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Preface

A Rhyme about Terahertz

Terahertz radiation 
in the IR section 
is a trillion cycles 
per second longitudinal 
(300 microns 
equals one cycle long).

— But how do we make 
IR that doesn't bake?

A dash of bismo-pepto 
and lasers femto.
Add a crystal - zinc telleride - 
(Careful! Watch your eyes!) 
rectified electro-optically 
and we have terahertz, magically!

— But do we know it's there? 
Patience, friend! Listen here:

For detect we must!
In zinc telleride we trust! 
Terahertz rotates P. 
("Polarisation", jargon-less-ly.)
A femtosecond pulse gate, 
arives none too late; 
it goes from linear to elliptical 
and separates vectorial.
— Can we see these two?
Yes! Photodiodes to the rescue!
Only two are needed;
and their difference is heeded.
A zero difference says,
"Nothing's here! O fooey fuzz!" 
Otherwise we can see 
our terahertz's burly 
amplitude's measure.

— Phew! I'm all reassured!
Now we have pulses far
in the infrared bar.

— So what? Who cares?
I'd rather cuddle teddy bears!

But ho! Just wait!
Your curiosity we'll satiate.
One of the perks
o f pulses terahertz
is its energy is weak,
so no major system's tweaked.
Super- and semiconductors galore!
Chemical vibrations, and more!

Now you have a short intro 
to the quirky terahertz world.
— Yippee! Hurrah! A new wave 
has come this day to save!
Thank you! Thank you!
And now the show's through.

May 2002
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A b stract

A terahertz time-domain spectroscopy system was constructed and 

characterised in the U ltrafast Spectroscopy Laboratory. This system 

was then used as a probe beam for pump-probe experiments to help 

elucidate physics of carrier dynamics in silicon-on-sapphire systems. 

Specifically, ion-implanted silicon thin films on sapphire substrates 

and an amorphous silicon thin film on sapphire were investigated. 

Results from these studies point to the presence of a single carrier 

relaxation channel in silicon thin film systems. Preliminary 400 nm 

pump -  THz probe experiments have also been performed on silicon 

nanocrystals in a sapphire substrate. Using a digital filter to mimic 

convolution issues with the data, a new analysis technique has been 

shown viable for use in this relatively new laboratory group. Further

more, the terahertz system is now ready for use not only as a probe 

beam in a pump-probe experimental configuration, but has also been 

shown to be a useful far-infrared linear spectroscopy source.
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Chapter 1 

Introduction

1.1 Terahertz R adiation

Many materials have interesting resonant frequencies in the far-infrared regime. 

These include vibrational levels in molecules, phonon energies in semiconductors, 

and Cooper pair binding energies in superconductors. Strong coherent sources 

of far-infrared (FIR) radiation have long been sought to study these materials. 

The advent of the free-electron laser (FEL) to generate FIR  coherently propelled 

experiments to a new radiation regime [3]. Free electron lasers use a beam of 

relativistic electrons to generate coherent radiation in an alternating magnetic 

field [4]. The wavelength of this radiation is dependent on the am plitude and 

frequency of the applied magnetic field. FELs have the advantage of wavelength 

tunability and high peak power. However, these systems were generally cumber

some and difficult to use.

Technology was developed to readily produce terahertz pulses (1 THz =  

1012 Hz) in the 1980’s, and made this wavelength regime accessible to anyone 

interested in using coherent FIR  pulses. Today, researchers are studying THz 

imaging as a tool to aid security and medical issues. More fundamental research
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uses THz pulses in pump-probe experiments as a probe of m aterial properties in 

superconductors and semiconductors, for example. THz pulses are advantageous 

as they allow for contact-free transient experiments. Furthermore, THz pulses 

have a broad bandwidth.

THz imaging acquires images of objects through visibly opaque materials. 

THz imaging can exploit phase shifts of the THz beam at different points of 

an object [5]; watermarks on various international currencies were imaged using 

phase shifts in THz pulses [6]. Other examples include the imaging of business 

cards inside envelopes and integrated circuits inside plastic chips [7]. Alter

natively, am plitude transmission of the THz beam can be monitored to image 

organic materials. For instance, the changes in water content of a dry versus a 

newly cut leaf [7], and locations of tooth decay for dental purposes [8] have been 

identified using THz pulses.

In general, THz pulses are sub-picosecond pulses at full-width, half-maximum 

(FWHM) and with a bandwidth of a few THz, centred near 1 THz. THz emission 

can be thought of as resulting either from a surge in current, E TIiz oc dJ /d t ,  

or from changes in polarisation, E THz oc d2P / d t 2. The current surge method 

was introduced by Auston et. al. [9] as radiation from a Hertzian dipole, and 

is often referred to as an Auston switch. The transient polarisation method 

exploits optical rectification (OR) in a non-centro-symmetric crystal. Both the 

current surge m ethod and the optical rectification method can be exploited to 

generate and to detect THz pulses. In fact, d J / d t  has been used to explain far 

infrared (FIR) emission from biased, large aperture sources and intrinsic surface 

depletion fields in addition to photoconductive dipole switches [10].

Femtosecond laser pulses are required for THz generation and detection. In 

the current surge method, the femtosecond beam creates free carriers in the 

semiconductor substrate which travel quickly across a biased transmission line
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patterned on the semiconductor. Optical rectification of femtosecond pulses in a 

nonlinear crystal can also generate THz pulses. THz detection in both methods 

exploits analogous processes. In either case, the time delay between the arrival of 

the THz pulse and the arrival of the femtosecond detection pulse can be controlled 

so as to measure the entirety of the THz pulse shape. This is achievable only 

because the processes governing the detection are nearly instantaneous (very 

short when compared to the THz pulse width). A detailed discussion of THz 

generation and detection techniques is given in Chapter 2.

THz pulses have shown to be very useful for linear spectroscopy in the far- 

infrared regime. Finding the complex index of refraction, k =  n + ik, for the 

far-infrared range before the advent of easily-produced THz pulses required the 

use of Kramers-Kronig relations [11],

, , , „  ; +°° du' k(u')  , , , „  r +0° dcu' n(u')  -  1
n(u) = l  + P -------^——, k(uj) =  —P  /  V  • L1

' ' J _ QO 7 T C O 1 -  LO

Note Equations 1.1 are entangled (where the P  refers to a principal value inte

gral). To find k (u>), one must know one of the above equations, and the reflec

tivity at all wavelengths [11],

r(uj)
1 K

1 +  K
(1.2)

For a sample with no absorption, the transmissivity is simply

t(to) =  1 -  r(u).  (1.3)

Measuring the wavelength-dependent index of refraction required much trans

missivity data  taken with a large range of wavelengths. THz linear spectroscopy
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is much simpler in th a t detection is coherent; th a t is, amplitude and phase in

formation are acquired simultaneously. Kramers-Kronig relations are then not 

needed, making index of refraction much simpler to gather. Indeed, many groups 

have reported dielectric functions, indices of refraction, and complex conductiv

ities in the far-infrared regime for many materials.

Complex dielectric functions and frequency-dependent conductivities can be 

measured simultaneously because of the coherent detection afforded by THz time- 

domain spectroscopy (THz-TDS). For example, the complex dielectric function 

was measured for CdTe  thin films between 0.2 and 6 THz [12], Si, GaAs  and 

Ge as well as various substrate materials (such as sapphire, quartz and fused 

silica) [13]. Complex conductivities of various superconductors have also been 

measured using THz-TDS, including Nb  [14] and Pb [15]. In addition, THz 

linear spectroscopy has been used to elucidate dynamic properties such as pho

toconductivity in In G a A s  [16] and carrier dynamics of low-temperature-grown 

GaAs  [17]. An indepth review of THz-TDS is given by Nuss and Orenstein [18].

THz pulses are often used as probe beams in pump-probe experiments to 

study dynamical processes. Because of their low energies, THz pulses are sen

sitive to the conductivity in the sample; they are ideal for examining ultrafast 

carrier dynamics in materials. Furthermore, this is a non-contact m ethod of mea

suring the transient conductivity in samples, eliminating complications arising 

from deposited contacts.

The next few sections give some background on the Drude theory of metals, 

the silicon-on-sapphire systems to be investigated, and pump-probe experiments.

1.2 D rude T heory

Metals are a special class of solids, whose properties play an im portant role 

in the understanding of some transient properties. P. Drude built a kinetic
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theory to describe transport in metals [11], modelling the m etal lattice as a set 

of stationary ion cores surrounded by a dilute electron gas. The basic Drude 

theory assumes no interaction between an electron and any other electrons nor 

with any ion core. Furthermore, electron-electron collisions are considered to be 

instantaneous, while the time between collisions, Td, variously called the damping 

time, collision time, scattering time or the mean free time, is considered to be 

independent of the electrons position and velocity.

From O hm ’s Law, the current, j , in a metal due to an applied electric field,

The direct current conductivity o0 is proportional to the number of carriers, n, 

the fundam ental electric charge e, and the relaxation time rd, while it is inversely 

proportional to the electron mass m.  The discussion here focusses on electrons, 

but can be generalised to holes also. The electron mobility in the material, 

/j, = erd /m , can also be used to define the direct current conductivity,

In a pure metal, electron-electron scattering is the only contribution to the damp

ing time. However, should lattice defects or impurities be introduced into the

E,  is

(1.4)

This defines the conductivity, a, of the material:

(1.5)

where a is

ne2Td
m

(1 .6)

a0 = nefj,. (1,7)
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material, decreases, hence the electron’s mobility /r also decreases, thereby 

lowering the electrical conductivity of the material.

Eq. 1.6 and 1.7 refer to the frequency-independent, or direct current (DC) con

ductivity. Accounting for frequency-dependence, the alternating current (AC) 

conductivity, a(u>), is

The AC electrical conductivity contains both real and imaginary parts in general. 

If cur <C 1, then cr(cu) —>■ cr0, and we recover the DC electrical conductivity, where 

a  is entirely real. Note th a t a generalised Drude model, where

has been used to describe metallic-like systems [19, 20]. In Eq. 1.9, a  = 0 reduces 

the generalised Drude model to the Cole-Davidson Model, while /5 =  1 recovers 

the Cole-Cole Model. Both these conditions, a  =  0 and /3 =  1, reduces Eq. 1.9 

to the simple Drude Model.

The dielectric function, e(w), is related to the AC conductivity by

(1.10)
to

and is also related to the index of refraction, k,

k  =  \ f e  =  n  +  ik . ( 1 . 1 1 )

The dieletric function for c u t  1 can be w ritten as

e (u )  =  1 — Wp/o;2, ( 1 .12)

where
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=  ~ T T ~  (L 1 3 )
47r ne2 

m

defines the plasma frequency.

While the Drude model describes metals fairly well, it generally cannot be 

applied to other materials. However, semiconductors can be made transiently 

conductive enough to  be described by the Drude model. Possible methods for 

the presence of free carriers in semiconductors include therm al excitation, elec

trical injection via transmission lines, and photoexcitation, where a laser pulse 

excites carriers high into the conduction band. As injected free carriers in a 

semiconductor relax back to their equilibrium state, the Drude model can be 

used to describe their mobility.

In the remainder of this chapter, the concept of a pump-probe experiment will 

be outlined. In these experiments, insulating semiconductor materials, such as 

the silicon-on-sapphire systems described in Section 1.3, are made momentarily 

metallic through the photogeneration of charge carriers when an intense laser 

pulse pumps charge carriers to the conduction band. A weaker (probe) pulse 

examines the state  of these charge carriers at some time after excitation. By 

varying the time delay between pump and probe pulses, a dynamic picture of 

carrier relaxation processes in the sample is obtained. In other words, the increase 

in charge carriers increases the plasma frequency, u>p, sufficiently to reduce the 

transmission of the probe beam. By monitoring the time-dependence of the 

probe beam transmission, information on characteristic carrier relaxation time 

constants and carrier mobility values will be elucidated. In the experiments 

described here, the probe beam is a short pulse in the far-infrared regime of the 

electromagnetic spectrum. It will be referred to as the terahertz beam (for its 

central frequency is 1012 Hz), and is described in detail in Section 1.1. A short
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review of visible pump -  terahertz probe experiments is given in Section 1.4.

1.3 S ilicon-on-Sapphire System s

Lattice-damaged silicon-on-insulator continues to be of interest for its fast re

laxation mechanisms and high mobility values. Defects present in the damaged 

lattice structure trap  mobile charge carriers, decreasing the relaxation times of 

these carriers. Hopping between trapped states is expected to be the dominant 

transport mechanism [21,22]. However, defects can also decrease the carrier 

mobility of the material. Optimization involves a compromise between fast re

laxation time and high carrier mobility.

1.3.1 R ad ia tion -D am aged  S ilicon -on-S app h ire

Ion im plantation is a versatile method by which to incorporate lattice defects 

into a m aterial since virtually any atom can be implanted into any other ma

terial. One can imagine th a t excessive damage would amorphize a thin film. 

Ion-implanted, or radiation-dam aged (RD) silicon-on-sapphire consists of a thin 

film of crystalline Si  (c-Si) on a crystalline sapphire substrate. The thin film is 

then bombarded with ions in doses on the order of 1012 -  1016 cm-2 and ener

gies on the order of 100 keV. Im plantation of an ion with several energies aid in 

keeping the distribution of lattice damage uniform within the depth of the film.

Liu et. al. [23] dem onstrated the amorphization of crystalline silicon thin films 

with S i + im plantation at doses greater than 1014 cm-2 , while no amorphization 

could be attained for any dose of B + im plantation. Since the atomic mass of O 

is between th a t of S i  and B , amorphization of Si  with 0 + im plantation requires 

a larger dose than  amorphization with S i + im plantation. Indeed, Doany et. 

al. [24] reported th a t relaxation time constants saturated at 0.6 ps (indicative of
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amorphization) when the 0 + im plantation dose exceeded 1015 cm 2.

1.3.2 A m orp h ou s S ilicon

Amorphous silicon (a-Si) has generated much interest in recent decades, both 

for its potential application to fast-switching devices (see for example Ref. [25]) 

and for its use in solar cells [26]. Several methods used to produce a-Si samples 

include self-implantation into crystalline silicon, vapor deposition, sputtering, 

and glow discharge [27]. Hydrogenated amorphous silicon (a-Si:H), prepared via 

glow discharge of silane gas, has been extensively studied. For recent examples, 

see Refs. [28-32], Less work, however, has been devoted to the study of carrier 

dynamics in non-hydrogenated amorphous silicon.

In an a-Si film, silicon atoms are covalently bonded in a continuous random 

network. Both shallow traps (extended band tail states) and deep traps (defects 

such as dangling bonds) may be present in amorphous films. Shallow traps, 

while playing a dom inant role in photoluminescence [33], have smaller carrier 

capture cross sections, and are expected to be unim portant in picosecond-scale 

photoconductivity experiments. Although the average density in a-Si is similar 

to tha t of c-Si, large voids in the film (resembling holes in Swiss cheese) leave 

unsatisfied silicon bonds, giving rise to localized, deep trap  states within the band 

gap. These are vacancy defects [34] and electron spin resonance measurements 

indicate these types of defect densities are on the order of 1019 -  102° cm-3 [35]. In 

hydrogenated a-Si, H + fill these voids and passivate the dangling bonds, thereby 

reducing the number of localized deep trap  states and increasing relaxation time 

constants.
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1.4 V isib le  P um p  -  TH z P robe E xperim ents

Visible pump beams and THz probe beams have been used in pump-probe ex

periments to study carrier dynamics in a wide variety of m aterials [36], including 

semiconductors, superconductors, quantum  wells, and nanocrystals. Details of 

such experiments would require an entire book, but I will outline a few examples 

here.

Many groups have studied GaAs  using visible pump -  THz probe experi

ments. One of the first was used to dem onstrate the viability of a THz probe, 

and found the conductivity risetime constant to be ~1.5 ps when 6 x 1018 cm "3 

carriers were excited by a 630 nm pump beam [37]. Further studies showed a 

fast risetime, followed by a slower risetime; this gradual risetime was a ttributed 

to an increased carrier conductivity as carriers settled from L  and X  valleys to 

the higher mobility T valley [38,39].

Low-temperature grown GaAs  is often deposited by molecular beam epitaxy, 

where the substrate is kept between 180 and 300°C during sample deposition [20]. 

Annealing the samples precipitates As clusters and increases the carrier mobility 

from several cm2/V s by two orders of magnitude. The relaxation time constant 

is reduced from the bulk GaAs  wafer value to 2.1 ps picoseconds [20], Further

more, Beard et. al. [19] noted the frequency-dependent conductivity was initially 

influenced by phonons, settling towards Drude-like behaviour within 3 ps of the 

initial pump pulse arrival at the sample.

Visible pump -  THz probe experiments have also been conducted on semi- 

insulating GaAs  (resistivity greater than  108 D-cm) [40]. Here, the transient 

complex perm ittivity was calculated using an iterative method. Schall and Uhd 

Jepsen [40] showed an apparent negative time shift of the THz pulse in the 

excited sample due to the frequency-dependent transmission and a phase shift 

at the air -GaAs  interface.
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In addition to GaAs,  visible pump -  THz probe experiments have been con

ducted on semiconductors such as I n P  [39], Z n T e  and CdTe  [41]. Groen- 

eveld and Grischkowsky conducted visible pump -  THz probe experiments on 

G aAs/A lGaAs  quantum  wells [42], showing free electron decay to the lowest 

excitonic state  within 100-150 ps. Excitons, on the other hand, have lifetimes on 

the order of 250 ps in these quantum  well systems.

Because of their sensitivity to low-energy dynamics, THz probes are quite 

useful in studying dynamics in superconductors. In particular, the induced 

changes in the real and imaginary conductivity can be measured, allowing for 

the elucidation of both quasiparticle and superconducting pair dynamics [43]. 

