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Abstract
This thesis details the development of a multi-functional THz system capable

of operating in three different geometrical configurations: transmission, reflection

and attenuated total reflection (ATR). This apparatus can be used to collect THz

time-domain spectroscopic data or it can be used to study the carrier dynamics of a

system following optical excitation. These two functions categorize the two types of

experiments presented in this thesis.

THz time-domain spectroscopy (TDS) was performed with the transmission and

reflection configurations to determine the feasibility of using THz radiation to study

thin polymer films. This technique was also performed in an ATR configuration

with the use of a high purity Si prism. The THz ATR method was developed to

extend the capabilities of the system to accommodate liquid samples. '!\fater was the

primary sample of interest, however methanol, ethanol and sucrose solutions were

also examined. Although the results obtained regarding water are inconsistent with

the literature, it has led to valuable insight as to ho\', the current experimental setup

may be improved.

The optical-pump THz-probe technique was also incorporated \\ ith each of the

configurations of the system. In transmission mode, the carrier dynamics of ZnSe

nanowires were studied. In reflection mode, the optical-pump, THz-probe capabilities

were tested using a Si wafer sample. In the ATR configuration, the carrier dynamics

of the Si prism itself were examined. It is necessary to characterize the response of

the prism to optical excitation if this technique is to be applied to samples placed

on the surface of the prism. Efforts were made to control the free carrier lifetime of

the near surface region of the Si prism, by irradiating the surface of the prism with

a high energy proton beam to create defects in the Si. The results from this initial

experiment, along with suggestions for future follow-up experiments, are presented.
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Chapter 1

Introduction

THz radiation is typicall) defined as the frequency range from 300 GHz to 30 THz,

although most experimental work is performed in the 0.5 - 3 THz regime. THz ra

diation is submillimeter (10 Itm to 1 mm) in wavelength and it has a photon energy

range from rv1.24 to 124 meV. As its location in the electromagnetic spectrum lies be

tween micro"vave and infrared radiation (see Fig. 1.1), THz radiation bridges the gap

between optical and electronic frequencies, thus posing difficulties in its generation

and detection. 'While there are currently multiple techniques available to produce

THz radiation [1], it is still a relatively unexplored region of the spectrum and the

applications of THz radiation are still being realized.

THz radiation is beginning to carve out a niche for itself in a few areas such as

imaging and spectroscopy. The fact that THz radiation is non-ionizing has made it

particularly attractive in the medical imaging field. Its applications are somewhat

limited by the fact that THz radiation is strongly absorbed by water, but it does still

show potential in certain areas. For instance, this sensitivity to water gives rise to the

possibility of differentiating between healthy and cancerous tissues. Tumorous tissues

tend to have higher water content than healthy tissue, thus making them stronger

absorbers of THz radiation and visible in a THz absorption image [2]. Dental imaging

is also proving to be a promising candidate for the use of THz radiation. The enamel

in teeth exhibit changes in refractive index as a result of mineral loss. and differences

in the refractive indices of the enamel, dentine and pulp are detectable with THz

radiation [3]. THz radiation is also proving to be useful for security imaging as most

1
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Figure 1.1: Schematic of the electromagnetic spectrum. THz radiation falls between
microwave and infrared radiation, bridging the gap between the electrical and optical
regimes of the spectrum.

plastics and clothing are invisible to THz radiation, while metal is highly reflective,

making metallic weapons easily identifiable.

THz time domain spectroscopy has a wide range of applications [4]. Many molec

ular and crystal vibrational modes fall within the easily accessible THz regime, there

fore, there is the potential to characterize the composition of a substance by its THz

spectral fingerprint [5]. The generation and detection of ultrafast THz pulses have

opened up the possibility of performing time resolved far-IR experiments. Unlike

traditional spectroscopy, which simply measures intensity of the light that has inter

acted with a sample, THz spectroscopy measures the transient electric field. From

the electric field, the amplitude and phase of the spectral components of the pulse

can be extracted. This information can directly lead to the calculation of the com

plex refractive index, absorption coefficient and, subsequently, the complex dielectric

function without the use of Kramers-Kronig analysis [6].

Another important application of THz radiation stems from the fact that photons

in the THz regime have energies on the order of meV. This is a common energy scale

for many electronic processes, making THz radiation an ideal probe. THz radiation

has been used to examine changes in the optical conductivity of materials as they

transition from the normal to the superconducting state [7, 8]. It can also be used

to study carrier dynamics in semiconductors by optically exciting the sample while

the THz pulse acts a probe to monitor the relaxation of the free carriers [9]. These

two techniques have been combined to examine the destruction of a superconducting

state via optical excitation as the THz pulse monitors the recovery of this state in

superconducting thin films [10, 11].

2
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1.1 Thesis Overview

McMaster University - Physics and Astronomy

This thesis presents work regarding the construction of an ultrafast THz radiation

setup, as well as preliminary data obtained from this system. A versatile THz radia

tion generation and detection setup has been developed to accommodate a number of

different experimental techniques. It is capable of functioning in a standard transmis

sion mode as well as reflection and attenuated total reflection geometries with only

minor modifications. These experimental geometries can also be coupled with optical

pump, THz-probe techniques. Because this project encompasses the development of

a new apparatus, many of the experiments presented in this thesis are exploratory

in nature. This was primarily an effort to test the capabilities of the system and to

determine what techniques show promise for future experimental work.

Chapter 2 provides an introduction to the theoretical background relating to the

generation and detection of THz pulses, attenuated total reflection (ATR), as well as

the analysis of time domain spectroscopic data. Chapter 3 presents the experimental

setup. A brief summary of the femtosecond laser system which is required for the

generation of THz radiation, is discussed. An overview of the newly constructed THz

system is provided, including the subtle modifications required to change the geom

etry of the system to any of the following operating modes: transmission, reflection,

or ATR. Diagnostics and preliminary results from the transmission and reflection

experimental setups are presented and discussed in Chapter 4. These experiments

explore the possibilities of examining polymer films using THz radiation. Chapter 5

is dedicated to the results obtained from the ATR geometry, focusing primarily on

liquids and solutions. \i\ ater was analyzed in detail, however the results obtained for

the dielectric function and complex refractive index were not in agreement with the

literature. Various concentrations of sucrose solution were also examined using THz

radiation in the ATR configuration. These results are presented, demonstrating the

ensitivity of the system to changes in concentration. Optical-pump, THz-probe ef

forts are discussed in Chapter 6 and data from each of the experimental geometries is

presented: ZnSe nanowires observed in transmission mode, Si in reflection, and a high

purity Si prism in ATR. In order to effectively couple the optical-pump, THz-probe

technique to the ATR geometry, the high resistivity float zone Si prism, required to

satisfy the total internal reflection condition. had to be characterized under optical

3
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excitation conditions. Efforts were made to control the free carrier lifetime of the

near surface region of the Si prism. This was done by irradiating the surface of the

prism with a high energy proton beam to create defects in the Si. The early stages of

this experiment are also documented in this chapter. rVIuch of the work described in

Chapters 3 through 6 was presented at the Canadian Association of Physicists 2009

Congress and will be summarized in a brief article to appear in the fall edition of

Physics in Canada. Finally, possible future work is presented in Chapter 7, as well

as conclusive remarks.

4



Chapter 2

Theoretical Background

2.1 Generation of THz Radiation

\iVhile there nnw exists several different methods of generating THz radiation [12],

many of these rely on an ultrafast change in polarization induced by a femtosec

ond laser pulse. The two most prevalent methods of generating THz radiation rely

on ultrashort near-visible pulse irradiation of photoconductive antennae or optical

rectification in nonlinear media.

The oldest method of generating THz radiation is through irradiation of photo

conductive antennae [13, 14]. In this technique a voltage biased semiconductor is

irradiated with an ultrashort laser pulse with an energy above the bad gap. This ir

radiation excites carriers into the conduction band, which are then accelerated in the

applied electric field. The acceleration of the free charge produces an ultra-short cur

rent pulse and the changing polarization generates an electromagnetic pulse [15 16].

THz generation via optical rectification in non linear media is the primary method

of generation for the experimental work presented in this thesis; and thus, a more

in-depth discussion of this process is presented in the following section.

5
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2.1.1 Optical Rectification

McMaste1' University - Physics and Astmnomy

In conventional optics the dipole moment density, or polarization, is linearly propor

tional to the electric field strength and the linear susceptibility.

P(t) = X(l) E(t) (2.1 )

However, this expression can be generalized as a power series in the electric field,

P(t) = X(l) E(t) + X(2) E(t)(2) + X(3) E(t)(3) + ... (2.2)

The generation of THz radiation in a nonlinear medium is a second order nonlinear op

tical process known as optical rectification. Optical rectification (OR), or difference

frequency generation, is the result of wave mixing when light is incident on a nonlinear

material. For example, considering the mixing of two distinct frequencies (WI and W2),

the electric field can be written,

(2.3)

where E I and E2 are the respective field amplitudes, and E~ and E~ are their respec

tive complex conjugates. Looking at the second order polarization,

the squared electric field expands out to yield the following terms,

E(t)2 = Eiei2wlt + E;2e-i2w1t

+ Eiei2w2t + E;2e-i2w2t

+ 2EIE2ei(WI+W2)t + 2E;E;e-i(wI+W2)L

+ 2EIE;e i (WI-W2)t + 2E;E2e-i(W 1 - W2)t

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

The first four terms, Eq. 2.5 and Eq. 2.6 correspond to second harmonic generation

(SHG), while Eq. 2.7 is related to the sum-frequency generation. Eq. 2.8 is the

6
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Figure 2.1: The broad bandwidth 800 nm pulse propagates through the ZnTe crystal
where difference-frequency generation occurs creating THz radiation.

difference-frequency generation and the term of primary interest as it is responsible

for the generation of THz radiation. Eq. 2.9 gives the DC rectification [17]. In this

thesis, the nonlinear media used for THz radiation generation is a (1 1 0) oriented

Zinc Telluride (ZnTe) crystal and it was irradiated with a broad bandwidth, 800 nm,

femtosecond pulse. The mixing of the high frequencies with the low frequencies of the

pulse yield difference-frequency generated radiation in the THz regime (see Fig. 2.1).

It should be noted that while SHG and sum-frequency generation do occur, they

generate frequencies that are above the band gap of ZnTe (2.25 eV or 552 nm) and

are, thus, absorbed by the crystal upon generation.

Due to material dispersion, electromagnetic waves with different frequencies will

experience different refractive indices. As a result of the birefringence of the material,

an index ellipsoid can be used to describe the dependence of the relative magnitudes

of the refractive indices, nWl and nW2
, on the crystal orientation for each frequency

component. Fig. 2.2 demonstrates that there exists a direction where the index

ellipsoids of two different frequencies intersect. This leads to both frequencies of

light experiencing the same refractive index and, therefore, having the same velocity

when propagating through the crystal.

The orientation of the ZnTe generator crystal must be such that the incident

800 nm light and the generated THz radiation are phase matched to ensure efficient

generation. When the 800 nm pulse and the generated THz pulse are phase mis

matched, the destructive interference between the two pulses will drastically reduce

the efficiency of the THz generation. The refractive index difference of the 800 nm

pulse and the THz pulse can be minimized by rotating the crystal to maximize the

coherence length of the conversion.

