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Abstract

In this thesis, we utilize femtosecond laser pulse shaping technology to study the role of
chirp in generation and detection mechanism of Terahertz pulses with LT-GaAs
photoconductive antenna. Experimental results show that the PC antenna excited with slightly
up-chirped laser will generate THz pulses with higher peak amplitude, total power and
broader bandwidth. In the detection process, similar-behaviors have been observed. We use
one dimensional Drude-Lorentz model to simulate THz generation and detection processes to
analysis our experiment results. Finally, we use this coherently controlled THz-Time Domain
Spectrometer to study the properties of several samples, such as fused silica, metal hole array
and lactose. Experimental results show that we can utilize this spectrometer to get more

reliable optical constants than the conventional approach.
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Chapter 1 Introduction

1.1 Introduction to Terahertz Technology

Terahertz (THz, 10**Hz) wave, THz pulse, or so called T-ray, is the most interesting and

important research topic recently [1-2]. It’s corresponding to the frequency range from 0.1 to

10THz, wavelength range from 30 um to 3 mm. This frequency range, as shown in Figure 1-1,

has several names : far infrared, sub-millimeter wave and terahertz range. This frequency

range of electromagnetic spectrum is of great important due to the rich chemical and physical

processes, such as acceptor and donor in semiconductor, crystalline phonon vibrations in solid,

vibrated or rotational energy level of most'molecules.

Microwave Terahertz Mad-infrared

<

== = M} = —--=->

Molecular Rotations (gas)

<€

Low-frequency bond vibrations overtones and combination bands
<€ r g >

crystalline phonon vibrations (solid)
- &

hydrogen-bonding stretches and

torsions (gas and liquids)
- Ll

High-frequency bond vibrations
C

1 ! 1 i
L | ™TTTTITy T L | =TT rrremy T T TTTT

Frequency (THz)

T T T T Iy T 1-l|l'lll| T T T TTI
1 10 100 1000

Wavenumber (cm™)

Figure 1-1 The electromagnetic spectrum in the THz region.
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The electromagnetic spectrum can be divided into two parts briefly, (1) radio/microwave,
and (2) light/optics. The radio wave and microwave can be generated direly through the
acceleration of electronic devices (up to about 100GHz), and in the optical range, high power
and coherent lasers has been well developed. In the high frequency region, X-ray can be
generated from high energy accelerators. The THz regime is located at the interface of
microwave electronics and infrared optics. Due to lack of suitable sources of THz waves, this

regime forms “Terahertz-gap” in the electromagnetic spectrum until the mid-80s.

Thanks to the revolutionary developments of ultrashort pulse lasers in the 1990s, the first
sub-100fs solid-state laser was developed by Spence et.al in 1991 [3]. In 1999, mode-locking
techniques are effective over such a large bandwidth that the resulting pulses can have a
duration of 6 fs or shorter [4]. With the ultrashort pulses incident into suitable semiconductor
materials, the electron-hole pairs will be generated quickly, results photocurrent pulses, this
acceleration/deceleration processes will generate electromagnetic waves, with frequency lies
in the THz range. In 1980, Auston [5] successfully used the photoconductive dipole antenna
to generate and detect coherently terahertz radiation in time domain, and this technology is
called terahertz time-domain spectroscopy (THz-TDS). Other terahertz radiation generation
methods, such as optical rectification [6-7], surge current in semiconductor surface [8], had

been investigated.

1.2 Motivation

The phase of the femtosecond laser pulses is very important in many applications of
coherent control experiments, the second order spectra phase of the pulse, also called chirp, is

the dominant key in the experiment, it can be will tailored with femtosecond pulse shaping



systems. From the previous study in our group [9-10], the role of chirp pulses in the
generation process of terahertz field with LT-GaAs PC antenna has been studied by C.J.
Chuang [9], and the carrier dynamics in LT-GaAs was well discussed by S.H. Lin [10]. Lin

found the interesting behaviors between the carrier life time and chirps as shown in Figure

1-2.
-200000  -100000 0 100000 200000
8004 Excitation Density 4800
m 13J/m° ]
7504 © 2.63m’ 4750
3.9J/m’ 5
700+ o 4700
~~ 9 ) 9
wn
650 © J650
— O
e J O J
O | "
600+ n 4600
O
J u J
o O |
550 - A [} 4550
[ |
J |
- | |
500+ n 4500
T v T r T r g i !
-200000  =100000 0 100000 200000
Chirp(fs?)

Figure 1-2 Relationship between carrier trapping of LT-GaAs and chirp under different

excitation densities [10].

In additional to understand the role of chirp on Terahertz Time Domain System, S.H. Lin
buildup a chirp-controlled THz-TDS to study the THz generation and detection mechanism as
shown in Figure 1-3. However, this system cannot study the actual generation and detection
mechanism directly, because the chirp-controlled system is in front of the THz-Time Domain
System, both pump pulse and probe pulse were modified with the pulse shaper

simultaneously.



Tsunami

Spatial Light Modulator

PB.S
S Q.W.P.
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20cm . c
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i

Computer

Lock-in Amplifier SR830 Function Generator

Figure 1-3 Experimental setup of chirp-controlled THz-TDS [10].

Based on Lin’s study, we build-up a chirp-controlled THz-TDS, which can control only
pump pulse or probe pulse respectively, it can be used to study actual influence of chirp on the
generation and detection process, moreover, we use this chirp-controlled system to study the

sampling effect on THz-Time Domain Spectroscopy, which is discussed in Ch4.

1.3 Organization of this thesis

An overview of THz radiation and motivation of this study are presented in chapter 1. In
chapter 2, we will introduce the theories of terahertz generation and detection via PC antenna,
and the simulation results of THz generation and detection is included. In chapter 3, we will
demonstrate the experiment results of THz pulses generation and detection under different
chirped pulses. In chapter 4, we utilize this chip-controlled THz-TDS to study the sampling

effect on THz-Spectroscopy. In chapter 5, the brief conclusion and future works are presented.
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Chapter 2 Principles and Configuration of the

Experimental Apparatus

In this chapter, we will introduce the basic theory of pulse shaping and principles of THz

pulses generation and detection.

2.1 Theory of Pulse Shaping
What is pulse shaping ?

In a loose definition, it means anything that can change the temporal profile of pulse, but,
how to do that ? There are two approaches can be used to modulation the pulses, one is direct
modulation the pulses in time. Nanosecond-and picoseconds laser pulses can be directly

modulation by electronic derived devices [1].
Eout (t): h(t)®Ein (t) (2-1)

On a femtosecond time scale, this method is not suitable due to the limitation of modulation

speed of electronic devices. The other approach is modulation the pulses in frequency domain.
Eo (@) =H (0)E, (@) (2.2)

Where E, (@)=F{E,(t)} isthe spectrum of the input pulse, E,, (@)=F {E,, (@)} is

the spectrum of the modulated pulse and H (@) is the frequency response. This approach is

the so-called “Fourier synthesis method”, it was first accomplished by Heritage and Weiner
[2], and it’s also the mainstream of ultrafast pulse shaping method currently. Figure 2-1

depicts the concepts of pulse shaping in time domain and frequency domain.
6



(a) Modulation in the time domain

j\ /\ £, (1) = (1) SE, (1)

E () ——{ h(t) -+

=I:h(t—r)E(T)dr

(b) Modulation in the frequency domain

INFAA

Ein(®) ———  H(w) +———— E,(0)=H(o)E, (o)

Ene ()= FH{E,. ()}

Figure 2-1 Schematic of pulse shaping in (a) time domain (b) frequency domain.

In the approach of Fourier synthesis method, the modulation function we applied is

H (@) = Hy (w)e™? (2.3)
It contains two parts : (1) H,(®) is the'amplitude modulation, and (2) e s the phase

modulation, conventional modulation devices can be used for pulse shaping include
liquid-crystal spatial light modulators [3], acoustic optic modulators [4] and deformable
mirrors [5]. In our experiment, we will use LC-SLM as our modulation device, the details are

described below.