For example, the tem poral dependence in complex conductivity and the dy

namical influence of the superconducting gap and the pseudogap were studied 

in the high-transition-tem perature superconductors Y B a 2 C u 30 7̂ s [44,45] and 

Yi_xP r xBa2Cu30 7 [46]. An excellent review of optical pump -  THz probe stud

ies of ultrafast dynamics in superconductors is given in Ref. [43].

In addition to semiconductor and superconductor systems, visible pump -  

THz probe experiments have been performed on an organic molecular crystal [47]. 

Debate over the nature of charge transport and the source of prim ary photoexi- 

tations in these systems continues. In Ref. [47], optical pump -  THz probe exper

iments were conducted on a functionalised pentacene molecule in the Ultrafast 

Spectroscopy Laboratory, where a 800 nm pump beam was used to photoexcite 

the pentancene, while a THz beam was used to probe the carrier dynamics of the 

system at various tem eratures. This work suggested tha t the photogeneration of 

mobile carriers is the prim ary source of photoconduction.

This thesis describes the first pump-probe study of carrier dynamics in radiation- 

damaged silicon-on-sapphire (RD-SOS) and amorphous silicon (a-Si) thin films
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using a 400 nm pump pulse and a THz probe beam [1,48,49]. The characteristic 

relaxation time constants in the three samples are measured for various tem 

peratures and with various pump fluences. Using a Drude model, the effective 

free carrier mobility for all three samples are extracted and the transient carrier 

density is investigated.
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Chapter 2 

Terahertz Generation and 

D etection

First, le t’s take a brief foray into THz generation and detection methods. Pho- 

toconductive (Auston) switches will be described first, followed by a more com

prehensive discussion on optical rectification, the method used in the Ultrafast 

Spectroscopy Laboratory. Specifically, the nonlinear optical effect, optical recti

fication, which generates the THz field, will be described, as well as electro-optic 

sampling, which is used to detect THz pulses using non-centrosymmetric crystals.

2.1 A u ston  Sw itches

2.1.1 B asic  M ech an ism  for G en eration  and D etec tio n

Devices using the current surge method for generating THz pulses, E THz oc 

dJ /d t ,  are known as “Auston switches” , named after D.H. Auston [9], or gener- 

ically as “photoconductive switches” . An Auston switch is shown in Figure 2.1. 

An applied electric field across patterned transmission lines on a semiconductor 

substrate accelectrates photogenerated charge carriers. This is the current surge
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which results in an electromagnetic pulse in the THz region of the spectrum. 

Typically, the bias voltage, V,  is on the order of 100 V, and the separation be

tween the electrodes, d, is on the order of tens of microns. Many semiconductors 

have been used as substrates for transmission lines, including silicon-on-sapphire, 

low-temperature and semi-insulating GaAs,  doped GaAs,  and I n P  [50].

Figure 2.1: Schematic of an Auston Switch THz generator. Transmission lines 

(shown as grey horizontal bars) are biased with an external potential. A femtosec

ond laser pulse (black circle) is focussed near the anode, generating free carriers 

in the substrate, and allowing for a sudden surge in current across the biased 

electrodes. Typical bias voltages, V, are on the order of 100s and 1000s of volts 

for traditional and large aperture Auston switches, respectively. The separation 

between the electrodes, d, is typically several 100s of microns for traditional THz 

sources, and several millimetres for large aperture sources.

The femtosecond laser beam is usually focused to create a larger current dur

ing the surge. This required a small electrode spacing, and caused the emitted 

THz beam to diverge. Measured divergences of 100 mrad [25] and 25 m rad [51] 

have been reported. The THz beam is collected by a truncated spherical semi
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conductor (usually Si)  lens on the backface of the transmission line.

Detection of the THz beam is achieved with the reverse mechanism: the in

coming THz pulse creates a potential across the detection transmission line. A 

femtosecond gating pulse is again used to generate free carriers on the transm is

sion line substrate. Since the duration of the THz pulse is much longer than 

the gating femtosecond pulse, the THz field on the detection transmission line is 

effectively static (dc field). Thus the generated free carriers are moved across the 

transmission line; this resultant current (proportional to the THz electric field) is 

measured. A typical system incorporating Auston Switches for THz generation 

and detection is shown in Figure 2.2.

2.1.2 Im p rovem en ts to  th e  B asic  A u sto n  S w itch

The first switches dem onstrated the production of short microwave [52] and elec

trical [53] pulses using biased semiconductor gates. Several years later a mi

crowave Auston switch was measured to emit coherent pulses with a FWHM of 

2.8 ps [54], where a gated detector (in the form of a thin Ge slab which could 

be made transmissive in the microwave when excited with a laser pulse) had 

been used. The microwave Auston switch was used as a short probe of carrier 

dynamics in Cr-doped GaAs  in a contact-free measurement.

Improvements in transmission line patterning techniques and faster semicon

ductor substrates lead to  shorter EM pulses em itted from Auston switches, and 

thus to wider bandwidths. The first THz emission from a photoconductive switch 

was also achieved by Auston [9].

Further experim entation with Auston switches have shown an enhanced THz 

emission when the laser pulse is focused near the anode of the biased transmission 

lines [50]. Possibly this is due to a trap-enhanced electric field present near the 

anode. The THz intensity is increased when pointed anodes are used, where the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C H APTER 2. T E R A H E R T Z  G EN ER ATIO N  A N D  D E T E C TIO N 16

AS2

BS AS1

Figure 2.2: THz generator and detector using Auston switches. BS: Beam

splitter, L: Lens, AS1: Auston switch THz generator, PM: Parabolic Mirror, AS2: 

Auston switch THz detector, A: ammeter. Beam 1 photogenerates charge carriers 

in AS1, while beam 2 detects the THz emission at AS2. The Auston switches each 

have a truncated spherical silicon lens for collimation of the THz beam. The THz 

pulse applies an electric field on the switch detector when a femtosecond pulse 

creates free carriers on the switch substrate. The current measured across the 

detector electrodes is proportional to the THz electric field.

electric field experiences a singularity near this point [50].

McGowan and Grischkowsky showed the existence of both near-field and far- 

held THz emission when using a silicon-on-sapphire photoconductive switch [55]. 

In fact, there are two near-held components: one in the air and one along the 

surface of the substrate. Only the far-held emission is freely propagating, how

ever.

Using a GaMs-on-silicon receiver, a higher bandwidth emission (5 THz) was 

dem onstrated [56]. This novel m aterial was shown to have a short carrier lifetime 

of 3 ps superimposed on an unquantihed long relaxation time constant.
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In the past decade, the use of large aperture Auston switches has been more 

commonplace. In these switches, the gap in the transmission line is on a macro

scopic scale, typically on the order of several millimetres. The femtosecond charg

ing beam need not be focused onto the semiconductor substrate; neither does the 

emitted THz beam need much collimation, as the em itted EM radiation is mainly 

contained about a small cone in the forward direction collinear with th a t of the 

incident femtosecond beam. This makes for easier optics alignment as compared 

with the traditional Auston switch THz sources, as the large aperture source can 

be removed tem porarily from the setup, and the propagation of the femtosecond 

pulse will follow closely to th a t of the em itted THz pulse. However, in order to 

achieve similar electric fields as compared with traditional Auston switch sources, 

high voltage (typically 103 V) is needed to bias the large aperture switches.

2.2 O ptical R ectification  and E lectro-optic  

D etectio n

2.2.1 O p tica l R ectifica tion

Optical rectification (OR) is a specific case of difference frequency generation 

(DFG). In DFG, different frequencies present in a short laser pulse can beat 

together, yielding low-frequency modes. In fact, OR of femtosecond laser pulses 

can span from nearly dc to mid-infrared wavelengths [57].

OR was first observed in 1962 by Bass [58] with the excitation of K D P  

and K D 2P  with a ruby laser. DC signals of 200 /TV to 1 mV were measured 

and attributed  to a net time average of polarization within the crystal. Optical 

rectification in L iT a O s was first described in 1984 [59] in term s of non-classical 

Cerenkov radiation. In 1992, Chuang et. al. [60] proposed a model to explain
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measurements of far-infrared emission resulting from OR. Furthermore, they 

show th a t the m odulation of FIR  intensity with sample orientation is further 

evidence for a x ^  process; such a phenomenon could not be readily explained 

in a current surge picture.

Consider th a t the polarisation, P,  is related to the applied electric field, E,  

by the susceptibility, x> and the perm ittivity of free space, e0:

P  =  eoXE.  (2.1)

Eq. 2.1 can be expanded in powers of E  if the applied electric field is not too 

large, giving:

P  =  e0[x(1)£  +  X(2)£ 2 +  X(3)£ 3 +  ...]. (2.2)

Allowing for an oscillating applied field, E(ui) =  E 0cos(ut),  and using trigono

metric identities cos29 — (1 +  cos29)/2 and cos39 =  (cos39 + 3cos9)/4 , the 

polarisability can be w ritten as:

P  = eoX{2)E 2j 2

+e0(x(1) +  ^X(3) E 20)E0cos{ut)

E 2
+eoX{2) ^ -cos(2u t )

+e0x ^  E 3cos(3ujt) + ----  (2.3)

The first term  in Eq. 2.3 describes OR; note the dependence on the applied in

te n s ity  Eg. The seco n d  te rm  in  Eq. 2.3 c o n ta in s  th e  a p p lie d  field  frequency , an d  

describes processes such as the nonlinear index of refraction, self-phase modula

tion, and self-focussing. The third and fourth terms in Eq. 2.3 contain twice and

thrice the applied field frequency u,  and respectively describe second harmonic 

generation and third harmonic generation.
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Since OR is proportional to a non-centro-symmetric crystal is necessary 

to produce this phenomenon. The THz electric field is em itted due to the change 

in polarisation within the crystal, E THz oc d2P / d t 2. In Eq. 2.3, the applied 

electric field am plitude is time-dependent, hence the em itted THz field appears 

as a pulse in time.

THz pulses em itted with this method are collinear with the THz-generation 

femtosecond pulse; a normal incidence arrangment makes for easy alignment of 

ensuing optics. W hether the freely-propagating THz pulse was em itted from the 

bulk or the surface of a non-centrosymmetric crystal was debated for several 

years [15], and resolved in 1995 as originating from the bulk of the crystal [61].

While the second order nonlinearlity \ ^  is the main contributor to THz 

emission, there is experimental evidence for contributions from higher nonlinear

ities under certain conditions and in some materials. For example, LiT aO 3 was 

shown to emit THz radiation through a process [38,59].

2.2.2 E lectro -o p tic  Sam pling

Electro-optic sampling (EOS) (also known as electro-optic detection) is the re

verse process of OR. The THz electric field includes a transient birefringence 

in a non-linear crystal. If the crystal is probed by a short, weak femtosecond 

laser pulse, the induced birefringence can be measured. Since the induced bire

fringence is proportional to the THz electric field, and the femtosecond pulse is 

much shorter than  the THz pulse, the entire THz pulse shape can be mapped 

out by varying the tim e delay between the two pulses.

In particular, EOS measures phase modulation using ellipsometry by passing 

the gating pulse through a nonlinear crystal, a quarter wave plate, and a Wol

laston prism [62], The A/4-plate gives a 7r/2 phase delay, and is often referred to 

as a “com pensator” for this reason. The compensator provides an optical bias
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which linearises the detection response in the EOS crystal. (Some scattering from 

the EOS crystal remains after the compensator, indicating the random phase of 

the scattered light.) The Wollaston polariser separates the intensities of the two 

components of the ensuing elliptically polarised light. If the two in-coming field 

components, E x and E y, are given by

E x(u) =  a0(u)cos[k(co)z — cot\ (2.4)

Eyioj) =  a0((jj)cos[k(uj)z — u t  + 4>(lo)}, (2.5)

where 4>(tu) is the dephasing, then after the A/4-plate the m ajor a(u)  and minor 

b(u>) axes of the polarisation ellipse are

a(u) = a0(w)[l +  ^<f>{u))]

b(u) = a0(w)[l -  ^</>{w)\. (2.6)

The difference in polarisation intensities, (A—B)  =  l/2 e 0c J0+oo(|a(a;)|2 — \b(u)\2)duj, 

is measured after the Wollaston prism, and the difference signal is thus [63]

A  — B  =  cncRe (2.7)/ \a0(u)\2(f)(u)duj
'o

Hence the detection of (A — B)  gives both amplitude, |o0(o;)|, and phase, 4>(co), 

information. Noise due to the random phase of the scattered light in the EOS 

crystal is cancelled when balanced detection as described here is used. A typical 

THz setup using OR and EOS in a nonlinear crystal is depicted in Figure 2.3.

A detailed study of EOS has been conducted [63]. While these results were 

specific to detection via a Z n T e  crystal, they can be generalised to other EOS 

systems. It was found th a t the crystal can affect the measured shape and fre

quency spectrum  of the THz pulse. In particular, three spectral filters were
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PD

EOS WP

Lock-In Amplifier

L ORBS

Figure 2.3: Layout for THz generation and detection with optical rectification 

and electro-optic sampling. BS: beamsplitter, L: bi-convex lens, OR: nonlin

ear crystal for optical rectification to generate the THz pulse, PM: gold-coated 

parabolic mirror, EOS: electro-optic sampling crystal, A/4: quarter-wave plate,

WP: Wollaston Prism, PD: balanced photo-detector.

found to contribute to THz shape change: (i) the frequency and bandwidth of 

the gating pulse, (ii) the frequency-dependence of the non-linear susceptibility of 

the detection crystal, and (iii) the thickness of the detection crystal..

Addressing (i), it was found tha t in the usual detection scenario, the band

width of the gating pulse is much smaller than its central frequency. In this case, 

the gating pulse does not affect the THz measurement. The frequency-dependent 

nonlinear susceptibility of the detection crystal (i.e. point (ii)) is a property of 

the crystalline material. The second order susceptibility in Z n T e  has a sharp 

peak at 5.3 THz; below 4 THz, the susceptibility, however, is nearly frequency- 

independent, as it is above 8 THz, so this spectral filter is not a concern for 

systems with a bandwidth less than  4 THz. The path length over which the
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THz signal and the gating signal are phase-matched is an im portant factor in 

the measurement of the true THz pulse shape and spectrum  (i.e. point (iii)). 

Thus a thinner crystal is better. (Figure 2 of Ref. [64] shows a gradual decline 

in the THz transmission from ~0.3-3  THz in a 2 mm Z n T e  crystal, nearly con

stant transmission followed by a sharp drop-off in trasmission near 3 THz in 

a 0.5 mm Z n T e  crystal, while the transmission bandwidth of a 0.1 mm Z n T e  

crystal extended to  4.4 THz.) On the other hand, the thicker the crystal, the 

longer the interaction length between the THz and the gating pulses, and thus 

the stronger the signal. Therefore, a compromise between the two competing 

processes is necessary.

In addition to Z n T e , various other materials have been used for the OR 

and EOS elements. Semiconductors such as (111) GaAs, GaP  and GaSb  have 

been shown to generate THz radiation [61]. However, no THz emission was 

observed for cubic crystals when the femtosecond beam was incident on the 

(100) face of the crystal. Quartz and LiTaOz  have also been used as the OR 

element. N ahata et. al. [65] dem onstrated optical rectification in a poled polymer 

with greater efficiency than  in a LiNbOz  crystal, and a photo-stability after 

10 hours of continuous illumination. (Poling refers to the process of curing a 

crystal using an external electric field at elevated tem peratures [66].) Extreme 

bandwidth tunability  was dem onstrated by Huber et. al. [67] using a 90 gm 

GaSe  emitter; spectral peaks up to 41 THz were dem onstrated with this system. 

Most im portant to the increase in bandwidth capability was the thinness of the 

emitter, which allowed for the phase coherence of the nonlinear polarizability 

and the THz electric field for the entire interaction length.

THz detection has been proven viable with poled polymers [68], GaP  [69] 

and GaSe  [67]. Wu and Zhang [70] dem onstrated a superior signal-to-noise ratio 

when using Z n T e  as the electo-optic sampling element, rather than  radiation-
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damaged silicon-on-sapphire. The organic crystal DAST (dimethyl amino 4-N- 

methylstilbazolium tosylate) has been used as both an em itter and a detector [71]. 

As an em itter, Han et. al. [71] showed DAST was capable of generating pulses 

with a bandwidth up to 20 THz.

A more complete list of THz generation and detection materials can be found 

in Ref. [61].

2.3 A u ston  Sw itches vs. O ptical 

R ectification

There are advantages and disadvantages to each of the two main THz methods 

described in Sections 2.1 and 2.2. Since the current surge m ethod can produce 

THz peak amplitudes which increase with increasing bias voltage, very high peak 

amplitudes can be achieved. However, the bandwidth is lim ited and peak fre

quencies above 1 THz are rare. This m ethod is useful in applications where high 

THz amplitudes are more im portant than a short THz pulse width or wide THz 

bandwidth. Furthermore, in microscopic transmission line systems, semiconduc

tor lenses are necessary to collimate the THz beam. These are not transparent 

in the visible wavelength range, making alignment more challenging.

W ith large aperture Auston switches, where the femtosecond generation beam 

is not focussed onto the transmission line substrate, the generated THz pulse 

has a low divergence and is collinear with the incoming femtosecond beam. This 

makes optical alignment with a diode laser feasible with the tem porary removal 

of the transmission line element. However, large bias voltages are needed to  give 

large enough THz signals for experimental purposes.

The waveforms generated by photoconductive switches are dependent on the 

frequency-response of the switch generator, its carrier lifetime, and momentum
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relaxation time. This is contrasted with the THz waveform acquired from optical 

rectification, where the signal is dependent only on the frequency-response of the 

electro-optic crystal. Detection in both cases is dependent also on the THz 

electric field.

In addition, the optical rectification method for THz generation gives a fairly 

uniform frequency spectrum  over a broad range, often up to several THz before 

beginning to taper off. This makes it a great system for spectroscopic applica

tions. The bandw idth is found to be limited mostly by the absorption spectrum 

of the nonlinear crystals used for THz generation and detection.