7
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Figure 2.2: Birefringence is caused by crystallographic asymmetry resulting in a re
fractive index ellipsoid. The axes of the ellipsoid define the ordinary and extraordi
nary axes of crystal. These are sometimes referred to as the fast and slow optical
axes, as the light propagating through the crystal will experience a different index
of refraction, and subsequently travel at a different speed, depending on its initial
polarization. The above figure demonstrates that there exists a direction where the
n~l and n~2 ellipsoids intersect, leading to both rays experiencing the same refractive
index and, thus, having the same velocity when propagating through the crystal [18].

8
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2.1.2 Air Plasma THz Radiation Generation

As an alternative to OR, THz radiation may also be generated from laser plasma [19].

A plasma can be created by focusing a high intensity laser pulse causing the ionization

of air. Electrons are expelled from the region of high intensity electromagnetic field

caused by the focused laser pulse via the ponderomotive force [20]. The acceleration of

the ionized electrons result in an electromagnetic transient, thus producing radiation

in the THz regime [21, 22]. yVith the current capabilities available in this lab, this

method is not quite as effective as the more conventional methods of THz generation,

as shown in Section 4.1, however it does have some promising advantages. Since the

emitter target is the surrounding gas that is being ionized, it most likely exists in

abundance. In addition to this, there is no worry of exceeding the damage threshold

of the emitter target, as there is with the generator crystal in OR. This method of

generation can be improved by applying a bias voltage across the air gap [23], or by

implementing a nonlinear four wave rectification (FyVR) technique, using both the

fundamental and second harmonic frequencies to generate the plasma [24, 25, 26, 27].

"More recently, the use of laser induced plasma has been extended to the detection of

THz radiation [28]. With the use of shorter, more intense laser pulses, this method

of generation can yield THz radiation with both high energy pulses and broadband

width, comparable to other methods of generation using amplified table-top pulsed

laser systems [29].

2.2 THz Radiation Detection 

Electro-optic Sampling

The most common method of detecting THz radiation is through electro-optic sam

pling. This process is based on the Pockels effect, in which an electric field applied

to a material induces birefringence. An 800 nm optical probe pulse passes though

the detector crystal at the same time as some point in the THz pulse. The probe

experiences a change in polarization due to the effect of the THz electric field on the

detector crystal. This change in polarization of the probe pulse is linearly propor

tional to the amplitude of the THz electric field. As a result, by scanning the entire

9
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Material d(pmjV) n y nTHz QTHz (cm- 1
)

GaP 24.8 3.18 3.34 1.9
ZnTe 68.5 2.87 3.17 1.3
LiTa03 161 2.145 6.42 46
LiNb03 168 2.159 5.16 16

Table 2.1: Electro-optic crystal properties. d is the non linear optical coefficient for
optical rectification, n y is the refractive index at 800 nm, nTHz is the refractive index
at 1 THz, and QTHz is the absorption coefficient at 1 THz [33]. From this data it is
evident that ZnTe is a desirable candidate for electro-optic detection of THz radiation.

THz pulse through the optical probe, the THz temporal waveform can be mapped

out [30].

Zinc-blende crystals such as ZnTe and GaP, as well as LiNb03 and LiTa03 can be

used for electro-optic detection (see Table 2.1). ZnTe is an effective detector crystal

for this purpose [31] because it has a relatively high nonlinear optical coefficient for

optical rectification, a refractive index in the far-infrared that is similar to its refractive

index in the near-infrared, and a low absorption coefficient in the THz regime. These

qualities minimize phase matching problems and yield a relatively efficient method of

detecting THz radiation [32].

2.3 Attenuated Total Reflection

According to Snell's Law:

(2.10)

where nl and n2 are the refractive indices of the first and second medium, Bi is the

angle of incidence and Bt is the angle of the beam transmitted in the second medium.

Total internal reflection (TIR), as shown in Fig. 2.3, occurs when light strikes a

boundary at an angle greater than the critical angle and the index of refraction of

the second medium is less than the first (n21 = n2jnl < 1),

sin Be = n21'

10
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refracted

Figure 2.3: Schematic diagram of light striking a boundary between two media, where
the index of refraction of the first, nl, is greater than that of the second, n2. The
red ray shows the result of light incident on the boundary at an angle less than the
critical angle, Be. In this scenario, some of the incident light is reflected, while the
rest is refracted into the second medium. The blue ray demonstrates light incident
on the boundary beyond the critical angle, resulting in total internal reflection. In
this case, all of the light is reflected back into the first medium, however there is some
penetration into the second medium by the resulting evanescent wave [34].

Because electromagnetic waves cannot be discontinuous at a boundary, an evanescent

wave is produced, traveling along the boundary of the media when the TIR condition

is achieved.

Consider light traveling in the xz-plane and incident on an interface in the xy

plane. The transmitted electric field,

(2.12)

can now be written as follows,

(2.13)

where kt is the wave vector of the transmitted electric field. By applying Snell's Law

(Eq. 2.10), cos Bt and sin Bt can be rewritten as

cosBt = i

11

and
. B sin Bi

Sin t = --;
n21

(2.14)
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where it should be noted that cos et is purely imaginary when the angle of incidence

is beyond the critical angle [35], satisfying the TIR condition (Eq. 2.11). Substituting

Eq. 2.14 back into Eq. 2.13 yields an expression for the transmitted electric field when

TIR occurs:

where
. 2 esmi
-2- -l.

n 21

(2.15)

From Eq. 2.15, it can be seen that the evanescent wave is a standing wave that decays

exponentially in the z-direction. Even though the beam is totally reflected, there is

some penetration into the second medium, although no net energy is transmitted

through the boundary. The amplitude of the transmitted electric field decreases by

a factor of l/e when z=dp , thus dp is referred to as the penetration depth. The

penetration depth is directly dependent on the wavelength of the incident light and

diverges at the critical angle [36].

(2.16)

Although the penetration depth does not depend on the polarization of the incident

light, the strength of the interaction between the evanescent wave and the medium

it penetrates into does depend on the polarization. It is, therefore, important to

consider the effective thickness, which is the equivalent path length that would yield

the same amount of absorption in a transmission experiment (see Fig 2.4).

d _ n21 cos e(2 sin2 e - n~l)A

ell - ( 2 ) [( 2)' 2 e 2 ] V . 2 e 21fnl 1 - n 21 1 - n 21 sm - n 21 sm - n 21

(2.17)

(2.18)

The evanescent waves from parallel and perpendicularly polarized incident electric

fields of equivalent amplitude do not have the same amplitude in the penetrating

medium [37]. The effective thickness of the parallel polarization is always greater

and, therefore. should be used in experimental situations to maximize the interaction

of the evanescent wave with the sample.

12
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Figure 2.4: a) Penetration depth (Eq. 2.16) as a function of frequency for a refractive
index ratio of n21 =0. 702. This refractive index ratio is the same as a sample of
index n2=2.4 place on a Si ATR prism (nl=3.42). Penetration depth increases as
the critical angle (Oc=44.6°) is approached. 0' is the incidence angle used with the Si
prism in THz ATR experiments (see Chapter 5). b) Effective thickness as a function
of frequency, displaying the difference between perpendicular (Eq. 2.17) and parallel
(Eq. 2.18) polarizations of incident light at 0'.
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2.4 Analysis
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2.4.1 Time Domain Spectroscopy

Rather than probing a sample with one frequency at a time, time domain spec

troscopy (TDS) interrogates the sample with a broad bandwidth THz pulse, which

can be Fourier transformed to obtain the frequency spectrum. The spectral resolution

obtained by the Fourier transform is dictated by the time length of the acquisition

of the temporal waveform (i.e., short scans have a lower spectral resolution, therefore

each bin in the Fourier transform will correspond to a larger range of frequencies).

\,yhen taking the discrete Fourier transform of the temporal waveform the data must

be windowed in some way. Applying a window to the data reduces discontinuity at

the boundaries by ensuring that the endpoints of the data go smoothly to zero. The

Fourier transform of a simple rectangular window results in a central peak \\ ith high

side lobes that do not fall off very quickly as shown in Fig. 2.5. Convolving the wave

form with a rectangular window can cause spectral leakage as a result of these side

lobes in the Fourier transformed window. To minimize the effects of spectral leak

age, different windows can be chosen with less pronounced side lobes in their Fourier

transform [38]. The analysis presented in this thesis convolves a Tukey window with

the temporal data [39].

The size of the FFT window must be chosen carefully as to not truncate the

THz waveform. Truncation can lead to spectral artifacts, such as a finite electric field

amplitude at zero THz, implying that there is a DC offset. Fig. 2.6 displays the effects

of a properly and improperly windowed temporal signal. In Fig. 2.6 b), the FFT of a

properly windowed temporal waveform, has a zero frequency offset that is two orders

of magnitude smaller than the spectral peak and within one order of magnitude of the

noise floor. The FTT of the improperly windowed waveform, Fig. 2.6 d), shows an

offset that is only one order of magnitude below the spectral peak and well above the

noise floor, misleadingly implying that the signal at the near zero frequencies should

be taken into consideration.

Although the THz spectral data appears to show a signal dovvn to zero frequency,

this is merely an effect of the FFT process and is not physical. The useful spectral

data was considered to be the electric field amplitude that was at least 5x greater

14
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Figure 2.5: a) Rectangle and Tukey (tapered cosine) windows. b) Fourier transforms
of these windows displaying the larger side lobes from the rectanglular window.

than the high frequency noise floor. For data collected under T2 purge conditions, this

typically resulted in a THz spectrum that ranged from '"'-'0.2 - 2.8 THz (see Fig. 2.7).

Almost all THz analysis is performed relative to a reference scan, which is why the

pulse amplitudes are generally plotted in arbitrary units. By scanning in the absence

of a sample, a convenient reference scan is created. This reference scan can then be

compared to the sample scan allowing the extraction of information solely regarding

the sample. This method, however, has both pros and cons. Taking data in this

way minimizes the effects of systematic occurrences, which would generally present

themselves in both the reference and the sample, and therefore would be divided out.

Unfortunately, this is a time consuming process, as a reference scan may no longer

be accurate if taken too far in advance of the sample. Problems such as laser drift

and subtle changes in the environment, such as temperature and humidity, can create

problematic differences between the reference and sample scans. To avoid this issue,

one should try to take reference scans immediately preceding sample scans whenever

possible.

