pulses being ultrashort
have broad spectral width. The 150fs pump pulseahagith of ~2.2nm at FWHM. As
a consequence, upon perturbation by the pump ptigesitions occur between a
narrow range of states instead of one sharp level.

Spatial pump-probe overlap is another very critfaator for efficient utilization
of the pump energy. The pump converts a relatigehall percentage of the sample
volume into the excited state manifold. Having maxim pump-probe overlap ensures
that the probe beam will measure the transientgg®im the entire volume excited by
the pump.
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2.3.4 Processing of time resolved data

2.3.4.1 Zero-time and chirp correction

The supercontinuum is chirped due to self-phaseutatidn and group velocity
dispersion as they propagate. Since the requir@@ddbispectrum is obtained by
nonlinear broadening, there is often substantimpatn the pulse. So, different spectral
components of the probe enter the sample at diftémmes for any specific setting of
the pump-probe delay. The blue wavelengths arrivthe sample later than the red
wavelengths. Therefore, if the delay between pumgh @robe beams is changed, the
shape of the recorded spectrum may also changpoSehat the pump beam arrives at
the sample later than the probe. In this caseptbbe beam will not be perturbed. If
this delay is changed a little, the red wavelengthgld still arrive before the pump
beam and not be affected. But now the blue wavéhsngould be in phase with the
pump beam and would thus be perturbed. Only the phart of the spectrum would
reflect the perturbation. Changing this delay mamd more would shift the interaction
into the red part of the spectrum. This frequentyrping effect limits the time
resolution of the measurement.
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| | — 1.0ps 070 | fitt'ed curve |
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Figure 2.8 (a) Time resolved spectra of methanetidsr chirp correction (b) Chirp
spectrum obtained from methanol along with theditturve

For a good time resolution, the measured data aioghé compensated for chirp. This
can be done only if the dispersion of the supemanom is well known. The chirp is
compensated for by using methanol as its signalahasry fast response time of less
than 1ps, shown in figure 2.8(a). The signal appeaarious positions across a wide
spectral range for different delay times rangingMeen -0.5 to 0.8ps. Changing the
delay time between the pump and probe makes iilgess determine at what time the
maximum signal is reached, i.e. the time at whiwh pump and probe pulses coincide
perfectly for a given wavelength. The recorded raeth spectra is analysed in the
software and is fitted with a second order polyrarf20]. Figure 2.8(b) illustrates the
chirp spectrum obtained from the experimental ddtamethanol and the corresponding
fitted curve. In this way, one obtains the dispmrscurve, which is then used for
numerical correction of the measured data. Moredhercorrection also determines the
actual zero time for each wavelength which is @ldr the correct interpretation of the
ultrafast dynamics. All the time resolved data preed in the rest of the thesis has been

corrected for chirp.
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2.3.4.2 Correction for scattering

In the time resolved spectra for ZnO samples, adrmontribution appears at
400nm which is present at negative as well as igesdelay times. This is due to
scattering of the pump wavelength at the samplgurgi 2.9 shows time traces for
458nm thick ZnO film for selected negative and pesidelay times.
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Figure 2.9 Scattering at 400nm in the time resobmettra of 458nm thick
ZnO film

It is evident from the figure that the scatteringniribution is large inspite of

suppression from 400nm notch filter. Assuming #qadirt from scattering no real signal
would be present at negative delay times, the gpacfrom negative delay time is
subtracted from the spectra of all other delay sineeget rid of the scattering (noise)
from the time resolved data. The scattering specttim be subtracted is obtained by
averaging the spectra of 6 negative delay timass thcreasing the accuracy. All the
transient data presented in the rest of the tlesideen corrected in this way.

2.3.5 Example of time resolved data

The measured time resolved pump-probe data is thireensional; the three
axes being wavelength, delay time and change ircapdensity. The optical density
changes are measured for continuous spectral @usii~500 points between 300-
700nm) and several delay times (~364 points betw@®&90ps). The data can be
carefully studied and analyzed in detail in spégidésigned software. As an
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Figure 2.10 Corrected time resolved spectra fondbéick ZnO film (a) Change in
optical density as function of wavelength (b) Oalidensity change as function of time
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illustration, figures 2.10(a) and (b) show typicaiattering as well as chirp corrected
spectra for the spectral changes in the opticasitiefor different delay times obtained
from the pump probe experiments done on 458nm thigR film. The optical density
changes are measured as a function of wavelengthderies of delay time.

2.4 Determination of optical properties of ZnO films

Dielectric function measurements of ZnO filmsDielectric function which is a
fundamental property of the material can be obthinem ellipsometry. Ellipsometry is
a versatile and sensitive optical technique foeeining dielectric properties of thin
films. It measures the change in the polarizatiatesof light when it is reflected from a
sample. The exact nature of polarization changegaserned by the sample’s
fundamental properties namely the dielectric fuorctand the thickness. Therefore,
through analysis of the modified state of polar@atof the reflected light, these
fundamental parameters can be accurately deternirexiviedge of these fundamental
parameters enables one to study a range of otmaplsgoroperties such as crystal
quality, uniformity, chemical composition and arepy. Ellipsometry is also
commonly used to characterize film thickness ragdiom a few angstroms to several
micrometers with an excellent accuracy. Althoughiaah techniques are inherently
diffraction limited, spectroscopic ellipsometry caohieve angstrom resolution and is
non-destructive and contactless [21,22,23,24].

Linearly polarized light with its polarization statdlecomposed into as and ap
component (thesscomponent is oscillating parallel to the samplefezre, and thep
component is oscillating parallel to the plane wfidence), is reflected at oblique
incidence from the sample surface. The refleciglt lis elliptically polarized with the
and p components experiencing different attenuation pimnalse shift according to the
Fresnel's equations. The shape and orientatiorh@fetlipse depend on the angle of
incidence, the direction of the polarization of timeident light, and the reflection
properties of the surface. Ellipsometry measuresctmplex ratip between Fresnel's
reflection coefficients of the andp components, denoted byandrp, respectively. The
relative phase change of tesendp components of the electric field vectdrand the
relative amplitude changg, upon reflection from the surface are given bydhaation
(2.10).

r .
p=- =tany @ (2.10)

I's

Since ellipsometry measures the ratio of the redtbcintensities, rather than the
absolute value of either, it is not as susceptitde scattering and fluctuations.
Additionally, it requires no reference sample dilrzation. These salient features make
it a very accurate and reproducible technique. mbkasured” andA cannot be directly
converted into the optical constants of the sampleerefore, a layer model is
formulated which considers the optical constanigl€dtric function) and thickness
parameters of all individual layers of the sampid ¢he model analysis is performed.
By implementing an iterative regression analysi®cpdure, theoretical data are
generated by varying unknown optical constants alé & thickness an# andA are
calculated using the Fresnel equations. The cdtmlilgalues of” andA, which match
the experimental data, provide the dielectric fiorcand thickness of the sample.
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The ellipsometric measurements were performed oconamercial VASE ellipsometer
from the J. A. Woollam Company. These measuremamisthe data evaluation were
done in the semiconductor group of the Universiti@pzig.

Transmission measurements of ZnO filmFransmission measurements on the ZnO
films were performed on Shimadzu UV-Visible 310@apophotometer between 300-
700nm.

Atomic force microscopy on ZnO filmsAtomic force microscope images of the ZnO
films were measured with WITec Scanning near-fietgptical microscope
(AlphaSNOM).

Microscopic images of ZnO filmsMicroscopic images of ZnO films were taken with
Zeiss axioplan 2 imaging and axiophot 2 microscope.

Thermal admittance spectroscopy of ZnO film¥he TAS measurements done to
electrically characterize the ZnO films were paried on 4294A Precision impedance
analyser by Agilent company. These measurementse wene in the semiconductor
group in the University of Leipzig.
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Chapter 3. Sample analysis

3.1 Basics of semiconductors

3.1.1 Bandstructure and optical properties of semanductors

A semiconductor is a material which has a condiigtimtermediate between
that of a conductor and an insulator. The conditgtof a semiconductor can be varied
by varying the temperature, by doping the matewdh impurity atoms, or by
illuminating it with light of the appropriate waweigth. The electrical conduction in a
semiconductor is caused by the motion of the alastin the conduction band and also
by that of the holes in the valence band. The wadyand is completely filled and the
conduction band is empty but the forbidden gap betwthe conduction band and the
valence band is smaller compared to that of anlatsu It is the forbidden energy
region between the maximum of the valence bandtl@aninimum of the conduction
band. Both the bands near their maxima and miniava lparabolic dispersion.

The energy bands are characterized by a certainevaf k-vector in the
Brillouin zone. Semiconductors can be classified dagct and indirect bandgap
semiconductors [1]. In a direct bandgap semicormuthe maximum of valence band
and the minimum of conduction band correspond ¢osime value of the wave vector
k. In contrast, a semiconductor in which the bottinthe conduction band and the top
of valence band have different k-values is thergwisemiconductor. These direct and
indirect transitions are schematically shown inufey 3.1. This has significant
implications on light absorption and radiative netnation of electrons with holes.
Interactions among electrons, holes, phonons, plkot@nd other particles are required
to satisfy conservation of energy and conservatiacrystal momentum. A photon with
energy near a semiconductor bandgap has almost memmentum. In direct
semiconductor, transfer of carriers during absorptr emission of photons occurs at
the same wave vector &t point (k=0) in the momentum space. Vertical optica
transitions are allowed, therefore phonons do ake fpart in direct transitions. In an
indirect semiconductor, direct transition acros® thandgap does not conserve
momentum and hence is forbidden. Since the waveowrécof the phonons is much
larger than that of the photons, phonon transitemmmpany the indirect transitions to
satisfy the momentum conservation law. Typicallis throcess is achieved in several
steps. The electron will first move to a trap sitehe forbidden band before moving
into the valence band. A change in potential enexgl result in the release of a
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photon, while change in momentum will produce amgm Since a third particle
phonon is required, the probability of photon emoisss comparatively much lower for
indirect semiconductor and the resulting phononiated light emission through
radiative recombination is much slower, inefficiamd weak. For this reason, the direct
semiconductors are superior to indirect ones feoapctronic applications.

conduction bar

direct transitio indirect transitio
k=T 2/ k=I" 2n/\

Figure 3.1 Schematic of transitions in direct amdirect semiconductors

All of the optical properties of a semiconductoe aetermined by its electronic
bandstructure and the bandgap [2,3]. If excitedtH®rmal energy, light, or electron
beams, the electrons absorb the energy and ttankigh energy states consequently
creating holes in the valence band. These transita§ electrons from lower to higher
states are calleexcitations Photo-excitation can occur only when the freqyeofcthe
incident photon is resonant with that equivalenth® bandgap, unless donor or defect
states are present within the bandgap, then tequéncy is absorbed and the electrons
are excited to the conduction band. Usually thetedelectron and hole in the valence
band move independent of each other. However irestases, they are bound together
by Coulomb attraction. This neutral bound electhote pair is known as exciton
[4,5,6]. Since an exciton results from the bindiwfgan electron and a hole, it has
slightly less energy than an unbound electron asld lnd is therefore located just
below the band gap. As they have no charge; theyhatocontribute to electrical
conduction. They play a significant role in the dymcs of semiconductors [7,8].

Excited states are unstable since every systemttiacquire the lowest energy
state. As a consequence, the electrons in higlggrstates transit to lower ones in a
certain lifetimes and the process is known ralxations During the relaxation,
electrons neutralize the corresponding holes amrdethransitions are designated as
recombinations Recombinations can either ladiative or nonradiative Radiative
recombinations emit photons with energy that cuesls to the difference between the
two involved states. On the other hand, in nontadiaecombinations, the phonons are
emitted to crystal lattices or the electrons aapped in the defects and the transition
energy is emitted in forms other than light. E#ici light emitting devices call for
minimum nonradiative recombinations in semicondis:to
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Light emission due to radiative recombinations afled luminescenceLight
emission process can be classified accordingetrie, excitation methods and energy
states involved. According to the lifetime, lighhigsion is classified intBuorescence
which lasts for a short time of 2a.0°s or they are classified infphosphorescence
with a long lifetime of 13s to a day. According to the excitation, the phudoiced
luminescence is known &tokesandanti-Stokes luminescenckepending on whether
the photon energy of pumping light is higher or éswhan that of the luminescence
respectively. According to the transitions stateslved, the light emission processes
can be classified intampurity recombinationsbetween either electrons in the
conduction band with the holes in the acceptorltegethe electrons in the donor levels
with the holes in the valence band, or they can dssified asinterband
recombinationshetween carriers of the conduction and valencaeldam they can be
exciton recombinationtaking place due to eventual decay of excitons.

There are two types of radiationspontaneous emissioand stimulated
emission Spontaneous emission is a radiative process iichwhn excited electron
decays in a certain lifetime by emitting a phottiroccurs irrespective of the incident
light. In contrast, in stimulated emission, theident light induces a radiative transition
of an excited electron and the resulting emittedt@h has the same wavelength, phase
and directionality as the incident one. Therefothe emitted light is highly
monochromatic, coherent and directional. In stiredaemission, the light is amplified
since the incident photon generates two outputgusotin thermal equilibrium, there
are more electrons in the lower state than in tlghdr one. Therefore, only the
absorption is observed when light is incident omaterial. In order to achieve a net
optical gain, the number of electrons in the higstate must be larger than that in the
lower one. This condition is known as populatioveirsion. Population inversion occurs
only in the vicinity of the bandedges by excitatmfrelectrons through optical pumping
or electric current injection.

Dielectric function related optical constantsthe propagation of the beam through a
transparent medium is described by wavelength depemrefractive index(4). The
dependence of refractive index on the wavelengkm@vn as dispersion. Transmission
or transmissivityT' (1) is defined as ratio of the incident power to tla$mitted power.

In the absence of absorption and scattering losisegransmission and reflectiét(l)
equals unity by the conservation of energy, as shovequation (3.1).

R +T(1) =1 (3.1)

The absorption of light by an optical medium is fifeed by the wavelength dependent
absorption coefficienk(1) which is defined as the fraction of the intensibsorbed in a
unit length of the medium. Equation (3.2) descrithessintensity of light(1) at depthz

of the absorbing medium whelgis the incident intensity.

1(A,2)=1ge"0W)2 (3.2)

£(1) = £1(A) +i [£2(A) 3B.
2 2 2 2

= \/sz) AN \/Jelu) e20? i) 3.4)
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The absorption coefficient and the refractive indekich governs most of the optical
properties of a material is described by a singdengex quantity known as the
dielectric functiore(1) (written as equation (3.3)). It can be deducethfemuation (3.4)
that the extinction coefficient (absorption) isrparily given by the imaginary part of
the dielectric function whereas the refractive mdemainly determined by its real part.
The absorption coefficient of the medium can bewated as given by equation (3.5).
The reflectivityR(@), also shown in the adjacent expression, is deperate bothn(1)
anda(/).

ROy = 1) ~1)2 + k(1)2 (3.5)

a(A) = =
(N(1) +1)? +k(A)?

41 (A)
A

3.1.2 Doping and defects in semiconductors

An ideal, pure semiconductor is free of every inifgurand is perfectly
crystallized. The electrical conductivity of a pusemiconductor, also known as
intrinsic semiconductor, is strongly governed by thandgap. The only available
carriers for conduction are the electrons excitethfthe valence band to the conduction
band. From Fermi-Dirac statistics, the probabitifyoccurrence of these excitations is
proportional toexp(-E/kT) whereEg is the band gap energyis Boltzmann's constant
and T is the temperature. In contrast, the optical alettenic properties can be
significantly modified by temperature and deliberaiddition of a desirable impurity
into the crystal lattice of a pure semiconductorairtontrolled manner by a process
known as doping. The suitable dopants are cladsHie either acceptors or donors,
depending on the atomic properties of both the dbpad the material to be doped.
Semiconductors in which donor atoms provide fresxtebns are referred to as n-type
semiconductor. A donor atom provides free electrionthe material, creating excess
negative charge carriers. These weakly-bound elestcan move about in the crystal
lattice relatively freely and can facilitate contlan in the presence of an electric field.
Conversely, an activated acceptor produces a Imoléhee corresponding semiconductor
is classified as p-type. Doping a semiconductostedyintroduces allowed energy states
within the band gap but very close to the energydithat corresponds with the dopant
type. Donor impurities create states near the coiimtu band while acceptors create
states near the valence band. The energy diffefestvecen these energy states and the
nearest energy band, referred to as dopant-sitéitigpenergy, is relatively small. Since
it is so small, the thermal energy available atmaemperature is sufficient to ionize
most of the dopant and create free carriers incibreduction or valence bands. In
addition to intentional doping, inherent defectstive crystal can also significantly
contribute to the conduction in semiconductors.ebef and impurities are found to play
a significant role in controlling the semiconductgtical and electronic properties [9].
Optical transitions between donor levels and cotidadand states are traced deep in
the infrared region, as a consequence of the lduwevaf donor ionization energies.