There has been debate over the source of differences in the waveform shape 

between these two THz methods. Namely, many photoconductive switches show 

half-cycle waveforms, while optical rectification emits single-cycle traces. Park et. 

al. deduced th a t the frequency and lifetime response of photoconductive switches 

are responsible for the apparent half-cycle nature of these THz pulses [72],

2.4 O ther T H z M ethods

Various other techniques for THz generation and detection have been proposed 

and are briefly described here. Photoionization in a variety of gases, including 

He  and Ar  [73], air [74], and N 20  [51], have been shown to emit radiation in the 

THz regime. These systems rely on up- or down-conversion within the gases for 

the far-infrared emission.

Quantum  well structures can be used as THz emitters, where emission is 

thought to result from polarised excitons in the quantum  well [75]. This is 

actually another manifestation of OR. The existence of excitons was used to 

show the presence of charge oscillations in quantum  wells: the beating of light 

and heavy hole excitons results in optical rectification upon excitation from a 

pulsed laser source, and emits radiation in the THz regime [76]. The peak of the
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THz was shown to be slightly tunable (1.4 to 2.6 THz) with the applied electric 

field [76].

Magnetic fields of several Tesla applied to I n  As  crystals have been shown to 

be viable THz sources [77,78]. THz emission was studied with applied fields up 

to 5.5 T  in GaAs  and I n A s  [78]. Coupled cyclotron-plasma charge oscillations 

were cited to be the source of far-infrared emission. A photoconducting capacitor 

array has been dem onstrated, and may be useful as a THz imaging source [79].

The following chapter will discuss the THz generation and detection system 

built for the U ltrafast Spectroscopy Laboratory in the University of A lberta’s 

Physics Departm ent.
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Chapter 3 

THz System  in the USL

A permanent THz-probe setup was required in the U ltrafast Spectroscopy Labo

ratory (USL). Several preliminary versions were constructed to investigate ways 

by which to optimise the setup. The final setup includes possible future modifi

cation options, and was built for use both as a linear spectroscopy source and as 

a probe beam in pump-probe experiments. This section will describe the USL 

THz system and diagnostics which were undertaken to characterise the setup. 

First, however, a brief description of the laser system used for the THz generation 

and detection will be outlined.

3.1 T he Laser S ystem

Femtosecond laser pulses are needed to generate and detect THz pulses. In 

the USL, femtosecond pulses are first generated in a Kapteyn-M urnane (KM 

Labs) modelocked laser (also referred to as the oscillator or the seed laser). The 

lasing medium is a TUdoped sapphire crystal which is pumped by a Millennia 

laser whose output wavelength is 532 nm. The modelocked laser outputs 30 fs 

pulses (FWHM) with a centre wavelength of 800 nm and a repetition rate of
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90 MHz. These pulses are then fed into a multi-pass amplifier (the Odin system, 

from Quantronix), where they are first stretched both spectrally and temporally 

using a pair of gratings. A Pockels cell in the amplifier picks one pulse every 

millisecond. This pulse passes through the Tksapphire crystal eight (8) times, 

and then is compressed by a pair of gratings. The average laser output power is 

nominally 700 mW, 20% of which is used in the THz system. Of this 20%, 80% 

is used for THz generation, while the remaining power is used for THz detection. 

These femtosecond pulses arrive at the THz setup with a repetition rate of 1 kHz, 

a pulse duration of approximately 100 fs (FWHM) and a centre wavelength of 

800 nm. A schematic of the laser system is shown in Figure 3.1(a).

3.2 D escrip tion  o f th e  TH z Setup

The USL THz layout is shown in Figure 3.1(b). Emission is achieved through 

OR in a 0.5 mm-thick Z n T e  crystal. The THz is collected by a l ”-focal length 

gold parabolic mirror, and collimated with a 4”-focal length parabolic mirror. 

(All parabolic mirrors in the THz setup are gold-coated and have 2” -diameter 

apertures.) This beam-expansion system allows for a wider collimated THz beam 

(approximately 1” in diameter) and a tighter focus. Residual THz-generation 

beam is blocked by a thin piece of black polyethylene. The THz beam then 

passes through a focus and is recollimated with a pair of 3”-focal length gold 

parabolic mirrors; the THz focal spot (approximately 2 mm in diameter) allows 

for future modifications to the system. The THz beam then is focussed onto 

the sample with another 3”-focal length gold parabolic mirror, brought through 

a collimator, and is finally focussed onto the detection crystal. The THz beam 

is electro-optically detected in a 2 mm-thick Z n T e  crystal. The sampling beam 

(used for THz detection) passes through a small hole drilled through the final
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(a)

C2

THzg THzd Pump

(b)

ZnTel

THzg Pump THzd

A
BD WP A/4 ZnTe2 L

Figure 3.1: (a) Schematic of the laser system in the Ultrafast Spectroscopy

Lab. 1: Pum p laser for the multipass amplifier, 2: Pump laser for the seed laser, 

3: Kapteyn-M urnane Ti:Sapphire seed laser, 4: Odin multipass amplifier. Stage 

1 is moved to delay the THz beam with respect to the pump beam in pump- 

probe exeriments, while stage 2 delays the THz-detection beam with respect to 

the THz-generation beam. The chopper (which has a beam chopping frequency 

of 270 Hz) is placed in position C l for the experiments described in much of 

this document; in Chapter 6 the chopper is moved to position C2. The beam 

paths THzq , TH z/j and Pump refer respectively to the THz generation beam, 

the THz detection beam, and the sample pump beam, (b) Schematic of the THz 

apparatus. The THz beam is generated at ZnTel, while the THz beam is detected 

at ZnTe2. L: lens, P: polyethylene visible beam block, F: blue filter, BBO: /?- 

barium borate crystal for second harmonic generation, A/4: quarter-wave plate 

compensator, W P: Wollaston prism, and BD: balanced detector. The signals 

from the balanced detector are routed to an analog-to-digital conversion board, 

and measured via a Lab VIEW program.
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parabolic mirror, and is focused onto the Z n T e  detection crystal. The sampling 

and THz beams must overlap on the detection crystal for proper signal detection.

Ellipsometric THz detection is used in this setup (see Section 2.2.2). Under 

an external bias provided by the THz field, the detection beam polarisation is 

altered by the induced birefringence within the ZnTe crystal. A quarter-wave 

delay is imposed, and a Wollaston prism converts the phase m odulation to an 

intensity modulation. The two components of polarization, A  and B,  are then 

detected in a pair of balanced photodiode-detectors, and the signals (A — B)  and 

(.A  +  B)  are sent to lock-in amplifiers.

The detection beam is delayed with respect to the generation beam via the 

computer-controlled delay stage 2 (Melles Griot) in Figure 3.1(b). Because the 

THz pulse is much longer in duration than the detection pulse, the detection 

beam measures essentially a direct current electric field (due to the presence of 

the THz pulse) applied to the detection Z n T e  crystal. Varying the time delay 

between the THz and the detection beams allows for the mapping out of the 

entire THz electric field.

3.3 D ata  A cquisition: A  Lab V IE W  Program

Time-domain da ta  is acquired through a Lab VIEW program w ritten specifically 

for the experiments discussed in this document. The program acquires voltage 

inputs at user-specified time intervals for a certain duration. These are then 

written to a text file, with a filename of the form: M M D D H H m m . d y y ,  where 

M M  is a two-letter month abbreviation, D D  is the two-digit day of the month, 

H H m m  is the time of the write-out on a 24-hour clock, d is a spacer, and yy  the 

two-digit year. For example, a da ta  file acquired on April 20th, 2001 at 1:35pm 

would have the filename Ap201335.d01. The Labview control panel is shown in 

Figure 3.2. Fields in white can be altered by the user before each scan. Fields in
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grey are param eters presented to the user by the program. W ith this program, 

one may obtain a single scan of a length in picoseconds, with a da ta  point taken 

at time intervals specified by the user. D ata is read from the da ta  acquisition 

(analog-to-digital) (DAQ) board channel AO, while the reference input is through 

channel A 2 . (Channel A l  can is also recorded, but is not used in the experiments 

described in this document.) Each da ta  point is divided by the reference point 

(A0 / A 2 ) in order to remove large laser fluctuations from the data. Multiple 

scans can also be obtained and averaged; the output text file for the average 

and referenced da ta  have filename extensions of .avg. A fast Fourier transform 

(FFT) may be performed on the data by toggling the appropriate button; this 

filename extension is . f f t .

An example of THz time domain and frequency domain data, taken in a dry 

nitrogen atmosphere is given in Figure 3.3.

A large aperture photoconductive switch THz em itter was studied as an 

undergraduate project by Jeffrey Stollery. For information on this setup, see 

Ref. [80],

3.4 A bsorption  Spectra in W ater and Silicon

Linear spectroscopy in the THz regime have been reported for a variety of m ate

rials [18]. Spectroscopic measurements give rise to a range of m aterial properties, 

including complex conductivity, and refractive indices (see C hapter 1).

In the USL, standard THz spectroscopy was performed on water and silicon 

to show this capability with the experimental set-up. The absorption spectrum 

for water vapour was taken by transm itting the THz pulse through a humid 

enclosure, and referencing this trace with one taken in a dry gaseous nitrogen- 

flow environment. The time domain THz traces can be seen in Figure 3.4(a), and 

the corresponding spectra in Figure 3.4(b). Many water absorption lines could
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_l J ôyVN6iai81S»,;

iiM W

Figure 3.2: The control panel for the LabVIEW program entitled “Pump

Probe.VI” . This program is used to acquire both THz scans and the pump-probe

data described in Chapter 4.

be readily identified, as can be seen in Figure 3.4(c). Our da ta  corroborate other 

published THz spectroscopy information for water absorption. (See for example 

Ref. [51].) Detailed THz spectroscopic studies on liquid water can be found in 

Ref. [81].

The absorption spectrum  for a silicon wafer was taken. As can be seen in

Fig. 3.5, Si has a frequency-independent low absorption for the 0.5-2.5 THz

range. This agrees with Ref. [13], where THz spectroscopy showed a flat index 

of refraction in silicon from 0.2-2.0 THz of n  = 3.418.
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Figure 3.3: (a) THz signal in a nitrogen-rich environment and (b) its corre

sponding spectrum generated by the THz layout setup described in this section.

The FWHM of the main pulse is less than 0.5 ps. Note the reflection of the THz 

pulse in (a) at ~19 ps due to the detector crystal (thickness 1 mm in this figure).

(b) The bandwidth is fairly uniform between 0.3 and 2.5 THz. This gives an 

indication of the usable bandwidth in this THz setup.

3.5 C alibration o f th e  TH z E lectric F ield

The THz electric field is rarely reported in descriptions of THz systems, possibly 

due to difficulties in this measurement. When reported, no description of proce

dure is given. The USL has calibrated the peak of the THz electric field of the 

experimental setup in the laboratory. An oscilloscope was used by F. Hegmann 

to measure the signals arriving at the two photodiodes in the balanced detector; 

these measurements were shown to be related to the THz electric field, E THz.
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Figure 3.4: (a) THz time domain and (b) spectral data taken of water vapour

and referenced to a dry nitrogen gas atmosphere. Oscillations in the water vapour 

data  in (a) are a result of water vibrational energy absorption in the THz regime.

(c) Water absorption lines are positively identified, where the labels are in THz.

(Note: 1 THz ~  33.3 c m -1.)

Using the index ellipsoid, E thz was calculated from this oscilloscope measure

ment.

Voltages from the two photodiodes in the balanced detector {A and B)  were 

read on an oscilloscope. (Recall from Section 2.2.2 th a t the two photodiodes are 

balanced {i.e. A  — B  =  0) in the absence of an external electric field.) The ratio 

of the THz peak am plitude {A — B)  to the to tal output of the two photodiodes 

{A +  B)  was measured to be (A — B ) / ( A  + B)  =  0.061 ±  0 .002 .

Planken et.al. calculated the orientation dependence of the THz pulse de

tection in Z n T e  [82]. Using their results to calculate the USL E t h z given the 

normalised phase shift, {A — B ) / [ A  +  B ), I find
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F ig u re  3.5: A high-resistivity silicon wafer has essentially no THz absorption

in the 0.3-2.4 THz range, as identified with linear THz spectroscopy. The spikes 

in the absorption graph near 0.3 and 2.4 THz are due to noise; the THz system 

in the Ultrafast Spectroscopy Laboratory has a useful frequency range between 

0.3-2.4 THz.

E  =  ^ ( A ~ B \
THz Trn^r^idicosoL sin26 +  2 s ina  cos2 Q) \ A  + B )  ’

where r 41 is the electro-optic coefficient of Z n T e  at the detection wavelength 

A, d is the crystal thickness, a  and 6 are the angles of the detection and THz 

polarisations with respect to the Z n T e  (001) axis as seen in Figure 3.6. Eq. 3.1 

assumes the use of (HO)ZnTe, and th a t the detection beam, Ep, and THz beam, 

E thz ,  both propagate along the crystal’s (110) axis.
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Z(001)

E thz

X(100)

Figure 3.6: Axes and angles definitions for Eq. 3.1 to calculate the THz

electric field as detected via electro-optic sampling in a Z n T e  crystal of thickness 

d. Propagation of both the detection kp and THz I t h z  beams is along the (110) 

direction, while their polarisations, E p and E t h z ,  relative to the crystal’s (001) 

axis are 0  and a,  respectively.

In the USL, the Z n T e  crystal used for THz detection is d =  2 m m  thick 

and its index of refraction at the detection wavelength of A =  800 n m  is n = 

2.85. For r 44 at 800 nm, a linear interpolation between known values was made. 

At 1090 nm r 41 =  3.9 x 10-12 m / V  and at 589 nm r 41 =  4.51 x 10” 12 m/ V]  

thus, r 44 =  4.25 x 10-12 m / V  was used for a wavelength of 800 nm. Using 

( A—B ) / ( A + B )  =  0.061±0.002 from the oscilloscope measurement, and knowing 

that the detection and THz beams are parallel to each other and are 35° from 

the (001) crystal axis (Figure 3.7, the THz peak am plitude is calculated to be 

680 ±  30 V /cm .

For completeness, Figure 3.8 displays the THz peak electric field as a function 

of (A — B ) / ( A  + B ) and the angle between the THz field and the Z n T e  (001) 

axis. This graph is based on Eq. 3.1, and assumes the THz and detection beam
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(110)

PTHz

< 001>
kTH z

Figure 3.7: The Z n T e  detection crystal orientation in the Ultrafast Spec

troscopy Laboratory’s THz setup. Both the THz beam and the gating beam 

travel along the crystal’s (110) direction, while the THz beam polarisation is 

0=35° from the crystal’s (001) axis.

polarisations are parallel.

In-Situ M ethod

While the oscilloscope measurement was used to calibrate the THz electric held, 

it is not viable in day-to-day operation since the photodiodes need to be dis

connected from the lock-in amplifier to make the oscilloscope measurement; an 

in-situ method of measuring the THz electric held was wanting. Fortuitously, the 

difference and sum of the two photodiodes are measured by the lock-in amplihers 

as well. Note th a t the sum of the intensities observed by the two photodiodes, 

(A + B),  is electronically summed. Because of the electronics involved, this is less 

than the value obtained if each photodiode output were measured and manually 

added. However, based on lock-in ampliher readings, the electronically summed 

value is approximately 5-10% less than the actual sum of the two photodiode
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outputs.

Typically, A  — B  =  5.6 mV, while A  + B  =  10.8 mV; hence (A — B ) / ( A  + B)  =  

0.5185. From Eq. 3.1, this translates to a THz peak amplitude of 5774 V/cm.

The discrepancy between the oscilloscope measurement and th a t of the lock- 

in amplifier is not fully understood. Possibly it is an artifact resulting from the 

difference in reference frequencies in the two lock-in amplifiers: one for the A  

and B  signals, which are then electronically subtracted in the amplifier, and the 

second for the [A + B)  signal. The first amplifier is referenced to 270 Hz while 

second amplifier for the (A + B)  signal is referenced to 1080 Hz. This may affect 

the lock-in averaging of signals, leading to the described discrepancy.

From the measurements of the THz peak electric field described in this sec

tion, a calibration factor of 8.49 is calculated. T hat is, the lock-in amplfier 

measurement of the THz electric field is expected to be a factor of 8.49 larger 

than the actual value.

A separate set of photodiodes used in a balanced detection system is used in 

the same laboratory for Kerr signal experiments [83]. A similar m ethod to th a t 

described in this section was used to measure the signals received. A factor of 

8.3 between the lock-in amplifier calculation m ethod and the oscilloscope method 

was found.

In this chapter, a THz generation and detection system designed, built, cali

brated, and tested for the U ltrafast Spectroscopy Lab as described. THz radia

tion is generated via optical rectification and detected electro-optically in Z n T e  

crystals. Terahertz linear spectroscopy was shown to be viable with the exam

ples of water and silicon absorption. In addition, the THz peak amplitude was 

calibrated to be 680 ±  30 V /cm  with a lock-in amplifier calibration factor of 

8.49.
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In addition to linear far-infrared spectroscopy, THz pulses have also been used 

to study dynamics in various materials. The rest of this document will describe 

experiments which use THz pulses as a probe of carrier relaxation mechanisms 

in silicon-on-sapphire systems.
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Figure 3.8: This graph displays the THz electric field as a function of induced 

birefringence as measured by balanced photodiodes, (A — B ) / ( A  + B),  based on 

Eq. 3.1. Various THz beam polarisation angles (equal to  the detection beam 

polarisation angles) with respect to the Z n T e  (001) axis are represented.
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Chapter 4 

Experim ental Procedure

In this chapter, I will outline the apparatus and materials used specifically in 

the 400 nm pump -  THz probe experiments, and describe da ta  acquisition and 

analysis routines.