Fig. 2.7 shows the effects of water vapour in both the temporal waveform and

the frequency spectrum. In the temporal waveform the presence of water results in

an attenuation in the amplitude of the main THz pulse. There is also substantial
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Figure 2.6: Transmission reference scan demonstrating the effect of truncating the
temporal waveform when applying a Tukey window before performing the fast Fourier
transform (FFT). a) Properly windowed temporal waveform. b) Fourier transform of
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truncating the beginning of the pulse. d) Fourier transform of improperly windowed
temporal waveform, displaying an artificially created DC offset.
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Figure 2.7: Transmission reference scans demonstrating the effects of water vapour
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temporal waveform before performing the FFT. a) Plot of the temporal waveform of
a THz pulse without N2 purge. b) Plot of the temporal waveform of a THz pulse
with N2 purge. c) Fourier transform displaying broadband spectral information and
the water absorption lines caused by water vapour.
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ringing after the pulse due to the dispersion and absorption of the THz radiation by

water vapour. In the frequency spectrum the presence of water vapour exhibits itself

as strong absorption lines [40]. vVhen water vapour is purged from the THz beam

line, the ringing, following the temporal waveform, is greatly reduced, yielding a much

shorter THz pulse. In Fig. 2.7 b) a second THz pulse is observed approximately rv 10 ps

after the main pulse. This echo pulse is caused by a reflection in the generator crystal.
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Chapter 3

Experimental Setup

3.1 Ultrafast Laser System

A commercial Spectra Physics titanium:sapphire chirped-pulse amplifier (CPA) sys

tem is used to produce the ultrashort laser pulses required for the OR generation of

THz radiation. This system has four primary elements: a Ti:sapphire oscillator and

its pump laser, and a regenerative amplifier and its pump laser.

The Spectra-Physics j'vlillennia V system [41] is a C\N frequency doubled neodymium

yttrium vanadate laser with an output wavelength of 532 nm. The Millennia produces

4.35 'vV of green light used to pump the Spectra-Physics Tsunami [42], a Ti:sapphire

oscillator. The oscillator outputs pulses with a central wavelength of 800 nm at a

repetition rate of 80 }'/IHz. The duration of these pulses are optimally <50 fs, with

a pulse energy of rv5.5 nl and a bandwidth of roughly 50 nm. The pulses gener

ated by the oscillator are then amplified using a Spectra-Physics Spitfire Ti:sapphire

chirped-pulse amplifier [43], \vhich is pumped by a Q-switched, frequency doubled,

diode-pumped Nd:YLF Laser (Spectra-Physics Evolution [44]) operating at 527 nm

with a power of approximately 5.25 'vV.

Attempting to amplify an ultrashort pulse directly would lead to a pulse with

a peak intensity above the damage threshold of the optical components. as "ell as

nonlinear effects during the amplification process. To avoid this problem of high

instantaneous energy, the pulse is temporally stretched before amplification. The

pulses are stretched with the use of a multi-pass, single grating configuration. In this

19



M.Sc. Thesis - C.L. Armstrong McMaster University - Physics and Astronomy

Pulse
CompressorInput

pulse from
oscillator

Pulse
Stretcher

-I-~~=.~- Regenerative
Stretched Amplifier

input pulse
Compressed

'-----' pulse

Figure 3.1: Simplified representation of the chirped-pulse amplification process [46].

configuration the spectral components of the incoming pulse are spatially separated,

such that the different frequencies have different path lengths. When the components

are recombined, the path length differences result in a temporal broadening of the

pulse. Once the peak intensity of the pulse has been reduced to below the damage

threshold of the optical components, the pulse is amplified in a multi-pass amplifier

cavity. Following amplification, the pulse is compressed using a similar technique to

the stretching process (see Fig. 3.1) [45]. Optimally, this would yield a pulse with a

duration of rv50 fs and an energy of rv800 f-LJ at a repetition rate of 1 kHz.

3.2 THz Experimental Setup

In this setup THz radiation is generated via optical rectification in a ZnTe crystal

and it is detected through electro-optic sampling (see Figs. 3.2-3.4).

The incoming 800 nm radiation is split into three beams: the majority is used

for the generation of the THz radiation, rv1% acts as the probe for detecting the

THz pulse, and rv20% is used as an optical pump for optical-pump, THz-probe ex

periments. The generation beam passes through a 300 f-Lm thick, (1 1 0) oriented

ZnTe crystal, generating THz radiation via OR. The THz beam is focused through

a series of 900 off-axis parabolic mirrors onto a sample, and then refocused onto a

second ZnTe crystal for detection. The linearly polarized probe is guided such that

it collinearly propagates through the detector crystal with the THz radiation.
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Figure 3.2: Photograph of the THz setup. THz generation and detection occurs
within the plexiglass enclosure (see Fig. 3.3).

The detection line uses the ZnTe crystal and a AI4 plate, which act as a variable

wave plate [47]. In the absence of a THz beam, a linearly polarized probe pulse passes

through this variable waveplate, yielding circularly polarized light. A Wollaston prism

spatially splits the linear components of the circularly polarized probe beam into two

equal intensity beams, which are then detected by balanced photodiode detectors.

When the THz pulse is present it induces a weak birefringence in the ZnTe detector

crystal which changes the polarization of the incoming probe pulse from linear to

elliptical. The degree of ellipticity induced in the probe beam is proportional to the

amplitude of the THz electric field that is incident on the detector crystal. This

is detected as the difference in the photodiode signals. A delay stage in the THz

generation beam line allows for the full THz wave form to be scanned through the

probe pulse [48,49]. The THz beam is chopped at half the repetition rate of the laser

(i.e., if the laser is running at 1 kHz, the THz beam is chopped at 500 Hz). By using

a lock-in amplifier to lock in to the reference signal from the chopper, the THz signal

can be separated out from the probe pulse and noise.

Black polyethylene filters are placed in the collimated THz beam paths. Polyethy

lene is invisible to THz frequencies, however it effectively blocks any residual 800 nm
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Figure 3.3: Photograph of THz beam line and detection line within the plexiglass
enclosure.

light that passes through the ZnTe crystal. This filter serves two purposes: the

chopped 800 nm light from the generation beam path could obscure the balance of

the photodiode detectors, and, if the 800 nm light from the generation line were to

propagate through the THz beam path, it would be focused down onto the detector

crystal, potentially damaging it.

To aid with the alignment of the system when switching between transmission,

reflection, and ATR geometries, the first small parabolic mirror is on xyz translation

stages (see Fig. 3.3 and 3.4). When the aluminum reflector piece, used to switch the

system to a reflection configuration, and the ATR prism are placed in the setup, the

THz beam path is changed slightly and alters where the focus of the THz radiation

is relative to the sample. Translating this parabolic mirror shifts the location of the

THz focus on the sample and moves the THz image on the detector crystal. Adjusting

the position of the THz focus is necessary when incorporating the reflector piece or

ATR prism into the setup to ensure that the THz beam is as focused as possible when

interacting with the sample.
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Figure 3.4: Schematic of the experimental THz setup.
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The focal lengths of the

23



M.Sc. Thesis - C.L. Armstrong

3.2.1 Plasma generation
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To generate THz radiation with air plasma, minor modifications were made to the

existing setup. By removing the ZnTe crystal, the 800 nm light is focused by the

first parabolic mirror to create air plasma. To generate THz radiation with a plasma

formed from both fundamental and second harmonic wavelengths, a ,6-barium borate

(,6-BBO) crystal was placed at the former location of the ZnTe crystal to convert

some of the 800 nm light to 400 nm through SHG. In both generation schemes the

detection method remained the same.

3.2.2 Transmission

In the transmission experimental setup, a sample is placed at the focus of the third

parabolic mirror, as seen in Fig. 3.4, and THz radiation is transmitted through it.

A reference scan is obtained by collecting data in the absence of a sample. By

comparing the sample scans to the reference the effect of the sample itself can be

seen in the THz data. This information can be used to determine absorption peaks

within the frequency spectrum of the generated and detected THz radiation, the

refractive index, and the absorption coefficient of the sample. It should be noted that

determining quantities such as the refractive index and absorption coefficient require

precise knowledge of the sample thickness that the THz radiation propagates through

in order to accurately determine the phase information required for this calculation.

'While a transmission THz radiation experiment is commonly employed, not all

samples are suitable for this method of examination. For this reason, the experimental

setup is constructed in such a way to adopt other geometries which can accommodate

samples that cannot be easily probed by the transmission of THz radiation.

3.2.3 Reflection

THz reflection spectroscopy is a more accommodating approach to examining liquid

samples. Unlike transmission this configuration does not require a thin fluid cell to

examine strongly absorbing liquid samples. In order to create a reflection geometry

for the THz setup, an aluminum reflector piece was manufactured to be placed near

the THz focal point, where the sample would go in a transmission experiment (see
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Figure 3.5: a) Schematic of the THz reflection geometry. b) Photograph of the
reflector piece mounted on a rotation mount for ease of alignment. The reflector
piece is machined from a solid aluminum rod, with an apex angle of 1200

.

Fig. 3.5). The purpose of the aluminum reflector piece is to reflect the THz radiation

down onto the sample and, once it has reflected off the sample, reflect the THz

radiation back to the original THz beam path. ·While the surface of this prototype

reflector piece is not polished to optical quality, it is presumed that this will not have

a large effect on the reflected THz radiation as the wavelengths in the pulse are much

greater than the surface roughness of the reflector piece.

The sample stage is a metallic mirror, which has xyz translation capabilities. To

obtain a reference scan in the reflection configuration the THz radiation is reflected

off a bare metallic mirror. When scanning a sample, the sample is placed on the

metallic mirror and the height of the sample stage must be adjusted to correct for

the thickness of the sample, to maintain proper alignment of the THz beam.

3.2.4 Attenuated Total Reflection

Certain samples such as polar liquids, strongly absorbing samples, and powders, may

be challenging to investigate using transmission. \IVhile it is possible to investigate

liquids via reflection THz experiments, it can be difficult to extract information about

the solute molecules in solutions because of the short interaction length [37]. Pow

ders pose the additional complication that reflection off the sample results in a diffuse

reflection, which weakens the signal All of these factors make attenuated total re

flection (ATR) a viable alternative.
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To test the ATR geometry, without incurring any major expenses a test prism was

first machined out ofteflon. Due to the low index ofrefraction ofteflon (n "-'1.44) [50],

no trial samples were immediately available that could meet the total internal reflec

tion requirements. However, by placing a sample on the prism with a higher than the

maximum allowable refractive index dictated by the requirements for TIR, the de

struction of the TIR condition could be observed. This greatly reduces the measured

THz signal, as part of the THz radiation would be transmitted through the sample.
II

The prism was machined from a 1 rod of teflon with an apex angle of 130°. The

size and geometry of the prism was chosen to minimize the path length of the THz

beam through the prism, while still having a reasonable sized surface on the prism

for sample placement.

A number of different materials were considered for the ATR prism. Potential ma

terials included TPX, Tsurupica, Si, Ge and MgO. Although materials like TPX and

Tsurupica have high transmission in the THz frequencies, they, like other polymers,

have relatively low refractive indices (n "-'1.4). A low refractive index severely restricts

the possible samples that can be examined, as the sample must have a sufficiently

lower refractive index than the prism to satisfy the TIR condition.

For the purpose of investigating liquids, in particular water, which has a re

fractive index of "-'2.6 - 1.8 in the range of 0.5 - 4 THz, Si (n "-'3.42) [51] and

MgO (n "-'3.10) [50] were the most viable candidates. To minimize absorption in

semiconductor-based prisms, the material needs to be of high purity and have suf

ficiently low defect density. For these reasons, high resistivity float zone (HRFZ)

silicon was chosen for the prism material since it meets the above requirements and

high purity custom Si optics were available through the company Tydex (see Fig. 3.6).