2.1.1 Measurement of Ultrafast Laser Characteristics

The laser system we used in experiments is a mode-locked Ti-sapphire laser (Tsunami,
Spectra-Physics) with a typical output power of 450mW and pulse repetition rate ~82MHz.
Figure 2-2 shows the spectrum of our laser source, the FWHM spectra bandwidth is about

40nm.
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Figure 2-2 Spectrum of the mode-locked Ti-sapphire laser.
According to the Fourier theory, the pulse field in the time domain is the inverse Fourier

transform of the frequency domain field :

E(t)=§ mE(a))exp(ia)t)da) (2.4)

The pulse field in the frequency domain can be written as :
E(a))=,/S(a)) exp[j(p(a))] (2.5)
Where S(w) isthe spectrumand ¢(w) is the spectral phase. We can use this method to

estimate the ideal pulse width direct from the measured spectrum :

2221In2
A\ %

TCAA

Where 4, is the central wavelength of laser, AA is the FWHM spectra bandwidth, c is

(2.6)

the speed of light. According to equation (2.6), we can know that the ideal pulse width of our

laser pulses is about 23.7 fs, it’s also called the Transform-Limited Pulse (TLP) width.



In order to understand more information about the pulse, we must measure the temporal
profile of the pulse, however, due to the measurement limitation of electronic devices, we
cannot direct measure the ultrafast laser pulses in time. The only way we can use to measure
the ultrafast pulses is use the pulse to measure itself [6], it’s called autocorrelation.

There are several kinds of autocorrelation methods, according to the correlation process we

used, autocorrelation can be divided into two classes : (1) Interferometric autocorrelation (2)

Intensity autocorrelation. For a complex electric field E (t) , the field autocorrelation is
defined by
AV (z)=[" E(t)E(t-7)dt 2.7)
Figure 2-3 depicts a experiment setup of intensity autocorrelator using second-harmonic
generation. A pulse is divided into two, one is variable delayed with respect to the other, and
the two pulses are overlapped into a nonlinear medium, such as second-harmonic-generation

(SHG) crystal (BBO or LBO) or third-harmonic-generation (THG) crystal. The SHG intensity

will be measured vs. delay, yielding the autocorrelation trace.
AP (r)=["1(t)1(t-7)dt (2.8)
Where | (t)= ‘E(t)‘z is the intensity profile of the complex electric field. Figure 2-4 shows

the experimental result of intensity autocorrelation.

- o -

Color Filter

Parabolicmirror

Figure 2-3 Experimental layout for an intensity autocorrelator.
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Figure 2-4 Experimental result of the intensity autocorrelation trace.
From the experiment result, we can know that the intensity FWHM pulse width is about
61fs, the TL-pulse width is about 21fs. This difference is due to the 2" order spectra phase,
which will broaden the temporal profile of the-pulse. A Gaussian type frequency domain field

with spectral phase can be written as :

E(w)=E, exp{—[wA_;)OJ }exp{j(bo +%a)+ 45;2 ° +ﬂ (2.9)

Where b, isthe n™ order spectra phase, we only consider the 2" order phase b, in the

following discussion, because by wouldn’t change the temporal profile of the pulse, and
according to the Fourier theory, the 1% order phase by in frequency domain will only cause a

linear shift in time, the shape of the pulse also remains the same. The temporal electric field

= . t* | Aw’ : b,t? .
E(t)=F 1{E(a))}~ E, exp[——a)l]exp —12—1 exp[—jott]  (2.10)
4(b§+Aa)4) 4(b§+Aa)4j



From the equation above, we can know that if there exist 2™ order spectra phase by, it will
causes two effects : (1) Broaden the temporal pulse duration (2) Instantaneous frequency will
change with time, it depend on the sign of b,. If b, is greater than zero, the carrier frequency

will increase with time, we will say the pulse is up-chirped (or positive chirp).

(a) Up-chirped pulse (b) Down-chirped pulse
10 C T T T T T T T t 10 j ““““““““““““““““““““““
05F ] 05
£ 00 e = /| S
& 1 iE i
-05¢ ] -05F
| L ] | L L ]
—60 —40 -20 0 20 40 60 —60 —40 -20 0 20 40 60
Time [fs] Time [fs]

Figure 2-5 (a) An example of up-chirpedpulse, it means the instantaneous frequency is

increase with time. (b) down-chirped pulse, the instantaneous frequency is decrease with time.

The relationship between 2" order spectra'phase b, and temporal pulse width w is :

2
4In2 b22

w=r, [1+| —2Z (2.11)

%o

where 7, is the transform-limited pulse width.

From equation(2.11) we can know that, if two pulses with the same 2" order spectra phase
by, they will have the same pulse width, however, the physical meaning are quite different. A
pulse is called positive-chirped if lower frequency light travels ahead of higher frequency
light and negative if opposite holds.

We will discuss the role of chirp in the processes of THz pulses excitation and detection in

the next chapter.
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2.1.2 Pulse Measurement in Time-Frequency Domain

Although autocorrelation is a convenient method to measure the temporal profile of the
pulses, however, the phase of the pulse is an unsolvable problem, in many applications of
ultrafast laser, the phase of the pulse plays very important role. In additional, there exist
ambiguities of the temporal shape, two different temporal profile may lead to the same
autocorrelation trace.

Frequency-Resolved-Optical-Gating (FROG) [7] is developed to measure the amplitude
and phase of the ultrafast laser pulse. The basic concept of FROG is similar to autocorrelation,

it measures spectrum of the correlation signal vs. delay :

| ros (T’ 0)) = Iw

—0

P(t)G(t—7)e dt (2.12)
Where P(t) is the complex electric field we want to measure, G(t) is the gating function,
it depends on what kind of nonlinear process we used, and will have different forms. After
measuring FROG trace, an iterative method-is-used to reconstruct the original complex pulse.

And then we can get the information of the pulse amplitude and phase. Figure 2-6 shows an

example of FROG trace.

(a) (b)
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o
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OO000Cr o000
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Figure 2-6 An example of SHG-FROG trace [8], (a) amplitude and phase of the pulse in

time-domain, and (b) the corresponding SHG-FROG trace.
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2.1.3 Dispersion Free Pulse Shaping System

Figure 2-7 depicts the dispersion free pulse shaping system, this system consists of a pair of
gratings (600 grooves/mm), two spherical reflectors with a focal length f=20cm and two
reflection mirrors. Optical pulse will be diffracted by first grating and then focus by the
spherical reflector, the first two components performs a Fourier transform which converts the
angular dispersion from the grating to a spatial separation. LC-SLM is placed in the
Frequency domain in order to manipulate the spatially dispersed optical Fourier components.
After a second spherical reflector and grating recombine all the frequencies into a single
collimated beam, a shaped output pulse is obtained.

Optical pulse shaping is accomplished utilizing a programmable spatial light modulator [9]
(SLM Cambridge Research and Instrumentation.Inc. (CRI) Woburn, MA, SLM-128). The
SLM which induce a individual phase retardation on the pulse spectrum consists of 128 pixels,
each pixel with 5 mm high and 100 wm width. We can tailor and design different pulse

waveforms using GS algorithm [10].

1
Computer / |
<_ — Spectrometer

2]
o,
IS, Feedback control
o
57
/
-

Mode-Locked

Ti-Sapphire LdserA —_ ColorFil
35fs I olor Filter

BBO

|
Lens

) S— L» FROG system
2
Curve mirror,
f=20cm M. R )
Spatial Light i
Grating 600 grooves/mm Modoulator,
CRi-128 pixels

Figure 2-7 Schematic of dispersion-free pulse shaping system.
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2.1.4 Freezing Phase Algorithm

In the previous discussion, we know that if there exist 2" order spectra phase by, it will
broaden the temporal profile of the pulse, and induce linear chirp. If we can compensate this
phase in frequency domain, then we can get transform-limited pulse with shorter pulse
duration and higher peak intensity than the chirped pulse.

Traditional phase compensation algorithms including simulated annealing algorithm [11],
and genetic algorithm [12], we adopt freezing phase algorithm [13] to compensate the spectra
phase, which is very rapid compare with other algorithms. The concept of freezing phase
algorithm (FPA) is illustrated below.

The mode-locked pulse can be expanded by its spectra components in frequency domain :
~ N . )
E(t)=>"Aexp[ j(@t+4,)]exp[i6,]
n=1

N
:ZA]exp[j((a)o+nAa))t+¢n)]exp[j¢90] (2.13)
n=1
Where A, ¢, and @, represent:the amplitude, phase and its carrier frequency respectively,
all this phase compensation algorithms are attempt to compensate the spectra phase ¢, .