4.1 400 nm  P um p — TH z P rob e A pparatus

The second harmonic (400 nm wavelength) of the amplified Tbsapphire laser was 

generated through a type-I /Tbarium borate (BBO) crystal and used as the pump 

beam (see Figure 3.1). The THz generation beam was chopped at 270 Hz to allow 

for lock-in detection. The pump and the THz probe beams pass through a 1 mm- 

diameter aperture, on which the sample is mounted. The 400 nm pump beam 

has a focus of ~ 2  mm, hence the 1 mm aperture ensures uniform illumination 

of the sample. Since the THz focal width is just wider than  1 mm, the lowest 

frequencies are attenuated after the aperture, as seen in Figure 4.1. The pump 

fluence incident on the sample was varied using neutral density filters. Residual 

400 nm pump beam after the sample is blocked with a thin black polyethylene 

sheet, while the THz beam is transm itted through the sample and focussed onto
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the Z n T e  detection crystal.

0.01
Reference 
1 mm Aperture 
Cryostat Windows 
Cryostat & Aperture

1E-3

1E-4
cu
5oCL

1E-5TOi—
O
CD

“  1E-6

1E-7

1E-8
0 1 2 3 4

Frequency (THz)

F ig u re  4.1: THz spectra showing losses due to the 1 mm aperture through

which both the pump and THz beams pass, as well as losses due to  the cryostat 

windows (where three are glass and one polypropylene). Note the low-frequency 

attenuation due to the aperture, while higher frequencies are diminished due to 

absorption in the cryostat windows.
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4.2 S ilicon-on-Sapphire

42

The original sample [1] was a moderately-damaged silicon-on-sapphire (SOS) 

sample (SI), and was 0 + implanted twice, each with a 1 x 1013 cm"2 dose, 

at ion energies of 100 keV and 200 keV. A heavily-damaged SOS sample (S2) 

underwent 0 + im plantation with doses of 1 x 1015 cm -2  at 100 keV and of 

2 x 1015 cm "2 at 200 keV. The amorphous silicon sample (S3) was deposited by 

electron-beam evaporation onto a piece of the same sapphire substrate as sample 

SI. (The substrate was etched with K O H  prior to evaporation to remove the 

lattice-damaged S i  film.) The silicon source was evaporated at a rate of 3 A/s 

under an initial pressure of 10“ 6 torr. The evaporation pressure was low enough 

to avoid oxygen contam ination (oxygen ions would passivate dangling bonds in 

a manner similar to the presence of hydrogen in a silicon thin film [27]. The 

silicon film was 0.4 pm  thick for both SI and S3, while S2 was 0.5 gm thick. 

All samples were on 0.5 mm thick [1102]-oriented sapphire (AI2O3) substrates. 

The small difference in S i  film thickness did not affect our measurements since 

the optical penetration depth of the 400 nm pump beam (0.082 pm in c-Si and 

0.0145 pm in a-Si [1,84]) is much smaller than the thickness of the silicon films. 

Thus the pump beam was completely absorbed in the samples.

No phase shift was apparent in the THz waveform when transm itted  through 

the excited sample, as is shown in Figure 4.2, implying <  1. (Recall tha t 

is the scattering time constant, as was described in Section 1.2 .) This allowed the 

monitoring of the THz peak amplitude without scanning the entire THz pulse 

for each pump-probe time delay increment.
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F ig u re  4.2: THz wave forms transm itted through the RD-SOS sample for

delay times of the peak of the THz-probe pulse with respect to  the pump pulse 

o f -16, -1, 1, 2, 14, and 29 ps. The wave forms are normalised to unity. No phase 

shift is apparent in the THz wave form transm itted through the excited sample 

at positive probe time delays. The pump fluence was approximately 800 /aJ/cm2. 

The inset displays the differential transmission of the positive peak of the THz 

pulses (points) from the main figure, giving a visual representation of A T / T 0  

data. The solid line in the inset is simply a guide for the eye.

4.3 C ryostat

An optical cryostat (Oxford Instrum ents O ptistat Bath) was used to vary the 

tem perature of the sample from 5 K to 300 K. This is a continuous-flow cryostat,
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where the sample chamber contains helium vapour. The pump and probe beams 

pass through two glass windows prior to arrival at the sample. The pump beam 

is absorbed in the sample, while the THz beam continues past the sample and 

travels through a glass window and a polypropylene window. The sample is 

mounted onto a 1 mm aperture, which is then clamped into the cryostat sample 

stick; both the pump and THz beams arrive at normal incidence on the sample.

The cryostat glass windows prevent the higher frequencies from reaching the 

sample, as seen in Figure 4.1. Careful attention was made towards calibrating 

pump intensity losses due to the cryostat windows and reflection off the front 

face of the sample. For reference, the 400 nm and THz transmission coefficients 

were measured for a variety of possible cryostat window materials. These are 

presented in Table 4.1.

Table 4.1: Transmission coefficients for the passage of 400 nm and THz beams

through various possible cryostat window materials. RMPP: Polypropylene from a 

Rubber Maid container; TRANS: overhead transparency; CPP: polypropylene win

dows provided by Oxford Instruments; GLASS: glass windows provided by Oxford 

Instruments.

RM PP TRANS CPP GLASS

400 nm 0.515 ±  0.011 0.784 ±  0.020 0.504 ±  0.012 0.912 ±  0.022

THz 0.991 ±  0.107 0.845 ±  0.091 0.792 ±  0.085 0.763 ±  0.082
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4.4 D ata  A cquisition  w ith  Lab V IE W

The differential transmissivity, A T — T  — T0, as a function of pump-THz time 

delay, t, where T0 is the transmissivity of the positive peak of the Tffz pulse 

during negative times (when the THz pulse arrives at the sample before the 

pump pulse), is acquired by the Lab VIEW program mentioned in Section 3.2. 

These data  are normalised to T0 and is plotted as a function of the delay time 

t. Figure 4.3 shows an example of a AT / T a plot for sample SI pumped at 

344 n J /cm 2 in an ambient environment.

0.0 - J

- 0.1 -

- 0 .2 -

o
-0 .3-

<3

-0.4-

-0.5-

-0 .6 -

-10 100 20 4030

Delay Time (ps)

Figure 4.3: THz peak transmissivity as a function of delay time between pump 

and THz pulses for sample SI, which was pumped at a wavelength of 400 nm 

with a fluence of 344 /zJ/cm 2 at room temperature.

To reduce baseline noise, five consecutive scans were taken and averaged 

point-by-point. Figure 4.4 illustrates the improvement to the signal-to-noise
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ratio for an example.

46

2 .0 -

1.8 -

1.6 -

1 .4 -

5-scan average 
single scan

2010 30 40

Delay Time (ps)

Figure 4.4: Normalised differential transmission curves for a single scan (grey 

line) and for a five-scan average (black line). D ata mentioned in this document 

are averages of five scans to reduce baseline noise.

To further test the system, normalised differential transmission traces were 

obtained for various pump fluences on polycrystalline CdTe  (Figure 4.5). Note 

the rapid decrease in THz transmission, followed by a slower rise time constant. 

Similar transients have been observed in other bulk semiconductors, including 

GaAs  and I n P  [39], and Z n T e  and CdTe  [41], The initial fast response is due 

to photogeneration of free carriers; these relax from the low mobility L-valley to 

the higher mobility T-valley, resulting in the slower THz transmission drop [39].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C H APTER 4. E X P E R IM E N TA L PROCEDURE 47

o.o-

- 0.1 -

- 0 .2 -

97 mJ/cm2- 0 .3 -

- 0 .4 -

167 mJ/cm2- 0 .5 -

- 0 .6 -

- 0 .7 -

0 10050 150

Delay Time (ps)

Figure 4.5: 400 nm pump -  THz probe data on polycrystalline CdTe.  The

roundedness of the initial drop in the A T / T 0  traces is a result of the charge 

carriers relaxing from the low mobility L-valley to the higher mobility T-valley.

4.5 Transm ission through T hin  Film s

The transmission of a far-infrared wavelength A through a th in  film of thickness 

d <C  A situated on a thick substrate such th a t the optical penetration depth 5 is 

d <C 8 < A can be considered by a boundary value problem [85]. The thin film is 

idealised as a surface current where the current density is constant throughout 

the thickness of the sheet. W ith normal incidence, the am plitude coefficient of 

transm ittance, T, and reflectance, R,  are related through the following equations:

1 + R - T  = 0 ,
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+ix
1 — R  — N T  = — osd T , (4.1)

where as is the sheet current density, and the non-absorbing substrate index of 

refraction is N.  Solving Eqs. 4.1 gives

T
1 + y + N

=  l - f r  +  f f , (4 .2)
1 + y + N  K J

where y = Z 0ad  is the dimensionles complex adm ittance for the thin film, and 

Z 0 =  37717 =  47r/c  (e.g.s.) =  ^/yt0/e 0 (SI )  is the impedance of free space.

Although the conductivity, a  is a complex quantity, it can be simplified to the 

low-frequency value, a0 — n ce/i, in these experiments since cur  ̂ < 1. In this case, 

nc is the carrier density, and the effective carrier mobility is given by fi — erd/m*, 

where m* is the carrier effective mass. At negative times, no conductivity is 

present (since the sample returns to equilibrium between pump pulses), and the 

transmissivity is simply T  =  2 /(1  +  N).  The normalised transmissivity as a 

function of positive time delay t > 0 is thus [1,48, 49]

m  -  t , =  y z v )  =  i +  Jv _  . , , , ,
T0 T0 1 + N  + Z 0n c(t)e^(t)5 '

In Eq. 4.3, the thickness of the thin film is replaced with the optical penetration

depth of the pump beam into the film, <5; this simplification assumes a uniform

photoexcited carrier density within the optical penetration depth. For RD-SOS,

the substrate is Al20 3 and has a refractive index of ./V =  3.1 in the THz region.

4.6 F ittin g  th e  D rude M odel to  th e  D ata

The maximum carrier density generated in the Si th in  film by the pump pulse 

is given by:
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n =  (1 ~ R ) F  (44)
Shu ’ 1 j

where R  = 0.48 is the reflectance of the Si thin film, F  is the incident pump 

fluence, and fioj =  3.1 eV  is the energy of the pump beam photons [48]. The 

maximum carrier density is assumed to occur when the entire pump pulse has 

arrived at the sample. Using the simplest case of a single relaxation process, 

with time constant r ,  the carrier density is modelled by nc(t) — nmaxexp(—t/r ) .

Assuming a time-independent carrier mobility, p, A T / T 0(t) is calculated for 

n c(t) using Eq. 4.3. Figure 4.6(a) shows examples of this model with different 

pump fluences, using a constant carrier mobility of /i =  440 cm2/ V s  and a 

carrier relaxation time constant of r  =  5 ps. Although the carrier density decays 

with a single exponential, it is clear from Figure 4.6(a) th a t the A T / T 0 curves 

look exponential for only low pump fluences; at moderate pump fluences, the 

decay appears linear with time, while the highest pump fluences yield a sigmoidal 

shape. Note th a t the maximum A T / T 0 does not vary linearly with pump fluence. 

The effect of carrier mobility is shown in Figure 4.6(b) for a pump fluence of 

500 p j /c m 2 and a relaxation time of 5 ps.

The Drude model was fit to the A T /T 0 data, with only the effective carrier 

mobility, p, and the carrier relaxation time constant, r ,  as fitting parameters. 

Figures 4.7 and 4.8 illustrate the uniqueness of the two param eters and give an 

indication for uncertainties in the fits.

4.7 P recautions

To be certain th a t the observed THz transmissivity signals were indeed due to 

the sample and were not due to spurious effects, a few precautionary steps were 

taken.
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F ig u re  4.6: Simulation of the normalised differential THz transmission traces

as a function of (a) pump fluence and (b) effective carrier mobility. Carrier density 

is assumed to decay with a single exponential time constant of 5 ps. The effective 

carrier mobility is 440 cm2/V s in (a), while the pump fluence is 400 /iJ /cm 2 in 

(b).

The substrate was considered for possible THz absorption. A piece of sample 

SI was etched in K O H  to remove the S i  layer, leaving the sapphire substrate 

unaffected. Using THz spectroscopy, it was determined th a t the substrate did 

not absorb any THz wavelengths, as shown in Figure 4.9. The sample SI was 

also found to have no absorption in the THz regime.

D ata for all three SOS samples will be presented and analysed in the next 

chapter using the ideas presented in this chapter.
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Figure 4.7: Fitting the relaxation time constant r  in the simple Drude model 

to acquired data  for an effective carrier mobility of /Li =  457 cm2/V s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CH APTER 4. E X P E R IM E N TA L PROCEDURE

o.o

- 0.1 -

- 0 .2 -

-0 .3-

-0.4-O

<
-0.5

- 0 .6 -

-0.7-

- 0 . 8 -

0 10 4020 30 50

Delay Time (ps)

Figure 4.8: F itting the effective carrier mobility p, in the simple Drude model 

to acquired data  for a carrier relaxation time constant of r  =  5.69 ps.
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Figure 4.9: THz spectra showing no absorption in the far infrared of the elec

tromagnetic spectrum in either sample SI or in the sapphire (A I 2 O 3 ) substrate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

Chapter 5 

R esults and Discussion

The work presented in this chapter has been published in Applied Physics Let

ters [1] and the Journal of Applied Physics [49].

5.1 D am age D ep en d en ce

Figure 5.1(a) shows the normalised differential transmissivity (AT / T 0) for the 

three samples described in Section 4.2. These traces were taken at room tem per

ature at a pump fluence of ~  1000 jxJ /cm 2 (corresponding to an injected carrier 

density of n c ~  7.4 x 1020 cm-3). The transients for S2 and S3 are on the order 

of a picosecond, and are therefore convolved with the THz pulse which has a 

detection response time of approximately 0.5 ps full-width a t half-maximum.

5.2 R elaxation  T im e C onstants

To deconvolve the A T /T a signals and the THz pulses, the THz detection response 

was modelled as a low-pass Butterw orth filter of order 10, with the cut-off fre

quency at 2 THz (Figure 5.2). While a larger order in the Butterw orth filter 

would have matched the THz spectrum better, only the order 10 filter was able
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Figure 5.1: Comparison of SI (moderately-damaged silicon-on-sapphire), S2

(heavily-damaged silicon-on-sapphire), and S3 (amorphous silicon thin film on 

saphire) at room tem perature with a pump fluence of 1000 /iJ /cm 2 (carrier den

sity ~  7.4 x 1020 cm-3 ), (a) The normalised amplitude transmission of the THz 

peak as a function of time relative to the arrival of the pump beam is used in 

a Drude model to extract (b) the transient photogenerated carrier density, as 

discussed in Section 5.4.

to reproduce the rise and fall times in the data  consistently (Figure 5.3). Ideal 

A T jT 0 traces were generated with a Gaussian shape for the rise of the sig

nal, exp(-t2/ r ^ ) ,  mimicking the pump pulse shape, and a single exponential fall 

time constant, e x p (-t/r ) , where t r  is the risetime constant, and r  the fall time 

constant. These ideal traces were filtered with the Butterw orth filter, and the
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characteristic rise and fall times for the Gaussian and exponential fits, respec

tively, were adjusted so as to match the filtered A T jT 0 traces with the raw data. 

The data for SI were also filtered and compared to the original da ta  to verify 

tha t these A T / T 0 traces were not affected by the short THz detection response 

time (Figure 5.5(f)). An example of the raw data, the generated ideal trace, and 

the filtered trace for S3 is shown in Figure 5.4. Note th a t only one exponential 

fall time constant was necessary to match the filtered traces to the data. The 

ideal AT / T 0 traces were used in the subsequent analysis. The single-exponential 

time constants for the relaxation of the signals in Figure 5.1(a) are 6.0 ±  0.6 ps, 

2.2 ±  0.1 ps, and 0.59 ±  0.05 ps for SI, S2 and S3, respectively. The uncertainty 

values are representative of the uniqueness of the fit between the filtered traces 

and the data.

These results agree with other experiments. For example, a 625 nm pump- 

probe experiment dem onstrated decreasing carrier relaxation time constant with 

increasing damage [24], This all-optical pump-probe setup showed a saturation 

of the carrier relaxation time constant of approximately 0.6 ps with 0 + im

plantation doses >  1015 cm-2 , consistent with amorphization of c-Si with S i+ 

im plantation at doses of 1014 cm -2  [23]. Other measurements of r  have been 

reported to be between 240 fs and 4 ps for a-Si [23,34,35,86], hydrogenated 

a-Si [35,87-89], nanocrystalline silicon [90], and microcrystalline silicon [91].

Relaxation time constants were related to the average displacement-per-atom 

(DPA) in B +- and S'z'Mmplanted SOS samples [92], The authors used a modi

fied Kinchin-Pease model to calculate the DPA for a given ion dose, and demon

strated th a t the carrier relaxation time scales inversely with DPA, saturating at 

~  0.5 ps. Stolk et. al. conclude th a t the density of electrical defects saturate near 

0.02 DPA, although full amorphization of a crystalline lattice occurs for much 

higher (0.3-1) DPA. Based on the characteristic measured relaxation times,the
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F ig u re  5.2: THz spectrum indicating useful bandwidth between 0.5-2.5 THz. 

Also shown is the order 10 Butterworth filter with a cut-off frequency of 2.0 THz.

DPA of the 0 +-im planted samples can be predicted by interpolation between 

B + and S i+ im plantation in Figure 7 of Ref. [21]. Defect densities of 0.003 ±  

0.001 DPA, 0.03 ±  0.01 DPA, and > 0.1 DPA for SI, S2, and S3, respectively, 

were found.