Four HRFZ Si prisms were purchased to allow for multiple types of THz ATR

experiments. The Si prisms have an apex angle of 103° and a top surface that is

10 mm x 13 mm. This apex angle was chosen so that a horizontally propagating

THz beam incident on the prism would satisfy the TIR condition when reflecting off

the top surface if a sample with a refractive index of < 2.67 was placed on the prism

(see Fig. 3.7). The apex angle for this configuration can be determined using the

refractive index of the prism material a.nd the refractive index of the desired sample.
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Figure 3.6: Si Transmission data, from 16 - 1000 j.Lm, provided by Tydex [52].
This plot displays the difference in transmission of 5 mm thick samples of Opti
cal Czochralski (OCz) Si and Float Zone (FZ) Si compared to High Resistivity Float
Zone (HRFZ) Si in the far infrared spectrum.

Using Eq. 2.10 and Eq. 2.11, the relation to determine the apex angle is given by

...jn2 - n2

tan¢ = p s
(n s - 1)

(3.1)

At the time, it seemed favourable to choose a geometry that would result in an angle

of incidence close to the critical angle for TIR, while still being greater than it, in order

to maximize the penetration depth of the evanescent wave. In hindsight, however,

it may have been advantageous to choose an slightly larger angle. ·While this would

have reduced the penetration depth, effectively reducing the signal, it would have also

given a little more leeway with the incident angle, ensuring that the TIR conditions

"ere not violated.

The overall size of the pnsm was decided such that the prism would be large

enough to accommodate a fluid cell, while still being small enough to avoid large

changes in the optical path length. Because of the high refractive index of Si in the

THz regime, the prism lengthened the optical path length by ",20 mm. \iVhile this

would shift the focus of the THz beam, large effects were not anticipated because of
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Figure 3.7: Geometric relations considered when choosing the apex angle of the prism.

11

the long focal length of the 7 parabolic mirrors coupled with the alignment adjusting
11

capabilities of the 2 parabolic mirror.

One of the Si prisms was modified to accommodate liquid samples. A 15 mm

tall glass tube with a diameter of 10 mm was fixed to the surface of the prism using

crystal bond (see Fig. 3.8). \iVhen performing experiments with this fluid cell a rubber

stopper was placed over the opening of the glass tube to prevent evaporation of the

sample and, for the case of water, to minimize the water vapour in the N2 purged

plexiglass enclosure.

As the effective thickness of the evanescent wave electric field propagating into

the material is greater for p-polarized light than s-polarized light (refer to Eq. 2.17

and Eq. 2.18), it was favourable to generate vertically polarized THz radiation to

maximize the interaction of the THz radiation with the sample. This was achieved

by generating THz pulses" ith vertically polarized 800 nm pulses and adjusting the

orientation of the ZnTe generator crystal to maximize THz beam power. Since the

laser generates horizontally polarized 800 nm pulses, a half wave plate and polarizing

beam cube were placed in the THz generation beam line before the ZnTe generator

crystal. Incorporating these optical components into the setup facillitated the switch

between horizontal and vertical polarizations.
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Figure 3.8: a) Schematic representation of the THz attenuated total reflection (ATR)
geometry. b) Photograph of the ATR prism with fluid cell mounted on a rotation
mount for ease of alignment. The prism is composed of high resistivity float zone
silicon and has a refractive index of n=3.42 at THz frequencies.

3.2.5 Optical-Pump, THz-Probe

A pump beam is split off from the incoming 800 nm beam using a 20% beam splitter,

as shown in Fig. 3.4. This is used to optically excite the sample in the various

experimental setup geometries. The pump beam path has to be precisely the same

length as the THz generation beam path so the optical excitation pulse and the THz

pulse reach the sample at the same time. The relative delay between the pump beam

and the THz pulse is controlled by a delay stage which scans both the THz generation

line and the optical probe through the optical excitation pulse. Holding the optical

probe fixed in time while the THz pulse is scanned enables the examination of a

specific point in time follmving the optical excitation, as shown in Fig. 3.9. The

chopper is moved to the pump beam path such that the lock-in amplifier detects the

change in the THz signal as a result of the sample being pumped. Unfortunately, the

length of the delay stage used for these experiments was limited to 666 ps, making it

difficult to accurately examine samples with a long carrier lifetime.

3.2.6 Experimental Obstacles

This section addresses some common experimental issues that require attention when

performing THz TDS.

29



M.Sc. Thesis - C.L. Armstrong

number of
(ree carriers

McMaster University - Physics and Astronomy

pump I
~'>·1

1
1- -r-------~~

I I II:'f(I) IIt I "
1""""-1 II
I I II t'
: I 11-..,

L II

:1 :I probe I
I pulse I

I I

I I
L _

I I
20 40

1- -r-------.,~

it:~::+--1 II
I I II t'
: I II---+-

L l1
I I

I 1 II I
I I

I I
I I
L _

I
60

tim. (ps)

1
1- -r-------.,~

!t:~::+--1 II
I I II t'
: I II--+-

L II
I I

I 1 II I

I I

I I
I I
L _

I I I
80 100

I
120

Figure 3.9: This plot displays the pump-probe scanning processes. At various times
after the optical pump excitation (indicated by the blue arrows), the optical probe
pulse is held fixed while the THz pulse is scanned through it. By monitoring the
changes in the THz wave form at different pump times, free carrier relaxation can be
observed.

The generated THz pulses contain a broad range of frequencies, leading to prob

lems when focusing the THz beam onto the detector crystal. High frequencies focus

more tightly than low frequencies (see Fig. 3.10). Therefore, when the THz beam is

focused it results in a relatively large spot size, however only the central region of the

spot contains both high and low THz frequencies. When dealing with the alignment

of the THz beam and the 800 nm probe pulse on the detector crystal it is crucial that

the probe pulse spot completely overlap the THz spot on the ZnTe detector crystal

in order to retain broad bandwidth information. If the probe and THz spots are not

centered on each other, high frequency THz radiation information can be lost.

Another experimental obstacle when working with THz radiation is the effect

of humidity. Water vapour is a strong absorber of THz radiation [40] leading to

complications when performing THz experiments in ambient air. Depending on the

humidity level throughout the course of an experiment, absorption of water vapour

can cause issues of phase shift between scans, due to the change in effective path

length as a result of refractive index fluctuations of the air. The spectroscopic data
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collected in humid conditions can be problematic because of the strong water vapour

absorption lines, as can be seen in Fig 3.11. To remedy this issue, a plexiglass box

was constructed to enclose the entire THz beam path, which can be purged with

dry nitrogen (Fig. 3.2). A psychrometer is placed in the purge box to monitor the

humidity level throughout the course of an experiment.

oise was another reoccurring experimental concern. A periodic noise signal was

often observed that was thought to be caused by the vibration of the pellicle beam

splitter. It is speculated that the resonance frequency of the pellicle is close to

",500 Hz. When the laser is operating at a 1 kHz repetition rate, the THz radi

ation is also being sampled at 500 Hz, making the resonance of the pellicle highly

noticeable. There are two options available to deal with this particular situation.

The pellicle beam splitter could be replaced with one of a different size, which would

subsequently have a different resonance frequency, or the repetition rate of the laser

could be changed such that the sampling rate of the THz pulse is a little further

away from the pellicle resonance frequency. The latter was chosen and the laser was

operated at 1.1 kHz, to give a THz sampling rate of 550 Hz.
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Chapter 4

Early Exploratory Experiments

4.1 Plasma THz Generation

The generation of THz radiation from air plasma was a technique that was briefly

explored. In the preliminary experiment this method of generation resulted in a much

weaker THz pulse, approximately 230x weaker than the OR generated pulse. The

generation efficiency was improved by using both fundamental and second harmonic

spectral components to create the plasma. A ,6-BBO crystal was required for second

harmonic generation. Using both 800 nm and 400 nm light to generate the plasma

yielded a THz pulse that was only 35x weaker than the OR generated pulse (see

Fig. 4.1).

The result presented in this section was the first attempt of generating THz radi

ation with an air plasma. If this technique were properly optimized it could provide

an alternative to THz generation via optical rectification. However, for this to be a

competitive alternative, it would most likely require an upgraded amplification sys

tem to increase the intensity of the laser pulse used to generate the plasma. Before

resorting to a system upgrade, there are other approaches that may be considered to

improve the efficiency of generation. Obviously the minimization of water vapour in

the THz beam line requires the systems environment to be purged with some sort of

dry gas. Nitrogen was used as the purge gas for this experiment, however different

gases may yield more favourable results [53]. Improving the efficiency of the 2nd har

monic generated 400 nm light, as well as applying an external DC field to the region
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Figure 4.1: THz generation via OR and N2 plasma THz generation are compared.
( 2 purge not optimized.) a) Temporal waveforms of THz pulses generated by OR
in a ZnTe crystal, 2 plasma THz generation via FWR (x35), and J2 plasma THz
generation with no crystal present (x 230). The data is offset for clarity. b) Fourier
transforms displaying frequency bandwidth and noise level of each method

of the plasma, are also methods of increasing THz pulse amplitude [19].

4.2 Transmission and Reflection THz Measurements

of Polymer Films

This section presents preliminary data on transmission and reflection THz spec

troscopy of polymer films. The study of polymer systems is a rapidly growing and

important area of physics. An effort was made to explore how THz based studies

might be used in this area, thus contributing to a field that is already very actively

pursued in the departments of physics and chemistry at McMaster University. The

samples, various thicknesses of polystyrene films spin-coated onto silicon substrates,

were prepared by Josh McGraw from the Experimental Polymer Physics Group. Prior

to examining the polystyrene films, plastic film (saran wrap) was first examined in

transmission and reflection mode as a crude method to test the possibility of using

THz radiation to detect polymer films.
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Figure 4.2: Transmission THz spectroscopic results for saran wrap. (No 2 purge.)
a) Temporal waveform of the reference scan and scan with saran wrap present in the
beam line. b) Fourier transform of the temporal waveforms.

II

In the transmission experiment, the film was mounted on a 2 lens mount such

that the film was taut but not distorted or deformed from the tension. It was placed

in the sample position at the focus of the THz beam path (see Fig. 3.4). A reference

scan was obtained by performing a scan with no sample present. Fig. 4.2 presents

the results.

In the reflection experiment, we obtain a reference scan by placing a metallic

mirror on the sample stage. The saran wrap was first measured by placing it over top

of this metallic mirror, and secondly as a free standing film with no metallic mirror

below (Fig. 4.3).

Three thicknesses (rv35 nm, rvl05 nm, and rv165 nm) of polystyrene film on

rvl cm2
, rv500 /-Lm thick silicon substrates were examined in transmission mode. The

samples were placed at the focus of the THz beam in the sample position such that

the THz pulse would be incident on the polystyrene film. Two different reference

scans were obtained to compare to the sample: a standard reference with nothing

present in the THz beam line, and a substrate reference with a blank Si substrate

placed at the focus of the THz beam. With regards to the substrate reference, the

Si wafer was placed in the beam line such that the THz pulse was incident on the

polished side of the wafer. There is a temporal shift between the reference scan and
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Figure 4.3: Reflection THz spectroscopic results for saran wrap. (No T2 purge.)
a) Temporal waveform of the reference scan, scan with saran wrap present on the
metallic mirror, and scan of the saran wrap with no metallic mirror. b) Fourier
transform of the temporal waveforms.

the "reference" of the blank substrate. The finite thickness of the silicon wafer creates

a difference in the optical path length of the THz pulse between the two references.