Figure 2-7 depicts the experiment apparatus of freezing phase algorithm, the laser pulse is
expanded into frequency domain, each frequency components will be turning by SLM, after
recombination by the 2" grating, the laser pulse is focused by a lens into a nonlinear crystal
(type-1 BBO), the SHG signal will be measured by a spectrometer, the total power of the

pulses will be return to computer as feedback control.
We can use phasor to represent each spectra phase components v, = exp[ j(,/}n], here we

only use 3 phasors v, ~ v, to simplify the freezing process. Figure 2-8 (b) show the

transformation process of each phasors during freezing phase algorithm. First we pick up one

of the phasors v, and make the other phasors v, and v, asone group, then turning v,

from 0~27n by SLM, during the turning process, we measuring the power of the SHG signal. If

14



v, are in the same direction of v, +v,, it will have maximum SHG intensity, we can use this
concept to determine the spectra phase of that component. Second, we pick another phasor v,
and regroup the other SLM pixels, then determine the phase of v,. Finally, all the spectra

phase will be compensated after freezing, figure 2-8(a) shows the flowchart of freezing phase

algorithm.

(@) (b)

Initial phasor Find maximum
Start Vs va '
V3
T "’7

¢ —""‘;1 +v,
Vil Vi
——— Regroup SLM Pixels M V2 V2 V2
* regroup Find maximum

Vary the phase of the chosen
spectral components from 0 to 21

|
|
|
|
|
l v
|
|
|
|
|
|

‘
\Z) \Z) V2
o~
- ' -
vy tv, o
Vi v's V.57 V', g Vi

Measure the SHG
Final phasor

intensity regroup
V'3 +ve,
2 v
—_— Determine the spectral phase of . / \2 ' M '
the chosen components y v V3 ) M )

v
G

Figure 2-8 (a) Flow chart of Freezing Phase Algorithm (b) Schematic of the freezing process.

Figure 2-9 (a) shows the autocorrelation trace of the laser pulse, we can see that the pulse
width is about 100fs before freezing procedure. After freezing phase, the pulse width is about

38fs. The compensated phase of SLM is shown in Figure 2-9 (b).
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Figure 2-9 (a) autocorrelation trace of the pulse : circle - before freezing phase procedure,

triangle — after freezing phase procedure, and (b) the compensated phase in the SLM.
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2.2 Terahertz-Pulse Generation from Photoconductive

Antenna

silicon lens

1]
Vb

Figure 2-10 Schematic view of photoconductive dipole antenna.

The schematic view of photoconductive antenna we used in experiment is shown in Figure
2-10, the antenna with dipole structure is fabricated on low-temperature grown (LT) GaAs,
which has very high breakdown field andfast carrier life time (~ps) along with good mobility
(~200 cm?V''s™). The LT-GaAs substrate is attached with a silicon lens, which is used to
efficiently coupling the THz radiation out of the LT-GaAs substrate.

When the photoconductive gap is irradiated by femtosecond laser pulses with energy
greater than the band gap of the semiconductor, electrons and holes pairs are generated in the

conduction band and valance band respectively. The carriers are then accelerated by the bias

field and decay with a time constant 7., resulting in a pulsed photocurrent J (t) in the

photoconductive antenna, this transient current will induce electromagnetic transient (THz
radiation), the radiated electric field is proportional to the first-order time derivate of the

transient current :
aJ (t)

En () == (2.14)
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2.2.1 One Dimensional Drude-Lorentz Model

In order to understand the carrier transport mechanism in the THz radiation generation
process, one dimensional Drude-Lorentz model [14-16] is used in this study. When the biased
semiconductor is irradiated by the femtosecond laser pulses with energy greater than its

bandgap, the electron-hole pairs are generated, the time dependence of the carrier density

n(t) is:

dn(t) =_@+G(t) (2.15)

Where 7, is the carrier trapping time, and G(t) is the generation rate of the carrier by the
laser pulse, assume the generation rate of the carrier is direct proportional to the laser pulse, it

can be written as

2
t
G(t)=n,exp|—| ——=— 2.16

(1)=noexp [tp/Z\/anJ (2.46)
Where n, represents the carrier generation density at t=0 ps, t is the intensity FWHM of

the laser pulse. The generated carriers will be accelerated in the bias electric field, the

acceleration of electrons and holes is given by

dv,, (t) v, (t) .\ e £(1)

dt T m, .

S

(2.17)

Where v, (t) is the average velocity of the carrier, q,, is the charge of an electron (hole),

7, Is the momentum relaxation time, m,, is the effective mass of the electron (hole), and

S

E(t) is the local electric field.

The local electric field E(t) is smaller than the applied bias field, E,,,, due to the

bias ?
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screening effects[17] of the space charge,
P(t
E()= By —— ) (2.18)
Where P(t) is the polarization induced by the spatial separation of the electron and hole, &

is dielectric constant of the substrate, and « is the geometrical factor of the semiconductor

[18]. The time dependence of polarization P(t) can be written as

dt T

dP(t) P(t)+J (t) (2.19)

r
Where 7, is the recombination time between an electron and hole, J(t) is the current

density contributed by an electron and hole,

J(t)=en(t)[ v, (t)-V,(t)]=en(t)v(t) (2.20)
Where e is the charge of a proton, and the change- of electric currents leads to
electromagnetic radiation accordingto Maxwell’s equations. The far field of the radiation
E.. (t) isgivenhby

E.. (t)ochd—Et):ev(t)—+en(t)— (2.21)

In the following section, we will show the simulation results of THz radiation generation

from the Drude-Lorentz model of photoconductive antenna.
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2.2.2 Simulation Results and Discussion

The coupled differential equations (2.15)-(2.20) can be numerically solved by fourth order

Runge-Kutta method [19], the parameters we used in the simulation are listed in Table 2-1.

Table 2-1 Parameters used in the THz radiation generation simulation

parameters parameters
Carrier life time 7, 0.5 [ps] Carrier density N, 10% [m]
Momentum relaxation time 7 0.2 [ps] Effective mass of electron m, 0.067 m,
Recombination time 7, 10 [ps] Effective mass of hole m, 0.37 m,
Pulse duration t, 100 [fs] Applied bias field E, 10° [V/m]
Charge of electron Q, 1.6*10™[Q] Geometrical factor o 900
Charge of electron @, 1.6*10™ [Q] Relative Static Permittivity &, 12.96

From the 1D Drude-Lorentz model, we can know that there are several factors will

influence the THz generation, such as A. Excitation pulse width t , B. Carrier life/trapping

time ., C. Momentum relaxation time z_, D. Bias field E,, and E. Excitation density

n, .-We will show the simulation results and discuss its impact below.
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A. Excitation pulse width dependence
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Figure 2-11 Simulated THz field at excitation pulse width t, of 25fs, 50fs, 100fs, 200fs, and

500fs, (a) time domain profile and (b) power spectrum.
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Figure 2-12 Excitation pulse width dependence of THz bandwidth.

Figure 2-11 shows (a) the simulated THz pulses generated from different excitation pulse
width, and (b) the corresponding power spectrum. From the simulation results we can know
that the more shorter excitation pulse width, the broader bandwidth and higher power THz
pulse we can get, the relationship between excitation pulse width and efficient THz bandwidth

is shown in Figure 2-12.
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B. Carrier life time/trapping time dependence
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Figure 2-13 Simulated THz field at carrier life time z, of 0.1ps, 0.5ps, 1ps, 5ps, and 10ps, (a)

time domain profile and (b) power spectrum.
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Figure 2-14 Relationship between carrier life time and (a) THz positive & negative amplitude

(b) bandwidth.

Figure 2-13 shows (a) the simulated THz pulses generated with different carrier life time,

and (b) the corresponding power spectrum. From the simulation results we can know that the

faster the carrier life time, the broader bandwidth we can get, however, it will sacrifice the

total power of THz radiation. From figure 2-14, we can know that suitable carrier life time

will have both higher THz radiation power and broader bandwidth.
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Figure 2-15 Comparison of THz waveforms generated with shorter and longer carrier time,
the peak value is normalized to 1 respectively.

From Figure 2-15, we can compare the two different waveforms calculated with shorter
carrier life time (0.1ps) and longer carrier-life time(100ps), it shows two different kinds
waveform — bipolar waveform(0.1ps) and unipolar(100ps) waveform, it’s agree with the
experiment results [21].

C. Momentum relaxation time dependence
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Figure 2-16 Simulated THz field at momentum relaxation time 7, of 25fs, 50fs, 100fs, 200fs,

and 500fs, (a) time domain profile and (b) power spectrum.
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The momentum relaxation time it’s also very important in the THz field generation process,
from Figure 2-16, we can find out the amplitude of THz radiation increases as the
momentum relaxation time increases. The momentum relaxation time is corresponding to
the saturation velocity of the carriers, the higher the saturation velocity, the higher THz peak

amplitude we can get.