3.2 Physical properties of zinc oxide

3.2.1 Bandstructure of ZnO

Zinc oxide crystallizes in hexagonal wurtzite cafsstructure with lattice
parametera=0.325nmandc=0.512nm[10]. Belonging to the space groupgsMc, this
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hexagonal lattice is characterized by two interemting sublattices of Zfi and G,
such that each Zn ion is surrounded by a tetrahedir@ ions and vice-versa. Figure
3.2(a) depicts the crystallographic indices ancergdtions ofa, r, and ¢ planes
exemplarily within the hexagonal unit cell. Zinxide is a 1l-VI direct bandgap
semiconductor with a large bandgap energy of ~8\8&t room temperature.
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Figure 3.2 (a) Schematic of the hexagonal lattioé cell of ZnO (b) Energy
bandstructure of ZnO

The valence band corresponding to O 2p bondingstat split into three double
degenerate bands due to spin orbit and crystal-§iglitting. These three valence bands,
denoted as A, B and C, posses quantum numbefg2 (7)), 3/2 [9) and 1/2 [7)
respectively. A schematic of the energy bandstrectf ZnO in its simplest form is
shown in figure 3.2(b). The first conduction banehich is strongly Zn localized,
corresponds to empty Zn 3s levels and possdgsgammetry [11,10,12]. The excitons
in ZnO are quite stable at room temperature ané bdarge binding energy of ~60meV
[13].

3.2.2 Doping and defects in ZnO

The ZnO films under investigation were nominallydoped. ZnO possess n-
type character due to the presence native poiettieSuch as oxygen vacancies)(or
zinc interstitials (Zp). Optically detected magnetic resonance experigndmve
revealed that ¥ is the cause of green luminescence band peakiggiaeV (~506nm)
with a halfwidth of 450meV at 4K in ZnO. It origites from a spin triplet state (S=1) of
the neutral vacancy %. Electrically active defects in ZnO labelled as &3d E4
detected through deep level transient spectros¢Dphy'S) measurements have been
attributed to intrinsic defects namely oxygen vaias and zinc interstitials [14,9].
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They are reported to be ~290meV and ~530meV beh@iconduction band minimum
respectively [22]. Optical DLTS measurements havews that E3 is not optically
active. On the other hand, E4 defects are optieaitive. Photoluminescence and DLTS
measurements performed by Hofmann et al showedtbet is a correlation between a
broad unstructured emission at 2.45eV green lurneree band and a donor level
530meV below the conduction band minimum (E4) [Récent breakthroughs have
challenged the traditionally accepted knowledgeuahbotrinsic defects as being the
cause of n-type character in ZnO. Kohan et al amdtii et al have theoretically proven
that both \4 and Zn are deep donors and have high formation energiie46,17]. An
alternative explanation has been proposed thattamtional substitutional hydrogen
impurities is always a donor since it has low fotimaenergy to produce free electrons
and is easily ionized [18]. Hydrogen would be a d@nt donor in ZnO materials that
were exposed to it during their growth processaddition to these native defects, there
may be other kinds of defects present such ascaudefects or line defects.

3.3 ZnO samples under investigation

3.3.1 Sample preparation by pulsed laser deposition

ZnO thin films were deposited by the pulsed laggrasition (PLD) film growth
technique. In PLD, the target material is vaporissthg a high power pulsed laser
beam inside a vacuum chamber followed by the cosatem of the ablated material
onto the substrate as a thin film. The detailedhmaeisms of PLD are complex which
includes the laser ablation process of the targgenal, the development of a highly
forward directed plume of gas phase material foldvby condensation of the ablated
material on the heated substrate and nucleatiogra#ith of the thin film [19]. The
adjustable experimental parameters are the lagendk, substrate to target distance,
background oxygen pressure and the substrate tamper Film quality is determined
by the selected laser wavelength, target compasitie structure and density and the
identity of the substrate (amorphous or singletatyand the lattice matching). Each of
these steps is crucial for the crystallinity andfanmity of the resulting film [20].

The films were deposited in oxygen atmosphere withackground pressure of
0.016mbar and 0.002mbar for two sets of films d#pdson a-plane and c-plane
sapphire substrates respectively. The depositimpeeature was 650°C. The target to
substrate distance was 10cm and the laser energ\6@@mJ with a repetition rate of
15Hz. There was no intentional doping during th&PThe undoped, naturally n-type
ZnO in the synthesised thin films gsaxisoriented and crystalline in nature [10]. A set
of five ZnO films with thicknesses of 264nm+3nm &8, 458nm+3nm (E859) thick
ZnO films on c-plane sapphire and 98nm+3nm (E1964), 227nm+3nm (E1963),
476nmz3nm (E1962) thick ZnO films aarplane sapphire were chosen for the study.
These thicknesses were determined by ellipsom&nym here onwards, E19xx and
E8xx nomenclature for the two sets of ZnO sampliéisbe followed in the rest of the
presented work. The difference between the twoesesi ZnO films is that in ZnO
deposited ortc-planesapphire, in-plane oriented domains can exist.Za® deposited
on a-plane sapphire substrate, the in-plane orientation ef ZmO is fixed by the
substrate and therefore these domains should nst &@nother difference between
these two series can be the raticaff lattice constants. Thelattice constant is larger
for ZnO films deposited at a smaller oxygen paniassure than for those deposited at
higher oxygen partial pressure.
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3.3.2 Thermal admittance spectroscopy measurements

Thermal admittance spectroscopy (TAS) was dondeZhO samples for investigation
of electrically active defects present in the filmfksgure 3.3 shows the dependence of
the diode capacitance on the temperature for diftefrequencies of the HF test signal
for E1964. TAS measurements revealed a donor-ligkeadl signature for E1964,
commonly observed for ZnO. This is indicated in filgure by the red arrow. The
defect commonly labelled as E3 defect has therwmialation energy of about 300meV
(It is located 300meV below the conduction bandimum) [21,22]. It is an intrinsic
defect in origin arising from oxygen vacancies aPlf ionization level of zn
interstitials. However, similar comprehensive sésdtouldn’t be done for other samples
since the high series resistance of the rectifylchottky diodes hindered the
experimental observation of electrically activeed#$ in the samples. But since it is a
rather well common defect level and was alwaysegrem other ZnO films tested from
the same series, it is believed to be presentharahvestigated samples too. Optical
DLTS measurements conducted on ZnO films (not tmesothat were under
investigation in the presented work) by the semilcmtor physics group in the
University of Leipzig have revealed that the elieelty active defect E3 is not optically
active.
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Figure 3.3 Temperature dependence of the diodecitapee for different frequencies of
the HF test signal for E1964

3.4 Optical properties of ZnO samples

3.4.1 Ellipsometric analysis of ZnO films

Spectroscopic ellipsometry was performed on the Zilmds at room temperature. The
dielectric function thus obtained allowed detaiiedight into the sample properties
[23]. For the analysis of the ellipsometric datamadel dielectric function for ZnO
suggested by Adachi et al has been used [11]. miseteopy in ZnO results in uniaxial
birefringence in which two different dielectric feiions exist for the polarization of
light parallel and perpendicular to theaxis For the current investigation, the dielectric
function spectra (shown in the figure 3.4) for tigiolarized perpendicular to tleeaxis
are considered since only the perpendicular compgoie of significance in the
experimental configuration of the time resolved pupnobe set up.
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The model consists of the direct bandgap, lowestgction band and three valence
bands. The dielectric function of ZnO consiststokee fundamental contributions from
discrete excitons, continuum excitons and freetedas. They are depicted in the figure
by the coloured lines. Thermal effects are incamped in the calculation of the

dielectric function through a temperature dependeandgap and temperature
dependent exciton broadening as shown in equadié) [24].

E(T) = 3.53062- 54x1074T ,I'(T) =0.07871883[ exp(-T / 258 (3.6)
£27n0 = IM g(Ediscrete-exciton * Econtinuum-exciton * € free—electron) (3.7)
3 .
64 (a) — Experimental ¢  (b)
- - Simulated ¢
21 — Free electron part

Continuum exciton

— 3 & . .
w Discrete exciton
14 — UV resonance term
o | k
O--\¥
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Wavelength [nm] Wavelength [nm]

Figure 3.4 Overall and individual contributionstihe (a) realq;) and (b) imaginaryeg)
parts of the dielectric function of ZnO

Taking the aforementioned three fundamental comiiobs into account, the overall

modelled value of the real part of the dielecttiadtion is found to be higher than the
experimental one. In order to match the fit, Adasthal have used a constant additional
term which is assumed to arise from higher lyingsgand core exciton transitions.

However, it was found during the analysis in thesented work that a constant term is
not sufficient to describe the discrepancy in theahd that an additional wavelength
dependent factor is required.

_ ApolE?
€1zno = Re(Ediscrete-exciton * €continuum-exciton * € free-electron) + €loff ~—

(3.8)

pol
This discrepancy is dealt by adding two additioi@ains to the real part of dielectric
function; one constant and another having inversadmtic dependence to the
wavelength as shown in equation (3.8). These aw ulraviolet absorption
contributions to the refractive index whose resaeas traced deep in the UV at around
167 nm. It should be mentioned that 167 nm is aimiped value yielded during the
mathematical modelling of ellipsometric data.

Discrete exciton contribution:There are three discrete exciton absorptions anrd7
373nm, 366nm formed as a result of transitions ftoenthree valence bands A, B and
C respectively. They consist of a series of shasprete lines with rapidly decreasing
oscillator strength proportional w°. Figure 3.5 plots the individual contribution from
all the three excitons. The excitonic absorptiores described by a discrete series of
sharp Lorentzian line shapes expressed by equ@idn[25].Here Ex,-1 23is the
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kS E Anx +
13 EXq=1 — E(A) —ilexciton— (1)
- 1 Anx (3.9
- iton(4) = — 03 +
Ediscrete-excitor(4) x=AZ,B,C 23 Ex—o — E(A) —iFexciton—, (1)
£ O3 A'('IX
| 33 EXy=3 — E(1) —ilexciton,- (1)

discrete exciton energy which is related to thedgap energyEox and the exciton
Rydberg energy. Dielectric contributions framl andn=2 exciton states, given by the
1% two terms in the expression (3.9), are expliditlyoduced.

Figure 3.5(a) shows that th& and 2¢ exciton states occur at 375nm and 370nm for
exciton-A respectively. The®term in equation (3.9) sums up the contributianfn>

3 exciton levels and the factor of 2 in its numerapproximates this contribution from
all the higher energy excitonic states and exciibanon coupling interactions. As an
illustration, the spectral variation of3, 4, 5and6 levels are plotted in figure 3.5(b).
All of them occur at the same spectral position @ity with subsequent diminished
amplitudes. This also ascertains the correct suromaif all the higher excitonic
contributions into the "3term. Clearly, the transitions correspondingi#® and higher
states produces a bulge in the low wavelength wfrgjl the three excitons A, B and C.
Among them, the slightly blue shifted discrete &xeiB depicted by the red curve in
figure 3.5(a) has the strongest influence. It iglent that the excitonic absorption near
the direct band edge of ZnO significantly modifike optical spectra.
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360 380 400 420 440 350 360 370 380 390 400
Wavelength [nm] Wavelength [nm]

Figure 3.5 (a) Overall and separate contributiondiscrete exciton absorption (b)
Higher states of the exciton-A

Continuum exciton and free electron contributiongss distinct from a discrete exciton
where a hole is bound to a single electron by goblattraction, a continuum exciton
arises from the coupling of a hole in the valenaacbwith a “continuum” of electrons
in the conduction band [26,27]. The net charge ob@tinuum exciton is zero. The line
shape of the continuum exciton absorption is gigrequation (3.10) wherBx(1) is
the broadening energy of the bandgap dapsandGx is the exciton Rydberg energy.

Acx[Eox on2

£continuum-exciton(d) = X . 7 n : >
x=AB,C| 4TGXHEW) +irx(A)2  Eox? - (E(A) +irx(4))

(3.10)

29



Chapter 3. Sample analysis

Aox _2—+/1+Xox(A) —{/1-Xox(A)
€ free—electron1) = X 373 0 v 5 J (3.11)
x=A,B,C Eox Xox=(A)

X0x(1) = E(’g;'rx 12)

Figure 3.6(a) clearly shows that continuum excioriras the largest contribution
followed by continuum exciton-B while continuum &a C does not contribute to the
dielectric function. The spectral evolution of daoum exciton and free electron parts
are rather similar. All three free electron conitibns along with the overall

contribution is plotted in figure 3.6(b). The lisbape of free electron part, written in
equations (3.11) and (3.12), is characterized hyticoous absorption proportional to
EY2. Free electron-B has the highest contribution he tverall free electron

contribution followed by free electron-A and -C.
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Figure 3.6 Overall and individual contributions(&) free electron and (b) continuum
exciton

3.4.1.1 Dielectric functions for different ZnO sartgs

The dielectric functions determined from ellipsamédor all the ZnO samples
are shown in figure 3.7. In E857, the exciton beyadg is large and the excitons-A and
-B are energetically so close to each other thatdifficult to resolve them. Therefore,
during the modelling of ellipsometric data, excHBns assigned value 0 in E857 while

3
2@ —E1964 (b) — E1964
__ES857 __E857
—_E1963 ] —_E1963
61 E859 E859
o — E1962| __E1962
] N
T T T T 1 0- T T T
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Wavelength [nm] Wavelength [nm]

Figure 3.7 (a) Real and (b) imaginary part of tlededtric functions for all ZnO films
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the exciton-A contains the total contribution fraroth. The real part of the dielectric
function is very similar for all the ZnO films. lime imaginary part, the region below
375nm exhibits some differences between the samfileshould be noted that the
aforementioned is the ground state dielectric fiomctof ZnO which contains
information about the valence band (ground stat€)al the empty levels namely the
conduction band and the exciton states. As alreadgtioned in sections 3.2.2 and
3.3.2 that the inherent intrinsic defects manitesinselves as donor-like levels within
the bandgap in ZnO. However, the ellipsometric mesments done on the samples do
not reveal any information about these states. Alsere is slight discrepancy between
the experimental and the modelled dielectric fumrciround 375nm.

3.4.2 Transmission measurements of ZnO films
3.4.2.1 Transmission spectra of ZnO films

Figure 3.8(a) shows the transmission spectra of/E&@%d E859 orc-plane
sapphire substrate while figure 3.8(b) depicts tid1964, E1963 and E1962 films on
a-plane sapphire respectively. The pureplanesapphire is transparent over the entire
spectral region of interest. All the ZnO samplekikix high transmission above 375nm
and strong absorption below it. The transmissiareases between 300-375nm with
decreasing thickness; the highest being for E19®#. thinner the sample the lesser
absorbing ZnO it contains, resulting in higher srmarssion. A small kink observed
around the lower end of band edge, most visibletliatner samples, is the exciton
contribution in the ZnO films under investigatiofhere is indication of scattering in
the samples as even the pure sapphire exhibitsamoiynd 80% transmission.
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Figure 3.8 Experimental transmission spectra of Zilfs

The oscillations observed between 400-600nm are tdumterference in the film.
Constructive and destructive interferences takeeplzetween the probe light reflected
from the top and bottom surfaces of the ZnO layérich give rise to fringes. The
transmission spectrum of the film shows these fietence fringes in terms of periodic
variations in wavelength, as can be observed betw@&6-600nm. Below 375nm, the
oscillations are strongly damped by the absorpfias.also evident from the figure that
the period of oscillations depends on the thickre#ghie film with the thinnest E1964
sample exhibits one oscillation and the thickes©@l1 shows as many as four
oscillations. Furthermore, the amplitude of theilons is connected to the contrast
between the refractive indices of the layer andstiisstrate.
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3.4.2.2 Simulation of transmission spectrum of ZnO

In order to calculate transmission changes in time tresolved pump probe
spectra, it is crucial to first simulate the tramsion spectra of ZnO samples.
Knowledge of the exact dielectric function of Zn@tefmined using ellipsometry
enables one to calculate it. Figure 3.9 illustraeshematic of paths traversed by a ray
of light incident on a thin film. The incident lighay L is bifurcated into a reflected ray
along AR and a ray refracted through ZnO layekistg the lower interface at;BSince
the sample is transparent, a very small fractiothefincident light is reflected as the
ray AR at the upper surface. The light which entées ZnO layer suffers multiple
reflections from the front and back surfaces. Afesten number of passes in the
medium, an even smaller fraction emerges as refidayht (rays R Ry, Rs...). Most of
the light is transmitted as ray,;B during the first pass. The amplitude of the
subsequent transmitted rays after reflection frowm film’s inner surfaces gradually
diminishes. These emerging multiple transmitteds rayperimpose with one another
giving rise to interference fringes [28,29].