The THz signal from the substrate with polystyrene film was greatly reduced to the

point of not being discernible from the noise level. It is speculated that this may be

a result of the difference in the Si wafer substrates. The substrates that the samples

were spin-coated on to were not cleaved from the same wafer as the blank substrate

that was examined. This could be problematic because, while silicon does not absorb

THz radiation, any impurities or defects in the silicon can strongly absorb. Since

these samples were prepared with the intent of creating a high quality thin-film, the

only concern was the surface quality of the silicon wafer, not the quality of the bulk

silicon itself for THz applications (see Fig. 4.4).

The polystyrene films were also examined in reflection mode (see Fig. 4.5). The

samples, including the blanks substrate, were placed on the metallic mirror. The

sample stage was translated in the z-direction to offset the thickness of the substrate.

From the results presented, it is unclear as to how effective THz radiation is as a

probe for examining thin films. Although a difference between the spin-coated and

the blank substrate can be detected, the thicknesses of the films were not evident
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from examining the data. THz radiation may not have the required spatial sensitiv

ity to accommodate thin films, with thicknesses that are substantially less than the

wavelength of the THz radiation. For instance, the films examined in this experiment

ranged from ",30 - 170 nm, while the wavelength at 1 THz is 300 f-lm. HO'wever, if one

were to try and examine thin films spin-coated onto silicon substrates using trans

mission or reflection methods, the substrate itself would have to be well characterized

first, and would optimally be high quality and high purity to minimize absorption

from the substrate. Another technique that may yield the sensitivity required for

this experiment would be to examine the thin film using attenuated total reflection

techniques.
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Chapter 5

THz Attenuated Total Reflection

\iVhile transmission and reflection based THz experiments allow for the investigation

of a variety of materials, there are certain samples, such as powders and polar liquids,

which yield less than favourable results. In transmission, powders pose the challenge

of fabricating a thin free-standing sample, and strongly absorbing fluids, such as polar

liquids, prove to be difficult to examine as they require the construction of a very thin

fluid cell. Both of these samples have the additional complication that, because they

are required to be so thin, they will inevitably produce weak THz signals as the

THz radiation is interacting with very little material. Powders are also not suitable

for examination in a reflection geometry as they cause diffuse reflection, resulting

in a weak THz signal. These problems can be remedied by adopting an attenuated

total reflection (ATR) configuration. Similar quality spectra to transmission can be

obtained without the sample constraints. An additional advantage is that a reference

scan can be obtained without altering the optical pathway of the THz radiation.

since the sample is simply placed on the surface of the prism. This can allow for

the evaluation of the complex dielectric constant, refractive index, and absorption

coefficient of the sample.
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5.1 Diagnostics and Results

5.1.1 Measurements using a Teflon Prism

A teflon prism was machined to test the geometry of the ATR experimental setup.

While no samples were immediately available that would satisfy the TIR condition,

a higher index material could be placed on the prism to destroy TIR, thus greatly

reducing the THz signal. For convenience, the sample chosen was a commercially

purchased, polymer based adhesive (sticky tac). Because the refractive index for

teflon is approximately 1.44, the geometry of this particular prism allows for samples

with refractive indices of < 1.3. As sticky tac is a polymer based substance, it is

assumed to have a similar refractive index as other polymers (i.e. "-'1.4); therefore it

is unlikely to satisfy the TIR condition.

A reference was obtained by collecting data with no sample present on the prism

surface. Following the reference scan, sticky tac was placed on the surface of the prism.

Fig. 5.1 demonstrates the importance of maximal contact between the sample and the

prism surface. Once mild pressure was applied to the sample to ensure proper contact

was established, the THz signal greatly decreased because of the partial transmission

that would occur as the refractive index of the sample does not meet the conditions

for TIR.

5.1.2 THz ATR of Solvents: Water, Methanol, and Ethanol

Biological samples require the understanding of how THz radiation interacts with

liquid water in order to extract information about vibrational modes of molecules

in solution in subsequent analysis. 'Water, ethanol and methanol were chosen as

benchmarks liquids, as they have been previously examined via THz ATR [50,51,54].

Achieving expected results with these samples was necessary to ensure that the newly

constructed setup was working properly.

Preliminary results show that water, methanol and ethanol can be differentiated
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Figure 5.1: ATR using a teflon prism. a) Temporal waveform of the reference scan
and sample scans under conditions of good and poor contact with the surface of the
prism. b) Fourier transform of the temporal waveforms.

based on the ATR signal and relative phase (6.¢) obtained.

ATR = I E(W)sample 1

2

E(w)reference
(5.1 )

6.¢ = Arg [ E(W)sample ]

E(w)reference
(5.2)

E(W)sample and E(w)reference refer to the resultant electric field from the respective

sample and reference scans. The comparison of these solvents is displayed in Fig. 5.2.

5.1.3 THz ATR of Water

Following the preliminary efforts with solvents, focus was shifted to the analysis of

water. The signal-to-noise ratio was improved by averaging multiple THz scans of the

sample. Reference scans were taken periodically between sample scans to ensure that

the long term instability of the laser system was not prevalent, as a single scan takes

up to 20 minutes. Fig. 5.3 shows that there is no overwhelming laser drift over time

43



M.Sc. Thesis - C.L. Armstrong McMaster University - Physics and Astronomy

4

-Water
-Ethanol
-Methanol

-Reference
-Water
-Ethanol
-Methanol

2 3
Frequency [THz]

1 1.5 2
Frequency [THz]

o

0.1

o

-0.1

-0.4

-0.5

-e- -0.2
<l

-0.3

b)

d)

-Reference
-Water
-Ethanol
-Methanol

x 10-3

6

::>

~ 4
<1J

"0
::>

.'.:::

a. 2
E
<t:
"0
Qi
u: 0 r--=--1I.'\
voS
V
<1J

UJ -2

a)

3 4 5 6 7 8
Time [ps]

c)
1.1

-Water
-Ethanol
-Methanol

0.9

0.8

0:: 0.7
t-
<t:

0.6

0.5

0.4

0.3

0.5 1 1.5 2
Frequency [THz]
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in both the sample and the reference scans, making them suitable to be averaged.

The Fresnel reflection coefficients for the Si prism with and without a sample on the

surface are given in Eq. 5.3a and Eq. 5.3b, respectively, where E i and ET are the

incident and reflected electric fields. These equations can be combined to eliminate

the dependence on the incident electric field, yielding an expression for the reflection

coefficient in the presence of the sample (Eq. 5.4).

(5.3a)

(5.3b)

(5.4)

The Fresnel equation for p-polarized light [36] in terms of the refractive index of the

prism, nl, and sample, n2, and the angle of incidence e is given by:

(5.5)

r' can be calculated from the reference scan where the "sample" is simply air, therefore

n2 = 1. From this it can be shown that r' = eiOl5
. Rearranging Eq. 5.5, the complex

dielectric function of the sample can be determined:

where r is experimentally calculated using Eq. 5.4. From the complex dielectric

function, the index of refraction, n, and the extinction coefficient, K" of the sample

can be extracted:

VE = n = n+iK,. (5.7)

n=
Jc;' + c; + CT

and (5.8)
2

K,=
Jc;' + c; - C T (5.9)

2
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Figure 5.3: Reference [a),c),e)] and sample[b),d),f)] scans taken throughout the ex
periment, showing no significant changes over the course of the experiment. a) and
b) Temporal waveforms. c) and d) Fourier transforms of the temporal waveforms.
e) ATR data using the first reference scan (before any water has been introduced
to the sample chamber) as the "reference" and the relative phase (6.¢) between the
reference scans. f) ATR data using the first sample scan as the "reference" and the
relative phase (6.¢) between samples scans. (Note that the expression for the ATR
relation is given by Eq. 5.1 and relative phase by Eq. 5.2).
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where Cr and Ci are the real and imaginary components of the dielectric function,

respectively.

The aforementioned analysis was used to experimentally determine the refractive

index and the extinction coefficient of water in the range of 0.5-2.5 THz. This calcu

lation closely follows the analysis performed by Nagai et al. [51], hovvever, suitable

corrections were made to the equation for the dielectric function presented in the

literature. There is an obvious absorption of THz radiation when water is present

on the surface of the prism, as can be seen from Fig. 5.4 a) and b). Unlike with wa

ter vapour, this is a broad absorption over the entire spectrum. There are no sharp

spectral absorption lines. Fig. 5.4 c) and d) show the ATR and relative phase data

determined from Eq. 5.1 and Eq. 5.2. The calculated real and imaginary components

of both roots of the dielectric function are shown in Fig. B.1 a).

The refractive index as a function of frequency, determined using this method

(see Fig. B.1 b)), gave results much lower than the accepted values in this frequency

range [55]. vVhile there maybe multiple sources leading to this inconsistency, the

mixed polarization of the generated THz radiation is a large contributing factor.

Although efforts were made to ensure that the THz pulse that was generated was

vertically polarized, upon closer examination, it is unclear as to how linearly polarized

the generated THz pulses were. This is problematic because our method of analysis

relies on the fact that we are using exclusively p-polarized light. \iVhen s-polarized

light is used, the effective thickness of the evanescent wave is less than with p-polarized

light (see Fig. 2.4). If a mixed polarization of THz radiation were used, it would reduce

the evanescent wave effective thickness through the sample, artificially making the

index of refraction (n) seem lower. This may account for the fact that the THz signal

observed was not as strongly attenuated as results presented by Nagai [51].

The act of generating pure linearly polarized THz radiation is non-trivial. It is

possible that the generated THz radiation may be interacting with the ZnTe generator

crystal, causing an ellipticity in the tailing portion of the 800 nm generator pulse.

This overall process can result in elliptically polarized THz radiation. These effects

can be reduced by changing the crystal orientation; however a more optimal approach

may be to use a THz polarizer following the generator ZnTe crystal. Unfortunately,

THz polarizers are still in a developmental stage and tend to be both costly and have
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The polarization of the generated THz radiation was tested by exammmg the

electric field amplitude as a function of generator and detector crystal orientation.

By holding the angle of the generator crystal fixed and performing a full rotation

of the detector crystal, the electric field amplitude can be mapped out. Comparing

the measured electric field amplitude, as a function of detector crystal angle, to the

theoretical electric field amplitude, under conditions of optimized generator crystal

angle, allows one to determine the optimal generator crystal angle which maximizes

the THz radiation output [32, 56]. To accurately map out the generator and detector

crystal requires a time consuming iterative process. This process could be made more

efficient with the use of motorized rotation mounts for both the genera tor and detector

crystals. The preliminary calculation of the corrected generator crystal angle was

done manually in the absence of motorized rotation mounts, and should, therefore,

only be considered a first approximation. The analysis software for undertaking

this calculation was written by Derek Sahota, and it determined that, for optimal

generation of THz radiation, the generator crystal was off by an angle of ""150
. Since

the generator crystal was not optimally oriented for the experiment, the ellipticity of

the generated THz radiation was not minimized. As the THz pulse incident on the

prism was not purely vertically (p) polarized, using Eq. 5.5 to calculate the dielectric

function, and subsequent optical properties, is no longer accurate.