D. Bias Field Dependence
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Figure 2-17 Simulated THz field at bias field E, of 10°[v/m],2x10* [v/m], 5x10%[v/m],

10°[v/m], and 2x10° [v/m] (a) time domain profile and (b) power spectrum.
The bias electric field provides the acceleration of electrons and holes, when we increase

bias field, it can also increase the saturation velocity, so we can get higher peak amplitude of

THz field, however, the efficient bandwidth is remains unchanged under higher bias field.
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E. Excitation density dependence
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Figure 2-18 Simulated THz field at excitation density n, of 10°*[m?],10® [m?, 5x10%

m3], 10% [m?®], and 10® [m?] (a) time domain profile and (b) power spectrum.

When the electrons and holes are-generated by the optical pulses, it will be accelerated in
opposite directions in the local electric field. This‘induces a polarization, which acts as a
restoring force for the motion of electrons and holes, when the carrier density increase, the
local electric field can be screened to a comparable magnitude of the restoring force. In that
case, the electrons and holes will serves as an oscillator, and induces an oscillation electric
field. From the simulation results in Figure 2-18, it shows different THz fields generated at
various carrier densities. We can see the amplitude of the THz field increases and tends to
oscillate as the increase of the carrier density. This results shows the possibility to get THz

fields with higher frequency using screening effect.
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2.3 Terahertz-Pulse Detection with Photoconductive Antenna

The pulse duration of the THz radiated from the PC antenna is typically several
picoseconds, in order to obtain the temporal profile of the THz waveform, cross-correlation
measurement is used. According to the measurement mechanism, it can be majorly divided
into two methods : (1) Electro-Optical sampling [20-21], (2) Photoconductive sampling

[15,21]. The principle of PC sampling method is discussed below.
2.3.1 Experiment Setup of THz-Time Domain System

The experimental setup of the photoconductive THz time domain system is shown in
Figure 2-19. The optical pulse will be.divided inta-two pulses by a beam splitter, one serves as
pump pulse, the other is probe pulse. After excitation the THz antenna by the pump pulse, the
emitted THz pulse is collimated and then focused by a pair of off-axis parabolic mirrors on to
a PC antenna detector. The PC detector is gated with the probe optical pulse, which will
induce the time-dependent conductance, it will convolute with the incident THz field, after

delaying the timing of the gate pulse to the pump pulse, the temporal waveform of the THz

=

! Receiver

pulse is obtained.

Delay
Stage

Mode-Locked
Ti-Sapphire LaserA Emitter

35fs
Figure 2-19 Experimental setup of THz-Time Domain System.
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2.3.2 Detection Principle

When the photoconductive gap is irradiated with femtosecond optical pulse, the

electron-hole pairs are generated, and induce the time-dependent conductance g (t) , the
incident THz field will induce bias voltage E, (t) across the photoconductive gap, it will
correlated with the time-dependent conductance and induced the photocurrent 1,.(7) :

loe (7) = Qi’) =" dtE, () g(t-7) (2.22)

Where Q(r) is the collected charge for each gate pulse, 1/T is the repetition rate of the

laser. The induced bias voltage E, (t) across the photoconductive gap is given by

Eg (t) = Fil { ETHz (a)) H Antenna (60)} (223)
Where E,, () is the Fourier transform of the incoming THz electric field to the antenna,

and H ... (@) is the PC antenna response:of the detector, it will be discussed in section

2.3.3. The time-dependent conductance is

() )
g(t)fdt"g(t')[l—e § Je * (2.24)

Where 1 (t) is the temporal intensity profile of the gating pulse, and 7, is the momentum

relaxation time and 7, is the carrier life time. The first part of the eq. (2.24) is corresponding
to the photocurrent rise mechanism, and the second part of eq. (2.24) represents the current

recover mechanism, the simulation results of PC sampling is shown in section 2.3.4.
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2.3.3 Antenna Response of THz detector

When the THz field is focused on to the PC detector, we must consider the impedance

matching conditions between the PC antenna and the transmission line, it could be frequency

dependent and results a frequency dependent response function H ... (@), which will

reshape the temporal waveform of the THz pulse, the detail discussion of PC antenna
response is reported by Jepsen et al [15], we will just show the conclusions below.

The frequency-dependent photocurrent induced in the photoconduction gap is given by :

c,R 2Rt,  1_ . L(n-1)zw, d (n—-1) 7w,
| — P 0" THz L=s _Ef_—E.I:_—
(v)=¢ N ze, Ldw,(n—1)v "L cR, JEr [2 cR, (2.25)

Where £ is the conversion factor between laser power and number of photogenerated

carriers, B, isthe power of laser, ¢;1s the speed of light, P, is the total power of the

aser

THz beam, R, is total resistance over the detector, - t. is the thickness of the semiconductor

layer covering the detection area, and. w, is initial spot size of the THz beam.

A. Low-frequency limit
In the low-frequency case, the wavelength of the THz field is much longer than any

dimension of the detector, the response function simplifies to

(V) =§F’|aser,/cji“z 20D (bt l) (2.26)
0

R Ls

The response increases proportion to the frequency of THz radiation, it results in a signal
differentiation in time domain. According to Fourier theory, a multiplication of signal by v

corresponding to a differentiation in the time domain.

F - jo6 (o)} = g (1) (2.27)

28



B. High-frequency limit

In the other hand, for high-frequency case, the wavelength of the THz radiation is much

smaller than the detector dimensions, the response function simplifies to

fc P 2R t 1 1
| — P 0" THz L - -
Vo0 (V) é laser 7750 I—idwo (n _1) v o v (228)

The response is inverse proportion to the frequency of THz radiation, it results in a signal

integration in time domain. According to Fourier theory, a division of signal by v

corresponding to a integration in the time domain.

= {jiwe(w)}zj g(t)dt (2.29)

From the discuss above, we can make a brief conclusion of the antenna response function :

(1) For smaller detector in lower THz range (several THz), the response function of the
antenna can be simplify to H Antenna (a)) = Jw, which results in a signal differentiation in

time domain.

(2) For large detector in higher THz range, the response function of antenna can be simplify

~ 1 : . L .
to H anenna =——, Which results in a integration in time domain.
jo

(3) For finite-sized detector for low frequencies will works as differentiator, and for high

frequencies as in integrator in time-domain.
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2.3.4 Simulation Results and Discussion

In order to understand the role of carrier life and momentum relaxation time in the

sampling process, we consider the time-dependence conductance at two cases : (1) change

carrier life time (2) change momentum relaxation time, the simulated results are shown in

Figure 2-20 and Figure 2-21 respectively.

(a)

Conductance g[t] (a.u.)

F O kB N W AN O O N ® ©
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Conductance g[t] (a.u.)

L} M L} M L}
Carrier Life Time 1
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2ps

~.
~o

Time (a.u.)

Figure 2-20 (a) Time dependence conductance g(t) at carrier life time 7, of 0.5ps, 1ps,

(a)

Conductance g[t] (a.u.)

2ps, and 5ps, (b) normalize the peak amplitude of (a) to 1.

Momentum Relaxation Time
—0.1ps
---0.2ps

0.5ps

Time (a.u.)

(b)

Conductance g[t] (a.u.)
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0.1ps
----0.2ps
0.5ps

Time (a.u.)

Figure 2-21 (a) Time dependence conductance g(t) atmomentum relaxation time z, of
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0.1ps, 0.2ps, 0.5ps, and 1ps, (b) normalize the peak amplitude of (a) to 1.



From the simulation results above, we can know that if the material with shorter
momentum relaxation time, the time dependence conductance will have much higher peak
conductance, and results in a much delta-function like shape. For carrier life time, the
simulation results show that the material with longer carrier time will have much higher peak
conductance, the time duration of the conductance will increase simultaneously, Although the
higher conductance will get much higher current in the convolution process, however, the
broader time duration will cause “sampling effect”, the actual signal will be distorted under
longer gating window, it will influence the applications of THz time domain spectroscopy, we

will discuss it in chapter 4.

10

Before Sampling
After Sampling

Amplitude (a.u.)

Time (ps)

Figure 2-22 Original THz waveform and its sampling waveform by PC antenna(without

antenna response).