5.3 E ffective Carrier M obility

While a hopping-tunneling model was proposed for hydrogenated a-Si [92], a 

simple Drude model can be used in the non-hydrogenated a-Si sample. This is 

due to the continuous bonding in non-hydrogenated a-Si [21], where transport 

does not rely on tunneling, unlike transport in hydrogenated a-Si. Also, transport
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Figure 5.3: Comparison of the Butterworth filter of order 10 with (a) different 

cut-off frequencies f c and (b) different filter orders. Time-domain data  are shown 

for sample S3 pumped with a fluence of 881 p J/cm 2 at room tem perature.

due to carrier diffusion in a-Si is expected to be unim portant on picosecond 

timescales [21, 22], The Drude model simulated the transmissivity of the peak of 

the THz pulse, with p  and the maximum AT / T 0 as fitting parameters. For the 

transients in Figure 5.1(a), mobility values, p, were found to be 501 ±  9 cm2/Vs, 

46 ±  2 cm2/V s, and 4.7 ±  0.4 cm2/V s for SI, S2 and S3, respectively. The 

uncertainty values represent the range in which the model matched the data  (for 

an example, see Figure 4.8).

Care should be taken when considering carrier mobility values. The free 

carrier conduction mobility (p) is conceptually different from the drift mobility 

(Pdrift) [93]. The conduction mobility is used in the Drude model and is pro

portional to the conductivity of the sample, a  =  n cep, where n c is the carrier 

density, while the drift mobility, Adrift — d2/ V t , is dependent on the applied 

voltage bias, V ,  the transit tim e across patterned electrodes, t, and the distance
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F ig u re  5.4: A comparison of the ideal and filtered traces with the data is

shown for a pump fluence of 881 //J /cm 2 (carrier density ~  6.5 x 1020 cm-3 ) 

incident on the amorphous silicon thin film (S3) at room tem perature.

between electrodes, d. In the presence of trapping centers, the drift mobility is 

expected to be significantly smaller than the conduction mobility of the free car

riers [93]. The drift mobility is often reported simply as the free carrier mobility; 

hence the confusion. Conduction mobilities for a-Si and a-Si:H, both measured 

and calculated, are expected to be 1-10 cm2/V s [35,87,88], while drift mobil

ities have been reported to be 0.02-0.1 cm2/V s [27,94], Measured conduction 

mobilities have been shown to be independent of preparation m ethod and exper

imental conditions [35,89]. Previous reports on damaged SOS mobility values
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(10-100 cm2/V s) [95] have been lower than  the measurements on SI, but agree 

well with measurements on S2.

The damping time, is related to the carrier conduction mobility through 

the Drude model: /i =  er^/m , where e is the elementary charge, and m  =  0.2m e is 

the charge carrier effective mass in amorphous silicon. From the effective carrier 

mobility values, corresponding damping times of 57 ±  1 fs, 5.2 ±  0.2 fs, and 

0.53 ±  0.04 fs for S i, S2, and S3, respectively, were deduced. This is consistent 

with reported values for rd of approximately 100 fs for crystalline Si [21], and 

less than 1 fs for a-Si [21,86], measured in transient reflectivity experiments.

5.4 T im e-D ep en d en ce in Carrier D en sity

Using the fitting procedure outlined in Chapter 4, the time-dependent carrier 

density, n c(t), can be found for each data set. Eq. 4.3 was inverted to evaluate 

the carrier density given the A T / T a data  acquired for the samples:

M  1 +  N  
n‘ (t) =  Z M l LA T / T 0(t) +  1

1 (5.1)

where N  =  3.1 is the refractive index for sapphire in the THz range, <5 =  

0.0145 urn is the optical penetration depth of 400 nm light in damaged and 

amorphous silicon [1] and Z 0 — 377 is the impedance of free space. No phase 

shift of the THz pulse was observed in the excited samples (Figure 4.2), hence 

u)Td < 1 , and a  =  n ce/j, for the sample conductivity can be used in this analysis. 

Figure 5.1(b) shows time-resolved carrier densities for the AT / T 0 traces given in 

Figure 5.1(a). The single-exponential behaviour of all three samples is consis

tent with non-Auger recombination dynamics [96]. Previous reports indicate a 

transition from trap-dom inated dynamics to Auger-like recombination processes 

for carrier densities greater than 1020 cm -3  [97] in a-Si. My results show non-
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Auger behavior at carrier densities slightly higher than  this threshold, but the 

discrepancy may be attribu ted  to differing degrees of amorphisation.

5.5 F luence D ependence

Pump fluence dependences on relaxation time constant and mobility were studied 

in each sample at room tem perature for the range 200-1000  jiJ /c m 2, correspond

ing to injected carrier densities of 1.5-7.4 x 1020 cm-3 . The A T / T 0 traces for 

all three samples are shown in Figure 5.5(a), including the ideal (i.e. “decon

volved”) A T / T 0 traces for S2 and S3. The procedure outlined in the previous 

section was used to deduce exponential relaxation time constants for each sample 

with various carrier injections. A slight increase in the characteristic relaxation 

time constant was observed to increase with pump fluence for all three samples 

(Figure 5.6). Average relaxation time constants were 4.9 ±  0.9 ps, 1.7 ±  0.6 ps 

and 0.57 ±  0.05 ps for SI, S2 and S3, respectively. The lack of significant de

pendence of relaxation time on pump fluence indicates a single carrier relaxation 

pathway in these three samples for all injected carrier densities investigated, jus

tifying the use of a single exponential time constant in the ideal A T / T 0 traces. 

Carriers are believed to be trapped in mid-gap states resulting from dangling Si 

bonds.

The effective carrier mobility values, /r, were deduced from the A T / T 0 traces 

using the Drude model, as described in Section 4.5. These values are shown for 

all three samples in Figure 5.6(b). The effective mobility appears to have no 

dependence on the injected carrier density. The average carrier mobility values 

were found to be 422 ±  79 cm2/Vs, 40 ±  12 cm2/V s, and 4.4 ±  0.4 cm2/V s for 

SI, S2, and S3, respectively. Table 5.1 summarizes these findings.
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Table 5.1: Summary of average relaxation time constants (r), effective mobilities (/z),

and damping times (r^) for all three samples under different pump fluences and at various 

temperatures. The uncertainties are one standard deviation from the average value. SI  is the 

moderately-damaged silicon-on-sapphire sample, S2 is the heavily-damaged silicon-on-sapphire 

sample, and S3 is the amorphous silicon-on-sapphire sample. Since neither tem perature nor 

fluence dependence was observed in these measurements, a to tal average summary is also given. 

In addition, the rise time constants (rr) for the three samples are given in the to tal average 

summary.

Sample SI Sample S2 Sample S3

200-1000 r(ps) 4.9 ±  0.9 1.7 ± 0.6 0.57 ± 0.05

/i J/cm 2 /z( cm2/Vs) 422 ±  79 40 ± 12 4.4 ± 0.4

300 K Td{ fs) 48 ±  9 4.6 ± 1.4 0.50 ± 0.05

5-300 K r(ps) 6.1 ±  0.8 1.1 ± 0.1 0.59 ± 0.12

1000 /zJ/cm2 ^(cm2/Vs) 343 ± 109 48 ± 10 4.5 ± 0.9

Td(fe) 39 ±  13 5.5 ± 1.2 0.51 ± 0.11

t (Ps) 5.5 ±  0.9 1.4 ± 0.4 0.58 ± 0.09

Total p(cm2/Vs) 383 ±  94 44 ± 11 4.4 ± 0.7

Averages Td{ fs) 44 ± 11 5.1 ± 1.3 0.51 ± 0.08

Tr ( ps) 0.82 ±  0.15 0.52 ± 0.05 0.26 ± 0.03

5.6 T em perature D ep en d en ce

The procedure for finding /z and r  from the A T / T 0 da ta  described previously 

was used to interpret the tem perature-dependent data. Average relaxation time 

constants of 6.1 ±  0.8 ps, 1.1 ±  0.1 ps, 0.59 ±  0.12 ps for SI, S2 and S3,
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respectively were found (Figure 5.7(a)). No apparent temperature-dependence is 

seen in the characteristic relaxation times for any of the samples between 5 K and 

300 K. This lends evidence to non-thermally-activated carrier transport in the 

samples, consistent with other reports. For instance, a tem perature-independent 

trap  capture coefficient in a-Si:H was postulated by H attori et. al. [98]. Steady- 

state photocurrents measured using transmission line experiments on a-Si were 

found to be tem perature independent as well [99]. Heavily-irradiated samples 

of GaAs  were shown to exhibit tem perature-independent relaxation times [100]. 

In addition, Passler showed th a t neutrally-charged deep trap  states should have 

no tem perature dependence in capture coefficients [101-103]. Note th a t it is the 

re-emission of carriers from trap  states which is therm ally-activated, and may be 

observable in drift mobility experiments.

The effective mobility also appears to have no obvious tem perature depen

dence (Figure 5.7(b)). Average mobility values were deduced to be 343 ±  

109 cm2/V s, 48 ±  10 cm2/Vs, and 4.5 ±  0.9 cm2/V s for SI, S2, and S3, re

spectively. While at first surprising, it is possible th a t the effect of impurity 

scattering (where the mobility increases algebraically with increasing tem per

ature [27]) may cancel th a t of acoustic phonon scattering (where the mobility 

decreases algebraically with increasing tem perature). Optical phonons, which 

are excited during hot carrier thermalization, are expected to decay to acoustic 

phonons in less than  100 fs [87, 89], which is less than  the tim e resolution of the 

THz detection system. (Because of the small energy of the THz pulse, no phonon 

excitation is expected from the THz probe [104]; thus phonon generation is ex

pected to be a result only of thermalization of photogenerated carriers.) Thus 

it is possible th a t the tem perature effects of im purity scattering cancel th a t of 

acoustic phonons, yielding a tem perature-independent mobility. The tem pera

ture studies on these samples are summarized in Table 5.1.
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5.7 R isetim es

64

The fluence- and tem perature-independent average risetime for SI was measured 

to be 0.82 ±  0.15 ps. In addition, the Gaussian fits for the risetimes in the 

deconvolution algorithm  were found to be independent of tem perature and pump 

fluence for samples S2 and S3. These were measured to be 0.52 ±  0.05 ps and 

0.26 ±  0.03 ps for S2 and S3, respectively (Table 5.1).

Since the pump pulse was on the order of 100 fs, the AT / T 0 risetimes rR are 

a measure of therm alization times in these samples. These results agree with 

previously reported therm alization times of less than  1 ps [35].

5.8 T herm al A nnealing

Pulsed laser annealing has been used to reduce stress in thin films, thereby in

creasing the mobility of the sample [105]. We tested this in our system and found 

no annealing effects due to the pump beam (Figure 5.8). On the other hand, 

thermally annealing sample SI was found to significantly increase the relaxation 

time constant from 6.0 to 95 ps and the mobility from 343 to 650 cm2/Vs. (Fig

ure 5.9). The sample was annealed in vacuum at 300 and 800 °C for 20 min at 

each tem perature. The increase in relaxation time constant and effective carrier 

mobility is indicative of lattice relaxation, thus reducing the density of lattice 

defects [95].
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Figure 5.5: The normalised change in amplitude transmission of the THz

peak (A T /T „) is shown as a function of pump-probe time delay for all three 

samples at room tem perature. (a),(c) Room tem perature data and (b),(d) the 

corresponding ideal transients are shown for S2 and S3, respectively, for a variety 

of pump fluences. (e) Note the change in signal shape for a variety of pump 

fluences for SI; the transients are exponential a t low fluences, linear at moderate 

fluences, and sigmoidal at high fluences. However, the excess carrier density 

decays with a single exponential for all fluences [1]. (f) D ata for SI was filtered 

with the Butterworth filter to ensure tha t convolution with the THz probe did 

not affect these traces.
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Figure 5.6: (a) Relaxation time constants and (b) effective carrier conduction

mobilities are shown as a function of pump fluence at room tem perature for 

all three samples. The solid lines indicate the average values for each sample. 

Avrage relaxation times were found to be 4.9 ±  0.9 ps, 1.7 ±  0.6 ps, and 0.57 ±  

0.05 ps for SI, S2, and S3, respectively. Average mobility values were deduced 

to be 422 ±  79 cm2/Vs, 40 ±  12 cm2/Vs, and 4.4 ±  0.4 cm2/V s for the three 

samples respectively. The symbol size is representative of the uncertainties in the 

measurements in (a).
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Figure 5.7: (a) Relaxation time constants and (b) effective carrier conduction

mobilities are shown as a function of tem perature for all three samples. The solid 

lines indicate the average values for each sample. Average relaxation times and 

mobilities were found to  be 6.1 ±  0.8 ps, 1.1 ±  0.1 ps, and 0.59 ±  0.12 ps for 

SI, S2, and S3, respectively. Average mobility values were deduced to be 343 

±  109 cm2/Vs, 48 ±  10 cm2/Vs, and 4.5 ±  0.9 cm2/V s for the three samples 

respectively. The symbol size is representative of the uncertainties in the mea

surements in (a). D ata were taken at fluences of 200 /iJ /cm 2 and 400 /uJ/cm2 for 

SI, 300 p J /cm 2 and 700 /uJ/cm2 for S2, and 600 /xJ/cm2 for S3.
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Figure 5.8: AT/To  traces of SI showing no observable annealing occurred

with exposure to the pump beam for 120 s and 12 minutes.
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Figure 5.9: AT / T 0 traces for sample SI before and after therm al annealing in 

vacuum at 300 and 800 °C for 20 min each on the same sample. The relaxation 

time constant increased from 6.0 to 95 ps, while the effective carrier mobility 

increased from 343 to 650 cm2/Vs.
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Chapter 6 

Silicon N anocrystals in Sapphire

As size dimensions shrink, quantum effects become apparent in bulk properties, 

including a band gap increase and a blue-shift of absorption and luminescence 

spectra [106]. Furthermore, as volume decreases, surface effects become increas

ingly im portant [107]. Conductivity in nanocrystals is dependent on two length 

scales [106]: the Bohr radius, a# =  h2e/(m*e2), and the bulk mean free path, 

£mfp =  VTd, where v is the carrier velocity, and is the carrier scattering time. 

When the length scales r are comparable to the mean free path, an effective mean 

free path must be considered: £_1 =  r -1 +  If the carrier velocity in the

nanocrystal is the same as th a t of the bulk material, then decreasing the radius 

of the nanocrystal, r, will decrease the carrier collision time T&. Since carrier 

mobility is proportional to r^, mobility is expected to decrease with decreasing 

size. More background information on size-dependent effects in semiconductor 

nanocrystals and their optical properties can be found in Appendix A.

Beard et. al. [106] investigated CdSe  nanoparticles in toluene solvent via 

400 nm pump -  THz probe experiments; the only published report of ultra

fast dynamics in semiconductor nanocrystals using a visible pump -  THz probe 

technique. A bi-exponential decay was observed in the relaxation time of the
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nanocrystals. Their observations are consistent with other time-resolved stud

ies of nanocrystals, where 1-3 relaxation time constants have been observed [106], 

and where the number of relaxation time constants does not change with nanocrys

tal size. The source of multiple relaxation time constants is currently under in

vestigation. Although both electron and hole dynamics contribute to relaxation 

mechanisms, only holes are thought to be probed by THz radiation [108]. Ther

mal smearing at room tem perature may contribute to the nanocrystal signal, 

while surface defects provide a significant source of carrer trap  sites. Further

more, carriers are governed by ballistic transport, and scatter many times before 

trapping by surface states. Note th a t visible pump -  THz probe experiments on 

nanocrystals in solution are sensitive only to dynamics within the nanocrystal 

and not to those between adjacent nanocrystals [106].

Preliminary pump-probe experiments on carrier relaxation time constants in 

S i  nanocrystals embedded in a sapphire substrate have been conducted in a 

manner similar to th a t described in Chapter 4. As far as I am aware, this is the 

first visible pump -  THz probe study of semiconductor nanocrystals embedded 

in a crystalline substrate.

A change in experimental procedure was made for these experiments: the 

400 nm pump beam was chopped at 540 Hz (in lieu of chopping the THz gener

ation beam). While this improves the signal-to-noise ratio, it does not give an 

absolute value for the transmissivity data. Instead, A T is recorded; the method 

described in Chapter 4 would be used to record the maximum A T /T a value in 

order to scale appropriately the A T  data. The S i  nanocrystal signal is so small 

as to be undetectable using the original data acquisition method. Presented here 

are preliminary data  acquired using both methods.

Nanocrystals were formed through ^^ -im p lan ta tio n  into a sapphire substrate 

at a dose of 3 x 1017 cm -2  and an energy of 400 keV. The substrate was kept at
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500°C during im plantation. The sample was then cut into several pieces, one of 

which was annealed in an A r  atmosphere at 950°C for one hour. O ther studies 

of Si  im plantation into sapphire demonstrated nanocrystal size of 4 nm when 

annealed at 900 °C for 30 min [109], platelets were observed after annealing a 

1100 °C for 2 h.

The as-implanted sample, NCI, was investigated using the traditional pump- 

probe method, as described in Chapter 4, while the annealed sample, NC2 , was 

studied using the new, chopped pump beam, setup. Approximately 8 ±  2 mW 

of the 400 nm pump beam was absorbed by the sample (no pinhole was used). 

No signal was discernible in the annealed sample (NC2) using the traditional 

pump-probe m ethod (as described in Chapter 4).

Figure 6.1 shows the normalised differential transmission data  for the as- 

implanted sample, NCI. While the signal-to-noise ratio of this da ta  is too low 

for definitive results, one can see a single exponential with a tim e constant of 1.1 

±  0.5 ps provides the best fit to the data.

From the A T  data  for NC2 shown in Figure 6 .2 , taken with the pump beam 

chopped, several time constants can be detected. A double exponential was 

fitted to this data, giving a short time constant of 6.5 ±  0.4 ps and a long 

time constant of 75 ±  25 ps. The presence of two time constants is indicative 

of two carrier relaxation modes; published reports indicate the presence of 1-3 

relaxation times in semiconductor nanocryrstals [106]. The slight discontinuity 

at 12.6 ps, as seen in the inset of Figure 6.2, is due to a backreflection of the 

pump beam in the sample; it was removed by subtracting the short exponential 

trace at time =  0 from the data  after 12.5 ps. Since the sample will likely be 

used in further experiments, transmission electron microscopy has not yet been 

used to characterise the nanocrystal size and distribution.