Upon further consideration of the measurement of the optimal generator crystal

angle, it was realized that the degree of ellipticity of the generated THz pulse could

not be accurately quantified because of complications in the THz polarization mea

surement. During the initial alignment of the system it was ensured that the THz

spot on the detector crystal overlaps the probe spot. However, if the 800 nm light

is not centered on the ZnTe generator crystal initially, when the generator crystal

undergoes a rotation to be optimized, the rotation of the generator crystal can walk

the THz spot on the detector crystal off the 800 nm pump spot. In addition to this,

there are slightly damaged regions on the detector crystal that was used. \i\Thile the

initial alignment may have been using an undamaged portion of the crystal, through

out the polarization test procedure it is possible that the measurement of the THz

pulse was obscured because the THz and probe pulses were passing through damaged
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Figure 5.4: Experimental ATR data of water. a) Averaged temporal waveforms of the
reference scans and water scans displaying their respective Tukey windows. b) Fourier
transform of the temporal waveform displaying liquid water spectrum. c) ATR data
and d) relative phase data.

regions of the detector crystal. These crucial alignment conditions need to be taken

into consideration to accurately determine the generator and detector crystal angles

in the future.

5.1.4 THz ATR of Sucrose Solutions

To examine the sensitivity of THz radiation to solution concentration levels, solutions

of sucrose were examined. Sucrose was chosen because of the ease and convenience of

preparation and sucrose solutions have been previously analyzed in the literature [51].

This was, therefore, a relatively simple experiment to ensure that our setup was

sensitive to concentration change [57], and on what scale this would affect the THz
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pulse. A variety of concentrations were chosen in an attempt to determine the minimal

detectable concentration. As can be seen from Fig. 5.5, there is a strong attenuation

in the THz signal when compared to the reference as a result of water presence on the

surface of the prism. As the concentration of sugar increases, the attenuation of the

THz signal decreases, implying that sucrose solutions do not absorb THz radiation

as strongly as pure water.
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Figure 5.5: Experimental ATR data of sucrose solutions with concentrations ranging
from 0.03 - 4.86 moljL. a) Temporal waveform of sucrose solutions as well as the
reference scan, where no sample is located on the prism, and pure water. The inset
shows a close-up of the THz temporal waveform peak. b) Frequency spectra of the
sucrose solutions normalized to the water reference. c) Change in the electric field
amplitude as a function of solution concentration at 1 THz.
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Chapter 6

Optical-Pump, THz-Probe

Experiments

THz radiation is sensitive to changes in transmission, reflection and absorption prop

erties of materials due to changes in the carrier density. Consequently, THz radiation

can be used to probe the carrier dynamics following an excitation event. The exper

iments presented in this chapter use ultra-short laser pulses to optically excite the

sample while the THz pulse monitors the effects.

6.1 Transmission Pump-Probe Experiments

As an initial calibration to correlate the timing between the optical excitation pulse

and the THz pulse, transmission pump-probe experiments were performed. Samples

examined in this series of experiments include Si. ZnSe bulk, and ZnSe nanov"ires

on a fused silica substrate, as shown in Fig. 6.2. ·When performing pump-probe

experiments on a sample in a transmission setup. the THz signal is inevitably reduced

when the THz pulse is propagated through the pumped sample. The pumped region

of the sample generates free carriers which contribute to the increased absorption and

reflection of the THz pulse [58].
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The study of nanostructures is a rapidly expanding area of physics and engineering

and it has important applications in the development of emerging technology [59, 60].

The electronic and optical behavior of semiconductor-based nanostructures changes

as their size is decreased below a critical value, leading to a new regime of properties

that can be harnessed for the development of innovative devices. In order to further

the understanding of the properties of semiconductor nanostructures, a system of

ZnSe nanowires was examined as part of a project funded by eIPl. A THz probe

was used to monitor the carrier dynamics of the ZnSe nanowires following optical

excitation.

The ZnSe nanO-WIre sample was provided by Dr. Harry Ruda's group at the

University of Toronto. The nanowires were epitaxially grown on a Si substrate via

vapour-liquid solid mechanism in the presence of a Au catalyst [61]. \iVhile pure Si is

transparent to THz radiation, when the sample is pumped by the optical excitation

pulse, carriers will also be excited in the Si substrate. The carrier lifetime of Si is

much longer than that of ZnSe and it would be difficult to extract the lifetime of the

ZnSe if this experiment were attempted with a sample deposited on a Si substrate. In

an effort to circumvent the issue of optical excitation of the substrate, the nanowires

were transferred to a fused silica (Si02 ) substrate by the Ruda group via the "touch"

method. This allowed for the transfer of some of the nanowires, although the new

sample created has a lower density "forest" than the initially grown sample [62] and it

appears that the organized orientation of the wires has been sacrificed (see Fig. 6.1).

The band gap of ZnSe is 2.70 eV, corresponding to a wavelength of 460 nm.

Therefore, irradiating the sample with the 800 nm pulses produced by the laser will

simply result in the transmission of the pump pulse, rather than the absorption and

excitation of free carriers, unless the 800 nm excitation beam was sufficiently focused

to induce two-photon transitions. A ;3-BBO crystal was placed in the 800 nm beam

path to generate 400 nm blue light through SHG. A dielectric mirror for blue light

was used in place of the first beam splitter, which splits the incoming beam into

the pump beam and the THz beam (see Fig. 3.4). The dielectric mirror diverts all

the blue light to the optical pump beam path while allowing the transmission of the

remaining 800 nm light to be used for THz generation and detection. The sample
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Figure 6.1: Optical microscope images of ZnSe sample on Si02 substrate courtesy of
Eugene Hsu. a) Corner of the sample displaying the varying density of the nanowires
on the substrate. When performing the experiment, efforts were made to examine
the denser region. b) Close-up of one of the more dense regions of the sample. The
wires appear to be much larger in diameter than quoted by the Ruda group, however
this is most likely a focusing issue with the microscope.

was irradiated with ",5 mW of 400 nm light at a 500 Hz repetition rate. Because of

the weak signal obtained from this sample, it is difficult to interpret from the data

whether the observed offset is a real feature of the sample and the result of a longer

lifetime component, or if it is electronic noise.

6.2 Reflection Pump-Probe Experiments

Unlike a transmission pump-probe experiment where the entrance facet of the sample

is being pumped, and the excited carriers result in THz reflection effectively decreas

ing the measured THz signal, reflection should have the opposite effect. By optically

exciting the sample the free carriers create a transient mirror which subsequently re

flects more THz radiation than the unpumped sample, increasing the measured THz

signal.

The optical-pump, THz-probe technique was integrated with the reflection ge

ometry by optically exciting a silicon \-vafer that was placed on the reflection sample

stage (see Fig. 3.5). Fig. 6.3 b) shows the reference scan acquired from the unpumped

sample as well as the difference between the scans obtained at various times after the

initial excitation of the sample and the reference. The difference between the pumped
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Figure 6.2: ZnSe nanowires on a fused silica substrate were pumped with ",5 mW of
400 nm at 500 Hz with a '"1 mm2 spot size. Plotted is the change in the electric field
at 1 THz. An exponential fit gives a lifetime of 15.5 ps.

sample and reference scan (LlE) has the same sign as the temporal waveform of the

reference scan, indicating that the reflected THz signal has increased as a result of

pumping. The phase shift in the THz signal when the sample is being pumped is

possibly the result of the optical excitation causing the Si to behave as a transient

metal rather than a semiconductor. Reflection off an insulator would result in no

phase shift, while reflection off a metallic surface would cause a 1800 phase shift.

Here we are observing an intermediate phase shift.

6.3 ATR Pump-Probe Experiments

Incorporating the optical-pump, THz-probe technique into the ATR setup is substan

tially more complicated than with the other geometries. Because the sample is placed

directly on the surface of the prism, optically exciting the sample results in the prism

being optically excited as well. Therefore, in order to properly interpret the data, a

firm understanding of the carrier dynamics of the prism is required. Another com

plication of applying this technique is that the incident angle at which the surface of
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Figure 6.3: Optical-pump, THz-probe of silicon wafer in reflection geometry. a) Tem
poral waveforms from the unpumped silicon (which is the reference), and the silicon
at various pump delay times. b) Temporal waveform of the reference scan and the
difference between the pumped and the unpumped waveforms (~E)

the prism is pumped is not necessarily the same as the angle that the THz radiation

interacts with the surface of the prism. In the transmission and reflection geometries,

the pump beam is roughly collinear to the THz beam. In ATR configuration, the

collinear propagation of the THz beam and the 800 nm pump beam is not possible as

800 nm light does not propagate through bulk Si. Therefore, it is necessary to ensure

that the pump beam only interacts with the top surface of the prism when working

with 800 nm optical pulses so as not to optically excite the front face of the prism

that the THz radiation is incident upon.

To facilitate an understanding of the optical excitation response of the pnsm,

pump-probe experiments were conducted with no sample present on the prism surface.

The original intent of this experiment was to understand the behavior of the prism

following optical excitation such that this information could be used as a baseline for

future ATR pump-probe experiments. However, several challenges arose early in the

analysis of the prism. The first major issue encountered was that the carrier lifetime

of the HRFZ Si, as quoted by Tydex was 3 ms, while the time between optical pump

excitation pulses was 2 ms. This results in the prism being pumped before the carriers

have time to relax back to the ground state. To avoid this issue, attempts were made

to change the pump repetition rate by modifying the optical chopper blade such that
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every 20th pulse is let through rather than every second pulse. While this would

have created a sufficiently long delay between excitation events to allow for the free

carriers to relax, it required locking into a 50 Hz signal. Unfortunately, it was found

that anything below ~100 Hz drastically reduced the signal to noise ratio. Rather

than adjusting the repetition rate of the optical pulses, the surface of the silicon prism

could instead be modified to reduce the carrier lifetime. By irradiating the surface of

the prism with a high energy proton beam, defects were created in the near-surface

region of the prism. Creating defects in the crystal lattice shortens the mean-free

path of the electrons, effectively reducing the carrier lifetime [63].

6.3.1 Si Prism Proton Irradiation

The ion implantation was preformed by Dr. Andrew Knights in the Tandetron Ac

celerator Laboratory at the Univeristy of Western Ontario. The 1.7 MV tandem

accelerator generated a ~1 MeV proton beam, which was used to implant protons

roughly 20 f.tm into the surface of the sample. The l/e penetration depth of 800 nm

light in Si is 10 f.tm, therefore an implantation twice the l/e depth was thought to be

sufficient. This energy was chosen to create as many defects as possible initially to

provide the shortest attainable carrier lifetime. These defects could potentially be an

nealed out in a controlled manner such that the carrier lifetime could be customized.