L R Ri R: Rs

Zn0O

Zn0O

Sapphire

T, T2 T3

Figure 3.9 Sketch of the ZnO film on sapphire swastalong with the schematic
depicting interference phenomena in a thin film

Mathematical treatment (Transmission mode$uppose that a plane wave is incident
upon a ZnO film of thicknedsat an oblique incidenagwith respect to the normal. The
relative phase between the transmitted rays depemdise angle of refractiofi at the
upper surface and the refractive inaéX) by the relation (3.13).

o) = cosf , whered =0° (3.13)

2m(A)t
P

For normal incidence, the cosine term equals urktyithermore, during each pass
through the ZnO layer, the beam suffers an absorpbiss ofexp(ut/2). The total field
due to the superposition @ftransmitted rays is given by the expression (3.T4g
amplitude of these fringes of multiple beam intesfece, also known as Fabry-Perot
fringes go in geometric progression. Equation (Bdescribes the combined reflectivity
r (1) of front and back interfaces wharg andn,s are the effective refractive indices at
the ZnO-sapphire and air-ZnO interfaces respegtierpressed in equation (3.16).

at
Ed() =(1-r)e'% 2 [1+ red9e™at 4 4y P 1g2(p-Didg=(p-Dat (3.14)
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r()l) — n12(/]) -1 n23(/1) -1 (3.15)
M2(A) +1 ) np3(4) +1 '
nlz(/]) :M , n23(/]) :M (3.16)
NsapphirgA) Nair

The complex summation of this geometric seriesvisrgby:

at .
o =24 . pa2pid —apt
d _n_\aba 2| 1-1"e e
E"(N)=(@0-r)e“e { - 20t } (3.17)
_ d dop -
T(A)=E"(N)E"(A) (3.18)
Following the above treatment, the resultant tratisthintensity is obtained as:
2
(1- r)ze_m{(l—r Pe™ pa't) +4r Pe™ Pt sinz(pé_)}

Tp(A) = (3.19)

2
Ql— re_m) +4re” sinz(é')

In expression (3.19) for transmitted intensity franmthin film, the terms in the
denominator and within the square bracket in theermator can be interpreted as the
interferometric contribution while the pre-factsf' represents the pure absorption due
to ZnO. It should be mentioned that finite numbktransmitted rays are considered for
the estimation of transmission. Since taking inériransmitted rays, i.e. in the limit
p—x, the expression (3.19) becomes indeterminate. tivahdilly, after transmission
through the ZnO layer, there is a minor loss in ititensity of light due to the back
reflectivity from the sapphire substrate. Therefareaddition to the aforementioned
interferometric contribution due forays transmitted through the ZnO layer, refletyivi
from sapphire back surface can be explicitly incogped in the formalism as
TA)=Tp(A) - (1 - rsapprird4)) [30]. In a transparent material like sapphire vehére
absorption coefficient is very small, the extinaticoefficientx is assumed to be
negligible in the calculation of this reflectivity.

Using the refractive index as well as the absorptioefficient determined specifically
for each ZnO sample using the above formalismy tlesipective transmission spectra
were computed. Figure 3.10 (a) shows one such atedilspectrum along with the
experimental one for E859. As mentioned earlier,stmof the incident light is
transmitted through the first ray, thereafter thbsequent strengths decrease gradually.
Analysis of the modelled transmission spectrum stbthhat aftep=3 transmitted rays,
there is a very small change in transmission iritensf the order of 18, in the sample.

It can be seen in the figure 3.10 (a) that themoi®bservable difference between the
spectrum with 3 transmitted rays and the one Wi i&ys.

In figure 3.10(b), the discrepancy in the experitatand simulated spectrum is plotted
for the ZnO films. The residual transmission spectiveal that the model overestimates
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the amount of transmission especially around 400Rms residual absorption can be
due to the contributions by defect states showthbyconventional transmission spectra
but not by the ellipsometric one. It may includatsering contributions as well. The
contribution from defect states would not be actednn the model dielectric function
if they are filled. Also, the presence of a minscitlatory component indicates that the
refractive index of ZnO is not perfectly descrideg the ellipsometric data. From the
enlarged view of the bandedge spectral regionguré 3.10(c), a dip around 380nm for
all the films is visible. It is maximum for the tiest E1962 and minimum for E1964.
Necessary refinement in the dielectric functioo© is required to improve the fit.
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Figure 3.10 (a) Experimental and simulated trassimon spectra of E859 (b) and (c)
Discrepancy between simulated and experimentastnégsion spectra of ZnO films

As an annotation, it should be mentioned that therierometric contribution from the
sapphire substrate is not taken into account. Siheethickness of sapphire layer is
quite large (~ hundreds @im) as compared to the wavelength of the light,diter of

resulting fringes is quite high and thereby theultgsy oscillations are too narrow to be

resolved by the spectrometer. Hence, the interter@ontribution due to sapphire can
be ignored.

3.4.3 Microscope images of ZnO films

Figure 3.11 shows microscope images of E857, E&®64, E1963 and
E1962. The damage at the sample surface causerpbgluee to 400nm femtosecond
laser pulses can be seen [31]. There is indicadfoscratches and surface defects in
E857, E859 and E1964. In order to characterizestivéace of these films in more
detail, more sophisticated techniques like atomicd microscopy was used.
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Figure 3.11 Microscope images of the surfaces &f7E8859, E1964, E1963 and
E1962

3.4.4 Atomic force microscopy on ZnO films

The surface morphology and surface roughness in Zaples were
investigated using AFM. Figures 3.12 and 3.13 sliog&v AFM images of the areas
which are squared in the microscope images alZti@ samples. The heights of some
of the spikes are written on the images. It isblysclear that the surface of ZnO is not
smooth, rather it has considerable roughness [3i4. surface of E1962 is relatively
smoother and clean. In case of E859 and E196%awvs some rod like features,
marked with white squares in the AFM images, tleains to be absent in other samples.
They may lead to higher scattering in these filmsE1964 and E1963, the horizontal
step contrasts are scanning artefacts introducadgddFM. The colour contrast from
one end to another end in all the samples is angoguartefact too. The black step on
the left side in E857 is a defect or scratch onstiméace.

Figure 3.12 AFM images of the surfaces of E857 B889
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S—
10 um

Figure 3.13 AFM images of the surfaces of E1964@3land E1962

The AFM images reveal that the samples are notichdrsince they differ not only in
thickness but in surface morphology too. The thedaegiven by ellipsometry which is
used in the modelling of time resolved spectranisagerage one. The thickness is not
constant over the entire film due to the considerabrface roughness in them. Hence
the ZnO films under investigation do not make arf&t” interferometer. This is an
important revelation which must be kept in mindtasay introduce some discrepancy
in tallying the modelled time resolved spectra diditir the perfect interferometer with
the experimental spectra for the real “not-perfesytstem. Secondly, scattering of the
strong pump beam is expected from the surface roegghin these films.
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Chapter 4. Disentanglement of contributions in
the time resolved spectra of ZnO films

4.1 Model
0.04
0.001
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—-0.4ps A 350nm
— 0.2ps o -0.04 —_375nm
g 0.04 — 10ps | < — 415nm
15.0ps — 450nm
-0.08; — 50.0ps | 008 600nm
— 790.0ps — 700nm
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Figure 4.1 Time resolved spectra for E859 (a) Changptical density as function of
wavelength for selected delay times (b) (a) Changmptical density as function of time
for selected wavelengths

The femtosecond pump probe experiments generatplerrthree dimensional data.
Figure 4.1 illustrates typical time resolved data E859 sample. In figure 4.1(a), one
can observe changes in optical density at variqextsal positions between 300-
700nm. By mere visual analysis of the spectrums itmpossible to understand the
physical background behind these features. Thetwami of each of these features with
time adds further complexity in the analysis argdiftterpretation. Hence, in order to
extricate information about various physical preessfrom it and understand the carrier
dynamics in ZnO films, a careful and thorough tletioal analysis of the time resolved
pump probe data is required. Also, it is known frtme preceding chapter (refer to
figure (3.4)) that the spectral positions of diffet contributions in the dielectric
function of ZnO overlap with each other. This taoosgly indicates that the time
resolved dynamics in ZnO is expected to have a tompverlap from these
contributions. Hence, a model must be built usidgcv different contributions to the
time resolved spectra can be analysed to gain ladgel about the dynamical processes
in ZnO upon excitation with strong femtosecond puls
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Based on the known dielectric function of ZnO, adelois developed to simulate the
time dependent spectral changes. Taking the ahsorpoefficient and the refractive

index of the sample into account, the ground dtatesmission of the sample (equation
(3.19) of chapter 3) before the pump irradiatiorcadculated. For convenience, it has
been rewritten as equation (4.1). Upon excitatiengump pulse modifies the dielectric
function of ZnO. Consequently, the altered absorptoefficient and refractive index

leads to changes in the transmission from the sanmijierefore, a variation of the
parameters of the known dielectric function, rasgltin changes in absorption and
refractive index, is used to calculate the modifisthsmission after the excitation and
hence the corresponding change in optical densiaeh spectral position.

.

T(e() = - (4.1)
(1— re_m) +4re” sinz(é)

AOD(£(1)) = Iog(pr:j)) ] (4.2)
ap

The change in optical densitA@D(1)) is defined as the logarithm of the ratio of
unchanged to the changed transmission befdgg{4f) and after Tap(1)) the pump
excitation respectively. Levenberg Marquardt optaion routine was implemented to
optimize the parameters in dielectric function tbthe experimental time resolved
spectrum. It is discussed briefly in the followiegb-section. The above formalism is
implemented to simulate the spectral changes iicaptiensity for every measured
delay time. The spectral analysis of transmissimeinges gives signature of the states
created by the pump pulse while its temporal amal®uld yield the dynamics of the
transitions. In this way, the theoretical modeldzhsn the dielectric function can thus
render detailed insights into the ultrafast dynanaitindividual processes in ZnO films.

It should be emphasized that the dielectric fumctbZnO contains all the ground state
contributions. However, it is known from chaptethat the modelled dielectric function

is not able to completely describe the defecthendystem. As a result, the dielectric
function based formalism to simulate the time resdlspectra would not be able to
account for contributions from defect states. Tfweeif present, these contributions
must be additionally incorporated in the model. Bwer, under strong excitation there
are many effects one might observe in the timelvedodynamics such as early time
coherent interactions like AC Stark effect, bandgapormalisation [1,2]. Since all

them are induced processes, the above mentiongzsoafietric formalism cannot

explain them. Since these transitions initiatingnirexcited levels or levels which are
initially filled in the unexcited state are not evently included in it, they must be

additionally incorporated.
_2(/] _/]C jz
e w 4.3)

simAOD(4) = AOD(g(A)) +

Wi
2
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Therefore, all the additional contributions canfémenally incorporated into the model,
should this be necessary, by suitably introducirgaassian or Lorentzian curve at the
corresponding spectral positio. In the second term of equation (4.3),and w
indicate the amplitude and width of a normalisedi$€s&an curve. In this way, the model
is equipped to explain all kinds of processes isectihey appear in the time resolved
spectra of ZnO films.

4.1.1 Implementation of Levenberg Marquardt optimization routine

Levenberg Marquardt routine is a nonlinear leastisg optimization procedure where a
non-linear model function is fitted to measuredad@. It determines optimum values
of the parameters of a model function (presentetjuration (4.3) in the current case) so
as to best fit the experimental time resolved spett These simulations were
efficiently performed in Matlab. For a single tinmesolved spectrum, the data set
consists of discrete empirical data pagspAOD;, /). The model functionsimAOD(V,

4), is a nonlinear function of the parameters of dielectric function wheré/ is a
vector of initial estimates of the parameters tmptmized. The step size is kept to be
0.8nm which is in accord with the resolution of thede lines in the spectrometer. The
residual is defined as difference between the éxmatally measured value and that
estimated by the model. By varying the chosen $epavameters of the dielectric
function, §V), the residuals squared at each wavelength positnal summed over all
wavelength points is minimized. It is illustratedaquation (4.4).

S(V) = 3 (expAOD(};) - SIMAOD(V, 1)) (4.4)
i=1

To start the minimization, an initial guess for tbleosen set of parameters of the
dielectric function to be varied is provided whtlee rest of the parameters are kept
fixed. Levenberg Marquardt optimization routine uggs an iterative procedure to

establish a direction of search at each majortieraAll the chosen parameters are
varied simultaneously in the routine until the siated spectrum matches with the

experimental spectrum for a particular delay time iterative process is terminated

when the convergence criterion is satisfied and tine optimized values which best

describes the experimental spectrum is obtaindawise, this treatment is repeatedly
done to the pump probe spectra of all delay titeshould be noted that the same set of
chosen parameters are consistently varied fohalstibsequent delay times.

The Levenberg Marquardt optimization is robust adlvas very fast and finds a
solution even if it starts far off the final minimmu It must be added though, that the
space of parameters of the model function may lmasay local valleys. Therefore,
starting the optimization with an educated guesthefinitial estimates can be critical.
During excitation by the pump pulse, the paramestast changing from their initial
values to modify thédOD (1). Maximum change of parameters occurs for earlgyde
times after which they subsequently decay backew original values. Therefore, the
optimized values of parameters generated for ardifitial optical density spectrum at a
delay time is fed as the initial estimate for tlextrsuccessive delay time.
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4.2 Implications of different dielectric components on
simulated difference optical density spectrum

In the simplest implementation of the model, thieafof different parameters of the
dielectric function of E859 on the simulated diffiece optical density spectra was
studied extensively. The following subsections déscthem in detail.

4.2.1 Exciton bleaching

Reducing the amplitude of the exciton absorpticults in transmission increase in the
differential optical density spectrum. Figure 4)2&hows the simulated spectrum
(simAOD(A)) where the amplitude of the discrete exciton-Aragduced by 5%. It is
expressed as Lorentzian line with a FWHM of ~8.43nm addition to the main
bleaching peak at 375nm, minor oscillations can tlzeed above 390nm, their
amplitude being very small on the order of 21@igure 4.2(b) depicts transmission
increases for n=1 ancxr? discrete exciton-A levels at 375nm and 366nmeetsygely.
Both the contributions are equally populated byuoag each of their amplitude by 5%.
Transmission increase due t® & exciton states produces a bulge in the left wihthe
overall exciton-A contribution. Changing the amydies of excitons-B and -C produce
similar results at 373nm and 366nm respectively.

a
0.000- @ 0.000+ ()
§ -0.025- g -0.0254
S|
% _§ — n=1 exciton-A
-0.050; @ -0.0501 n=2 exciton-A
— Overall
-0.0751 — Discrete exciton-A -0.0754 contribution
360 420 480 540 600 360 390 420 450
Wavelength [nm] Wavelength [nm]

Figure 4.2 (a) Transmission increase at 375nm alakstrete exciton-A (b) Individual
contributions from n=1 anc2 levels to the overall exciton-A bleaching

By reducing the amplitude of exciton-A by 2, 5, 13, and 20%, the exciton
bleaching consequently increases. As evident figord 4.3(a), a 10% decrease in the
amplitude of exciton-A results in a large changeptical density of ~ -0.147. Inspite of
the gradual increase in pe&lOD, the FWHM of exciton bleaching remains constant.
The left wing of exciton bleaching spreads outasals 350nm in the ultraviolet region
for larger variation of exciton-A. The centre wasmjith remains stable at 375nm.
Additionally, the effect of varying the linewidtt the exciton along with the amplitude
is illustrated in figure 4.3(b). In the expression exciton broadening in equation (3.6),
the constant term placed before the exponentiah tisr varied. The amplitude of
exciton-A is fixed to 95% of the original value waithe constant term is decreased by
1%, 2% and increased by 2% respectively.
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Figure 4.3 (a) Transmission increases due to deereahe amplitude of discrete
exciton-A by various amounts (b) Effect of incremsthe linewidth of exciton-A

The amplitude of exciton bleaching diminishes as ¢bnstant term in the linewidth is
decreased. The exciton peak splits due to thertimtoin the centre of the peak. The
right shoulder of the bleaching peak broadens witiilere is a complex amplitude
variation in the left one. Upon increasing the ¢ansterm by 2%, the overall bleaching
amplitude increases along with distortion in it Veing.

4.2 .2 Modulations

A number of parameters in the dielectric functidZnO generate oscillatory behaviour
between 400-600nm in the differential optical dgnspectrum. These parameters are
Apol, Epol, the continuum excitons-A and B and the free ebest contributions A, B, C.
Figure 4.4(a) depicts the oscillatory behaviourdmeed upon reducing the amplitude of
continuum exciton-A by 5%. The strength of the nlatdans weakens towards the red
side of the spectrum. Varying the amplitude of¢batinuum exciton-A in the opposite

direction, i.e. increasing it by 5%, results in qete reversal of the modulations. This
is illustrated in figure 4.4(b).