Figure 2-22 shows the simulated THz electric field and its waveform sampling by PC
antenna, we can see that the original THz field is distorted during sampling process. When the
time-dependent conductance is convolved with bipolar waveforms, the first half cycle is
greatly reduced, while the latter half is less affected, leading to the above observations, the
influence of carrier life time and momentum relaxation time in the sampling process is

discussed below.
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A. Carrier Life Time dependence

The simulated sampling waveform with different carrier life time is shown in Figure
2-23(without antenna response) and Figure 2-24(with antenna response). From the simulation
results, we can find out if the material with fast carrier life time, the measured signal will have
smaller peak amplitude compare with the slower carrier time material, however, it can

preserve the original waveform and get broader bandwidth.

(a) r Carrier Life Time L (b) Carrier Life Time 4
\ —0.2ps ——0.2ps
- —-0.3ps

L 0.4ps -

Amplitude (a.u.)
Amplitude (a.u.)

Time (ps) Time (ps)

Figure 2-23 (a) Simulated THz fields sampling(without antenna response) with different

materials at carrier life time 7, of 0.2ps; 0.3ps; 0.4ps, and 0.5ps, (b) normalize the peak

amplitude of (a) to 1.

(a) s Carrier Life Time I b Carrier Life Time
) ( ) —0.2ps
- --0.3ps
0.4ps

Amplitude (a.u.)
Amplitude (a.u.)

8 9 10

Time (ps) Time (ps)

Figure 2-24 (a) Simulated THz fields sampling(with antenna response) with different

materials at carrier life time 7, of 0.2ps, 0.3ps, 0.4ps, and 0.5ps, (b) normalize the peak

amplitude of (a) to 1.
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B. Momentum Relaxation Time dependence

The simulated sampling waveform with different momentum relaxation time is shown in
Figure 2-25(without antenna response) and Figure 2-26(with antenna response). From the
simulation results, we can find out if the material with fast momentum relaxation time, the

measured signal will have higher peak amplitude and broader bandwidth.

T T
Momentum Relaxation Time

Momentum Relaxation Time
L ——0.2ps (a) 2 0.2ps (b)
[ - --04ps ] - --0.4ps p
[ 0.6ps h 0.6ps
[ —-—--0.8ps h —-—--0.8ps

Amplitude (a.u.)
Amplitude (a.u.)

Time (ps) Time (ps)

Figure 2-25 (a) Simulated THz fields.sampling(without antenna response) with different

materials at momentum relaxation-time z, ~of 0.2ps, 0.4ps, 0.6ps, and 0.8ps, (b) normalize

the peak amplitude of (a) to 1.

Momentum Relaxation Time " Momentum Relaxation Time
—0.2ps 4
———————— 0.4ps ', (b)

0.6ps

Amplitude (a.u.)
Amplitude (a.u.)

1 1
8 9 10

Time (ps) Time (ps)

Figure 2-26 (a) Simulated THz fields sampling(with antenna response) with different

materials at momentum relaxation time z, of 0.2ps, 0.4ps, 0.6ps, and 0.8ps, (b) normalize

the peak amplitude of (a) to 1.
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2.4 Conclusion

We concluded the role of carrier life time and momentum relaxation time in the generation
and detection process in Table 2-2 and Table 2-3 respectively. From these tables, we can know
how to choose suitable materials as THz emitter or detector for your applications. For
example, if you only care about the power of your THz source, you can choose a material
with slow carrier life time and slow momentum relaxation time as THz emitter, the other

material with slow carrier life time and fast momentum relaxation time should be used as THz

receiver.
THz emitter
Emission Power Emission Bandwidth
Fast Low Broad
Carrier Life Time

Slow High Narrow
Momentum Fast Low Narrow
Relaxation Time Slow High Broader

Table 2-2 Comparison of carrier life time and momentum relaxation time in the generation

process of THz field.
THz detector
Receiving Power Receiving Bandwidth
Fast Low Broad
Carrier Life Time

Slow High Narrow

Momentum Fast High Broad
Relaxation Time Slow Low Narrow

Table 2-3 Comparison of carrier life time and momentum relaxation time in the detection

process of THz field.
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Chapter 3 Coherent Control of Terahertz Pulse

Generation and Detection

In order to understand the role of chirp in the generation and detection processes of THz
radiation, we utilize femtosecond pulse shaping technology in this study. This chapter can be
divided into two parts : (1) coherent-control of pump pulse and probe pulse, (2) coherent

control of both pump and probe pulse. The results are shown below.

3.1 Experiment Setup of Chirp-Controlled THz Time Domain

System

( T Autocorrelator
N.D.
» 1

CZF' 07

Emitter

—)

<N

/>

EA

Delay
Receiver Stage

f

Pulse Shaper System

I
N
B I

S S . . N.D. :
T A/2 Polarizer

Figure 3-1 Experimental layout of chirp-controlled THz-Time Domain System (THz-TDS).
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The experimental apparatus of the chirp-controlled THz Time Domain System is shown in
Figure 3-1, the femtosecond laser pulse will pass through a half-wave plate and polarizer
before entering the system, and it will be divided into two pulses by 50/50 beam splitter. One
is pump pulse, and the other is probe pulse, the pump pulse will pass through a femtosecond
laser pulse shaping system, which consists of a pair of gratings (600grooves/mm), two
spherical reflectors with focal length 20cm, and a liquid crystal spatial light modulator with
128 pixels(SLM Cambridge Research and Instrumentation Inc. (CRI) Woburn, MA,
SLM-128). We can provide different 2" order spectra phase (chirp) to the pump pulse utilize
this pulse shaping system.

The antenna we used in the experiment is low temperature grown GaAs (LT-GaAs) dipole
antenna, which has fast carrier life time about 0.3ps, the time-domain signal of THz field is
shown in Figure 3-2, the FWHM of the THz pulse is about 1.06ps, and the efficient
bandwidth is about 2.5THz. From Figure 3-2 (b), we can find out there are several absorption
dips in the power spectrum, as 0.567THz,1.103THz, 1.406THz, and 1.69THz, which is due
to the absorption of water vapor[2-3].

(a) (b)

0.0020

—— without purge
0.0015 - - - - purge 10% B

— without purge
- - - purge 10%

7 0.0010

0.0005

Amplitude (a.u

0.0000

-0.0005 - -

1 1 1 1
0.0 0.5 1.0 2.0 25 3.0

15
10 0 s0 40 50 Frequency (THz)
Time (ps)

Figure 3-2 (a) Time domain THz field without purge, and purged with 10% nitrogen, (b)

power spectrum.
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3.2 THz Generation under Different Chirp Pulses

First, we study the generation mechanism of THz field under different chirped pulses. The
pump power and probe power of the laser are 30mW and 20mW respectively. The pump pulse
is controlled by the pulse shaping system, while the probe pulse is without control, the
experiment results are shown below.

3.2.1 Experiment Results

Pumping with Positively Chirped Pulses
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Figure 3-3 (a) Time domain profile of the THz field generated with different positively
chirped pulses, and (b) the power spectrum.

Pumping with Negatively Chirped Pulses
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Figure 3-4 (a) Time domain profile of the THz field generated with different negatively

chirped pulses, and (b) the power spectrum.

40



1 v 1 v , v 1 v 1
}/A\A/A\l AA —A— THz Peak Amplitude
A
0.0032 | e AN .
%ﬂA | AN
a ! \
3 A | A
8 /
o 00030 A ! \ .
g | "
5 ! AN
€ |
< | \
x 0.0028 | " i
[
o I
N
T |
= A
0.0026 |- ! \ -
| A
|
1 N 1 N ) N 1 N 1
-100000 -50000 0 50000 100000

Chirp (fs?)

Figure 3-5 THz Peak Amplitude v.s. chirp of the pump pulses.

From the experiment results above, we can find.out the extreme different behaviors
between positive chirp excitation and negative chirp-excitation. The maximum peak
amplitude of THz pulse is not located at zero chirp, and the THz peak amplitude is very
sensitive to the positive chirp, when we increase the quantities of the chirp, the positive

chirped pulse will have lower THz peak amplitude than the negative chirped pulse.

3.2.2 Discussion

The experiment results show that the slightly positive chirped pulse will have maximum
THz peak amplitude, it may due to the relationship between carrier life time and laser chirp.
From Figure 1-2, we can know that the positive chirped pulse excitation will have longer
carrier life time than the negatively chirped pulse, and from the simulation results in Figure
2-15, we can know that the material with longer carrier life time will have maximum THz

peak amplitude. The other possible influence may contribute to the
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Intra pulse Pump Down Process (IPDP) [4-5], as shown in Figure 3-6.