'While creating defects in a 20 f.Lm deep surface region will provide the desired effect

when the prism is being pumped by near-visible optical pulses, this irradiated layer

will not have a substantial effect on the absorption of the THz radiation propagating

through the prism, as the propagation distance through the irradiated region is much

less than the wavelength of the THz radiation.

Effect of Pump Angle

The preliminary results from the 800 nm optical pump excitation of the prism showed

a longer free carrier "signal rise time" than previously observed in transmission and

reflection experiments. The term "signal rise time" refers to the time delay between

the initial excitation and the creation of the maximum number of free carriers. It

is speculated that the increased signal rise time observed in the prism is due to the

pulse front of the optical excitation pulse collapsing across the surface of the prism at
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a different rate than the THz pulse front. Because of the difference in the refractive

indices of the media these two beams are propagating through (i.e. nair=l and

nSi=3.42), by pumping the prism at a more glancing angle the time difference of the

two wave fronts impinging on the interface could be decreased. To test this hypothesis

in a more simple geometry, an optical-pump, THz-probe experiment was performed

on a silicon wafer in transmission mode using different optical pump angles.

Fig. 6.4 a) and b) show the transmission THz data of the Si wafer with the pump

beam incident at 10° to the normal, while Fig. 6.4 c) and d) show the data of the

silicon sample pumped at 30° to the normal. It is evident from these figures that the

signal rise time is affected by the incident angle of the pump beam. \i\ hen pumping

at an angle of 30° to the normal, the signal rise time is ",3.0 ps, while pumping at

10° to the normal results in a signal rise time of '"1.6 ps.

In order to minimize the effect of the THz radiation interacting with the sample

at an angle, the optical pump would require a glancing angle of incidence ("'80° to

the normal), effectively reducing the signal rise time. The pump beam incident at

such a shallow angle with respect to the prism surface presents a number of problems.

Firstly, the beam has to be incident such that no 800 nm light impinges on the THz

entrance face of the prism. Exciting carriers on this face of the prism would result

in reflection and absorption of the incoming THz beam, rather than the free carriers

interacting with the THz radiation solely at the hypotenuse of the prism. The spot

size of the pump beam is highly elliptical because of the angle of incidence, causing

the spot to actually be longer than the top surface of the prism. When considering the

angle of the pulse wave fronts; even though an 80° angle of incidence might be optimal,

it is not practical unless the beam is further manipulated using cylindrical lenses to

tighten the focus at the surface of the prism. Instead, pump-probe experiments were

carried out using an incident angle of 60° to the normal of the prism surface.

Carrier Lifetime of Irradiated Si Prism

In order to explore the carrier dynamics of the modified prism following proton irra

diation, the surface of the prism was optically excited with 800 nm pulses of varying

energy. A drastic change in the carrier lifetime was observed. Rather than a lifetime

on the order of ",1 ms, it was reduced to the order of ",100 ps. This new lifetime is
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Figure 6.4: Transmission data from a Si wafer pumped with 800 nm pulses at different
angles. a) Temporal waveform of the reference scan and the difference between the
pumped and the unpumped waveforms (,0.E) at various pump delay times where the
sample is pumped at 10° to the normal. b) Change in the electric field at 1 THz
following optical excitation, displaying a signal rise time of ",1.6 ps when the wafer
is pumped at 10°. c) Temporal waveform of the reference scan and the difference
between the pumped and the unpumped waveforms (,0.E) when the sample is pumped
at 30° to the normal. d) Change in the electric field at 1 THz following optical
excitation, displaying a signal rise time of "'3.0 ps when the wafer is pumped at 30°.
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Figure 6.5: Output of SRIM showing the implantation of H+ into Si at 1 MeV.
a) Penetration depth of the implanted protons. b) Distribution of primary collision
events resulting in defects.

consistent with the lifetime predicted by a theoretical calculation taking into consid

eration the number of defects created by the proton irradiation. The recombination

rate, R, of the free carriers can be determined from

(6.1 )

where Vth is the thermal velocity ("'107 cm/s) and CTn is the capture cross-section

("'10- 15 cm2 ) [63]. The number of free carriers excited, n, can be determined from

the laser fluence. As 800 nm light has a l/e penetration depth of ",10 p,m, a 10 p,J

pulse with a 5 mm2 spot size will excite'" 1018 electrons/cm3 . Nt is the number of

defect centers created in the proton irradiation process. This value can be determined

using the ion beam fluence in conjunction with the Monte Carlo program, SRIM

(Stopping Range of Ions in Material [64]). SRIM determines the distribution of defects

from collision events in a material. For the purpose of determining the theoretical

carrier lifetime, the concentration of defects at the 10 {tm range will be considered,

as this is the l/e penetration depth of the 800 nm light. While ",4 x 10-5 / kion is

the concentration of defects created by the proton irradiation (see Fig. 6.5), not all of

these defects are stable and many of these newly created vacancies will recombine as

the irradiated sample cools back down to room temperature. At room temperature
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only 5-10% of the initially created defects will remain [65]. The Fermi distribution

function is given by

F = 1 ( )
1 + e(Et-EF)/kT' 6.2

where Et is the energy level of the defect center and EF is the Fermi level. F can

be neglected as E t - EF » kT, for kT at room temperature [63]. By dividing the

number of free carriers excited by the optical pulse by the recombination rate, the

free carrier lifetime can be determined;

n 1
T=-=---

R Vth(JnNt

1

(107emfs) (1O- 15em2 ) (10 18em-3 )

= 10-10 s = 100 ps.

(6.3)

Preliminary results show that there is a trend in the carrier lifetime as a function

of pump power. Fig. 6.6 shovvs two curves, as this experiment was performed first

with increasing pump pulse energy, and then with decreasing pump pulse energy.

This was done to ensure there was no annealing caused by the higher fiuences. The

low fiuence optical pump excitations yield carrier lifetimes close to that predicted

by theory (see Eq. 6.3), however there is a significant increase in the carrier lifetime

as the optical pump power is increased. The implanted region of the Si prism only

extends rv16 j.1m, and while this encompasses most of the 800 nm pulse, the tail of

the 800 nm pulse does penetrate into the unaffected Si. This excitation of the ultra

pure Si, with its lifetime of 3 ms, could explain the offset observed at high fiuences, as

can been seen in Fig. 6.7. Another factor contributing to the power dependent carrier

lifetime is that the optical excitation pulse is creating so many carriers that they

are saturating the defect recombination sites. The lower optical pump fiuences yield

rv1016 carriersfem3 and the higher fiuences create rv1018 carriersfem3 . The number of

available recombination sites is of the order of rv1018fem3 . There is also evidence of

this effect in the carrier relaxation curve of the more energetically pumped samples, as

there is a short lifetime component followed by a longer one. Initially all of the defect

centers are available, resulting in fast recombination, however, the carrier lifetime

lengthens in the case of saturation, as more and more of the defect centers become
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Figure 6.6: Optical-pump, THz-probe of the proton irradiated Si prism shows a
decreased carrier lifetime from the undamaged Si prism; however the lifetime does
have a pump power dependence. Experiment was performed starting from low pulse
energies and increasing to high pulse energies (blue curve), then decreasing back to
10\v (green curve).

occupied. The initial fast recombination followed by a long carrier lifetime presents

difficulties in determining an accurate fit to the data. The data presented in Fig. 6.7

was fit using a single exponential with an offset and the fit was started after the initial

short lifetime component. As the pump energy increases the long lifetime component

becomes more linear, exhibiting the effect of a recombination bottleneck. \t\Tith this

in mind, a more suitable model to describe the situation should be developed in

future work. Unfortunately, due to the length of the long carrier lifetime component,

it becomes difficult to achieve such a fit with the limited amount of data available.

This problem may be rectified by incorporating a longer translation stage for the

pump-probe setup to increase the length of time for data acquisition after the optical

excitation pulse.
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Chapter 7

Future Work and Concluding

Remarks

7.1 Future Work

7.1.1 Temperature and Humidity Control

Incorporating temperature control capabilities to any of the experimental configura

tions could lead to a variety of interesting experimental opportunities, such as the

examination of samples in varying degrees of hydration [66]. As THz radiation has

such a strong sensitivity to water, it can be used to probe the dehydration kinetics

of a system [67]. Temperature control can also lead to the observation of changes

in the absorption of THz radiation as a material undergoes a phase transition. In

the case of water, THz radiation is strongly absorbed due to the excitation of ro

tational modes of the molecules [68]. As water freezes the rotational motion of the

molecules is restricted, thus the decrease in the absorption of THz radiation could be

monitored [51].

7.1.2 THz ATR

Although the initial THz ATR spectroscopy experiments did not yield results that

were in agreement with the literature, valuable insight has been gained as to how to

approach the problems that have been encountered.

65



M.Sc. Thesis - C.L. ATmstmng McMasteT UniveTsity - Physics and Astmnomy

The polarization of the THz pulse is certainly a contributing factor to the diffi

culties encountered in interpreting the data. The form of analysis used to extract

the dielectric constant, and other subsequent optical constants, relies on the fact that

the THz radiation incident on the top surface of the prism is p-polarized. The next

obvious step for this project is to ensure that the polarization of the THz radiation

is well characterized and, preferably, is made as linear as possible. This can be done

by rigorously mapping out the generator and detector crystals. In this particular

THz setup, it would be advantageous to replace the detector crystal, as the current

detector crystal does have some damaged areas. The linear polarization of the THz

beam can be further purified by incorporating a wire grid polarizer immediately after

the ZnTe generator crystal.

Another important factor that needs to be resolved in order to progress with

ATR spectroscopy is the optimization of the absorption of THz radiation by a sample

placed on the prism. The data presented in Chapter 5 shows that when water is placed

on the surface of the prism the signal is attenuated, resulting in a ATR signal that

ranges from 0.3 - 0.7 (see Fig. 5.4), while the ATR signal for water presented by Nagai

ranged from 0 - 0.5 [51]. As these results were obtained under very similar conditions,

this discrepancy in the absorption is unexpected. \t\Thile the polarization does affect

the overall absorption, another potential cause of the lack of attenuation in the THz

signal is the alignment and focusing of the THz beam on the sample. It is possible

that, because of the larger focal diameter of the low frequency THz components, part

of the THz spot is incident on the region of the prism surface outside of the fluid

cell. This 'would effectively lower the observed index of refraction of the water as the

measurement would actually be a combination of water, air and glass from the fluid

cell wall.

The angle of the THz beam as it impinges on the prism surface is another area of

concern. The prism was designed such that light propagating parallel to the optics

table would enter the prism and interact with the top surface at an angle greater

than the critical angle for samples below a refractive index of 2.67. Not only is it

difficult to be certain that the incoming beam is propagating parallel to the table,

but the prism was design under the assumption that the THz beam was collimated.

Since the THz beam is being focused, there is a small range of angles at which the
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beam is interacting with the surface. This could potentially lead to some of the

THz radiation being incident at an angle greater than assumed from the critical

angle, leading to a reduced effective thickness of the evanescent wave, or possibly less

than the critical angle causing partial transmission. Both of these scenarios would

reduce the absorption of the THz radiation by the sample and could contribute to

the difference in the observed results from the literature.