As ion im plantated nanocrystals tend to have a wide distribution in crystal
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Figure 6.1: Differential transmission of the THz probe beam through as-

implanted Si  nanocrystals (sample NCI). D ata was acquired in the traditional 

pump-probe method, as described in Chapter 4. A single relaxation time constant 

of 1.1 ±  0.5 ps was found; the single time constant is likely due to a highly 

amorphous, very thin Si  film embedded in the sapphire substrate.

sizes, it is not surprising th a t a range of relaxation time constants are found 

for both NCI and NC2. Since the nanocrystals are embedded within a crys

talline substrate, the NCs are crystallographically aligned [109,110], However, 

the Drude model is too simplistic for nanoscale systems, thus the analysis pro

cedure developed in Chapters 4 and 5 cannot be used to extract properties such 

as the relaxation time constant r  and the effective carrier mobility (j l .
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F ig u re  6.2: Differential transmission of the THz probe beam through Si-

implanted AI 2 O3  annealed for 1 hour at 950 °C (sample NC2). D ata was taken 

with the pump beam chopped at 540 Hz [2]. This sample contains two carrier 

relaxation mechanisms, as evidenced by the two relaxation time constants of 6.5 

±  0.5 ps and 75 ±  25 ps. The inset shows the “re-pumping” of the sample at 

12.6 ps caused by reflection of the pump beam at the back face of the AI2 O3  

substrate.

While these results are preliminary, they encourage further study of the car

rier dynamics in S i  nanocrystals in sapphire using the 400 nm pump -  THz probe 

experimental setup described in this document.
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Chapter 7 

Summary

Using a 400 nm pump - THz probe configuration in transmission mode, the 

carrier dynamics in radiation-dam aged silicon-on-sapphire and in amorphous sil

icon were investigated. Since neither tem perature nor pump fluence dependences 

were observed, the average risetime, mobility and relaxation tim e values are re

ported. Measured therm alization times were found to be 0.82 ±  0.15 ps, 0.52 ±  

0.05 ps and 0.26 ±  0.03 ps for the moderately-damaged SOS ( 0 +-im plantated at 

100 keV and 200 keV, dose 1 x 1013 cm-2), heavily-damaged SOS ( 0 +-implanted 

at 100 keV, dose 1 x 1015 cm-2 , and at 200 keV, dose 2 x 1015 cm-2), and 

amorphous Si,  respectively. Approximately decade decreases in effective carrier 

mobilities for the three samples were found, specifically 383 ±  94 cm2/V s for the 

moderately-damaged silicon-on-sapphire sample, 44 ±  11 cm2/V s for the heavily- 

damaged silicon-on-sapphire sample, and 4.4 ±  0.7 cm2/V s for the amorphous 

silicon sample. Carrier relaxation time constants were also found to depend on 

the degree of lattice damage, giving values of 5.5 ±  0.9 ps for the first sample, 

1.4 ±  0.4 ps for the second sample, and 0.58 ±  0.09 ps for the third sample. 

While a slight increase in relaxation time was observed with increase in injected 

carrier density, no pump fluence dependence was seen in the carrier mobility
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values for fluences between 200 and 1000 /iJ /cm 2. These results point to the 

presence of only one carrier relaxation channel in the SOS samples for injected 

carrier densities <  1021 cm-2 . These results lend support to the deep trap  model 

in lattice-damaged th in  film systems, whereby carrier transport is influenced 

by lattice defects and dangling bonds acting as deep trap  sites. Furthermore, 

the deconvolution approximation using the Butterw orth filter to mimic the THz 

detection bandwidth lim itations has been shown to be a viable technique.

In this document, I have outlined terahertz generation and detection pro

cesses, and described research projects which have used terahertz methods as 

a probe beam in pump-probe experiments. Furthermore, I have developed and 

characterised a useful terahertz system for use in the U ltrafast Spectroscopy 

Laboratory. Using this system, I have analysed a series of silicon-on-sapphire 

systems, including moderately- and heavily-damaged silicon-on-sapphire, amor

phous silicon th in  film on sapphire, and silicon nanocrystals. Results from the 

silicon nanocrystals encourage further investigation into this system. Specifically, 

a physical model needs to be developed to describe ultrafast carrier dynamics in 

these systems so as to better understand the terahertz transmission data  acquired 

thus far. Further, a greater store of data can be collected, including varying the 

annealing tem perature (which will change the nanocrystal size) and considering 

the nanocrystal samples at various tem peratures. These results, however, provide 

a strong basis on which to continue visible pump - terahertz probe experiments 

in the Ultrafast Spectroscopy Laboratory.
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A ppendix A  

Sem iconductor N anocrystals

Nonlinear Optical Properties

This appendix originally appeared as a paper fo r  the class E E 6 f f :  N on lin 

ear Optics. I t  is included here as background fo r  sem iconductor nanocrys

tals and possible fu ture  research of their nonlinear optical properties in the 

Ultrafast Spectroscopy Laboratory. A s  fa r  as I  know, it is the only compre

hensive review o f  nonlinear optical properties o f  semiconductor nanocrys

tals.

A .l  In trodu ction

Small crystallites of both metals and semiconductors provide a physical size 

regime between th a t of atomic systems and bulk m atter, where the carrier con

centration is inherently limited to very low densities [1]. Figure A .l shows a 

transmission electron microscope photograph of a semiconductor nanocrystal [2]. 

While nanocrystals have been unknowingly used for centuries to add colour to
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stained glass [3], it was not until the last few decades th a t nanocrystals have 

been studied for their interesting physical properties.

F ig u re  A .l :  A transmission electron microscope image of CdSe nanocrystals

in a glass host. The nanocrystals are approximately 10 nm across [2],

Both metal and semiconductor nanocrystals were predicted to have enhanced 

optical nonlinearities due to quantum  confinement [4]. However, metal nanocrys

tals exhibit surface plasmon resonance at the same energies as those which pro

duce enhanced nonlinearities. This makes metal nanocrystals less useful for 

applications.

In 1982, Efros and Efros [5] predicted the blueshift of the energy gap of 

quantum confined semiconductors. This paved the way for further investigation 

of small physical systems. O ther work indicated enhanced nonlinearities in these 

microcrystallites [6- 8]. Energy gap shifts, induced absorption, photobleaching, 

and other unexpected nonlinear effects were already being measured [3 , 9].
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A working definition for nanocrystals requires quantum  confinement and cry- 

talline alignment of the atoms within a nanoparticle [8]. Generally speaking, the 

size of the nanocrystal is on the order of an excited electron-hole pair (exciton) 

Bohr radius, aexc [1], Nanocrystals are also referred to as quantum  dots, quan

tum  crystals and microcrystallites in published literature; for the purposes of 

this review, these terms will be used interchangeably and the subtle differences 

in the meaning of these terms will be ignored.

This appendix reviews nonlinear optical studies of semiconductor nanocrys

tals. It will begin with a brief overview of some methods used to fabricate semi

conductor nanoparticles. The predicted third order nonlinearities will be out

lined for various im portant size regimes. Experiments which measure th ird  order 

nonlinearities will be described, and some current research will be summarised. 

Optical nonlinearities not described by the suspectibility representation will also 

be introduced. Some final words on the current status and future directions of 

this research area will conclude the appendix.

A .2 Fabrication Techniques for N anocrysta ls

Many techniques have been adopted to produce nanometer-scale semiconductor 

crystals. Several methods will be described briefly in this section.

Nanocrystals were made from powdered mixtures of the host and semicon

ductor m aterial in early works (for example, see Refs. [3] and [10]). The powders 

used the Bridgman m ethod to melt and form crystals. For an example [10], CuCl  

nanocrystals in a N aC l  host were made using this technique.

Magnetron sputtering ejects m aterial from a target through ion bombard

ment, typically using A r  ions, to form thin films [11], A target containing 

In  As  and S i 0 2  was radio-frequency sputtered and therm ally annealled to form 

nanocrystals [12,13]. This sample contained a large size distribution. Films with
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a smaller size distribution were produced by sputtering a target of S i 0 2 contain

ing a fixed volume percent of polycrystalline I n  As  and the film was not treated 

thermally [12].

Gas phase condensation precipitated GaAs nanocrystals into porous Vycor 

glass [14], Gaseous trimethylgallium was introduced into the porous glass (with 

pore sizes of 40 A), followed by the introduction of arsine with heat. The gases 

flow into the pores of the glass host, and react chemically to form GaAs upon 

further heating. Metal-organic chemical vapour deposition has also been used to 

form nanocrystals in Vycor glass [15].

Laser ablation has also been used to make nanocrystalline samples [16]. A 

laser is focused onto a target of the m aterial to be used in the sample, creating 

a small plasma in the region near the incident spot. [17] This technique can 

be used to form thin  films or nanocrystals of almost any m aterial, unlike more 

conventional processes. However, the size distribution of nanocrystals made using 

laser ablation tends to be quite large [16].

Thin films grown with molecular beam epitaxy are patterned and litho

graphed to form nanocrystals [18]. For example, a thin layer of Z n S e  was de

posited onto a G aAs  substrate, followed by a 10 nm layer of Cdo.20-Z'To.80*S'e/ 

Z nSe ,  and capped with a final layer of Z nSe .  Conventional lithographic tech

niques was used to etch the quantum  dots into the layered structure.

Ion-im plantation can produce nanocrystals within a variety of host m ateri

als [4]. Ions of almost any m aterial are bombarded at doses of 1013 cm ~2 to 

102° cm ~ 2 into any other m aterial host. Thermal annealing bonds small clus

ters of these ions into crystallites. Ion-implantation is a versatile technique in 

th a t any m aterial could be used; however, large size distributions of nanocrystals 

result from this process.
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A .3.1 Q u antu m  C onfinem ent

The small size of nanocrystals necessitates the use of quantum  mechanics in the 

description of their properties. Indeed, quantum  confinement is the dominant 

source of unique properties for nanocrystals. Energy transitions within isolated 

atoms appear as sharp spectral lines [19] and are described by the archetypal 

particle-in-a-box quantum  mechanical model. In bulk solid materials, on the 

other hand, interactions with neighboring atoms give rise to bands of allowed en

ergies where individual levels overlap and form a near-continuous range of states. 

Band theory is used for bulk systems, introducing near-parabolic conduction and 

valence bands near wave vector k =  0 which are separated by an energy gap 

Eg [20]. The effective electron (hole) mass, m e (mh), is defined by the curva

ture of the parabolic conduction (valence) band. Semiconductor nanocrystals 

embedded in an insulating m atrix experience a potential barrier at the interface, 

and so the energy levels within a nanocrystal are quantised. However, because 

of atom-atom interactions within a nanoparticle, these discrete energy levels are 

smeared in a bulk-like manner.

While the eigenstates for electron-hole pairs in a rigid spherical potential are 

not analytically solveable [6], Efros and Efros [5] used a centre-of-mass approxi

mation to derive general results due to quantum  confinement. Excitations which 

create excitons have an energy in the quantum  confined system of: [6 , 7]

E exc is the bulk exciton binding energy [1], The blueshift of the energy level, 

given in the th ird  term  on the right-hand side of equation A .l, depends on the 

effective masses of the electrons and holes and on the nanocrystal size a. For
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spheres, a is the radius, while for a cubic box, a is the length of one side. The 

coeffecient A is a param eter which accounts for size distribution; A  = 1 for a 

single size of nanocrystals, while A  < 1 for a range of sizes. The size extensions 

(i.e. the Bohr radii) of the electron and hole are given by: [5]

(A.2)
m ee2

h2e , .
ah = ---- -, (A.3)

m he2

where e is the dielectric function for wave vector k =  0. There was some experi

mental indication th a t the nanocrystalline effective masses are not equal to tha t 

of the bulk case [21]. However, most groups have used only the bulk effective 

masses in subsequent analyses.

Several sources for optical nonlinearity in nanocrystals have been proposed. 

A very large optical nonlinearity in semiconductor nanocrystals is a ttributed  to 

the competition between the size quantisation of the excitons and the deviation 

of the energy bands from the ideal harmonic oscillator representation [7]. The 

anharmonic oscillator source of nonlinearity dominates for smaller crystallites, 

leading to an increasing nonlinearity for decreasing nanoparticle size. An en

hanced nonlinearity was expected to be less significant for III-V than  for II-VI 

semiconductors. The larger effective mass, and therefore a larger deviation from 

an ideal harmonic oscillator band, and smaller gap energy for II-VI semicon

ductors are thought to contribute to the large nonlinearity. On the other hand,

Schmitt-Rink, Miller and Chemla [8] discuss a strong optical nonlinearity given

for very small nanocrystals due to saturation of the upper energy level in a two- 

energy-level model for a single nanocrystal. This saturation nonlinearity was 

expected to be more readily achievable for III-V semiconductors. These m ateri

als have larger bulk exciton Bohr radii, allowing for larger absolute nanocrystal
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sizes while m aintaining the ’smallness’ of the nanocrystal.

It is interesting to note th a t the inclusion of the Stark Effect, where Coulomb 

and surface energies are considered, the large expected shift in the energy band 

is significantly reduced [9]. However, the electro-optic effect in nanocrystals 

remains a poorly understood phenomenon.

A .3.2 E n ergy  L evel B roaden ing  

Sources of Level Broadening

For nanocrystals, the atomic energy levels are broadened by the crystallite struc

ture, but not to the degree of creating the bulk energy bands. The natural 

linewidth of a nanocrystal will increase with decreasing size [8]. Perturbations 

to the band structure of nanocrystals may lead to further broadening of energy 

levels. Examples of perturbations include irregular nanocrystal shape, random 

crystallographic orientation of crystallites, stoichiometric fluctations, and sur

face impurities. The dominant sources of level broadening are electron-phonon 

coupling and size distribution. This discussion will be restricted to spherical 

nanocrystals with isotropic crystallographic orientation.

Electron-phonon coupling introduces a homogeneous level broadening [3,8]. 

This is an intrinsic source of level broadening and is tem perature-dependent. 

The strength of the electron-phonon coupling is characterised by the Huang-Rhys 

parameter, S  = A E /H ojlo, where A E  is the energy shift between the electronic 

level and the hole level, and Huilo is the energy of the optical phonon [22], For 

5 >  1 a strong coupling exists, while for S  <C 1 there is weak coupling between 

the electron and the phonon. The smaller a crystallite is, the greater the over

lap between the electron and hole wavefunctions, decreasing the electron-phonon 

coupling strength [3]. However, reducing the nanocrystal size also increases elec

tron coupling to shorter wavelength phonons. Thus S  is size independent when

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A P PE N D IX A. SEM ICONDUCTOR N A N O C R YST A LS 99

the phonon quantisation is taken into account. The creation of phonon sidebands 

in the energy spectrum, which tends to be masked by the band structure in bulk 

systems, is expected to be im portant in the case of nanocrystals. A quantum 

mechanical model for the phonon contribution to homogeneous line broadening 

was first introduced by Schmitt-Rink, Miller, and Chemla [8].

A natural size distribution for nanocrystals results from the fabrication pro

cess. This size distribution leads to an inhomogenous broadening of energy levels. 

Inhomogeneous broadening is inversely proportional to the size of the nanocrys

tal [1]. Different subbands in the energy spectrum are broadened by different 

amounts, leading to a more pronounced overall smearing of the exciton bands.

M easurem ents o f Level Broadening

Spectal hole burning experiments have been widely used to measure the amount 

of homogeneous level broadening [10,23,24]. It is characterised by a dip in 

the absorption spectrum  at a particular energy [10] (Fig. A.2(a)). The broad

ness of an energy level is indicative of the characteristic exciton lifetime in tha t 

level [10]. Figs. A.2(b) and (c) indicate th a t the homogeneous linewidth, Thom 

is proportional to the square of the tem perature T  and to the inverse square of 

the nanocrystal radius a, Thom oc T 2/ a 2.

Since inhomogeneous level broadening is tem perature-independent, it can be 

isolated from the tem perature-dependent electron-phonon coupling in lumines

cence or Ram an experiments [1], Furthermore, an overal broadening of the ab

sorption peak as compared with the bulk case is indicative of the amount of 

inhomogeneous broadening.

Because the m ajority of the spectral weight for III-V semicondcutors rests 

mainly in the zero-optical phonon line, rather than  in sidebands, Schmitt-Rink 

and colleagues speculated [8] tha t the strong confinement regime is more real-
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Figure A.2: (a) Spectral hole burning, characterised by depressions in the ab

sorption spectrum of CuCl nanoparticles, are apparent in five locations labelled A 

- E. The solid line is the linear absorption spectrum. The homogeneous linewidth 

(21^) was measured to  be proportional to the square of the tem perature (b), and 

to the inverse square of the nanocrystal size (c) as shown by solid lines. From [10].

isable than for other semiconductors. A larger absolute nanocrystal size would 

still exhibit quantum  confinement properties. Furthermore, they had estimated 

tha t for 50 A  GaAs nanocrystals the linewidth due to phonon-coupling at room 

tem perature should be nearly the same as th a t of the bulk.

A .4 N onlinear S usceptib ility

A .4.1 C onfin em en t R egim es

For bulk semiconductors, carrier interaction must be phonon-mediated to con

serve momentum [20]. In nanocrystals, however, a finite confinement potential 

at the nanocrystal-m atrix interface allows for forbidden transitions [8] since the 

electron and hole wavefunctions penetrate this barrier by different amounts. Non- 

phonon-mediated transitions are therefore allowed in nanoparticles.

Consider a spherical nanocrystal with radius a. Three distinct size regimes 

can be defined [3], each having different sources of optical nonlinearities. In
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the strong confinement regime, where a < a/,, < ae, the electron and hole wave- 

functions are decoupled, leaving them as nearly free particles. The intermediate 

confinement regime, a,h < a < ae, couples the electron and hole states; the elec

tron remains in the strong confinement regime. Finally, the weak confinement 

regime, ah < ae < a, has some similarities to the bulk properties. Sources of 

nonlinearities differ between these different size regimes.