Pasitive chirp

Meogative chirp

k-t -z )
_u"[t-"l:}} oftr, }

Enaimgy
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Figure 3-6 Diagrams of the pump-dump process for negatively chirped (NC) pulse and

positively chirped (PC) pulse excitation [4].

The interaction of an optical pulse with such a system can be thought of in terms of
sequential interactions with the field. A'negatively chirped pulse can be represents as a
sequence of frequency components from high to low, when the first photon excite the carriers
from valance band (VB) to the conduction band (CB), the carriers will move from higher to
lower energy along the CB, when the second photon with lower energy entering the system, it
may induce stimulated emission, and the carriers in the CB will be reduced, it is called
“pump-dump” process. A positively chirped pulse cannot enhance the stimulated emission

process, so the positively chirped pulse will generate more carriers than the NC pulses.
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3.3 THz Detection under Different Chirped Pulses

The role of chirp in the detection processes of THz field is discussed in this section. We

study the detection mechanism of THz field under different chirped pulses. The pump power

and probe power of the laser are 30mW and 20mW respectively. The probe pulse is controlled

by the pulse shaping system, while the pump pulse is without control, the experiment results

are shown below.

3.3.1 Experiment Results

Sampling with Positively Chirped Pulses
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Figure 3-7 (a) Time domain profile of the THz field sampling with different positively

chirped pulses, and (b) the power spectrum.

Sampling with Negatively Chirped Pulses
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Figure 3-8 (a) Time domain profile of the THz field sampling with different negatively

chirped pulses, and (b) the power spectrum.
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Figure 3-9 THz Peak Amplitude v.s. chirp of the pump pulses.

In the detection process, we can also find out the asymmetry behaviors between positively
chirped pulses and negatively chirped pulses. However, unlike the generation process, the

detected THz field will have maximum peak amplitude value in zero chirped case.

3.3.2 Simulation Results and Discussion

The asymmetry behaviors in the detection process may due to the relationship between the
laser chirp and carrier life time and momentum relaxation time. If the carrier life time and
momentum relaxation time is independent of chirp, the only problem we must consider is the
gating pulse width. Figure 3-10 shows the simulation results of the relationship between THz
peak amplitude and laser chirp, the carrier life time and momentum relaxation is independent

of chirp in this simulation.
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Figure 3-10 Simulation results of THz peak amplitude v.s. the chirp of the gating pulses,

carrier life and momentum relaxation time is independent of chirp in this case.
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Figure 3-11 Simulation results of THz peak amplitude v.s. the chirp of the gating pulses,
carrier life and momentum relaxation time is linear dependent of chirp in this case.
Figure 3-11 shows the results simulation results considering the relationship between chirp
and carrier life time and momentum relaxation time, the simulation results show the

asymmetry behaviors, which is same as our experimental results.
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3.4 Simultaneous Chirp Control of Both Pump Pulse and

Probe Pulse

From the previous discuss, we can found that the asymmetry behavior of chirp dependence
in the generation and detection process, while the experiment above only control only pump
pulses or probe pulses respectively, how about control the pump and probe pulse
simultaneously ? In this section, we will show the experiment results of simultaneous chirp

control of both pump pulse and probe pulse.

3.4.1 Experiment Setup
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Figure 3-12 Experimental setup of coherent-controlled THz —time domain system.

46



Figure 3-12 shows the experiment setup of the coherent-controlled THz-TDS, both pump
pulse and probe pulse are coherent-controlled by pulse shaping system, the pulse shaping

system was tested with the autocorrelation measurement system before experiment.

3.4.2 Results and Discussion

Figure 3-13 shows a traditional THz waveform generated from LT-GaAs dipole antenna,
which has three significant features : (a) Positive peak amplitude (b) 1* negative peak

amplitude and (c) 2" negative peak amplitude, which has different physical meanings.
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Figure 3-13 THz waveform.

In this experiment, we change the chirp of the pump pulse and probe pulse from -400k fs?
to +400k fs, the chirp spacing in the experiment is 20k fs?, which measured 41x41 THz
waveforms in the experiment, we made different control plots to discuss the experiment

results below.
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A. Positive Peak Amplitude of THz pulse
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Figure 3-14 THz positive peak amplitude v.s. pump chirp & probe chirp.

The positive peak amplitude is associated with the total power of the THz field, from the
experiment results, we can found out the-asymmetry behaviors between positively chirped and
negatively chirped pulses. The pump pulse with. positively chirp will have maximum THz
peak amplitude, Figure 3-15 shows the results-of the THz peak amplitude v.s. pump chirp at
different probe chirps. The dip located in the zero chirp is due to the two photon absorption

effect, which will reduce the emission power of the THz wave.
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Figure 3-15 THz Peak Amplitude v.s. pump chirp at different probe chirps.
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B. 1% Negative Peak Amplitude of THz pulse
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Figure 3-16 THz 1* negative peak amplitude v.s. pump chirp & probe chirp.

The origin of the 1% negative peak is due to the sampling effect and antenna response [6],
the dependence of probe chirp is nearly symmetry, from Figure 3-16, we can find out the
interesting behavior that pump with-negatively chirped pulse will generate maximum value of
1% negative peak. It’s consistent with the chirp-dependence of positive peak amplitude and the
conservation of energy, where the maximum positive peak amplitude occurs at positively

chirp pulse.

C. 2" Negative Peak Amplitude of THz pulse

The 2" negative peak is corresponding to the carrier relaxation process [7], we can find out
the pump chirp dependence of the 2™ negative peak is nearly symmetry from Figure 3-17,
however, it’s very sensitive to the probe chirp, the dependence of the probe pulse shows a
valley like shape and have a dip in the zero chirp region, this behavior is similar to the chirp
dependence of the THz positive peak amplitude. The origin of this dip is not two photon
absorption effect, it’s due to the sampling effects : (1) From the discussions & simulations in

Chapter 2.3, we can know that the longer the carrier relaxation time, the higher the THz
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positive peak amplitude and 2" negative peak amplitude, and with the same quantity of chirp,

positive chirp pulse will have longer carrier life time than the negative one. (2) The higher the

laser chirp, the longer the pulse width, and the long pulse width will reduce the measured THz

values. According to (1) and (2) , we can got the experiment results below.

Prote chirp[kfs? ]

Probe chirp[k ]

THz 7 negative peak amplitide v.5 purmp chirp & probe chirp

BN\

a0 ||

THz 2% negative peak amplitude v.s pump chirp & probe chirp

200 -

=200

L 1 L 1 1 1 g 1 i
—a00 —200 0 200 200
Pump chirp [k fs2]

Figure 3-17 THz 2" negative peak-amplitude v.s. pump chirp & probe chirp.

Total Power of THz pulse

THz Total Power v.s pump chirp & probe chirp

400 |

THz Total Power v.s putnp chirp & probe chirp
200 -

=200

—400 —200 0 200 400
Punp chirp [k 52 ]

Figure 3-18 THz total power v.s. pump chirp & probe chirp.
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Power Dependence
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Figure 3-19 THz Peak amplitude v.s. pump power.

The chirp dependence of the total power of THz radiation is shown in Figure 3-18, it shows
the tendency that if we pump and probe with slightly positively chirped pulse, we will get
maximum THz total power, it’s consistent with our previously works, and the power
dependence of the THz peak amplitude is shown in Figure 3-19, the THz peak amplitude will
saturated when the pump power greater than 35mW, this experiment is done without chirp

control.
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3.5 Conclusion

From the experiments above, we can find out the asymmetry behaviors between positively
chirped pulse and negatively chirped pulses in the excitation and detection process of THz
radiation. There were a dip in the zero chirp both in the pump chirp case and probe chirp case.
It may due to the two photon absorption effect, the zero chirped pulse will have maximum
excitation power than the chirped pulses, and this two photon absorption effect will reduce the
effective carriers both in the excitation or detection process, so the peak amplitude of the THz
radiation will reduced when we excited or gating with zero chirped pulses.

In this chapter, we utilize the pulse shaping system to discuss the role of chirp in the
excitation and detection process of THz radiation, the experimental results is consistent with

the theoretical simulation, and the two-photon absorption effect is also observed.
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Chapter 4. A Chirp-controlled THz Time Domain

Spectrometer

From the previous study, we can know that the laser chirp influence on THz generation and
detection process, in this chapter, we will focus the influence of chirp on THz time domain

spectrometer in this chapter.