The solution to these problems lie in rigorous, tedious alignment to ensure that

the focus of the THz spot is not only as tight as possible, but also located at the

prism surface. It may be advantageous to re-evaluate the prism geometry to ensure

the TIR conditions are met by accommodating the level of uncertainty in the incident

THz beam angle. Longer focal length off-axis parabolic mirrors would help reduce

the range of angles of the incident THz beam, however this could increase the effects

of spherical aberration, reducing the intensity of the THz beam at the focus. If these

efforts could be employed to maximize the absorption of the THz radiation on the

prism surface it could lead to the successful characterization of the optical properties

of water, which would open up many possibilities for future studies of biological

systems in their naturally hydrated state [69,70, 71].

7.1.3 ZnSe Nanowires

Should the ZnSe nanowire samples be pursued and re-examined, there are a few

changes that, if implemented, could increase the quality of the sample and the quality

of the data obtained from the sample. A source of the weak signal observed was that

the prepared samples did not have sufficient quantum wire material on them. As there

was no direct involvement with the sample preparation, this is mostly speculation as

to how the density of nanowires could be increased. One possibility is to grow the

nanowires on a Si substrate, as per normal, but then sonicate the sample in an

attempt to create a concentrated suspension of nanowires. This suspension could

then be evaporated down onto a Si02 substrate. Another possibility would be to use

a polymer tape to remove the nanowires from the Si substrate. This \\ ould likely

remove more nanowires than merely touching a fused silica slide to the sample and

the polymer tape should not present a problem when irradiated with the optical pump

beam. These sample improvement tactics were not applied due to time constraints.
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From the point of view of the laser-based experiment, the sample could be pumped

with a higher power of 400 nm to excite more carriers.

7.1.4 ATR Pump-Probe

All of the work presented in this thesis with regards to optical-pump, THz-probe

in the ATR geometry used 800 nm light to excite the prism so its response could

be characterized. The issue of optically exciting the prism as well as the sample

could be circumvented by using a longer wavelength optical pump. The Spectra

Physics Ultrafast kHz Optical Parametric Amplifier available in the lab can generate

wavelengths from rv1.15 {tm - 2.62 {tm [72]. As these wavelengths are below the band

gap of Si (1.11 eV, 1.1118 {tm), they can freely propagate through the prism. This

allmvs for the possibility of collinear propagation of the optical pump and the THz

beam through the prism. In this configuration, the sample would be optically excited

by the evanescent wave generated by the pump beam, causing only excitation to the

material in the near surface region of the prism.

Another way to examine the carrier dynamics in the near surface region of the Si

is to employ the same pump-probe configuration as the work presented in Section 6.3,

pumping the top surface of the prism, with a 400 nm optical excitation pulse. The

penetration depth of 400 nm light is much less than 800 nm [73], thus free carriers

would only be excited near the surface.

7.1.5 Ion Implanted Prism

The pump-probe experiment discussed in this thesis is the first step of a series of

experiments that could potentially be pursued. The defects created through the

proton implantation process can be gradually removed by annealing the prism in

stages. This allows for the possibility of customizing the carrier lifetime in the near

surface region of the prism. In an effort to determine a more accurate fit for the long

lifetime component of the free carrier lifetime, the optical pump translation stage

should be extended. Because of the long lifetime of Si, it would be beneficial to have

more than 666 ps of delay after the optical excitation pulse.

'While it was not the original intent of the project, the characterization of the
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carrier dynamics of high purity HRFZ Si is an area of interest. This experiment could

then be reproduced examining the effects of different energies of proton implantation.

Another possible experimental avenue would be to irradiate the prism surface with Si

ions. This would create much more damage in the very near surface region, < 5p,m.

Appendix C details these possible scenarios, which should be considered if future

work in this area is pursued. There are, of course, other ion implantation possibilities

other that H+ and Si+, however these two are the least intrusive.

7.2 Conclusions

The experimental work presented in this thesis relates to the construction and devel

opment of a versatile, multi-functioning THz system and the preliminary data obtain

from this setup. The different experimental geometries can function to obtain spec

troscopic information, through THz time-domain spectroscopy, or to study the carrier

dynamics of system following optical excitation.

A large portion of this project was dedicated to the development of a THz system

which could operate in several modes to accommodate different experimental situa

tions. It is capable of functioning in a standard transmission mode, which is useful for

samples that are not strongly absorbing and have a uniform thickness. Having a trans

mission THz system also simplifies the overall alignment process initially performed

before any experimentation. The system can easily be converted into reflection mode

with the use of an aluminum reflector piece, which was machined to divert the THz

beam line to reflect off of the surface of a sample. \iVhile this reflector piece is just a

crude prototype, preliminary data using this component was presented in Chapters 4

and 6, demonstrating its functiona1ity. The system can also operate in an ATR mode

by totally internally reflecting the THz beam through a HRFZ silicon prism. In this

configuration, samples that are placed on the surface of the prism ",,rill be probed by

the THz evanescent wave, attenuating the THz signal.

The efforts involving the ATR configuration proved to be much more challenging.

While ATR THz signals were obtained with the prism, obtaining the expected liter

ature values proved elusive. 'Water was the primary test sample for the preliminary

THz ATR experiments. The presence of water on the surface of the prism did re-
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suIt in substantial attenuation of the THz signal however this attenuation was not

as strong as anticipated, resulting in a higher ATR value and lower refractive index

than expected.

The optical-pump, THz-probe capabilities were successfully coupled to the trans

mission and reflection geometries. Although the pump-probe experiments conducted

in the reflection configuration were performed primarily for diagnostic purposes, the

transmission pump-probe setup was used to examine the free carrier lifetime of ZnSe

nanovnres.

Attempts to couple the optical-pump, THz-probe technique with the ATR con

figuration were met with additional challenges. The preliminary experiments were

intended to characterize the carrier lifetime following optical excitation of the Si

prism. Knowledge of the carrier dynamics of the prism is crucial if optical-pump

THz ATR-probe experiments are to be conducted later. The HRFZ Si has a carrier

lifetime which is longer than the time between optical excitations. In an effort to

control the carrier lifetime in the near surface region, the hypotenuse of the prism

underwent proton irradiation to increase the number of defects and effectively shorten

the lifetime. The proton irradiation was successful in decreasing the carrier lifetime,

however a pump power dependent carrier lifetime was observed. From an order mag

nitude calculation of the number of defects created in the Si, this is most likely due to

the saturation of recombination sites. \i\lhen the prism is pumped with a high enough

power such that the number of free carriers approaches the number of available re

combination sites, the carrier lifetime is inevitably increased.

70



Appendix A

Circuit Diagrams

A.I Photodiode Biasing Network

As a standard electronics practice, current limiting resistors are employed in this

circuit (330 n resistors). 470 p,F electrolytic and 47 nF ceramic capacitors are used

to smooth out minor ripples. The photodiodes are reverse-biased such that they are

in photoconductive mode, allowing fast operation and providing a linear output as a

function of illuminance.

3300

+12V

470~FI
I

0.047 1lF ~(ceramic) Output to
·'1\ bandpass

filter
470llF 0.047 1lF

(ceramic)

-12V
3300

Figure A.l: Photodiode detector circuit.
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A.2 Op-amp Based Active Bandpass Filter

A bandpass filter is used to prevent higher harmonics of the signal from overloading

the lock-in amplifier. An active filter is chosen over a passive filter network since

its high input impedance and low output impedance can act as a buffer between

the photodiode biasing network and any output stage following the filter. By using

an active filter, passive components such as the inductor, which is prone to and

can actually create, electromagnetic interference, can be avoided. An RC network

(referring to the 15 kO, 750 0, 295 kO resistors and the 22 nF capacitors) was built

around the op-amp to determine the corner frequency of the bandpass filter. A voltage

divider (referring to the 4.7 kO and 540 0 resistors) at the output stage sets the overall

gain to unity.

22 nF

295 kQ

4.7 kQInput from
photod iode ---J\jvvV'-----1~

detector

Output to
>I-----'--/\f\IV\f'-.----.lock-in

amplifier
540Q

Figure A.2: Bandpass filter circuit.
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Appendix B

THz ATR

B.l Optical Properties of Water

In Section 5.1.3 the THz ATR data for water was presented, as well as a method

of analysis for determining certain optical properties from the data. Using this data

and analysis, the complex dielectric function was calculated, and from this the re

fractive index and extinction coefficient could be extracted. ·While the results for the

optical properties of ·water, presented in Fig. B.1, are not in agreement with the lit

erature [51] Section 5.1.3 provides a detailed discussion as to what could be causing

these discrepancies.
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Figure B.l: a) Calculated dielectric function of water, displaying both the positive
and negative roots. b) Refractive index of water, calculated from the positive and
negative roots of the dielectric function. c) Extinction coefficient of water, calculated
from the positive and negative roots of the dielectric function.
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Appendix C

Ion Implantation Future Work

The proton implantation presented early in this thesis was performed at 1 l\JIeV and

created defects in the near surface region of the prism that ranged up to a '"16 /-tm

depth. (It should be noted that SRIM calculated the ion trajectories assuming the

irradiated material is amorphous Si. Because the Si used in these experiments is

crystalline, it is possible that the ions could be channeled through the crystal lattice

resulting in a deeper than calculated penetration depth.) 'While the lie penetration

depth of 800 nm light into Si is ",10 Mm, at the higher pump powers there is still

some significant penetration of 800 nm light into the undamaged Si (see Fig.C.l).

If further experimentation regarding ion implantation is pursued, Fig. C.2, Fig. C.3,

and Fig. C.4 display three possible scenarios that may be explored.

It would be interesting to attempt irradiating the prism with higher energy protons

resulting in a larger implant depth (see Fig. C.2). This may help elucidate how much

of the observed offset in the carrier lifetime was due to saturation of recombination

sites and how much was a result of excitation of the undamaged long carrier lifetime

Si.

Another possible approach would be to use a low proton beam energy to increase

the number of defects in the region where there is the highest intensity of 800 nm

light (see Fig. C.3). This concept could be taken one step further by irradiating the

surface of the prism with Si ions (see Fig C.4). These systems maybe interesting

to study using a 400 nm optical excitation pulse due to the large number of defects

created in the near surface region of the Si, particularly in the case of Si+ irradiation.
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Figure C.1: Penetration depth of the 800 nm optical excitation pulse (blue) into the
Si sample with respect to the defect distribution caused by the 1 MeV proton beam
(red).

The 400 nm light has a lie penetration depth on the order of '"'-'lOa nm [73], which

would be well within the region of damaged Si.
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Figure C.2: Output of SRIM showing the implantation of H+ into Si at 1.5 MeV.
a) Penetration depth of the implanted protons. b) Distribution of primary collision
events resulting in defects.
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Figure C.3: Output of SRI I[ showing the implantation of H+ into Si at 500 keV.
a) Penetration depth of the implanted protons. b) Distribution of primary collision
events resulting in defects.
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Figure C.4: Output of SRIM showing the implantation of Si ions into Si at 2 MeV.
a) Penetration depth of the implanted Si ions. b) Distribution of primary collision
events resulting in defects.
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