Main sources of optical nonlinearities include saturation, Coulomb-mediated 

and im purity-m ediated nonlinearities [3]. These sources of nonlinearity will be 

examined in the following sections within each of the confinement regimes. Be

cause it is not quantatively well-understood, impurity-m ediated nonlinearity will 

be neglected. For isotropic nanocrystals (samples without long-range ordering) 

the second order nonlinearity averages to zero. Therefore, only the third order 

nonlinearity %̂  will be considered here. Predictions for x ^  are mostly based on 

a two-energy level system, with the unexcited ground state, |0), and the excited 

state, or the exciton, |1).

A .4.2 S tron g  C onfinem ent and S atu ration  N on lin earity

In the strong confinement regime, large gaps exist between allowed energy levels. 

Screening is more difficult in this case. Moreover, nanocrystals are so small in 

this regime th a t polarisation of the exciton is difficult [8]. Therefore Coulomb 

effects are less im portant here, and will be neglected in the ensuing discussion. 

In this size regime, the energy band gap shift given in Eq. A .l is characterised by 

A  =  0.71 [5]. The th ird  order susceptibility, is dominated by a saturation 

nonlinearity [3]: for isolated transitions between electron states and hole states, 

the purely two-level system can be saturated, yielding a bleached state.

Consider energies near the ls - ls  transition (the first electron-hole excited 

state) in a two-level system and a nanocrystal with size a. Ignoring line broad-
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ening and Coulomb effects, the general susceptibility %(u;, I)  can be w ritten as: [3]

1

V
epc
m u

2 1 1 +  (CJ! -  u ) 2T 2
(A.4)

hux  — u  — i /T 2 1 +  (wi — w)2T | +  I / I s ’ 

where the first excited state  energy fhui is shifted from the bulk band gap energy 

Eg because of quantum  confinement by:

foui = Eg +  h2n 2/ 2 pa2. (A.5)

Note th a t this derivation does not account for the exciton binding energy as 

was the case in Eq. A .I. Further more, the reduced mass, p  is considered, not 

the total electron and hole masses, in the strong confinement regime. The total 

mass is used in the case of weak confinement (Sec. A.4.4). In Eq. A.4, / ,  is the 

saturation intensity:

I,
m hu

&Pcv

nc
87tT i T2

(A.6 )

In these expressions, pcv is the momentum coupling m atrix  element between 

the electron and the hole, p  is the electron and hole reduced mass, Tx is the 

energy lifetime and T2 is the excited energy level dephasing time. A low intensity 

Taylor expansion of Eq. A.4 around 1 = 0 yields the linear and the nonlinear 

susceptibilities, x ^  and x ^ :

x (1)H  = v
epc
m u k(ui — u  — i /T 2) ’

(A.7)

X,3>M = y ^Pcv

m u
TlTr

(A.8)
n3( 1 +  i (u x -  u )T 2){ 1 +  {u, -  u ) 2T 2) '

Around each resonant energy level in the nanocrystal h u is, there is one con

tribution of Eq. A.8 . This can be summed up for all resonances with a degeneracy
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weighting factor to give the to tal third order nonlinear susceptibility. The real 

and imaginary parts of x ^  are shown in Fig. A.3(a).
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Figure A.3: Real and imaginary parts of the third order susceptibility x ^  for 

(a) strong confinement (a < ah < ae), (b) intermediate confinement (ah < a < 

ae)  , and (c) weak confinement (ah < ae < a) size regimes for a single quantum 

crystal as a function of energy. E i s is the energy of a single exciton state, E r 

is the exciton binding energy, and X2 is the dephasing time of the exciton level. 

Coulomb effects in the intermediate confinement regime changes the shape of 

X® drastically when compared with the pure saturated nonlinearity case in the 

strong confinement regime, (d) Intensity saturation of x(w ,J) for various laser 

detunings, A =  (Eg/ h  — From [3].
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A .4.3 In term ed ia te  C onfinem ent R eg im e

In the intermediate confinement regime ah < a < ae, the nanocrystal size is be

tween the Bohr radii of the eletrons and holes. The kinetic energy of the electron 

is quantized due to confinement, and interactions between a hole and the elec

tron potential confines the hole to a well-localised area within the crystal [7]. In 

other words, the barrier at the nanocrystal-host interface causes a standing wave 

electronic state, which in tu rn  localises the hole [25]. The inclusion of Coulomb 

interaction between electrons and holes are im portant effects in this size regime. 

Coulumb interaction between two photoexcitation states, bi-excitons, cannot be 

derived analytically. However, the problem can be simplified by neglecting the 

size-dependent lattice structure rearrangements and the surface states [25], giv

ing a useful expression for x ^  f°r energies near the ls -ls  transition: [3]

X(3) _ IT 4A2

[1 C 2t 2]
B A

[1 +  iDr][ 1 +  C 2t 2] 
1 \ 1\

[1 +  iCr][l +  iE r\  \1  + iD r  1 + i C r /

(A.9)

where r  is the phenomenological relaxation time, and A  and B  are the dipole 

m atrix elements coupling the ground state with the one-exciton level |1) and 

two-excitons |2) levels, respectively:

A =  |(0|P|1)|2, (A.10)

B=|(0 |P |1>(1 |P |2>| .  (A.11)

and energy differences are given by C, D, and E :
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C  =  u>i — u),

D  — 0J2 — uq — to i

(A .12)

(A.13)

E  — 0J2 — 2cj, (A.14)

where uq and lo2 are the transitions for one and two excitons, respectively. The 

linear susceptibility %̂  for the intermediate case is similar to Eq. A.7.

Note th a t r  is a phenomenological param eter which is used to simplify Coulomb 

interactions. Also B  and co2 are difficult to evaluate and to measure. The crux of 

Eq. A.9 is the asymmetry introduced above and below the first exciton energy, 

tiiJi, as seen in Fig. A.3(b). To understand the dynamics in the intermediate 

confinement range, the two-level model must be extended to include bi-excitonic 

states.

A .4.4 W eak C onfinem ent R eg im e and C ou lom b -M ed iated

N o n lin ea rity

For the weak confinement regime au < ae < a the confinement pontential becomes 

im portant when compared with the electron-hole interaction energies. The band 

energy shift given in Eq. A .l is characterised by A  = 0.67 [5] in this case. Recall 

th a t the equation is similar to th a t of the strong confinement case, except tha t 

the total electron and hole mass is im portant here. The shape of the crystal is 

less im portant and one can simply use a particle-in-a-box quantum  mechanical 

model to represent the system [3]. The energy levels are quantised, and are 

blueshifted with respect to the bulk energy bands according to Eq. A.I.
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Considering only transitions conserving the wave vector k (momentum con

servation), the susceptibility is given by: [3]

x(w , / )  =  el 2 L 2 J _  r  P’\ y  Pc(k)/rr g(k)t?dk, (A.15)moo ' - ■ < -  • - I 'fnC J 0 tocv(k) -  uo -  i /T 2' 

where the Fermi-Dirac populations are given by pv(k) for holes and pc(k) for 

electrons. The real and imaginary susceptibilities are shown in Fig. A.3(c). In 

the weak confinement regime, the susceptibility saturates at the same intensity 

as the for the strong confinement regime, given by Eq. A.6 . This is illustrated in 

Fig. A.3(d). Coulomb interactions would redshift the energy bands and would 

change the relaxation times because of Auger processes [3]. Belleguie and Banyai 

reported previously derived with Coulomb interactions between excitons [6].

Hanamura considered only Coulomb-mediated nonlinearities [7] and show

ed tha t enhanced nonlinearity could be achieved only for the weak-confinement 

case. Furtherm ore the exciton-exciton interaction energies had to be significant, 

hooint > |hoo — hoo0 1, where fuo0 is the ls - ls  transition energy, and hoo is the pump 

energy. A strong nonlinearity dependence on the concentration of nanocrystals 

exists in the weak confinement regime; the other regimes were found to be inde

pendent of concentration. Further details of the quantum  mechanical derivation 

of the nonlinear susceptibility can be found in Ref. [7].

Interestingly an ideal-boson model for excitons in nanocrystals leads exactly 

to a zero nonlinearity [6]; nonlinear effects can only occur through the recognition 

of the exciton as a composite particle with a binding energy and a bond length. 

Furthermore, a numerical difference between a single-beam excitation situation 

and a pump-probe setup were predicted [6]. Fig. A.4 shows these two cases 

and includes exciton-exciton interactions. Note th a t the qualitative nature of 

both the real and imaginary parts for all cases are similar. Belleguie and Banyai 

caution th a t the predictive ability of the theory for weak confinement is tenuous
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because of its sensitivity to volume-dependent parameters.

107

imaginary real

S3

realimaginary imaginary real

(a) (b) (c)

Figure A.4: Real (solid lines) and imaginary (dotted lines) for including

exciton-exciton interactions for single-beam excitation (a), and pump-probe setup 

with pump energies of wpump — -0 .5  (b) and wpump = +1.0 (c). Pum p energies 

are normalised to  the bulk excitonic binding energy such tha t wpump =  (Hoj — 

(Eg — E exc) / E exc. The particle size in each case is a = 10aexc. From [6].

A .4 .5 L ocal F ie ld  E ffects

It should be noted th a t in the derivations above, a uniform field was assumed 

inside the nanocrystal. For semiconductor spheres, this is a valid assumption [8]; 

however, deviations from a spherical nanocrystal will affect the local electric 

field inside the nanocrystal, and thus alter its nonlinear optical response. No 

analytical solution for the field inside an arbitrary shape is possible, but the field 

can be approximated for some simple shapes using a local field factor F: [8]

f ’ =  i i + / ( £ ~ i ) r 2 , (a .i6)

where /  is a param eter containing depolarisation effects. Changes in the incident 

intensity will affect the local field inside the nanocrystal. This will then affect the
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induced nonlinearity, further altering the local field. This feedback mechanism 

can lead to optical bistability within nanocrystals, approximated by:

e 2 ° ~ 62 =  F I  ( A  1 7 ^

e2 (1 +  52) / s ' ( ' }

In other words, the normalised change in the imaginary dielectric function is 

related to the effective intensity inside the nanocrystal, F I  normalised to the 

saturation intensity I s(S) at the detuning frequency 5. Non-uniform fields are 

suspected to contribute to energy level broadening [9],

A .4.6 T echniques to  M easure x ^

Z-Scan M easurem ents

Two techniques commonly used to measure nonlinear coefficients are Z-scan 

and degenerate four-wave mixing (DFWM). The Z-scan technique, shown in 

Fig. A.5(a), measures the two-photon absorption coefficient and the nonlinear 

refractive index. [26, 27] In this experiment, phase distortion transforms into an 

amplitude distortion as the sample passes through the focus of a Gaussian beam. 

The intensity irradiating the sample is dependent on the sample location with 

respect to the focal point of the beam, z =  0 for samples thinner than the 

diffraction length of the focused beam. The transm ittance is measured through 

an aperture beyond the focal point. Before the focus, at —z, self-focussing in a 

sample with n 2 <  0 collimates the beam, while after the focus, + z, self-focussing 

diverges the beam [26]. A lower transm ittance would be measured for the + z  

case than for the — z case, so the shape of the signal as a function of z indicates 

the sign of the nonlinearity. Calculated traces for a third order nonlinearity are 

given in Fig. A.5(b). The near-field and far-field transm ittance can be monitored 

through open-aperture and a closed-aperture detection, respectively [27]. The
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peak-to-valley transm ittance A T is related to the change in the nonlinear index 

An for the case of small phase distortion and a small aperture by:

where s is the aperture size; for example, s = 1 indicates an open aperture, 

and s =  0.35 indicates a 35% open aperture. The effective length is given by 

the linear absorption coefficient, a , and the actual length of the sample, T, in

no multiphoton absorption and no absorption saturation, there will be inversion 

symmetry about the z — 0 point in the transm ittance plot. Fifth order effects 

were derived to have to be of the same form as Eq. A. 18 but with a prefactor 

0.21. Asymmetrical z-scans indicates the presence of absorption effects [26]. 

The two photon absorption coefficient, /3, can be calculated from the measured 

transm ittance using numerical analysis methods. Several components of the 

nonlinear susceptibility can be measured by changing the polarisation (linear or 

circular) of the Z-scan beam.

D egenerate Four-Wave M ixing M easurem ents

DFWM uses four waves to extract nonlinear properties [28]. A schematic of this 

experiment is shown in Fig. A.6 (a). This technique can be thought of as the 

creation of a standing wave in the sample by two counter-propagating waves of 

the same frequency u> [29]. A third beam, also at w, is used to probe the amount 

of diffraction induced by this standing wave. The intensity of the outgoing beam, 

whose wave vector must be such tha t momentum is conserved (£q =  k\ — k2 +  

fc3), is then recorded. The third order susceptibility is related to the measured 

intensity by: [28]

(A.18)

(1 — e aL)/a .  The change in refractive index is given by A n =  7 1. In the case of
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F ig u re  A.5: (a) Experimental set-up for the Z-scan technique. The presence or 

absence of the aperture before detector D2 gives far-field/near-field information. 

From [27]. (b) Calculated z-scans for n 2 <  0 (dotted line) and n 2 >  0 (solid line) 

for a small aperture (s =  0.01) and assuming no absorption effects. From [26].

«>■»>

An example of the intensity-time profile in a DFWM experiment is given in 

Fig. A.6 (b).

Since Z-scan uses a single beam, it is much simpler than  the four-beam 

DFWM method. However, Z-scan is very sensitive to alignment and therefore re

quires very carefully maintained experimental setups. Pulsed laser systems used 

with either Z-scan or DFWM can yield time-resolved information the induced 

optical nonlinearities. [30]

A .4.7 M easu rem en ts o f N on lin ear O p tica l C oefficients

Many types of semiconductor nanocrystals have been measured for their non

linear properties using Z-scan and DFWM experiments. Table A .l summarises
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o

test pulses.

excitation pulse
200 300

l im e  (a r b i t ra ry  u n it s )
o t o o

F ig u re  A.6 : (a) Schematic of the degenerate four-wave mixing technique,

where all frequencies are equal. From [28]. (b) Calculated reflectivity profile 

of a time-resolved DFWM setup for various real and imaginary x ^  ratios r.

From [30].

some of the nonlinearities measured in a variety of semiconductors by these two 

methods. Optical filters from Corning and Schott companies are semiconduc

tor nanoparticles embedded in glass. Typically the semiconductors used are 

C d(S}Se) or Cd(S, S e ,T e )  [31].

Aggregation effects from laser annealing are expected to affect the nonlin

earity as compared with ion-implantation samples for S i  nanocrystals [16]. The 

exciton binding energy is significantly higher in II-VI than in III-V semiconductor 

nanocrystals; this may cause large differences in measured optical nonlinearities 

between these two classes of semiconductors.

Generally, measurements of absolute nonlinearities are highly dependent on 

experimental conditions, even in the case of bulk materials or samples in solu

tion [32]. However, x ^  is on the order of 10~23 m 2/ V 2 for glass, 10-21 m 2/ V 2 for 

C S 2 (an classic th ird  order nonlinear inorganic), and 10-18 m 2/ V 2 for nonlinear 

polymers [32],

Note th a t the various research groups have measured different nonlinear op
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tical coefficients, thereby complicating direct comparisons between experiments. 

The relations between the third order susceptibility the nonlinear refractive 

index n 2 and 7 , and the absorption nonlinearity /3 are given by: [26]

a  =  a 0 +  /3J, (A.20)

n -  n 0 +  n 2 \E\2/2  =  n 0 +  j l 0, (A -21)

n 2 (esu) =  ^ 7  (m 2/W ) ,  (A.22)
4U7T

ife[y(3)] =  2n 2oe0c-f, (A.23)

/m [x (3)] =  n °e°C /3, (A.24)
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NC:host size ^ exc Io nonlinearity Ref.

nm nm ns M W /cm 2

Corningl - 1047 - 0.07 P = 16 - 110 cm/nW [33]

Corning2 - - P = 18 - 290 cm/nW

Schott 1 - - p = 54 - 520 cm/nW

Schott2 - - p = 60 - 550 cm/nW

CdSSe:glass 3.5 - 1060 - - Re[x (3)] _  _01 _ _im2/F 2 [31]

CdSSeTe:glass 6.0 - - Im[x(3)] ~  0-1 x 10“20m2/ V 2

CdSe (bulk) - 1064 - - P — 1400 cm/pW [40]

- 1320 - - P =  20 cm/pW

In As: glass a 3.3 633 - 0.0384 P =  0.82 cm/W [13]

- Im[;y(3)] =  23.9 m 2/ V 2

3.6 - P =  0.26 cm/W

- Im[x(3)] =  7.51 m 2/ V 2

4.1 - P =  -0.012 cm/W

- Im[%(3)] =  -0.34 m 2/ V 2

5.3 - P =  -0.077 cm/W

- Im[x(3)] =  -2.21 m 2/ V 2

InP:Vycor 6 4 - 15 850 8 340 77.2 =  2.6cm2/T W ,  7  >  0 [15]

Continued on next page.
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NC.-host size

nm

e x c

nm

T p u ls e

ns

lo

M W /cm 2

nonlinearity Ref.