4.1 Material Optical Constants Extraction from Terahertz

Time Domain Spectroscopy

The method to extract material-optical constants from THz-TDS is based on measuring

the effects on the electric field of a THz wave pass through investigated material. The
temporal profile of the THz pulse which pass through the material is measured as E (t) :
and the other THz pulse without pass through the material is measured as E, (t) . This two

signals will be transfer to frequency domain by Fourier transform, and the transfer function is

determined by their quotient :

ﬁexp (CO) = (41)

Since the material constants cannot direct compute from the complex transfer function

directly, this is called an inverse problem, some algorithms [1-3] will be used to make the

theoretically derived transfer function H teory (o) equal to the experimental transfer function
Hes (@), we will introduce the method we used in the following section.
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4.1.1 Method of Extraction Optical Constants from Thick Samples

ETHZ (Cl)) Ereference (a)) \J\f‘
ﬁsample (Cl))
Esample (0)) T/\f/y

Air Air
Figure 4-1 Schematic of electromagnetic model for thick sample.

[ (o)

Sample

> d <«

If the sample which we want to measure is thick enough (typically >100 m), the
reflection signal is clearly separated in time-domain, and the Fabry-Perot effect could be
ignore, it could simply the material constants retrieval process. The reference field can be

express by

= = ~air d
E reference ((l)) = ETH, (a)) exp |i— J M:l (42)
0

Where nar =1.00027 — jO is the refractive index of air, d is the thickness of sample,

C, = 299792458 [m/s] is the speed of light in vacuum. The signal field which passed through

the sample we want to measure can be expressed by

E e (@) = Eree () () exp{— j “m‘;—(“’)d}r(a}) (4.3)

Where ti (a)) and le(a)) are the Fresnel transmission coefficient, it can be expressed by

~ _ Zﬁair (a))
e (a)) - ﬁair ((0) + ﬁsample (a)) (44)

Zﬁsample (Cl))
ﬁair ((0) + ﬁsample ((0)

ta (@)= (4.5)

The complex refractive index of the sample can be written as
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Nsample (0)) =N, (0)) - jKS (0)) (46)
Where n, (@) is the real refractive index and «, (@) is the extinction coefficient indicating

the absorption, the relationship between absorption coefficient o (a)) and extinction

coefficient x,(w) is:

a, (w)c,
= 4.7
k (0)="7 (4.7)
From equation (4.1) to equation (4.5), we can get the theoretical transfer function :
:I: (a)) = M = Elz (a))t;; (a))exp _—j w—d(ﬁsample (0))— ﬁair (0)))_
E reference ((U) L Co _
. _ ) . (4.8)
4 air sample . ~ ~
=— i (a))? oe (@) —exp —jw—d(nsample (@) —Nair (a)))
|:nair (a)) + Nsample (CO)] L Co _
Assume the absorption of the material is-less than the real part of the refractive index
(x, < n), we could simplify the transfer function to
T 4nairns (w) Jod ;
T(a) = 7 EXP _J_(nS(a))_JKS(w)_nS(a)))
[N, +n,(@)] Co
(4.9

_ [4231 o8] -2 0)[og] 522 ().

= p(co)exp[jAgzﬁ(a))]
The real part of the refractive index could be calculated by the phase difference Ag(w) :

~ C,Ad ()

- (4.10)

I"Is (0)) = nair
After get the real part of refractive index from equation (4.10), the extinction coefficient

K, () also can be obtained from equation (4.9) :
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(4.11)

¢ | p(o)(n, +n5(a)))2}

Ks(a)):_a)_zjln[ 4an,.n, (o)

air’'s
From the calculation above, we could extract frequency dependent complex refractive

index from the experiment.

4.1.2 Problems of Photoconductive Antenna Sampling Effect

In the experiment, the most popular THz-TDS is based on photoconductive antenna pair
system, which is easy to buildup than EO sampling system. Unlike the traditional
spectrometer, which measures the frequency spectrum by means of expand the frequency
spectrum into spatially separated components by diffraction grating and recorded it by a CCD
camera, THz Time Domain Spectroscopy:is'based on Fourier transform spectroscopy, which
doesn’t measure the frequency response directly, the spectrum is calculated from the Fourier
transform of the time-domain profile measured in the experiment.

For the applications of spectroscopy, we must take care of what we really measure in the
experiment, otherwise we will get wrong information during the Fourier transform process,
from the discussion above, the material constant retrieval is based on transfer function of

sample signal and reference signal in the frequency domain :

,M/ (a)) _ ;Esample (a)) _ F {Fsample (t )} _ Ij:o Esample (t)eXp [— Ja)t] dt (411)
E reference (CU) F { E reference (t )} J‘i E reference (t) exp [_ Ja)t] dt

The signal we measured by PC antenna E" (r) which is the correlation of time-dependent

conductance ¢ (t) and the time-domain electric field on the detection antenna :

Es'\:mple (T) = J._Z Esample (t) g (t - T) dt (412)

~M

E reference (T) = J._Z Ereference (t) g (t - T) dt (413)
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Where  E sampie (t) is the time domain electric field with material response on the detector

antenna, and E reference (t) is the reference electric field on the antenna. The electric field with
sample response can be represented by

Eanie (t) = F*{Ena (@) H, (@) H, (o)) (4.14)
Where Er, (w) is the THz field generated from the PC antenna, H, (@) is the antenna

response, and H (a)) is the material response, the reference signal also carries the antenna
response :

o (£) = F B () H, ()} (4.15)
Combine equation (4.11) to equation (4.15), we will get :

(o)~ FIEL. (1) 3 P B (D9 (t-0)
F {EMf (t)} F {ji Eretorance (1) 9 (t—7) dt}

(4.16)
_ IZ{IZ Esanpe (t) g (t ¥ T) dt} e lorqr

[ B g afe e

The correlation process of the conductance and THz field will prohibit us retrieval the actual

material properties. There are two cases that we can reduce the correlation effect :

(1) If the time-dependence conductance is a delta-function, g(t)=4(t), equation (4.16) can

be reduce to

N Ii{j:ﬁsample (t)5(t—f)dt}e_jwrdf .[:Esample (T)e“"’”dr

M (@) =7~ —— = _
reference -7 e dr reference \ T e 'dr
j_m{j_w E reerence (1) 5 (¢ )dt} dr | Eneree (7) o
~ Eme(@)H, (0)H, (o) ~
"~ Em (0)H, (@) =Ha (@)
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(2) If the temporal profile of the conductance is symmetry : ¢ (t) =g (—t) , the correlation

process is equal to convolution process

[ EMg(t-r)dt=] E(t)g(z-t)dt=E(t)®g(t) (4.18)

The convolution of THz field and conductance can be eliminated during the Fourier
Transform process :

FIEL (O] F{Eame()®0(1))
F (Bt (t)} { wence (1) ® 9 (1)

{ E sample t)}
"~ F{ Bt (1))

= Hm(a))

M ()=

9(t)}  Em(@)H,(0)H,(0)F{g(t)] (4.19)
t

o)) Enme(@)H,(0)F{a (1)}

F
=

Recall the time-dependence conductance introduced in chapter 2 :

@Y (0
t DY ()
= [ dt'lg(t')[l—e . ]e g (2.24)

The temporal profile of the conductance is asymmetric in nature, due to the fast photocurrent

rise time and slow decay time, if we want to fulfill the conditions above, the temporal

intensity profile of the gating pulse | (t) must as shorter as possible to achieve

delta-function like gating function.
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4.2 Analysis of Several Different Samples utilize

Chirp-Controlled THz-TDS

In order to discuss the PC antenna sampling effect on THz time-domain spectroscopy, we
prepare 3 samples to study this effect. (1) Metal Hole Array (MHA), (2) Lactose, and (3)
Quartz, which have different properties in the THz range. MHA is a 2 dimensional photonic
crystal which is used as band-pass filter in the THz region [4]. Lactose, which has a
significant absorption in the THz region [5]. Quartz, which has flat response in the THz
region, is the most favor material used as substrate in many applications. The experimental
setup is same as Figure 3-12.

4.2.1 Metal Hole Array

811um

CCCCC
oot L CC

COCCC
LOUCCC

LOUCALC ...