] (b)
0.0031 0.005

A 0.000 g 0.000 /\ O >
o |
S . .
£.0.003/ % -0.005. g Decrgasmg contmuum
o exciton-A amplitude

0.006 — Decreasing continuum Increasing continuum

It exciton-A amplitude -0.0101 exciton-A amplitude

400 500 600 400 500 600
Wavelength [nm] Wavelength [nm]

Figure 4.4 (a) Oscillatory behaviour due to deaeaaghe amplitude of continuum
exciton-A (b) Comparison of oscillatory behaviowredo increase and decrease in
continuum exciton-A amplitude by equal amounts
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Figure 4.5 Change in optical density spectra duatmus parameters in the dielectric
function that result in oscillatory behaviour beémga) 300-600nm and (b) 400-600nm
(c) Change in optical density as a result of surmoohbined variation of & andeos

Different dielectric parameters that generate tzoily behaviour between 400-600nm
can be studied in detail from figure 4.5(a) and M) the parameters are varied by 5%.
It is clearly evident that the parameters do nattigoute equally to the differential
optical density in the entire spectral range okrest. Moreover, some parameters
produce positivedOD and some negativ&OD in the ultraviolet regione; o produces
the strongest modulations in the visible regiorwadl as a considerably high positive
amplitude in the UV region. On the other hand, cantm exciton-A yields smaller
modulations but shows the highest amplitude vanain the UV region. Ay, Epol,
continuum exciton B and free electron B producatiretly much smaller modulations.
Free electron-A and C, not shown in the graph, gdven minor contributions.
Additionally, it can be deduced from a qualitatisealysis of figure 4.5(b) that a
configuration can be achieved by carefully choossngombination of two or more
parameters such that they cancel each other’staffetie UV while adding up their
oscillatory contributions between 400-600nm. Asiléustration, figure 4.5(c) shows
such a simulated spectrum where a combination ofimaum exciton-A and;.; are
selected. A is reduced by 2.5% while; is decreased by 5%. Their individual
contributions add up between 400-600nm and couttérathe UV region to keep the
AOD to minimum. It can be seen that this configuratadao produces a complex
behaviour between 340-390nm. Hence, a combinafigtr@angest parameters that yield
the lowest sum of the residuals in the entire specange of interest ought to be the
fundamental criterion for the optimal choice of gaeters in the mathematical
description to generate such modulations.
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4.2.3 Bandgap variation

Varying the bandgaps A, B and C introduced by 5&ease in temperature according
to equation (3.6) produces strong complex variagéibthe bandedges of all three bands.
Figure 4.6 illustrates this effect on the speatrange in optical density.

0.10 Eoal(m
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£ 0.004 —
(7]
-0.05-

340 360 380 400 420
Wavelength [nm]

Figure 4.6 Effect of changing the bandgaps thrdziglincrease in temperature on the
change in optical density spectra

4.3 Confidence tests of the optimization routine

A number of self-consistent checks were done tdicorthe integrity of the complete
optimization routine which is implemented in thedebdeveloped to simulate the time
resolved spectral changes in transmission. Systenmabdel simulations were
performed to evaluate the reliability of the optiation routine. A set of optimized
parameters was obtained by fitting a curve to geamental pump-probe spectrum. In
the next step, this simulated spectrum with thenkmactual values of parameters was
fed in the routine as a pseudo-experimental sp@ctoube optimized. The motivation
behind this procedure was to check that when tlaetexalues of the parameters of an
input curve are known, how correctly the routin@werges the optimized values to the
original ones. Figure 4.7 shows the results of imgeof the simulated spectrum and
the difference between both the spectra is platidtie inset graph. The curves match
perfectly, confirming that the optimization routimeleed converge the varying values

/N Ext. Inwdth: 0.0776652
0.001~_ ; “_——— Ext. ampl: 0.0255766
1 | oo01 Aca: 0.344238
0 -0.03{ |/ 4000 — £, 2.69787
3 l E :3.53014
0061 | %450 600 A?ea SE: 0.108965
J —sim. of exp. curve | Area HE: 1.00573
-0.09 sim. of sim. curve Area Gns. curve: -0.744881

400 500 600 700 Wavelength Gns. curve: 385.009
Wavelength [nm]

Figure 4.7 Pseudo-experimental (simulated) spectmidhits corresponding simulated
fit. The optimum values of the varying parametersbioth curves are written as well.
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of the parameters to the actual ones. The sligttian around 400nm in the difference
spectrum is of the order of TOwhich is beyond the resolution of the spectromsete
used in measuring the pump probe data. Additiondly comparison, the original
values of parameters as well as that yielded afpéimization are written in the right
column.

As the next step to determine the accuracy of ttimg procedure, the range of
variation of the optimized values was studied lyuiting different initial estimates for
the same parameters. The fluctuation in the regsulialues was in the range of less
than 3%, which defines the accuracy of the optittoma Additionally, in order to
ascertain the correctness of the large and confplexulation of the developed model
with the infixed optimization procedure, the bestplarameters given by the routine
were fed in another simpler program without anyirofation routine (in Mathcad) to
calculate the simulateAOD(4). It produced the exact spectrum as supplied gy th
optimization routine. This further confirmed the@et functioning of the formulation.

4.4 Simulation of time resolved spectra: lllustratons

The experimental time dependent transmission cleang&nO films were modelled
using the Levenberg Marquardt optimization procediumplemented on the above
described model. In this section, few simulatiofisthe experimental time resolved
spectra of ZnO films would be shown as illustrasiorrigure 4.8(a) depicts the
experimental and it corresponding fitted spectan@lwith individual contributions at
0.4ps for time resolved measurements done on E8&9amp energy of 4.

(a)
0.00- 0.00+
ExpAOD
a — SimAOD )]
% 0.04 Exciton-A % -0.041 |\ Exciton-A
3 008 — Oscillatory modulations| -z / — Oscillatory modulations
' Gaussian fn. at 390nm -0.08+ ‘ Gaussian fn. at 390nm
— Gaussian fn. at 500nm — Gaussian fn. at 500nm
-0.124 , — Gaussian fn. at 400nm 0121 — Gaussian fn. at 400nm
350 450 550 350 450 550
Wavelength [nm] Wavelength [nm]

Figure 4.8 Experimental and simulated spectra 8%at (a) 0.4ps (b) 1.2ps

The transmission increase at 375nm is fitted byiagrthe amplitude and linewidth of
discrete exciton-A. To describe the oscillatory poment between 400-600nm, a
combination of continuum exciton.fand constant real tersos is used. The refractive
index modulations fit better to the first oscil@ati at 405nm. However, there still
remains an additional positivROD around 500nm which these oscillations cannot
account for. In order to incorporate this residr@itribution into the mathematical

2 2
_ZV -AcsooJ N _ZV -AcsgoJ
e e +—2 ¢ W2 (4.5)

simAOD(A) = AOD(g(1)) + A
T

W W2
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2
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framework, an additional Gaussian curve is intredu@at ~500nm (middle term in

equation (4.5)). It is clear from the analysis danesection 4.2 regarding the

manifestation of various parameters of the dieleétmction in the simulated change in
optical density spectrum that none of them can ritess¢he experimentally observed
transmission increase at 390nm. It is an inducedribution and therefore, a second
Gaussian curve is introduced at the same spedisdtign, as shown in equation (4.5).
The widths as well as amplitudes of both the Gamssurves centred at 390nm and
500nm were varied. In a similar way, a third Gaarssiurve is included at 400nm. The
simulated spectra agree with the experimental tiesolved spectra with excellent
ac%uracy. The sum of residuals squared at eachlevegth position is of the order of

107
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Figure 4.9 Experimental and simulated spectra 83%at (a) 3.8ps (b) 8.1ps

Due to the complexity of the various contributioassingle spectrum is not a sufficient
criterion, rather the entire time sequence mustabalysed. Only those spectral
components which have a reasonable time evoluteom lwe included in the self-
consistent picture. Figure 4.8(b), 4.9(a) and (s fitted spectra with corresponding
contributions at 1.2ps, 3.8ps and 8.1ps for theesam@asurement on E859. At 3.8ps, the
additional broad absorption increase around 500muuges in amplitude. The
simulation for this delay time reveals larger amddaler contribution at 390nm shown
by grey Gaussian curve while the transmission ssx@eat 375nm due to discrete
exciton-A is narrow. In an attempt to minimize tlscrepancy between the
experimental and estimated values in the ultravicdgion, the optimization routine
apparently underestimates the oscillations.

From the above illustrations of the simulated s@écthanges using the
aforementioned model, it is shown that it can sssftgly account for the various
spectral features observed in the time resolved adt ZnO films. The known
contributions from the dielectric function cannotpkin all features observed in the
transient spectra and further non-equilibrium congrds are required which are
incorporated by suitable Gaussian functions. Inathguing step, the real physical origin
of all the different contributions including the pimcally included unknown
components of the simulated spectra, in tandem g time evolution must be
carefully analysed to understand the charge cadyieamics in ZnO.
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Chapter 5. Time resolved dynamics in ZnO films

5.1 Introduction

The charge carrier dynamics in semiconductor fiams strongly governed by
intrinsic as well as extrinsic properties. Theimgic parameters of the ZnO films under
investigation, essentially contained in its statieelectric function, have been
extensively studied in chapter 3. It has been shthene that the exciton contribution
dominates the dielectric function of ZnO and siguaintly modifies the optical spectrum
especially around the band edge. Of utmost impoetat this juncture is the question
that under excitation by strong femtosecond lasetsgs, which fundamental
components of the dynamic dielectric function pkaysignificant role in the charge
carrier dynamics in ZnO [1,2]. Furthermore, it i3okvn from the literature about the
presence of defects in ZnO which create donordtlées within the bandgap, described
in chapter 3. Additionally, it has been indicatedsection 3.4.2 of chapter 3 that the
ZnO films contain defect levels within the bandgdmat give rise to additional
absorption across a wide spectral range betweefv@@bm and especially around the
bandedge. This conjecture leads to another intrggaispect that whether these defects
states manifest themselves in the ultrafast cadyeamics in ZnO. The answer would
reveal their exact role in the carrier dynamics 42nO and also establish more
conclusively their presence in order to understaedunderlying background behind the
discrepancy between the experimental and modellatsinission spectra. In order to
elucidate all these facts, the ultrafast chargeieradynamics in ZnO films were
investigated by performing femtosecond pump prabeasmission spectroscopy with
400nm as the excitation pulse. All the measurememse performed at room
temperature. The experimental time resolved punopgresults for E859 are reported
in section 5.2. The simulated time evolution offefiént contributions obtained using
the model developed in the preceding chapter aesepted next. The underlying
physical processes in the time resolved spectradaified and a schematic of the
band picture illustrating fundamental relaxationciremnisms is proposed. An elaborate
quantitative as well as qualitative analysis to emsthnd these contributions is
performed. A summary of key points is presentethi@end of the section.

A critical parameter which significantly governsetlcarrier dynamics is the
wavelength of excitation. Exciting the system widiiferent wavelengths below the
bandgap may alter the excitation mechanisms as agelthe subsequent relaxation
pathways. Therefore, excitation-wavelength depentiere-resolved experiments were
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Chapter 5. Time resolved dynamics in ZnO films

performed to explore different mechanisms in theieadynamics of ZnO films. This
study was driven by the fact that the time resolveelasurements performed with
400nm pulse as the excitation wavelength is farfad the resonance in ZnO at
~365nm. Hence apart from 400nm pump, experiments warried out with two other
excitation wavelengths of 409nm and 391nm, on eiide of 400nm. Energy states
within the bandgap can be directly accessed by mgnghe films even farther off the
resonance with 409nm pulse. In this case, excitwosld definitely be indirectly
excited. In contrast, excitation at 391nm was chasgih the intent of directly exciting
the far red wing of the excitons. These experimemdsld also serve as a test if 18nm
difference in excitation wavelengths is sufficidnt significantly alter the relaxation
mechanisms in ZnO. In section 5.3, the resultscoitation wavelength dependent time
resolved measurements are reported. A detailedysisabf modelled results is
performed to gain insight on the different decagrotels and understand how these
interactions affect the lifetime of various proaessThe section ends with a summary of
the key findings from these experiments.

A yet another crucial aspect to further the undeding about the nature of the
fundamental relaxation mechanisms in ZnO deals thighamount of energy put into
the system. If the excitation is weak, the absorpand refractive index modulations
are small. On the other hand, at high excitaticdensities saturation effects play a
pivotal role in the carrier dynamics [15,1]. Seclyndhe exciton density is dependent
on the number of carriers excited from valence bamdl hence exciton-related effects
will be strongly influenced by the excitation ingaty. In the light of these arguments,
excitation energy dependent time resolved measursmeere performed to investigate
its influence on the carrier dynamics in the Znné. The 400nm pump pulse was
varied in energy from 78 to 5@J. The results of the excitation energy dependent
measurements are presented in section 5.4 alomgtmet simulations that reveal how
the pump energy influences the spectral variatibrdiferent processes and their
corresponding lifetimes. At the end of the sectithre important revelations from this
analysis are summarized.

The time resolved carrier dynamics for differentCZfilms were studiedA
significant aspect is to understand the role o fihickness on the carrier dynamics of
the ZnO films. In the time resolved differentiahismission spectra of ZnO presented
as example in section 4.4, an oscillatory compormettveen 400-600nm is clearly
evident. It is known from chapter 3 that the corti@ral transmission spectrum of ZnO
exhibits oscillations due to interference in tHenfiThe interference effect is strongly
influenced by the thickness of the film. These angats bespeak that the thickness of
the film may have a strong bearing on the time luegsbdynamics in ZnO. For this
reason, time resolved transmission measurements paformed on ZnO films with
different thicknesses. In addition, this investigatwould also elucidate information
about the optical processes that stem from bulk llehaviour as well as surface
contributions, if present. In section 5.5, the hessaf the pump-probe experiments for
different samples are presented. Moreover, the kaamalysis presented in chapter 3
revealed that the investigated ZnO films are nofeodly identical and that they differ
not only in thickness but also in structural prajgsr and surface morphology. These
measurements would also reveal that whether thiéfesetices have a bearing on the
time resolved spectra from these ZnO films. The fmglings from the analysis are
presented at the end of the section.
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5.2 Time resolved results of ZnO films

5.2.1 Experimental results
5.2.1.1 Spectral variation

Time resolved transmission measurements were peefbon E859 film grown
on c-planesapphire with 400nm excitation pulse with ener§p@J. Figures 5.1 and
5.2 show the experimental time resolved spectra detay times upto 600ps
respectively. The change in optical densiOD(1)), which is a measure of change in
transmittance of the sample, is plotted as a fonotif wavelength for different times.
At this point, it would be useful to restate tha®D(1) represents the change in
transmission of the probe spectrum upon excitatitence, negativaOD(1) indicates
transmission increase and positix®D(1) indicates vice-versa. At very early delay
times starting, a strong bleaching around 375 nnoldserved along with a broad
positive feature, which seems to be a combinedtefieoscillatory behaviour between
400-600nm and an absorption increase centred ardddwm. The absorption increase
between 430-560nm rises and decays very rapidlgsis upto 0.2ps, after that only an
oscillatory component remains which too diminisigeadually after 2ps. The 375nm
contribution increases in amplitude peaking at ado0.8ps. It is accompanied by a
spectral broadening that extends as far as 347ntheblue side. Thereafter, though
the amplitude diminishes but the broadening persistil ~ 1ps. It can be seen clearly
from figure 5.1(b) that a prominent red shiftedustured shoulder at ~387nm starts to
develop from Ops onwards. The distinct peak caarlldoe observed until 0.3ps. After
0.5ps, this feature doesn’'t remain distinct but ammeout with the 375nm peak.
Furthermore, it is evident that the spectral fezguare not stable in their positions with
time. It can be seen in figure 5.2(a) that the #onhe as well as width of 375nm peak
reduces after 1ps. This transmission increase &hri7along with its red shifted
shoulder at ~387nm is observed for short timesoup20ps and ~200ps respectively.
From 100ps onwards in figure 5.2(b), an additioabkorption increase centred at
374nm is traced which rises and red shifts up t6p60and beyond. At 400nm, a
structured positive feature develops from 5ps odwawhich prevails even at longer
delay times upto 590ps and beyond. This featuduesto the scattering of the pump
wavelength in the sample.
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Figure 5.1 Time resolved spectra of E859 for time® 1ps
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Figure 5.2 Time resolved spectra of E859 for timet® 40ps and 600ps
5.2.1.2 Temporal evolution

In figure 5.3(a) and (b), the change in optical glignspectra as a function of
delay times upto 600ps and 10ps respectively arttepl for selected wavelengths. The
time evolution of ZnO for various wavelengths extsiltomplex behaviour with a fast
contribution at early times followed by a sloweicdg at longer times. The process at
375nm wavelength decays faster than the one atn38%mt decays on a longer
timescale with reduced amplitude. A large absorpticrease is found at 400nm for
longer times upto 600ps and beyond, which corredpdom the scattering in the sample.
At 500nm, a fast positive absorption increase cantraced for short delay times.
Additionally, ultrafast dynamics take place on Bfs timescale, evident from the
figure 5.3(b).
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Figure 5.3 Temporal evolution of different waveldrgyin time resolved spectra of
E859

5.2.2 Results of modelling: Ultrafast carrier dynanics in ZnO films

The time resolved pump probe spectra were simulatedg the model
developed in chapter 4. In order to disentangle diiferent spectral features and
identify the underlying physical processes, a ‘@maof the parameters of the known
dielectric function, resulting in modification dig¢ absorption coefficient and refractive
index, is used in the first step. Among the mansapeeters in the dielectric function,
the criteria for choosing a particular parametewraoy in the fitting procedure are as
follows. Firstly, the parameter that yield minimwguared sum of the residuals in the
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optimization routine for the entire spectral range&hosen. Secondly, if there is more
than one parameter that can fit to a particulactspefeature, then the parameter which
has to be varied least is considered the optimaicehsince physically it is a more
plausible quantity to describe the observed effEocén in the second step, all the other
spectral changes that cannot be explained by #ledtiic function are introduced into
the mathematical framework by a Gaussian functidheappropriate spectral position.
The changes in dielectric function can accountabithe ground state transitions. As
mentioned earlier in section 4.1, any induced psoexcept ground state transitions
must be additionally incorporated in the ellipsoneeinodel. 1t has been by illustrated
in section 4.4 of chapter 4 that the same set i&maters in the fitting routine cannot fit
to all the spectral features in different typesdata sets. There are some inherent
spectral features that are observed in all kindgiroé resolved measurements. For
instance, the transmission increase around 375ntmeoearly time absorption increase
around 505nm. So, the corresponding parametersalargys varied in the routine.
However, some data sets additionally show distmecttime dependent spectral
contributions, depending on the experimental ingonditions. For instance, a
measurement taken for different sample thicknessore performed under strong
excitation conditions. Therefore, in that case tblevant parameters are additionally
varied in the model. Once the parameters are zerokxt a data set, then the same set
of parameters are consistently varied for all thiesequent time sequences. Finally all
the contributions in the model have to be assighedcorrect corresponding physical
processes.