GaAs:Vycor b - 1064 0.1 - P «  8cm/GW [41]

- - 7  «  — 1.3cm2/T W

5 - - - P = 30cm/GW

- - 7  =  —6 .6cm ?/TW [14]

GaAs (bulk) - - - - p «  26cm/GW [14,41]

- - - - 7  rs — 0.41cm2/TW

Si:glass c 3-4 355 - 35 7  =  9.6 ±  2.6cm2/G W [16]
c 5-6 532 - 15 7  =  37 ± 9 cm 2/G W
d. 4-5 355 - 6 7  =  7 ±  2cm?/GW
d 532 - 6 7  =  —5.0 ±  1.3cm2/G W
d - 0.03 7  =  -6000 ±  1500cm2/G W

Ge:glass c 3 800 0.0002 - n 2 = 0.14 cm?/TW [42]

.0006 - ri2 =  0.30cm2/TW

.00018 2.3 pJ/m? n2 =  0.30 cm ?/TW

.0006 n2 =  0.90 cm? /T W
a 6 532 0.035 20 000 n2 = 2.6 — 8.2cm? /T W [43]

T ab le  A .l :  (C ontinued  from  previous page.) S u m m a r y  o f  s o m e  m e a s u r e d  n o n l in e a r  

op tica l  co e f f ic ie n ts  in  I I - V I ,  I I I - V  a n d  I V  s e m i c o n d u c to r  n a n o c r y s ta l s  e m b e d d ed  in  a d i 

elec tr ic  hos t ,  d e l in e a te d  by doub le  h o r iz o n ta l  l ines .  \ e x o  Tp u l s e  a n d lo  are th e  e x c i ta t io n  

w a v e le n g th , p u l s e  w id th ,  a n d  in t e n s i t y ,  respec tive ly .  S e v e r a l  bu lk  v a lu e s  are in c lu d e d  

f o r  re ference .  a m a g n e t r o n  c o - s p u t t e r in g  bgas  p h a s e  c o n d e n s a t i o n  c io n - im p la n ta t i o n  

d laser  a b la t io n
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Inconsistencies in Table A .l may be due to unknown or unreported sample- 

dependent or experiment-dependent parameters. The wavelength dependence 

of the nonlinearities needs to be further investigated, as well as more system

atic studies on the nonlinear dependences on excitation intensity, average size 

and size distribution, shape and possible nanocrystal-host effects. Furthermore, 

numerical values were measured to differ drastically with repeated exposure to 

pump beams [33]. In some cases n 2 changed sign after several experiments.

Several other types of nanocrystals have been studied besides the conventional 

model of a two-element crystal embedded in a dielectric m atrix. Porous silicon 

has been used as a nanoparticle-like m aterial [34]; it contains interconnected 

nanometre-sized wires and dots, and so is not strictly a nanocrystal. However, 

since zero-dimensional confinement is evident in this material, it is included in 

this appendix. Porous S i  is formed by H F -e tching bulk silicon wafers, leaving a 

surface with many defect areas. Regions of nanoscale S i  may be found around 

the etched holes in this sample. Typical sizes range from 2-5 nm. A variational 

approach was used to predict an enhancment in x ^  by four orders of magni

tude [35]. Lettieri et al. measured n 2 values for various pump wavelengths: 

-1 .08  ±  0.12 x 10-8 , -3 .4  ±  0.5 x 10-10, and -4 .8  ±  0.6 x H T 10 esu for Ae;cc =  

532, 737, and 1064 nm, respectively.

Insulators have been studied as nanocrystals and found to have high optical 

nonlinearities as well [36]. For example, nanoparticles of Fe^O^ were studied 

using the Z-scan technique. A large nonlinear coefficient of n 2 =  —800 cm2/G W  

was measured using a continuous-wave H eN e  laser (Xexc = 632.5 nm).

Finally, organic-capped semiconductor nanocrystals are being investigated 

for further enhancement of nonlinear optical properties [37-39]. The coupling 

of the W annier-M ott excitons in the nanocrystal to the Frenkel excitons in the 

organic layer leads to a further nolinearity enhancement [37]. A weak confinement
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regime model was used to derive the ratio of the hybrid (semiconductor +  organic 

capping layer) to the uncapped nanocrystal:

where d0 is the thickness of the organic capping layer, aexc is the exciton Bohr 

radii in the semiconductor nanocrystal, and aorg is the lattice constant for the

cently, a sample of C dS  nanocrystals in a polydiacetylene host was studied 

experimentally [44], Alternatively, the nanocrystals could be capped with an

other organic molecule, thiophenol. At an excitation wavelength of 530 nm, 

n 2 =  3 x 10~8cm2/ M W  was measured for the uncapped sample, and n 2 =  

11 x 10~8cm2/ M W  for the capped sample. It is interesting to note th a t polydi

acetylene and its derivatives also exhibit nonlinear optical effects. The construc

tive addition of nonlinear properties of the host and nanocrystalline material 

appears to be a possible m ethod by which to improve optical nonlinearities.

Bindra et al. analysed the Z-scan technique for the case of quantum  dots and 

found several inconsistencies [45]. In particular, two-photon absorption (x  

processes were found to interfere with the Z-scan interpretation based on the 

original Z-scan work by Sheik-Bahae et al. [26]. While this was addressed in 

the original dem onstration of the Z-scan technique, it is often disregarded in the 

interpretation of Z-scan measurements. This is indicative of the ambiguity of the 

measurements of nonlinear optical coefficients at the present time.

A .4.8 C om p arison  o f  T h eoretica l and E x p er im en ta l R e

su lts

Real systems are much more complicated than the simple two-level model de

scribed in Sec. A.4.1, making comparison between theory and experiment dif-

h y b r i d (A.25)

organic layer. An enhancement of 106 was expected for aorg ~  5 A  Re-
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ficult. Indeed, very few groups have attem pted to bridge this gap. In one 

study, C otter et al. [31] studied the Corning and Schott glasses referred to in 

Table A .I. Their experiments showed th a t for excitation energies hco less than 

the absorption edge E abs, the real part of x ^  < 1 in all cases. A two-band model 

using bulk effective electron and hole masses and the Stark Effect was sufficient 

to reproduce their experimental results to an order of m agnitude (Fig. A.7). 

Sample-dependent param eters such as stoichiometry, size distribution, and vol

ume fraction fluctuations were neglected. Note th a t i?e[y^3l] /m [x ^ ] , from

the first da ta  set in Table A .I. The imaginary third order susceptibility is signif

icant only for higher pump energies (Hu > E abs/ 2), and the magnitude is signif

icant compared with the host (R e[x^]h0St ~  I 0 ~22m 2/ V 2). Most importantly, 

their relatively simple model gave R e[x^]  < 1 for a range of pump energies and 

nanocrystal sizes.

A .5 P hotob leach in g  and Induced A bsorption

While this review has focussed on the susceptibility representation to discuss 

optical nonlinearities, photobleaching and induced absorption are more widely 

investigated in publications on optical nonlinearities in semicondcutor nanocrys

tals. These two processes are presented in this section.

Photobleaching occurs in high intensity experiments when possible absorp

tion channels are saturated, allowing an increase in probe signal when compared 

with the equilibrium case [46]. In other words, the presence of an exciton changes 

the excitation spectrum  for a second exciton; this exciton-exciton Coulomb in

teraction is responsible for bleaching. Peyghambariam et al. [46] argued tha t 

mechanisms other than  a common electronic state may contribute to photo

bleaching.

Induced absorption occurs when two excitons are created from one pump and
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Figure A.7: Comparison of measured (circles) and calculations (lines) %F) for

C d (S ,S e ,T e ) nanocrystals in a glass host. The numbers to the right of the data 

indicates the average nanocrystal radius used in the calculations. (From [31])

one probe photon [46]. The first exciton bleaches an absorption state, allowing 

new transitions for the second exciton. These transitions can be observed by 

monitoring the differential transmission in pump-probe experiments [47]. Two 

bleaching bands (positive differential transmission) and a single induced absorp

tion band (negative differential transmission) can be seen in Fig. A.8 (a).

The two-level model on which the theoretical development of the nonlinear 

susceptibility in Section A.4 was based is oversimplified. To explain photo

bleaching and induced absorption, a six-level system must be introduced [46, 

47] to include one ground state, two one-exciton states, and three two-exciton 

states (Fig. A.8 (b)). This was mentioned earlier to describe the susceptibility in 

Sec. A.4.3. The one-exciton states include the ls - ls  transition | l s e, 1 Sh) and the
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lp -lp  transition \lpe,lph)- Since p-state transitions are higher in energy than 

s-state transitions, the shorter wavelength bleaching band is attribu ted  to the 

\lpe,lPh) state, while the longer wavelength band corresponds to the | l s e, ls/j) 

state in Fig. A.8 (a). The states are coupled through dipole-moments [46], and 

by assuming equal energy spaces for each of the transitions and the same popu

lation decay rates, third-order nonlinearities were computed. Biexcitonic states 

considered in the derivation couple Is  and 1 p electron-hole pairs to give three 

possible states: |lp e, lp^; lp e, lp ft), \ lseO shOPeAPh), and | l s e, Is*,; l s e, l s h) in 

decreasing energy. The calculations reproduce the essential features observed in 

experimental results, as shown in Fig. A.8 (a) and (c), indicating th a t a discrete 

six-level system can successfully model the effects of photobleaching and induced 

absorption.

o

40

-40
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W a v e le n g th  ( n m )
70
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......A *,,J,....

hs9,'v  / ' .A-"  ^  ^
oisc-jviir st&tesyt

two-jnir states

(b)

g

1
a

500

Figure A.8 : (a) Photobleaching (positive differential transmission) and in

duced absorption (negative differential transmission) are observed in experiment. 

From [46]. (b) A six-level model, which includes bi-excitonic states, are coupled 

by dipole transitions as indicated by arrows. From [47]. (c) Calculations using 

the six-level model reproduce experimental results. From [46].

The \lpe,lPh) level was observed to recover from bleaching faster than the 

lower energy state  | l s e, 1 Sh) [46]. The p-state wavefunctions extend further past
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the semiconductor-dielectric barrier than the s-state wavefunctions, and there

fore the former can recombine faster. Time-resolved experiments support this 

conjecture [46]. Trapping sites from Se  anions at the surfaces of C dSe  nanocrys

tals in this experiment are the proposed recombination channel for the |lp e, 1 pQ 

excitons. Furthermore, Klimov, Hunsche, and Kurz calculated [47] a much larger 

bi-exciton binding energy for nanocrystals than for bulk CdSe,  ranging from 0.8 

to 1.4 times the binding energy within a single exciton.

The amount of photobleaching and inducted absorption was found to be 

correlated with injected carrier density (i.e. pump intensity) [48]. However, 

Tamulaitis et al. a ttribu te  a broad-band induced absorption in P bS  (extending 

from 1.45 beyond 2.05 eV) to  electronic transitions to higher excited states rather 

than to biexcitonic states [48]. Because the induced absorption band for PbS  is 

much broader than th a t observed in the CdSe  mentioned above, this conclusion 

is not necessarily inconsistent with those mentioned earlier. [46,47]. Tamulaitis 

et al. were able to dismiss other possible mechanisms for induced absorption, 

including: ensemble excitons and dense electron-hole plasmas, therm al processes, 

Auger processes, and the Stark effect, and conclude th a t higher electronic excited 

states can be responsible for induced absorption.

A .6 Future D irections

Quantum  confinement of semiconductors has been shown both theoretically and 

experimentally to have impressive optical nonlinear properties. B etter computa

tion of expected results would help in furthering this research. An understanding 

of the effect of impurities on optical nonlinearities is necessary before these sys

tems can be fully understood. More investigation into the im pact of multiple 

excitation levels should be considered in simulations and theoretical models.

It is interesting to note th a t most of this literature has been done with
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nanocrystals embedded in amorphous m aterial (with silica being the most pop

ular). Much of the theoretical work to date has also concentrated on isotropic 

samples, where the nanocrystals are not crystallographically aligned with one 

another. Since ion im plantation allows for the formation of nanocrystals in a 

crystalline m aterial (e.g. alumina or sapphire, AI2O3) [4], this is a promising 

technique to form crystallographically aligned quantum  dots. It would be inter

esting to conduct a systematic study of the nonlinear optical properties of these 

crystallographically aligned nanocrystals. One might expect second order non- 

linearities to be present in such ordered samples if the semiconductor material 

has no inversion symmetry. Since the second order susceptibility in bulk semi- 

condcutors [49] are on the same order of m agnitude as those of the measured 

third order values in nanocrystals, one may expect enhanced x ^  i*1 nanoparticle 

samples. This is promising for potential applications research.

Surface effects need to be well-investigated since nearly 1/3 of the atoms 

in a nanocrystal are in contact with the host. Furthermore, the measurements 

summarised here include only ensemble-averaged results. O ther types of mea

surements, such as photoluminescence experiments, have used apertures to single 

out individual nanocrystals [50]. It would be interesting to apply this technique 

to study nonlinear optical coefficients of single quantum  dots. However, the weak 

intensity of the signal from a single quantum  dot may make these experiments 

very difficult. B etter enhancement of the quantum  and electromagnetic effects in 

nanocrystals would be achieved if the intrinsic broadening could be reduced [9]; 

narrower size distributions and better surface chemistry are needed to take ad

vantage of these effects. Interfacial doping of G aA s/ A lG aAs  quantum  dots with 

Si  ions has been modeled as a method to control level broadening due to size 

distribution [51].

W ithin the scope of this appendix, many related topics could not be covered.
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The origins of photoluminescence, for instance, is an interesting open question [4, 

52]. As well, early experiments focused on CuCl  and C u B r  nanocrystals, which 

were not discussed in this appendix [3]. Furthermore, nonlinear optical properties 

of metal nanocrystals is an entire review itself, and so was not dealt with here. 

It would also have been interesting to investigate the time-dependences of these 

nonlinearities. Time-resolved Z-scan and DFWM experiments have already been 

performed [41-43]; the im portant time constants for these processes may help 

elucidate the underlying physics responsible for optical nonlinearities in these 

materials.

While more work is necessary before the processes driving these nonlinearities 

are understood, the investigation to date has provided promising results. The 

study of semiconductor nanocrystals is im portant from a fundam ental standpoint 

as well as from a technological point of view. W ith enhanced nonlinearities 

over bulk values, potential device applications are m otivating the fundamental 

research into this new physical size regime [31]. Possible quantum  dot lasers 

using electroluminescence are currently investigated in organic-capped C dS  and 

CdSe  quantum  dot structures [53], where the luminescent energy was found to be 

tunable over a few hundred meV using varying bias voltages. As well, th ird  order 

optical nonlinearities have been used as a probe to study interface effects [27]. 

Further enhancement of optical nonlinearities by embedding quantum  confined 

crystals in a nonlinear host is also of great techological interest [44].

To conclude, the investigation of nonlinear optical properties in semiconduc

tor nanocrystals is a current and exciting field of investigation. W ith its enhanced 

nonlinearities over bulk values, and with more emerging techniques to produce 

better, more consistent samples, one can imagine optical devices using these 

materials in the near future.
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A ppendix B 

Information on Crystalline ZnTe

This Appendix is a collection of information relating to the crystal Z n T e , which 

is used to generate and detect THz emission in the U ltrafast Spectroscopy Lab

oratory.

B .l  ZnTe  T hickness

Various thicknesses of Z n T e  were sampled for the THz em itter and detector. 

The least noisy THz traces were obtained with a 0.5 mm Z n T e  em itter and a 

2 mm Z n T e  detector. However, the thicker detector decreases the bandwidth of 

the THz pulses, cutting off the high frequency components. Comparisons of the 

bandwidths and waveforms are given in Figure B .l.

B .2 O ptical P roperties

N ahata et. al. [57] gives for refractive indices in Z n T e  for optical wavelengths, 

A (in /im),

n 2 =  4.27 +  3.01A2/(A2 -  0.142), (B.l)
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15.95 ps

27.8 ps

T  S: 1.0 mm - D: 0.5 mm
13.55 ps | 25.45 ps

S: 0.5 mm - D: 0.5 mm
32.85 ps13.55 ps

S: 0.5 mm - D: 1.0 mm

Time Delay (ps)

F ig u re  B .l :  Comparison of THz waveforms for various Z n T e  thicknesses

used in the optical rectification and electro-optic sampling processes. The signals 

are offset vertically for clarity. Times for the main peak and reflections in the 

detector crystal are labelled next to the peaks. S: source Z n T e  crystal thickness, 

D: detector Z n T e  crystal thickness.

and for far-infrared frequencies, /  (in THz),

rA = (289.27 -  6 / 2)/(29.16 -  / 2). (B.2)

The two-photon fluorescence of Z n T e  peaks at 554 nm, measured using a TRIAX 

spectrometer. This is shown in Figure B.2. The two-photon fluorescence appears 

on the crystal as a bright green spot when illuminated with a wavelength of
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Table B .l: Physical properties of crystalline Z n T e ,  from h t tp : / /

www.princesci.com/ crystal/ zinctel.html.

d e n s i ty 6 .3 4  g / c m 3 m e l t in g  p o in t 156 8  ° C

h a r d n e s s 6 M h o s th e r m a l  c o n d u c t iv i t y 108 m W c m ~ 1 K  —1

b a n d  g a p  (3 0 0  ° C ) 2 .2 6  eV s p e c if ic  h e a t  c a p a c i ty 2 6 4  J k g —1 K ~ 1

H a l l  m o b i l i t y  (3 0 0  K ) 130 c m 2 V —1 s —1 s p e c if ic  r e s i s t i v i t y >  1 X 1 0 5 Q -cm

H a ll  m o b i l i t y  (8 0  K ) 260 0 e f fe c tiv e  h o le  m a s s 0 .6  m e

s p a c e  g r o u p 4 3 m l a t t i c e  c o n s ta n t 6 .1 0 3 4  A

800 nm. The spot makes for easy alignment of the THz and gating beams on the 

Z n T e  detection crystal. The polyethylene beam block can be removed from the 

generation 800 nm beam. The green spot from the detection beam can then be 

moved so as to overlap with th a t from the generation beam on the surface of the 

detection crystal. Be sure, however, to decrease the intensity of the generation 

beam as it may cause damage when focussed onto the Z n T e  detection crystal.
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F ig u re  B .2: Two-photon fluorescence from a Z n T e  crystal a t 554 nm (pumped 

at 800 nm). The spectrum was acquired using a TRIAX spectrometer. This 

fluorescence is visible on the crystal face with the naked eye, and appears as a 

light green spot.
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