Figure 4-2 Schematic of metal hole array.
Figure 4-2 shows the schematic diagram of our MHA sample, which is a two dimensional
photonic crystal array of hexagonal lattice. The diameter of the hole is about 400 m, period
811mm, and thickness 400 m, which leads to central transmittance frequency around 0.42

THz.
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Figure 4-3 (a) Time domain profile of reference THz field and the THz field which pass

through MHA, (b) power spectrum.
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Figure 4-4 Amplitude transmittance of MHA.

Figure 4-3 (a) shows the measured time domain profile of signal and reference field, the
pump power and probe power of the laser pulse is 30mW, 20mW respectively, the pump pulse
and probe pulse are compressed to TLP with SLM, so the pump pulse and probe pulse are
both zero chirp in the experiment. Figure 4-4 is the corresponding amplitude transmittance of

MHA, which shows a maximum transmittance at 0.425 THz.
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Figure 4-5 (a) Amplitude Transmittance of MHA with different gating pulse, and (b) the

corresponding power spectrum of reference signal.

Figure 4-5 shows the experimental results of MHA transmittance under different probe
pulses with different chirp. We can find out the transfer function remains unchanged through
0.2~0.6THz under different probe pulse, however, the transfer function shows strong
distortion beyond 0.6 THz.
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4.2.2 Lactose

(@) (b)

Figure 4-6 Molecule structure of lactose.
Lactose is found most notably in milk, which is also called milk sugar. The molecule

structure of lactose is shown in Figure 4-6 (b). The vibration frequency of OH-bonds leads to

absorption in 0.53THz.
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(a) (b)
Figure 4-7 (a) Time domain profile of reference THz field and the THz field which pass
through lactose, (b) power spectrum.
Figure 4-7 (a) shows the time domain profile of signal field and reference field, and (b) the

correspond power spectrum. The pump power is 30mW, and probe power is 20mW, pump

pulse and probe pulse are both zero chirp.
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Figure 4-8 Amplitude transmittance of lactose.
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Figure 4-9 (a) Amplitude Transmittance of lactose with different gating pulse, and (b) the

corresponding power spectrum of reference signal.

The amplitude transmittance of lactose is shown in Figure 4-8, the maximum absorption

peak is located at 0.527 THz. Figure 4-9 shows the amplitude transmittance under different

probe pulse, the absorption peak is also remains unchanged from 0.4THz to 0.6 THz. However,

it shows a strong distortion below 0.4THz and beyond 0.6THz.
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4.2.3 Quartz
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Figure 4-10 Time domain profile of reference THz field and the THz field which pass

through a 0:7mm quartz.
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Figure 4-11 (a) Refractive index of quartz, and (b) extinction coefficient of quartz.

Figure 4-10 shows the time-domain profile of signal and reference field, and refractive

index and extinction coefficient can be calculated with equation (4.10) and (4.11) respectively,

the results are shown in Figure 4-11. The refractive index is about 2 in the THz range.

65



(@)

(b)

Refractive index n

Extinction Coefficient

2.8 r v r v T T v
Probe Chirp
2
sl —0fs ]
- — -40k fs
80k fs®
24 120k fs® ]
160k fs”
2200 e 200k fs® 4

2.0 \' I':"lﬁ N f"av/h“"*"’-‘\@/ﬂ’v"“
. / -

N i
B e e O )
N

1.0

18 !
16 .
L " L " L " L
0.2 0.4 0.6 0.8
Frequency (THz)
1.0 T T T T T T T T T
Probe Chirp
08} ——0fs’ ]
- - - 40k fs?
‘ 80k fs”
06 B 2 120k fs? g
\/ 160k fs’
R U SO e 200k fs’
04F -
02} \"\\ i
\’\./‘* ,
\!u/\%/\w_.’,,u :" ‘\-;"\"‘).\' .".: /L\\\'
0.0 1 N 1 N 1 N 1 N i I“"(M" .
0.2 0.4 0.6 0.8 1.0

Frequency (THz)

1.2

Figure 4-12 Refractive index and extinction coefficient of quartz under different probe pulses.

The calculated refractive index and extinction coefficient under different probe pulses are

shown in Figure 4-12, the experiment results shows extreme different than the measured

results of MHA and lactose. The refractive index and extinction coefficient remains

unchanged with different probe pulses, the possible results are discussed below.
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4.3 Material Optical Constant Measurement Uncertainties

Due to the Chirp of Laser

From the experimental results above, we can find out the transfer function of MHA and
lactose will be distorted under strong chirped pulses, however the chirp pulse wouldn’t
change the transfer function of quartz, which has flat response in the THz range. The reason
that the transfer function of MHA and lactose show strong distortion is the “correlation
process” of the THz field and the time-dependent conductance, which is discussed in chapter
4.1.2. The major feature of these two samples is band pass filter with center frequency
0.42THz and strong absorption at 0.53THz, it remains unchanged under different gating

pulse.

However, the refractive index and extinction coefficient of quartz remain unchanged in the
efficient THz bandwidth range, why it shows-extreme different behavior than the other two

sample? It may contribute to two reasons :

(1) The complex dielectric function of quartz remains constant in the terahertz range where
we want to study, so it doesn’t matter to the chirp of probe pulse.
(2) When the probe pulse with higher chirp, it means the pulse duration is enlarged in time,

recalled the time-dependence conductance again :
. (1)) _(=)
g(t):j dt'lg(t')[le s Je e (2.24)

We can simulated the time-dependence conductance under different pulse width, the results

are shown in Figure 4-13 :
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Figure 4-13 (a) Time dependent conductance g(t) at gating pulse width of 0.1ps, 0.2ps, 0.5ps

and 1ps, (b) normalized the peak value to 1.

From the simulation results above, we can found out that the time-domain profile of the

conductance will transfer from asymmetry shape to symmetry, the symmetry profile of the

gating function in time-domain will:transfer the correlation effect to convolution, and

eliminate the correlation effects, as discussed:in section 4.1.2.
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4.4 Conclusion

In this chapter, we measured three samples with different properties in the THz range we
want to study. The photoconductive antenna sampling effect is well discussed in theory and

experiment. It can help us understanding the reliability of terahertz time domain spectroscopy.

We found out the transfer function of THz-TDS will remains unchanged under very strong
chirped pulse, although the strong chirped gating pulse will reduced the measured THz power,
however, the strong chirped pulse with longer pulse duration will transfer the
time-dependence conductance into symmetry profile, which will reduce the sampling effect.
In the zero chirped probe pulse case, the delta-function like shape of the gating function will
also eliminates the sampling effect, and with higher SNR. So in the experiment of THz-TDS,

the zero-chirped pulse is suggested in the experiment.
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Chapter 5 Future Works

5.1 Summation of this work

In this work, we study the THz generation and detection mechanism of PC antennas with
femtosecond pulse shaping technology, which help us understand the role of chirp in the
generation and detection processes. The influence of carrier life time and momentum
relaxation in material is also studied by the simulation with one dimensional Drude-Lorentz
model, it gave us the information about how to choose suitable materials as emitter or detector
in different kinds of THz applications. The summation of suitable emitter and detector

materials were shown in Table2-2 and Table 2-3 respectively.

In the application of THz-Time Domain Spectroscopy, the PC antenna sampling effect is
also discussed, experiment results found that the strong chirped probe pulse will results into a
symmetry profile of time-dependence conductance, it can eliminate the correlation effects of

PC antenna.
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5.2 Coherent-Controlled Narrow Band to Broad Band THz
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Figure 5-1 Schematic layout of coherent-controlled narrow band to broad band THz time

domain spectrometer.

Figure 5-1 shows the suggested tunable THz Time domain system, which composed with
two pulse shaping system, the SLM used to control pump pulse is a dual-channel SLM with
640 pixels, which can provide amplitude and phase modulation simultaneously, with such a
dual channel shaper, first, we can also compress the pump pulse into TL-pulse, which can
generated THz field with broadest spectrum, and the gating pulse is pass through another

pulse shaper, which is also used to compress the gating pulse to achieve delta-function like
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gating function. The detection mechanism is EO-sampling, which can achieve maximum
bandwidth detection and reduce the PC antenna sampling effect.

Such a system can be worked on two modes : (1) broad band mode, and (2) narrow band
mode. For traditional application of broad-band detection, the pump pulse and probe pulse can
also be compressed to zero chirp, and can achieve both maximum emission efficiency and
detection efficiency. For the application of narrow-band mode, we can use this dual-channel
SLM to generate multi-pulses [1], which can generated tunable-narrow band THz pulses. This
narrow-band THz source can be used in the application of absorption spectroscopy, which will

have higher sensitivity than broad band sources.
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