The modelling was done for the above presented t@selved measurement on
E859. Figure 5.4 shows a corresponding fit alontpail the individual contributions
given by the Levenberg Marquardt optimization roetifor the spectral changes
measured at 1.5ps. In order to fit this data setatmplitude of discrete exciton-AcA
ande; o parameters in the dielectric function need to éged.

— experimental curve

0.00+

-0.031 — simulated curve
8 discrete exciton-A
< 0.06 — intereference change
— stimulated emission
.0.091 — higher excitation

400nm peak

400 500 600 700
Wavelength [nm]

Figure 5.4 Experimental and simulated spectra giepidifferent contributions in the
carrier dynamics of E859 at 1.5ps

It can be seen from the figure that there still @@ an additional positivAOD(})
around 505nm which cannot be described by theskectlie function generated
oscillatory modulations alone. Similarly, the 385nrmansmission increase cannot be
explained by any of the four contributions to thelettric function. Therefore, based on
the arguments described at the beginning of tlaB@eand in chapter 4, two Gaussian
curves are introduced at 385nm and 505nm respéctivenclude these unaccounted
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spectral contributions. A third Gaussian curveGirdm was added to take the scattering
contribution into account. This is necessary fa tiorrect optimization of the other
varying parameters, lest the routine attempts tmpsmsate for the unaccounted
contribution by an inappropriate variation of otkentributions.

The simulated spectrum shown by the red curve omd agreement with the
experimental time resolved spectrum. The sum ofstpgared residuals given by the
optimization routine is on the order of 2.7 x™l0Fitting all the measured time
sequences of the optical density changes, the tedpevolution of different
contributions are simulated. The following sub-gett describe in detail the spectral as
well as temporal evolutions of all the processesiaed by ultrafast excitation of ZnO.

5.2.2.1 Interpretation of the modelled time resalveata

In figure 5.4, the most obvious spectral contribatthat can be identified is the
transmission increase around 375 nm which is desdriby the variation of the
amplitude of discrete exciton-A. This transmissiorcrease is explained by the
population of the discrete exciton-A. It is impartdo note that the excitons cannot be
directly created since the system is excited wlBrin laser pulse that is far off from
its resonance at 375nm. This leads to an impoxantlusion that exciton bleaching
cannot be the first step in the dynamics.
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Figure 5.5 Comparison of early time evolution ofivas processes in the carrier
dynamics of ZnO

For the identification of other contributions inettmodel, it is crucial to first do a
comparative study of the very early time behavioiuthe three contributions at 375nm,
505nm and 387nm respectively. In figure 5.5, thraperal rise of the 375nm discrete
exciton bleaching, the 505nm absorption increaskth@ 385nm transmission increase
are compared. For the sake of better comparisemaliBolute values of their amplitudes
are plotted. Additionally, they are normalised tmw similar amplitudes. It is clearly
evident that the 505nm absorption increase andt@xdbleaching at 375nm rise
simultaneously after excitation by 400nm pulse tlk@nmore, the transmission increase
at 385nm rises slowly on a longer timescale of ahips.

From the sequential rise of the different contridms, the time sequence of processes in

the carrier dynamics can be concluded. A schenwdtithe bandstructure depicting
different processes involved in the initial dynasnis depicted schematically in figure
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5.6. The sequence of early time carrier dynamigsréposed as follows: The earliest
contribution in the dynamics is attributed to thernfation of photoexcited charge
carriers at 505 nm. The excitation pulse depletesntermediate initially filled and
short-lived level within the bandgap. This elementabsorption of the 400 nm
excitation pulse transfers electrons from defeetest into the conduction band.
Consequently, due to the depletion of the defeatestsome electrons in the valence
band absorb the weak probe pulse to occupy theynerghted vacant defects states
showing an absorption increase at 505 nm. The exk@tectrons rapidly relax to the
band edge and occupy the lower energy excitonde&hce the exciton levels which
are otherwise empty are now occupied, the prolbdf their further occupation
decreases leading to increase in transmission andehthe exciton bleaching. This is
confirmed from figure 5.5 where there is a rapgkrof the absorption increase at 505
nm along with simultaneous rise of exciton bleaghin

A

conduction band
transmission increase
at 400nm AE= 0.3eV

exciton Ievels\ / .
A

exciton formation
at 375nm

absorption increas

at 505nm E;= 3.4eV

pump pulse

vaech//L\

Figure 5.6 Schematic of bandstructure illustratingous processes in carrier dynamics
of ZnO films
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With the passage of time, as the population inekaton level rises, their proximity
increases and they begin to interact with eachrofftee high concentration of excitons
leads to collisions between them and the energulisequently released as stimulated
emission (SE) around 385nm. A slightly delayed atwver build up of stimulated
emission in comparison to exciton bleaching in feg6.5 confirms this assertion. The
rise time of stimulated emission is rather slowsant exciton bleaching itself since it
takes some time for the exciton population to builg before the exciton-exciton
scattering starts. For recombination of electrbiades required at the top of the valence
band are most probably created by the interactiaimed pump pulse with the valence
band. The relaxation of holes to the top of thereé band may also require some time
as well, contributing to the delay in the stimuth&mission.

5.2.2.2 Carrier excitation

The positive absorption increase around 505nm ircipally be explained by
contributions of carrier excitation from defecttes® The pump pulse excites the
carriers from the defects states located within haedgap to the conduction band.
Consequently, the formation of vacancies in thested levels induces absorption
increase centred around 505nm. A rather broad ptisorincrease indicates that these
defects states do not have discrete levels budifitesed in the k-space. The above
mentioned rapid absorption increase at around 508uom to defect levels can be
correlated well to the oxygen vacancies. Photol@ésience measurements done on
undoped ZnO exhibit a green luminescence band ae2ld5eV (~506nm) attributed to
defects arising from oxygen vacancies in ZnO [36},5

Figure 5.7 illustrates the spectral variation aé tbontribution. The amplitude,
width as well as centre wavelength of this contidiu were varied in the model. The
temporal behaviour of the carrier excitation cdnition is plotted as a function of delay
time in figure 5.8. With a rise time of ~300fs, tbentribution has the fastest build up
among all contributions and decays very rapidlttennext 300fs timescale. Thereatfter,
only small residual component remains which degmgdually. From figure 5.8(a), it is
clear that the width of carrier excitation increa$®mm 40nm to approximately 78nm
for very early times. At later times, the decreaseamplitude is accompanied by
increase in the width. Also, figure 5.7 shows tha¢ spectral position shifts from
465nm towards the red side of the spectrum to 53@minthen the peak shifts back
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Figure 5.7 Spectral evolution of carrier excitatcmtribution for selected delay times
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Figure 5.8 Time evolution of area, width and spaEgtosition of carrier excitation
contribution

slightly to 505nm. Figure 5.8 (b) shows that theftstowards the red side of the
spectrum persists only till the first 500fs afterigh the peak shifts back to the blue side
to 495nm till the contribution decays back by 100pke shift can be attributed to
coherent interactions taking place at very earlgydémes in which the positions of the
energy levels are not fixed.

5.2.2.3 Bleaching of discrete exciton

The transient optical density spectrum reveals bdleaching of exciton-A at
375nm. Figure 5.9 schematically depicts the proaddssleaching. When the sample
absorbs a photon of a certain wavelength, it ex@teelectron from valence band to the
upper state which can either be conduction ban@mexciton level, consequently
leaving a hole behind. This leads to a subsequetredse in the population of carriers
in the ground state available for further absorptifs a result, the transmission is
increased and the sample bleaches at that wavklengt

upper level 2

incident photons bleaching

lower level !

Figure 5.9 Schematic of a two level system depichileaching

Mathematically, the transmission change which cgduwring transition between a two
level system is given by equation 5.1. If the numiecarriers in levels 1 and 2 are
given byN; and N, respectively, then the change in optical densay be written as
given in equation (5.1).

AOD(A,t) =AT(A,1) =% =g MN(AD-N2(A D)X (5.1)
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The absorption cross-section and scattering leagttgiven by andx. The population
of both the levels before excitation by the pumfs@us written in equation 5.2. Before
the excitation, when all the carriers occupy theugd state, the initial number of
carriers in the ground state is N and that in tteted state is zero.

N1=N, N'2=0 (5.2)
N; =N=AN, Ny =AN, AN =N; =N, =-2AN (5.3)
AOD(A,t) =logAT (A,t) O Ny =Ny =—2AN(A, ) (5.4)

After excitation with pump pulseAN carriers are transferred to the upper state.
Transient increase of the occupation of the highate leads to consequent depletion of
the ground state. As a result, the total numbezl@ftrons available in the ground state
to further absorb photons decreases. The differehcecupation becomes smaller by
2AN as shown by equations (5.3) and (5.4). This dsarein absorption leads to
transmission increase and the sample bleaches abthresponding wavelength.
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Figure 5.10 Three dimensional views the spectraligion of bleaching of discrete
exciton-A for two different timescale of 5ps and80@espectively

Figure 5.10 shows three dimensional views of treespl as well as temporal evolution
of exciton bleaching contribution. After the pumyzigation, the population in exciton
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Figure 5.11 Temporal evolution of discrete excifobeaching
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level increases leading to an increase in amplinfdéhe exciton bleaching for early
delay times. Higher exciton states with & causes broadening of the blue wing of the
bleaching peak. The maximum change in amplitudexoiton-A is 8.28%. Figure 5.11
shows the time evolutions of the amplitude of d#gerexciton-A. It is can be clearly
seen that the exciton bleaching is nonexponentitii st component on less than
500fs timescale followed by a second longer livedtabution. The fast contribution of
exciton bleaching peaks at around 0.1ps after witidacays for a short time till 0.3ps.
At ~0.8 ps, again a dip is observed after thatetays monotonously. Figure 5.11(a)
reveals that the exciton recombination takes ptac20ps times scale.

5.2.2.4 Stimulated emission

The right shoulder of the A-exciton bleaching at5@& is attributed to
stimulated emission. There are two possibilities tfansmission increase to occur. It
can occur due to bleaching, but none of the compusni@ the dielectric function can
explain this negative contribution as bleachinge Becond possibility for transmission
increase is brought upon by stimulated emissiom Jéneral description of stimulated
emission is presented in section 3.1 of chapt&ir&e it is an induced process, it is not
contained in the dielectric function. This physigalistifies the need to incorporate this
contribution as an additional Gaussian curve inrtdel. The amplitude and width
were varied while the centre wavelength was keg@diat 387nm. The spectral as well
as temporal variation of this contribution can beusalised in figure 5.12. Centred at
around 385nm, the stimulated emission increasesmplitude and spans a spectral
range between 375-400nm width as time progresses.
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Figure 5.12 3-D view of temporal as well as speé@valution of stimulation emission

The temporal evolutions of area and width of thenslated emission are shown in

figure 5.13. Being a relatively slow process, tHe [@aks at 0.5ps accompanied by
increase in area and width. It must be emphashzatithe time evolution of area under
stimulated emission is not a single exponentialintticates two processes; a fast
component followed by a slower decay on 200ps toales A second order exponential

fit fitted to the area of stimulated emission ygtine constants of ~4ps and ~34ps.

Instead of the exciton wavelength of 375nm, thensi@ted emission occurs at 385nm.
This implies that some intermediate states arelwedbin the process to where the
excitons relax rapidly, before the SE takes pladeer the excitation, the stimulated
emission is observed to rise relatively slower. sTis because after the exciton
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formation begins, some time is required during Whibe exciton population rises
before efficient exciton-exciton scattering takdacp. Additionally, the holes are
needed at the top of the valence band to direeitpmbine with the electrons in the
upper level during SE. Since the valence bandaadyrthe heavy holes take some time
to reach of the top of the band (phonon assistatsitions) which may also add to delay
in SE rise.
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Figure 5.13 Time evolution of area and width ofnstiated emission

Optically pumped stimulated emission has been @ksgen ZnO films by many
researchers [4,7]. The centre frequency of the rgbdestimulated emission at 385nm
corresponds to ~3.17 eV emission due to inelasiit@-exciton scattering observed
under high excitation conditions reported in litera [8,9,10,11,12,13]. ZnO has large
exciton binding energy of ~ 60meV which makes theiten stable at room
temperature. The inelastic collisions between tkeitens result in one of the two
excitons scatter into a higher state while the motlegombines radiatively. At low
power, the density of exciton is small and the e&fen between excitons is large. The
efficiency of exciton-exciton scattering is verywloAt high power, the density of
carriers in the exciton level increases. Eventydlig density is high enough so that
exciton-exciton-interactions become significantaassult the efficiency of stimulated
emission enhances. The exciton wave functions apedccurs when the exciton-
exciton distance is equal to exciton diameter. déesity at which this occurs is known
as the Mott density. The Mott density in ZnO atmotemperature is given by equation
(5.5) where exciton Bohr radiusag=18A andE®z=60meV for ZnO.

KgT
3 -ex
2aB EB

nv = ~37x10%cmi’3 (5.5)

When the exciton density approaches Mott densitilisions between excitons cause
the exciton gas to dissociate into an electron-lgkesma (EHP) and the highly
energetic charge carriers are no longer bound rim fexcitons. This effect occurs at
very high excitation intensities. This causes excibroadening with reduction in the
absorption strength. It is reported that SE oriyintgafrom exciton interactions and/or
recombination of EHP can be observed dependingherekcitation intensity and the
quality of the samples. In the presented work, esittte excitation wavelength lies
within the bandgap, the possibility of stimulatedigsion due to EHP can be excluded.
Stimulated emission and lasing was observed at teonperature in ZnO films grown
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by plasma enhanced MBE amnplane sapphire, for excitation intensities exceeding
400kW/cnf. The exciton-exciton scattering related stimulaéetission peak appeared
at 3.18eV that grew superlinearly. At higher exiita intensities (800kW/cf), the
electron hole plasma peak was found at 3.14eV whioadened and red shifted due to
bandgap renormalization with further increase mekcitation intensity. They reported
threshold for the stimulated emission lines from #xciton-exciton scattering and EHP
mechanisms to be 1.2 and 1.9MWfcrespectively. At high exciton densities, other
effects like the formation of exciton molecules Wwmoas biexcitons, emission due to
biexcitons, exciton-exciton and exciton-carrierenaictions may also be observed
[14,15,16].

5.2.2.5 Interference contribution

For the description of the long wavelength moduoladi between 400-600nm, a
rather complex variation of the dielectric functisnneeded. The oscillatory behaviour
is simulated by varying the amplitudes of continuexciton-A, Aa and the real
constant termgy o Since they both add up in the region between 4WH6 and nullify
each other’'s contribution in UV to keep tOD(l) close to the experimentally
observed value of zero. The detailed analysis atfmichoice of this combination of
parameters has been discussed in section 4.3 pfeca The oscillatory behaviour can
be explained as a result of change in refractidexninduced by the pump pulse. The
pump pulse increases the refractive index of Zn@ assult of which the interference
pattern is modified.
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Figure 5.14 Schematic depicting change in transansspectrum of E859 upon
excitation by pump pulse

Upon excitation, the pump pulse shifts the transimis spectrum. Figure 5.14
schematically describes the modification in themsity distribution. In the figure, the
original transmission spectrum shown by the redeus shifted to higher wavelength
side. The original interference pattern in transmis spectrum of E859, depicted as red
curve, shifts towards the red side of the spectriiaximum change in transmission
occurs at the points of zero-crossing i.e. at #r@re of the rising and trailing parts of
the oscillation. In the time resolved pump-probecsa (refer to figure 5.1), it can be
seen that the peaks of the oscillations indeedroatcthese wavelengths (~ 408nm and
500nm). At the maxima and minima positions of th@nsmission curve, only the
spectral position is shifted but there is no chaingieansmission intensity and hence in
the optical density.
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In figure 5.15, the spectral variation of simulatestillations is plotted for selected
delay times. The oscillations increase with timeglpng at 0.5ps. Their contribution is
almost negligible after 20.5ps. As evident from figeire, the oscillations also produce
a large complex variation below 380nm. Additionallyshould be noted that th&2

negative peak at 390nm contains a small interferesantribution due to refractive

index change.
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Figure 5.15 Spectral evolution of interference kestoons for selected delay times

In figure 5.16, parameterscfandeio that generate these oscillations are plotted as a
function of time. They both show a very similar éravolution with a fast component is
traced on less than 1ps timescale. Overall, bathctmponents decay back to their

original values on a ~20ps timescale.
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Figure 5.16 Time evolution of continuum exciton-Ada; o

It is clear from equation (3.19) of chapter-3 thatart from refractive index change,
another possibility of interference change is dueltange in sample thickness. During
volume expansion and contraction, the excited earrcouple to phonons or lattice
vibrations which generates a mechanical perturbatiothe sample. The phonons in
material medium travel at the speed of sound. Folmaof thicknesst, the required
time T for volume expansion to occur can be calculatésgusquation (5.6).

t (5.6)
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t=458m, v =34029n/s — T =135s (5.7)

This simple estimation shows that for E859, thekhess change will occur on the
order of nanoseconds. However, the time scale aohvthe observed oscillations decay
in the time resolved spectra of ZnO is on the omfer 50ps, which is too fast for

volume expansion. This confirms that the obsenteahge in interference pattern in the
time resolved spectra is indeed due to modificatiohe refractive index of ZnO by the

excitation pulse.

5.2.2.6 Transmission increase at 400nm

If the proposed sequence in the interpretationaofyetime carrier dynamics is
correct, then the transmission increase at 400nentduhe transfer of carriers to the
defect states and consequent depletion of defatdsstnust be observed as well in the
time resolved spectra. In order to take the s¢ageaontribution by the pump pulse into
account in the model, a Gaussian curve was addd@Catm. The three dimensional
visualisation of the spectral and temporal varratd the Gaussian curve is shown in
figure 5.17. In the figure, transmission increaseaaly delay times and large absorption
increase for later times can be observed. Howevdas not possible to decisively
conclude anything from these observations for E&bfe it shows considerable
scattering at the 400nm pump wavelength, as poiotgdn section 2.3.4 of chapter 2.
All the presented data have been corrected fotesoad, but it doesn’t appear to be
stable with delay time. The presence of the inhieseattering around 400nm makes any
relevant physical interpretation of the observeelcsal changes very dicey. Moreover,
it can be seen from figure 5.2(b) that the speetidth of the observed featured around
400nm is larger than that of the pump pulse (~2)2mhich suggests that there may be
additional processes taking place. The E3 defestideat 400nm attributed to oxygen
vacancies mentioned in chapter 3 cannot be themdashind it since they are optically
not active.
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Figure 5.17 Spectral and temporal evolution at 400nm

To get around the problem of scattering, time re=tbimeasurements were performed
on a different E1962 which exhibits lesser scaitgriThe experimental spectral

variation for this film is plotted in figure 5.18&1f short times upto 0.5ps. In this sample,
the transmission increase at 400nm is clearly ewidenalysing the time evolution at

400nm yields a clearer picture since it is notuaficed by the scattering. First a very
fast absorption increase is observed and thenxjeeceed transmission increase occurs.
The rapid absorption increase is most probablytdwmherent interactions prevalent at
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very early time. At times much longer than the doraof the pulse, only incoherent
interactions are present. The time evolution revehht the overall lifetime of the
400nm transmission increase is very short, it deaay less that 0.2ps timescale. The
bleaching at 400nm for early delay times confirmsnaretely that the above
interpretation of the pump pulse exciting the @rfrom defects levels at 400nm and
the simultaneous absorption increase around 50Bnthel carrier dynamics is indeed
correct.
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Figure 5.18 Change in optical density for E1962silected delay times

5.2.3 Effect of temperature

Upon excitation by the pump pulse, at first verstfaoherent dynamics
containing the phase information of the procesaks place. The excited electrons then
collide with each other leading to the loss of cehee. As the electrons scatter with
each other, they lose energy in the form of hedttae electronic temperature of the
film increases. This is generally a fast processe €lectrons thereafter couple to the
phonons to slowly transfer heat to the lattice legqdto an increase in the lattice
temperature. The heat is finally dissipated tottieemal bath (surroundings).
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Figure 5.19 (a) Temperature dependent absorptiomedrattive index of ZnO (b)
Change in optical density as a result of tempeeathange

In order to estimate the influence of temperatunetioe time resolved spectra, the
dielectric function of ZnO measured at differentnperatures ranging from 325K to
829K was studied. These measurements were notrpgrdoon the ZnO films under
investigation. Figure 5.19 (a) shows the absorp#nd refractive index of ZnO with
increase in temperature. Using the temperaturendigoe dielectric function, the change
in optical density as a result of temperature vamacan be calculated. The change in
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optical density can be defined as the differencévéen the optical density at
temperature before the excitation and that afteit&xon, as expressed in equation (5.8)
and (5.9).

AO D(T) = O[XTbeforeexcitatio)u - Omafter.excitatio% (5'8)

e fermPe ™ f e o i )|

Transmissi(a(T),n(T)) =
ransmissin(a @—r(‘l’)e_a(T)t)ZM*(T)e_amt sin? (3(T)
(5.9)

Figure 5.19(b) shows the change in optical dengigcsa due to a series of temperature
changes. The analysis shows that the thermalizadiothe ZnO film induces a
significant change in the absorption coefficierauard A=380nm. With larger increase
in temperature, the amplitude of the contributinoreases accompanied by a spectral
shift to the red side of the spectrum. Reportshin literature show the thermalization
process to be on the order of several picosecdnus.is evident in the time evolution
of ZnO sample as well (refer to figure 5.1(d)) wdeositive absorption increase can be
seen for wavelengths between 373-390nm stretchpng B00ps and beyond. Though
the amplitude of the observed 380nm peak in the tiesolved spectra is much smaller
than that shown in figure 5.19(b). It should beewothat these temperature dependent
absorption coefficient and refractive index were asweed with the sample in
equilibrium state at all temperatures. Howevepump probe spectroscopy, the sample
doesn’t remain in thermal equilibrium after exdat Hence, the initial conditions for
both studies should be considered carefully.

Additionally, it is important to note that not #tle pump energy is utilized in the
pump-probe measurement with 400nm excitation pulssmall fraction of the pump
pulse (approximately 5%) of the total pulse enasggbsorbed by the sample since it is
excited at 400nm far off from its resonance at ~385fnhe effect of temperature can be
strongly influenced by the experimental conditiohise spectral position and amplitude
of this contribution is affected by the pump eneagywell as the overlap between the
pump and probe pulses on the sample. The probe pusmsures the volume that is
illuminated by the pump. If the overlap betweenhbibte beams on the sample surface
Is not maximum, then the probe pulse will not meadhe entire heated volume but
only a part of it and as a result the effect offgenature will be less prominent.

Summary

The ultrafast carrier dynamics in E859 film wasedstigated by time resolved
pump probe spectroscopy. The time dependent spetiaages were modelled using
the ellipsometric model developed in chapter 4. Tagier dynamics in ZnO can be
resolved into five fundamental contributions. Thergveak absorption increase centred
at around 505nm principally be explained by conititms of carrier excitation from
defect states. It rises and decays on ~ 600fs toake.sThis elementary absorption of
the excitation pulse transfers carriers from defates located within the bandgap to
the conduction band, giving rise to transmissioaréase at 400nm for early delay
times. The initially displaced carriers in the caation band relax rapidly to the bottom
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of the band. The carrier excitation leads to themabhing of discrete exciton-A at 375
nm. With the passage of time, the carrier densityhie exciton levels increases, so
much so that they begin to interact with one otfiae exciton-exciton scattering finally

leads to stimulated emission centred at aroundh®885Stimulated emission rises slowly
on ~1ps timescale. The time evolutions of both exclileaching as well as stimulated
emission exhibit complex non-exponential decay wadkt and slow contributions.

Overall, the exciton bleaching decays on 20ps taeswhile the stimulated emission
lasts upto 200ps. Changes in the refractive indeke sample by the excitation pump
pulse generates oscillatory behaviour between 4U6r6n. To verify and confirm the

described background of these processes in therésmved carrier dynamics of ZnO,
further measurements were performed which are sis&tliin section 5.3, 5.4 and 5.5.
Analysis of the temperature dependent dielectrizction of ZnO revealed that the
380nm absorption increase at longer times stregch@yond 600ps in the time resolved
spectra in ZnO is a manifestation of temperature.
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5.3 Carrier dynamics in ZnO for different pump wavedengths

The nature of the observed time resolved relaxati@chanisms in ZnO was further
investigated by performing excitation wavelengtipeledent experiments on ZnO films
with three different excitation wavelengths. In didth to 400nm pump excitation,
information about the temporal evolution of thensi@nt photoinduced spectral changes
was probed by exciting with pump wavelengths of rB8land 409 as well. It was
established in section 5.2 that the excitons armdirantly excited with 400nm
wavelength. The intent of selecting 391nm was t@stigate if there is alteration in the
excitation pathway by moving 9nm closer to the sz exciton resonance. On the
contrary, indirect excitation of excitons would ¢aklace by moving the excitation
wavelength to 409nm which is even farther from tlesonance. As a direct
consequence, the subsequent relaxation processegehaltered. The time resolved
measurements were performed by fixing the excitagioergy to 15,0J.

5.3.1 Experimental results

0.05
0.000, 1902 Apump=39inm E1964 - Apymp=391nm
0.00 #4 -
0.045
a O
QO 0.000-Pwy o -0.051
< <
-0.045/ 0.0
- J(a
0.0904(a) ' ' 0.05 (b) | |
0.090{ E1962-Apymp=400nm E1964 - Apymp=400nm
0.00 g ~Aumensu A
0.045
o o)
: -0.05-
Q 0.000 . 9
-0.0451 0.10.
-0.0901(€) | 0osl@ |
0.090l  E1962-Apump=409nm E1964 - Apymp=409nm
0.00 4
0.045;
o (@)
S 0.000- o -0.051
Y <
—-0.1ps —-0.1ps
-0.045/ \/ A0
—03ps —20ps | 010 —0.3ps — 20ps
-0.0904(€) —1ps —100ps (f) —1ps  —100ps
400 500 600 400 500 600
Wavelength [nm] Wavelength [nm]

Figure 5.20 Experimental spectral variation of E186d E1964 for 391nm, 400nm and
409nm pump wavelengths respectively
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Figure 5.20 shows the transient optical density tspeabtained for E1962 and E1964
with different pump wavelengths. Analysing the timesolved spectra for the thinner
sample first, E1964 shows enhanced excitonic blagchs the pump wavelength is
decreased from 409nm through 400nm to 391nm. Tdheced absorption between 325-
353nm is maximum for 391nm pump wavelength and p@al0.5ps. This contribution

is diminished for higher pump wavelengths. Theraassignificant difference in the

spectral variation between 400-600nm after exoitawith different wavelengths. Like

in E1964, the exciton bleaching decreases witheegsing the pump wavelength in
E1962 as well. In this sample, the 380nm contrdbutraries dramatically for different

pump wavelengths. From 391nm excitation to 409nnmdteases more than twice in
amplitude. Interestingly, for the 409nm pump a8,3t completely overrides all other
processes occurring in the vicinity of 380nm. Hoamrwno significant difference in the

oscillatory contribution was found between 391nnd a#09nm pump, though the

modulations are slightly stronger with 400nm exata wavelength. At longer delay

times, two broad spectral peaks are traced comelspg to an absorption increase at
388nm and 408nm that persist beyond 600ps. Howéwerpng lived peaks at 380nm
and 408nm don’t seem to appear with 400nm excitatio

The time resolved spectra for different pump wavgths were modelled using the
Levenberg Marquardt optimization procedure. The kegults of modelling are

discussed in detail for E1962 in the following sa&ttsince it exhibits the most dramatic
difference in time resolved spectral changes fffledint excitation wavelengths. The
amplitudes of all three excitons were varied in thgimization routine. The area,
spectral width as well as centre wavelength ofieaaxcitation were optimized as well.
The width and area of the Gaussian curve for th@nB88absorption increase were
changed while the centre wavelength was kept fiXdte experimental spectra after
391nm and 408nm excitation exhibit broad scattepegks at 388nm, 400nm and
408nm. Therefore, in order to fit the simulatedveuwith the experimental spectrum,
three additional Gaussian curves were introduceithenroutine at 388nm, 400nm and
408nm respectively. Along with the centre waveléntjte widths of 388nm and 400nm
and 408nm curves were fixed at 5nm, 3nm and 5npentively. For consistency, all

three contributions were included to model differexcitation wavelengths.

5.3.2 Carrier excitation for different excitation wavelengths

The area, spectral width as well as centre wavéhemd carrier excitation were

optimized in the routine. The spectral variationtlof contribution plotted in figure

5.21(a)-(c) demonstrates immense spectral covdratyegeen 350-660nm. The FWHM
are approximately 92nm, 110nm and 115nm at the rfmaxi amplitude with 391nm,

400nm and 409nm pump wavelengths respectively.CHneer excitation sequentially

increases as the pump wavelength is shifted frofm®@9to 409nm. This reveals that
there is more efficient and stronger absorptionooiger wavelengths by the defect
states. On the other hand, their absorption streregtuces if the pump wavelength is
shifted closer to the bandgap. In figure 5.21(the temporal evolution of carrier

excitation is plotted for early delay times for #ile three excitation wavelengths. It
depicts that except for difference in amplitudég time evolution of this contribution

is rather similar for all 400nm and 409nm pump wenrgths with a rise and fall time of
less than 0.5ps. With 391nm excitation, it decayghtly faster. When the pump

interacts with the defect levels and depletes theaspective of the excitation
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Figure 5.21 Spectral evolution of carrier excitatomtribution after excitation with (a)
391nm (b) 400nm (c) 409nm (d) Temporal variatiocarfrier excitation at different
pump wavelengths

wavelength, the rate of build up and decay absamgticrease due to carrier excitation
must indeed be independent of the pump wavelength.

5.3.3 Indirect and direct formation of excitons

Figure 5.22 shows spectral evolution of bleachinglie€rete excitons-A, B and C for
391nm, 400nm and 409nm excitation wavelengths tlearly visible that the amount
of exciton bleaching decreases with increasing pumdvelength. The early time
spectra observed after excitation with shorter wength (391nm) gets broader on the
short wavelength side due to higher occupationxoften-B and C levels compared to
the corresponding spectrum observed after 409nniativn. The adjoining table in
figure 5.22 summarizes the maximum percentageaertltiree exciton amplitudes upon
excitation with 391nm, 400nm and 409nm wavelengtAsth 409nm pumping,
approximately 6.1% of exciton-A levels are occupiddle exciton-B and C experience
negligible population. Excitation with 400nm incsea the maximum population of
exciton-A level to 14.8%. The broadened blue wifghe bleaching peak after 391nm
excitation appears due to higher transient pomnratf excitons in A, B and C levels of
8.1%, 8.5% and 2.7% respectively.

Although the carrier excitation from the defectdbsvis reduced upon excitation with
shorter wavelength, even then the exciton bleactamgribution increases. This proves
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Figure 5.22 Spectral variation of bleaching of extsté\, B and C at different pump
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Figure 5.23 Temporal evolutions of all the threeitaxccontributions after excitation
with 391nm, 400nm and 409nm wavelengths
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that apart from the excitation pathway via defemtels, some direct formation of
excitons also takes place when the wavelength oitagion is moved closer to the
exciton resonance. Direct excitation with 391nmleausible as it lies in the far red wing
of the exciton absorption.

The temporal evolution of exciton-A, B and C ampdiés is plotted in figure 5.23 for all
three excitation wavelengths. There is a very &ashponent on less than 0.5ps time
scale followed by a slow component for excitonsBAand C for all the three pump
wavelengths. The short time decay dynamics of emsiis not significantly influenced
for the chosen range of the excitation wavelengthe®ugh the long time behaviour of
exciton-A and B exhibit variation in their decaytliexcitation wavelengths. When
pumped with 391nm, excitons-A and B decay on ~8psedcale. With 409nm
excitation, the excitons decay fastest.

5.3.4 Bleaching at different excitation wavelengths

It was established in section 5.2 that when thendD@ump pulse interacts with the
defect states, carriers from these states areeeixtmtthe conduction band giving rise to
transmission increase at 400nm accompanied byducéd absorption around 500nm.
If this holds true, then when the excitation wangkh is changed, transmission increase
must always be observed at their correspondingigpgositions. In order to study this,
the experimental temporal evolution at 400nm an®n#® are plotted for the
corresponding pump wavelengths respectively. Inddexte is a very rapid change in
optical density at the wavelengths of excitatios.aeady mentioned in section 5.2,
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Figure 5.24 Transmission increase at the excitatiavelengths of (a) 400nm (b)
409nm and (c) scattering at 391nm
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here too the coherent interactions show their sigraas rapid positive and negative
AOD(1) at very early delay times. But no transmissiocrease could be traced at 391
after 391nm excitation due to large amount of sceuy) at this pump wavelength. For
illustration, figure 5.24 shows the spectra for @®lexcitation at early delay times.
With such a high amount of scattering at 391nmisitimpossible to detect any
transmission increase at that wavelength sinceexpected change in amplitude of the
desired contribution at 391nm falls in the rangerwbr.

Summary

The optical response after excitation with différaravelengths provided fundamental
information about the relaxation mechanisms in #®O films and successfully
confirmed the proposed interpretation about themneabf excitation mechanisms and
exciton bleaching processes explained in sectidh $he excitation wavelength
dependent measurements showed the primary exoithtoon defect levels always
occurs with all three pump wavelengths. This absmmpincrease around 505nm
increase with increasing pump wavelength but nait@nt influence on its temporal
behaviour is traced. The investigation also revedhat apart from indirect excitation,
some direct formation of excitons also takes plath 391nm excitation wavelength.
However, excitons are indirectly created after pungpwith 400nm and 409nm
respectively. The recombination decay lifetime ofcisomns show slight pump
wavelength dependence. A rapid transmission ineraathe excitation wavelength was
observed after excitation with 400nm and 409nm twhgoved the conjecture made in
section 5.2 more conclusively that the excitatiboasriers from the defect states with a
simultaneous absorption increase around 505nmeseititation mechanism in the
ultrafast dynamics in ZnO films. Additionally, tistudies also revealed that in E1962, a
fast rising absorption increase is present at ak@80nm contribution which depends
significantly on the excitation wavelength. The @&xbackground of this contribution
and its correlation with pump wavelength are natcjear.
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5.4 Intensity dependence of time resolved dynamias ZnO

In order to investigate the intensity dependencehef carrier dynamics in ZnO, the
time-resolved pump-probe measurements were caouedt four different excitation
energies of 7,8, 14.J, 28.QuJ and 56.0J. The measured time sequences of optical
density changes were fitted for all the excitagmergies for different ZnO films. Apart
from other processes, stimulated emission is erpetd depend critically on the
excitation energy. For this reason, the resultsmbikation for E857 are presented in the
following sections since it exhibits considerabligher stimulation emission. Key
distinctions in the intensity dependence of othien thicknesses are briefed as well
towards the end of this section. Along with theulag varying parameters which will be
mentioned in the relevant sub-sections, an extras§ian curve was introduced at
400nm to account for the scattering contribution.

5.4.1 Linear nature of carrier excitation

In the model, the amplitude, width as well as tbpte wavelength of carrier excitation
contribution were varied. Figure 5.25 shows the temlpvariation of all the three
parameters of carrier excitation contribution atta¢ four excitation energies for early
delay times. It can be seen from the figure thath@spump energy is increased, the
amplitude of this contribution increases but thieneo significant change in its temporal
evolution. The carrier excitation at the lowest rgyeof 7.5.J shows rather small
contribution and rapidly decays back within 0.5pgure 5.25(c) shows maximum
value of the area plotted as a function of pumpg@neA linear correlation between area
under carrier excitation contribution and excitatimtensity is observed. Apart from
amplitude variation, the width of this contributi@oes not display any remarkable
trend in its time evolution for different pump eger

3 0.5- —~ Epump=56.0J %
< i ! LA eeg e
0.0 W ; 30 " orene.. \f"“""h‘.\‘""‘.‘ §o
'0.5' (a)
0
1.01— : , , , , , , , _(b)
0 1 2 3 4 5 0 1 2 3 4 5
Time [ps] Time [ps]
3 540+
£ 1.5 © § (d)
S _ E 510+
S 1.0] 2 480-
] =" P
S o = 1 \Ros== 3558333328
€ 051 e Max. area | £ 4501 |7
g g - - Linear fit S 420-
% =A+Bx O
g€ ool 7T 3904
10 20 30 40 50 60 0 1 2 3 4 5
Pump energy [puJ] Time [ps]

Figure 5.25 Time evolution of carrier excitation trdsution at different excitation
energies for E857
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Figure 5.26 Spectral evolution of carrier excitatiamtribution at different excitation
energies for E857

Figure 5.26 shows the spectral evolution of carescitation contribution with
increasing pump energy. With increasing pump enetfgy carrier excitation increases
in amplitude accompanied by significant spectrakldening. From about 60nm for the
lowest pump energy of 73, the broadening is as wide as 95nm fopJ568Jpon
stronger excitation, more vacancies are createdhé intermediate defect levels
consequently leading to higher induced absorptioereiase. The widening of the
spectral width of this contribution indicates tHatger number of defect levels is
depleted at higher pump energies.

5.4.2 Excitation energy dependence of exciton bldang

In order to investigate the influence of pump egeayg exciton bleaching contribution,
excitons-A and C amplitudes were varied in the roation routine. As already
mentioned in chapter 3, exciton B=0 for E857. Feghr27 shows the decay behaviours
of both the exciton contributions at different @aton intensities for E857. It can be
seen that exciton-A and C have the highest popular the highest pump energy.
These results reveal that the rate of charge cargeombination decreases with
increasing excitation photon energy. Between ereftand C, carriers in exciton-C

0.025
0.061+,4

00501 0.024{f]

Discrere exciton-A amplitude
Discrere exciton-C amplitude

0.059+
0.058; Epump=28.01J 0.023
(@)
0.056+ - : : 0.022+ ; . .
0 5 10 15 0 5 10 15
Time [ps] Time [ps]

Figure 5.27 Temporal evolution of exciton contribat at different pump energies for E857
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Figure 5.28 Spectral variation of discrete excit@abhing with increasing excitation
energies for delay times (a) 0.5ps and (b) 5ps

recombine faster than exciton-A. As energy increatiee slower component becomes
slower in both the exciton bleaching while the éasbne doesn’t seem to have any
significant influence of the pump energy. Discrexeiton-A decays on more than 20ps
timescale for higher energies. At lower energiés, ftelatively smaller population of
excitons rapidly decays back to the ground statgurkEi 5.28 shows traces of the
modelled spectral variation of discrete excitonabl@ng contribution for different
excitation intensities for E857 at 0.5ps and 5.(gspectively. An order of magnitude
difference in the vertical scales for the both fihets should be noted. The excitation
energy critically influences the transient optidahsity profile. A stronger bleach of all
the exciton bands is observed with increasing pemgrgies. For the lowest energy of
7.5uJ, the contribution broadens till 360nm whereasgiead is as far as 340nm for
the highest 5640 pump energy. At low excitation energies, the gbation from
exciton-C is rather small. With increasing intepsthe amplitude of discrete exciton
bleaching increases nonlinearly. This shows thatekciton bleaching is a nonlinear
process since its absorption coefficient dependghenintensity of light. From the
energy dependent measurements, it is establistadit spectral broadening of the
blue wing of exciton bleaching contribution is pyran intensity dependent effect in
Zn0O.

5.4.3 Non-linear nature of stimulated emission

The simulated time sequences of stimulated emissere obtained by varying its area
as well as width while the centre wavelength wast Kixed at 390nm. Figure 5.29
shows the temporal evolution of the area underwétad emission. The total area
under stimulated emission increases with increasimgygy and exhibits fast and slow
contributions. As the energy is increased, the ithe$ excitons increases and so does
the exciton-exciton interaction. Consequently, #fciency of stimulated emission
goes up. The fast component rises faster with &sing excitation intensity. In contrast,
the slow component reaches its peak amplitude slaw¢he pump energy is increased.
However, it decays faster for higher pump energi€be appearance of fast
contributions, on very similar timescale, and slomes in both exciton bleaching and
stimulated emission strongly suggests the involverétwo types of prevailing
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Figure 5.29 (a) Stimulated emission for differentigtmon energies for E857 (b) Non-

linear fit to the maximum area of stimulated entssi

interrelated relaxation mechanisms in the carrecag. These relatively short decay
lifetimes suggest that the carrier dynamic behagi@re significantly affected by fast
nonradiative processes. In figure 5.29(b), maximamaa of stimulated emission is
plotted as a function of pump energy. A cubicdithe curve reveals that the stimulated
emission exhibits nonlinear dependence with theta&ian energy. At low powers, the
density of excitons is small and the separationvbeh excitons is large. Hence, the
exciton-exciton scattering is very low.
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5.4.4 Excitation energy dependence of interferena@@ntributions

To generate the oscillatory behaviour between 4WkR6, continuum exciton-A and
real UV resonance term are varied in the optimuratioutine. Figure 5.31 plots their
temporal evolution at different pump energies. iftterference modulations experience
higher amplitudes for higher excitation energidsthe excitation is weak, refractive
index modulation are small. On the other hand, éigbump energy causes higher
modulation of refractive index in ZnO. The time kumn of A, andeio Show a fast
component on less that 1ps timescale followed &ipwer decay.
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Figure 5.31 Interference contributions for differpamp energies for E857

5.4.5 Bleaching at fundamental wavelength for diffeent pump energies
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Figure 5.32 Transmission increase at 400nm for EHX@@fferent excitation energies
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E1962 and E1963 exhibit a rapid change in optieisdy at 400nm for very early

delay times which increases with increasing exoita¢nergy. In figure 5.32, for E1962

the temporal variation of 400nm wavelength is gldtat different pump energies. This
contribution increases with increasing pump eneWith increasing pump energy, the
amount of depleted carriers being excited to thedaotion band increases, leading to
higher transmission increase at 400nm.

5.4.6 Pump energy dependence of other ZnO films

Figure 5.33 shows the difference optical densifces of various pump intensities
(Apum=400nm) for E1964, E1963 and E1962 for two delaye of 0.0ps and 0.5ps.
The mechanisms that are enhanced with increasimgppenergy are different for
different film thickness. The samples E1964 and @3l9@isplay stronger excitonic
interactions at higher pump fluence. The left sHeul of the bleaching peak
significantly broadens upto 340nm in the ultravialegion with increasing excitation
energy. The spread of the right wing of excitorablgng is relatively lesser. For

OOO- . f\ GRS i O_OO-- J\M"Wm‘-‘-~ o e
_ 5-5UJ 5.5uJ
-0.021 -0.024
o —10.5uJ —10.5uJ
< .0.041 20.5u3| -0.041 — 2051
— 25.5u] 25.5uJ
-0.061 ) E1964 at t4=0.0ps -0.067 E1964 at tg=0.5ps
0.00- 0.004% e S i
0 008 -0.024
Q -0.041
-0.061 -0.064
(©) E1963 at tg=0.0ps 0.08 (d) E1963 at tg=0.5ps
' \
0.00- o.oo-\x U p ST Mgy
o
3-0.021 -0.02-
ooal@ | E1962 at t4=0.0ps 0.0al® | E1962 a}t t4=0.5ps
400 500 600 400 500 600
Wavelength [nm] Wavelength [nm]

Figure 5.33 Difference optical densttaces at different pump intensities for E1964,
E1963 and E1962 for two delay times 0.0ps and Oé&gsectively

E1962, the bleaching peak increases in amplitude wcreasing pump energy without
any significant spectral broadening. At high enesgiall three excitons-A, B and C
bleach in E1964 and E1963 whereas the exciton € dokea play significant role in the
dynamics for E1962. The excitons decay rate inegedsom E1964 to E1962. The
exciton-B and C decays on 20ps timescale whiletexeh is longer lives and decays
on 50ps time scale. For early delay times (Opsiréch.33 depicts higher amplitudes of
the carrier excitation related short-lived absanmptincrease at around 500nm with
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increasing excitation energies. However, as eviflemh figure 5.33(f), for E1962 the
380nm contribution doesn’t seem to be influencegloyp energy.

Summary

The effect of excitation energy on time resolveahatyics in ZnO films was studied

extensively by performing energy dependent measeméon them. The results show a
distinct excitation intensity dependence of theobebandgap carrier dynamics in ZnO.
Carrier excitation contribution exhibits a lineasr@lation with pump energy. It was

found that the stimulated emission exhibits a m@mdr dependence on the excitation
energy. The transient optical density spectra fewegher occupation of all three

excitons for higher intensities which lead to breaidg of the overall exciton bleaching
contribution. The discrete exciton-C has maximurpytation at higher energies. For
lower energies, exciton-A and B bleaching are tbmidant contributions. The rate of

the decay of excitons depends on the excitatiorrggneHigher pump energy also

induces stronger variation in the refractive inad@xch results in stronger interference
oscillations. The rapid change in optical density4@0nm increases with increasing
pump energy.
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5.5 Comparison of carrier dynamics in different ZnOfilms

Time resolved pump-probe experiments were perforame@dnO films having different
thicknesses. A set of five ZnO films with thicknes€98nm (E1964), 227nm (E1963),
and 476nm (E1962) on a-plane sapphire and 264n7(E8nd 458nm (E859) on c-
plane sapphire were investigated. In order to meensaturation effects, the energy of
the 400nm excitation pulse was kept fixed at maeeralue of 15.2) during the
measurements on E1964, E1963, and E1962. Separaigdgriments were done on
E857 and E859 with pump energy of approximately\7after SHG). Figure 5.34 and
5.35 show the spectral variation of the experimanamsient optical density at selected
delay times for both the sample sets. The excileadhing centred around 375nm is
observed for all the ZnO films. Its low wavelengting is broadened for E1964 and
E1963 as compared to E1962. The spectral varidietween 400-600nm is more
prominent for the thicker samples as compared ittnén ones. There is an additional
contribution observed for E1962, clearly seen daydéime 0.3ps where the spectral
profile at 380nm changes from transmission increagse positive rising absorption
increase at early delay times. It first shiftshe blue side and then slightly to the longer
wavelengths. This contribution seems to be abseatleast diminished in E1963 and
E1964. The sample E1963 shows large positive pedk@m due to scattering in the
sample.
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Figure 5.34 Transient optical density spectra fod@&] E1963 and E1962

The stimulated emission is observed to be very mwost negligible in all the three
films of E19xx series grown oa-planesapphire. In sharp contrast, films of E8xx series
grown on c-plane sapphire exhibit much higher stimulated emissiented around
390nm as evident from figure 5.35. Though not pregethe data set shown, the early
time 380nm absorption increase is observed in E8%Y E859 as well, more clearly
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visible at low excitation intensity. At moderate togh intensities however, this

contribution seems to be overshadowed by incresigmdlated emission around 387nm
due to its spectral proximity. Moreover, like in ¥R, there is no significant spectral
broadening of the left shoulder of the bleachingkp& both the films. The sharp

positive peak around 400nm is due to the scattesfrigump beam in the sample. The
interference oscillations as well as carrier exigta contributions experience higher
amplitudes for E859 as compared to E857. Overtlls iobserved that except for

difference in stimulated emission, all other preessin the time resolved spectra of
E8xx films possess similar characteristics obsefoethe E19xx series.
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Figure 5.35 Transient optical density spectra fds E&8nd E859

The time dependent spectral changes presented alewe modelled using the
Levenberg Marquardt optimization procedure. Théofwing sections demonstrate the
thickness dependence of interferometric modulatiansl stimulated emission. A
comparative study of other contributions in differ&nO films is presented in the end.

5.5.1 Thickness dependence of interferometric modations

For E1964, E1963, E857 and E1962, the oscillatorgat@ur was modelled by
variation of continuum exciton-A, A and the real constant termu.s. Figure 5.36
shows the modulations produced in the time resobpattra at selected delay times for
these films. As the film thickness increases fro8mr@ upto 476nm, the oscillations
become most prominent. The period of oscillatiareases with the film thickness. It is
discussed in chapter 3 that the interference frommia film is dependent on the
thickness of the film and that the period of ostitins decreases with increasing
thickness. Figure 5.36 evidently shows that theggeof modulations increases with the
increase in sample thickness. This proves more lgsinely that the modulations
observed between 400-600nm indeed originates dirdetderence change and that the
correct parameters are varied in the optimizatairtine to explain these modulations.
The modulation in refractive index by the excitatjpulse is higher for thicker samples
which results in higher oscillatory behaviour. TREM images of the investigated ZnO
films reveal that the samples not perfect intenfezter.
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Figure 5.36 Interferometric oscillations for E1964.963, E857 and E1962

In figure 5.37, the amplitudes of continuum excid@and constant UV resonance term
is plotted as function of delay time. The amplitsideave been normalised for better
comparison of their temporal behaviour. The amgétiof A, andeio do not exhibit
any significant distinction in the temporal behawriavith varying film thickness. This
proves that the rate of decay of interference dmution in the time resolved spectra is

independent of the film thickness.
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Figure 5.37 Time evolution of Aande; . for different film thicknesses

5.5.2 Thickness dependence of stimulated emission

The modelled stimulated emission contribution f@5E and E859 respectively are
presented in figure 5.38(a) and (b) respectivehe #58nm thick sample E859 exhibits

larger amount of stimulated emission as compargdg@64nm thin E857.
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Figure 5.38 Spectra evolution of stimulated emissoiE857 and E859

With an increase in thickness from 264nm to 458time, stimulated emission too
increases approximately two orders of magnitude.ali€ively, the thickness

dependence of stimulated emission can be expladiyethcrease in the number of
emitters with the increase in the excited voluméhef sample. It is also reported in the
literature that the emission rate decreases sogmifiy for thinner films [4].

As mentioned in the beginning of this section th&gher stimulated emission is
observed for E857 and E859 in the experimental tieselved spectra whereas E1964,
E1963 and E1962 exhibit almost negligible stimuda&mission. This stark contrast
may be connected to the differences in the sizgaabstructures and the grain sizes in
these two sets of films. The influence of the siz@anocrystal and grain boundaries is
reported in the literature [17,18,19]. Kawasakaleand Zo et al investigated the effects
of nanocrystal size on stimulated emission in Zh@ films fabricated on c-plane
sapphire substrates. The films having small narstalysize of about 50nm showed
excitonic SE as well as SE from EHP. Unlike EHP indu&&, the exciton-exciton
scattering induced SE was not present in the filmgrig larger nanocrystal size. They
concluded that there is an optimum hexagonally stiapicrocrystallite size of (50nf)
for observing exciton-exciton scattering induced SEvestigating similar results,
Ohtomo et al argued that excitonic SE is due togilat oscillator strength than can
occur in high quality nanocrystals with dimensianger than the exciton Bohr radius
(~2nm), but smaller than the optical wavelength (880 For large gain samples, the
exciton superradiance effect becomes weak suchetwation-exciton collision process
should not occur. Thus, the grain boundaries betweocrystals are considered to
serve as barriers resulting in the confinemenixoftens in nanocrystals.

5.5.3 Differences in other contributions for diffeent ZnO films
5.5.3.1 Carrier excitation

The temporal evolution of the carrier excitatiomtdoution is plotted in figure 5.39 for
E1964, E1963, E857 and E1962. The early time risé @pid decay of carrier
excitation show very similar behaviour for all tecknesses. It is observed that except
for change in amplitude, the first 0.5ps decay i@obf excitation of carriers is
uninfluenced by the film thickness. This is an estpd finding since the rate at which
carriers are transferred from these states todhduwrction band should be independent
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of the film thickness. The slow component in E1%exies after a dip at around 0.3ps
again shows an upward trend while E857 decays maoasly with time. E1962
decaying on a 10ps timescale and E857 decayingsmthan 4ps time scale. The life
time of slower component is almost same for E196BE1964 samples.

Area

Time [ps]

Figure 5.39 Temporal evolution of carrier excitattonE1964, E857, E1963 and
E1962

5.5.3.2 Transmission increase at 400nm

The experimental transmission increase at 400nnEd®@62 and E1964 is plotted in

figure 5.40(a). The thicker E1962 sample shows érighleaching at 400nm for very

early delay times than the thinner E1964. This bancorrelated with the discussion
presented in section 5.2.2 regarding the carrigisgb excited from defect levels

attributed to oxygen vacancies. With the increasesample thickness, the volume
excited by the pump pulse increases. This leadsidce number of excited carriers

being transferred to the conduction band whichaases the change in optical density
at 400nm. The sample E1963 could not be considerdtlis comparison since it shows

very large scattering in the time resolved spear@an be seen in figure 5.40(b). This
made it difficult to observe any optical densityanpes.
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Figure 5.40 (a) Temporal evolution of change in@tdensity at 400nm for E1964 and
E1962 (b) Spectral evolution of E1963 at Ops
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5.5.3.3 Exciton bleaching in different ZnO samples

In figure 5.41, the temporal evolution of excitohsB and C is plotted for E1964,
E1963 and E1962. For better comparison, the ampltdior different films thicknesses
have been scaled since the individual values of pliameters were far part. It is
observed that the very early times fast decay dycswf the exciton contribution is
independent of the film thickness. However, thenslio component of the bleaching
contribution becomes faster with increasing filmckiness. The carriers in exciton
levels A and B recombine faster for thicker sanipié no clear any trend of the effect
of thickness on lifetime of exciton-C decay cartriaeed.

In figure 5.41, the spectral variation of the oVWlebdeaching contribution for selected
times is plotted for different film thicknesses.eTtransient exciton bleaching around
375nm shows modification in the spectral pattenndifferent film thickness. As the
thickness reduces from 476nm to 98nm, the blue wihthe bleaching contribution
bulges out and broadens more toward the UV. Thé& tabfigure 5.41 shows the
maximum percentage change in the excitons-A, B@ihat all the three films. Overall,
it is evident that thinner ZnO films display monecion-bleaching while it reduces as
the film becomes thicker. The maximum transientydaion of exciton-A is reduced
from approximately 25.2% in ZnO-98nm to 17.5% add5% for E1963 and E1962
respectively. Approximately 23.4% of exciton-A lé&vere occupied in E1964 which
significantly reduces to 5.9% and 1% as the thisknmcreases through E1963 to
E1962. The population of exciton-C level exhible imost dramatic variation with as
much as 50.7% population in E1964 which drasticediguces to 2% for the thickest
E1962.
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Figure 5.41 Spectral evolution of exciton bleachimgE1964, E1963 and E1962
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The differences in spectral as well as temporalatian of exciton bleaching for
different films may be a consequence of differenioethe structural properties of the
individual films. It is definitely not a result efarying film thickness.

5.5.3.4 Absorption increase at 380nm

The 380nm absorption increase is largely a thicknéspendent effect since it is
observed for E1962 and E1963. In thinner E1964 $&antips effects seems to absent or
atleast diminished. It is possible to fit this 380mpeak by bandgap variation in the
optimization routine but this approach doesn’t l¢adh relevant interpretation of the
physics behind the process since the optimizatiutine increases the bandgap to fit
the peak. Contrary to this, literature reports shoandgap renormalization effects
manifest themselves by reducing the bandgap ofmiderial. Hence, instead of varying
the bandgap, a Gaussian curve was introduced imtiael at 380nm. The width as well
as amplitude was optimized while the centre wagtewas kept fixed at 380nm.
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Figure 5.42 The absorption increase contributiad8@inm for different thickness of
ZnO and its temporal variation

Figure 5.42 shows the temporal evolution of the @omi of the 380nm absorption
increase. Thicker ZnO films show an additional apson increase at 380nm for very
early delay times. It is evident from the figurathhis contribution rises and decays
rapidly on less than 500fs timescale. Since it statt 0.2ps indicates that it is an
induced process. Another aspect is that this 386ffett is very fast and present for
very early times ~0.3-0.5ps.
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Summary

The time resolved measurements performed on Zn@sfibf different thicknesses

exhibit systematic thickness dependence of moduiatbetween 400-600nm with the
strength and period of oscillations increasing va#mple thickness. It confirmed the
origin of these modulations as arising from mogifion in interference pattern brought
about by change in refractive index of ZnO by thiemse 400nm excitation pulse. The
stimulated emission increases with increase in filrokness.

The basic processes of carrier excitation, excitdeaching and interference
contributions are found to be present in all theDZfilms which inherently have
structural differences between them. However, the-identical nature of these films
manifests some differences in spectral amplitudktane resolved dynamics in them.
The structural properties of the ZnO films is foundnfluence the stimulated emission
with films grown onc-plane sapphire exhibiting more efficient emission whilese
grown on a-plane sapphire display almost negligible stimulated emis. The
dynamical behaviour of excitation of carriers cedtraround 500nm remains
uninfluenced by the thickness. The exciton bleaghoontribution centred around
375nm exhibits differences in spectral broadeniog difference. The transmission
increase at 400nm for very early times increasél fifim thickness further validating
the interpretation of carrier dynamics done in isec6.1. The additional absorption
increase at 380nm is observed only for thickerdilg1962, E857 and E859. The exact
background of this contribution and its correlatwith film thickness are not clear. The
observed differences in spectral as well as tenhpewalution of contributions are
outcome of rather complex combination of not orflickness but also the structural
properties in the investigated ZnO films. In théufe work, these differences can be
addressed by careful investigation of the strutfur@perties of ZnO films.
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Summary and outlook

The ultrafast carrier dynamics in ZnO films wergastigated by time resolved
transmission pump probe spectroscopy. The optesgdanse provided the fundamental
information about the relaxation mechanisms in Zih@s. A novel approach to resolve
the carrier dynamics from the time resolved pungbprdata has been developed which
constitutes both the intrinsic dielectric functias well as extrinsic (non-equilibrium)
induced processes. The ellipsometric model couldcessfully explain the time
dependent spectral changes in the time resolverdrape

The elementary absorption of the 400nm, 150fs aton pulse transfers
carriers from defect states located within the lgapdto the conduction band, giving
rise to bleaching at 400nm for early delay timeke Tepletion of the defect levels
induces an increase in absorption which manifésgdf iin the time resolved spectra as a
broad and rather weak absorption increase centoeshd 505nm. It rises and decays on
~600fs time scale. The initially displaced carrigrghe conduction band relax rapidly
to the bottom of the band. The carrier excitatieads to the bleaching of discrete
exciton-A at 375 nm. With the passage of time,dagier density in the exciton levels
increases, so much so that they begin to inter@tt ene other. The exciton-exciton
scattering finally leads to stimulated emission tegh at ~390nm. The stimulated
emission rises slowly on ~1ps timescale. The tin@utns of both exciton bleaching
as well as stimulated emission exhibit non-expaaérdecay with fast and slow
contributions. Overall, the exciton bleaching atithslated emission decays on ~50ps
and ~200ps respectively. Furthermore, it was fouatl thanges in the refractive index
of the sample induced by the excitation pump pgseerates oscillatory behaviour
between 405-600nm in the time resolved spectra.adidition, analysis of the
temperature dependence of dielectric function oDZevealed that the longer time
nondecaying 380nm absorption increase upto 600pkeirtime resolved spectra is a
manifestation of thermalization of the sample.

The optical response after excitation with différamavelengths provided
fundamental information about the relaxation medras in the ZnO films and
successfully verified the proposed interpretatiomowd the nature of excitation
mechanisms and exciton bleaching processes. Thigatexe wavelength dependent
measurements showed the primary excitation froreadévels always occurs with all
three pump wavelengths. This absorption increasminagr 505nm increase with
increasing pump wavelength but no significant ieflae on its temporal behaviour is
traced. A rapid transmission increase at the etmitavavelengths could be observed
after excitation with 400nm and 409nm. The invedtan also revealed that apart from
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indirect excitation, some direct formation of erci$ also takes place with 391nm
excitation wavelength. However, excitons are imadlye created after pumping with
400nm and 409nm respectively. The recombinatiorayldifetime of excitons show
slight pump wavelength dependence. Additionallye #tudies also revealed that in
thicker ZnO samples, a fast rising absorption iaseeis present at around 380nm
contribution which depends significantly on the ietton wavelength. The true
background of this contribution could not be asagadd.

Detailed knowledge about the nature of various @sees in the dynamics was
gleaned by performing excitation energy dependepements on ZnO films. The
analysis shows a distinct excitation intensity aej@nce of the below-band-gap carrier
dynamics in ZnO. The rapid change in optical dgnsit 400nm increases with
increasing pump energy. Carrier excitation contrdyuexhibits a linear dependence on
the pump energy. The transient optical density tspa@veal the bleaching from all
three excitons for higher intensities which leadtoadening of the overall bleaching
contribution. The discrete exciton-C has maximurpysation at higher energies. For
lower energies, exciton-A and B bleaching are thmidant contributions. It was found
that the stimulated emission exhibits a nonlinegreshdence on the pump energy. The
rapid change in optical density at 400nm increag#sincreasing pump energy. Higher
pump energy also induces stronger variation inr#éfeactive index which results in
stronger interference oscillations.

The time resolved measurements performed on Zn@sfilof different
thicknesses exhibit systematic thickness dependeficeodulations between 400-
600nm with the strength and period of oscillatiomgeasing with sample thickness. It
confirmed the origin of these modulations as agdmom modification in interference
pattern brought about by change in refractive indéxZnO by the intense 400nm
excitation pulse. The stimulated emission alsodases with increase in film thickness.
The basic processes of carrier excitation, excitueaching and interference
contributions are found to be present in all theDzZfilms which inherently had
structural differences between them. However, the-identical nature of these films
manifests some differences in strength of proceasdstheir dynamics. The observed
differences in spectral as well as temporal evolunf contributions are outcome of
rather complex combination of not only thickness$ &lgo the structural properties in
the investigated ZnO films. In particular, the stwual properties of the ZnO films is
found to influence the stimulated emission withmBl grown onc-plane sapphire
exhibiting more efficient emission while those grown a-plane sapphire display
almost negligible stimulated emission. In the fatwork, these differences should be
addressed by careful investigation of the strutpnaperties of ZnO films.

The current investigation presented in this thesefhiders a thorough
understanding on the relaxation mechanisms thagrgothe ultrafast carrier dynamics
in ZnO films upon excitation with femtosecond lapaitse. These findings serve as a
guide for more refined experiments to study thduarice of defects on the carrier
dynamics of ZnO to be able to more precisely cdniteoelectronic properties from
applications point of view. Though there still ramaome open questions that need to
be addressed. The investigation revealed that thetgre of the films and more
importantly the defects in ZnO play a pivotal raheits carrier dynamics. The results
obtained point to the requirement of further chaazation of defects in more detalil.
There is a strong indication to refine the dieliectunction of ZnO by proper inclusion
of defects states as well other non-equilibrium ponents, to be able to model its time
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resolved dynamics more precisely. Femtosecond tiemolved spectroscopy in

conjunction with ellipsometry is required for fueth analysis. Also, an in-depth

characterisation of structural properties in Zniéh$i must be done through a variety of
techniques like TEM, AFM, DLTS to better control $eegparameters in order to achieve
a more complete understanding of the dynamic ptigseof charge carriers in ZnO

films.

Also, the physical background of interference dastdns is not completely
understood. One of the challenges encountered hatstliese oscillations exhibit a
rather small amplitude in time resolved transmissexperiments. In order to study
them in more detail, one of the possibilities wol&lto perform these measurements in
the reflection mode, instead of transmission maddthe. following section shows the first
results of simulations done in the reflection mdde E859. In both the modes, the
amplitudes of the continuum exciton—A which is m@sqble for oscillations and
discrete exciton-A giving rise to exciton bleacharg decreased by 5%.

1.51 Transmission mode — Reflection mode
(a) 0.011 (b)
N 1.01
a)
: e
‘m 0.51 £ 0.00
(7]
0.0
' ' ' -0.01+ ' ' '
300 400 500 600 700 300 400 500 600 700
Wavelength [nm] Wavelength [nm]

Figure 6.1 Simulations depicting spectral variabbichange in optical density in
transmission as well as reflection modes

It is evident from figure 6.1 that in the reflectionode, the UV resonance contribution
IS not as strong as in the transmission mode. Ts®late amplitude of oscillations

between 400-700nm is much lower in reflection tiratransmission since owing to it

high transparency, a very small fraction of incidight is reflected from ZnO surface.

However, these results show that in reflection,dbeillations between 400-700nm are
significantly enhanced relative to other contribas. This would help a great deal in
analysing and finding out the origin of the inteeiece contribution in the time resolved
carrier dynamics.
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Appendix

Appendix A

Calculation of change in optical density in refleadbn mode

Figure A.1 schematically illustrates the paths tragd by a ray of light incident on a
thin film where only emergent reflected rays arawdr. The incident light is divided
into a reflected ray along AR and a ray refractad through the thin film (ZnO layer)
striking the lower interface at;BSince the sample is transparent, only a smaltifnac
of the incident light is reflected as the ray ARtla¢ upper surface. The light which
enters the ZnO layer suffers multiple reflectiomsnf the front and back surfaces.
Thereafter, after even number of passes in the unedan even smaller fraction
emerges as reflected light (rays, R Rs...). These emerging multiple reflected rays
superimpose with one another giving rise to interfee fringes.

L R Ri R Rs
\/ A1M
Bi Bz Bs

Figure A.1 Schematic depicting interference phenonme@aahin film in the reflection
mode

After every two of passes through the thin filme theam suffers an absorption loss of
exp(at). Therefore, the total field due to the superposiof p reflected rays is given
by the expression (a.1).

EY (1) =vr -JrL-r)e? 5e_m[l+ e20e™0 4 4y p—leZ(p—l)ib_e—(p—l)at}
(a.1)

The resultant reflected intensity is given by etprata.2).

C
rRp(A) = Ed () EY () @2)

Since the final expression is very big, it has bdamnded into four expressions as
written in equations (a.3) — (a.6).

i Eﬁ(u e_at)z ¥ £1+  Pl-r)eat(p+1)? H

2
(1— re_m) +4re” sin2(5)

Rap () = (a.3)
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- r[1+ 2rP1- r)e_m(p+2) +2r P - r)e_m(pJ’Z)}

Rip (1) = . @)
(1— re_mj +are” M sin? (5)
4re” M sin? 5[1+ rPi- r)e_m(p+1) +r P r)e_m(pﬂ)}
Rep(4) = . (a.5)
[1— re_m) +are” M sin?(5)
Rlp (1) = —4r IO+1(1—r)ez_a't(pﬂ)sinz(p +1)5 (2.6)
(1— re_m) +are”Msin2(5)
Rp(4) = Rap (4) + Rbp (4) + Rep (4) + Rdp (4) @7)

The change in optical density in the reflection emadn be calculated using equation
(a.8)

(a.8)

roD(}) = Iog( RwithoutHJump(/‘)J

RwithChump(A)
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