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ABSTRACT

MATERIAL CHARACTERIZATION WITH TERAHERTZ
TIME-DOMAIN SPECTROSCOPY

Koseoglu, Devrim
Ph.D., Physics Department
Supervisor: Prof. Dr. Sinan Bilikmen

Co-Supervisor: Assist. Prof. Dr. Hakan Altan

January 2010, 100 pages

Terahertz time-domain spectroscopy systems were developed and used for the
anaylsis and characterization of various materials. By wusing ultra-fast
Ti:Sapphire and Er-doped fiber lasers, terahertz time-domain spectrometers of
different configurations were constructed and tested. To increase the accuracy
and sensitivity of the measurements, the systems were optimized for

spectroscopic analysis.

MBE grown nominally undoped epitaxial GaAs samples were used for the
spectroscopic measurements. These samples were first charactrized by

electrical measurements in order to check the accuracy of the terahertz time-
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domain experiments. We have shown that the terahertz time-domin

spectroscopic techniques provides a quick way of the determining the real (#,)
and complex (n,) components of the refractive index of material. In addition,

we have investigated the photoexcitation dynamics of these GaAs samples. We
have demonstrated that direct and photoexcited terahertz time-domain
measurements give an estimate of the carrier densities and both the hole and

electron mobility values with good precision.

An algorithm is developed to prevent the unwanted Fabry-Perot reflections
which is commonly encountered in Terahertz Spectroscopy systems. We have
performed terahertz time-domain transmission measurements on ZnTe <110>
crystals of various thicknesses to test the applicability of this algorithm. We
have shown that the algorithm developed provides a quick way of eliminating
the “etalon” reflections from the data. In addition, it is also shown that these
“etalon” effects can be used for the frequency calibration of terahertz time-

domain spectrometers.

Keywords:  Ultra-fast lasers, Terahertz time-domain spectroscopy,
Photoconductive Antennas, Optical Rectification, Electro-optic sampling, Hall
Effect, van der Pauw technique, Photoexcitation, Direct-gap semiconductors,

Isotropic crystals, Fabry-Perot (“etalon”) effect
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ZAMAN EKSENLI TERAHERTZ SPEKTROSKOPISI ILE
MATERYAL KARAKTERIZASYONU

Késeoglu, Devrim
Doktora, Fizik Boliimii
Tez YoOneticisi: Prof. Dr. Sinan Bilikmen

Ortak Tez Yoneticisi: Yrd. Dog. Dr. Hakan Altan

Ocak 2010, 100 sayfa

Zaman eksenli terahertz spektroskopi sistemleri gelistirildi ve malzeme
belirlenmesinde ve analizinde kullanildi. Ultra-hizli Ti:Safir ve Erbium katkili
fiber lazerler yardimiyla kurulan farkli tiplerde zaman eksenli terahertz
spektrometreleri  test edildi.  Sistemlerin  spektroskopik analiz  igin

optimizasyonu yapilarak 6l¢iimlerin duyarlilig: arttirldi.

Molekiiler hiizme epitaksi yontemi ile iiretilen, katkilanmamis yari-iletken
GaAs Orneklerinin spektroskopik Olgiimleri yapildi. Bu 6rnekler oOnce
elektriksel Olgiimlerle karakterize edildi ve zaman eksenli terahertz
spektroskopisi sonuglariyla karsilastirildi. Boylece spektroskopic 6lgiimlerin
duyarlilign ve elektriksel Olgiimlerle olan tutarliligi analiz edildi. Ek olarak,

laserle uyarilmis GaAs Orneklerinin Ozellikleri c¢alisildi. Bu c¢alismalarda,
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zaman eksenli terahertz spectroskopi yontemlerinin ¢esitli malzemelerin reel

(n,) ve kompleks (n,) kirtlma indislerinin kolayca belirlenmesine olanak

sagladig1 gosterildi. Bunlara ek olarak, lazerle uyarilmis ya da uyarilmamis
ornekler icin yapilan zaman ecksenli terahertz Olglimleri ile yiik

yogunluklarinin, elektron ve desik mobilitelerinin hesaplanabilecegi gosterildi.

Terahertz sistemlerinde siklikla karsilagilan istenmeyen Fabry-Perot
yansimalarint  Onlemek amaciyla yazilan algoritma ile spektroskopi
Olciimlerinde numerik ilerleme saglandi. Degisik kalinliklardaki ZnTe <110>
kristallerinin zaman eksenli terahertz gecirgenlik verileri alinarak algoritma test
edildi ve algoritmanin bu “etalon” etkilerinin verilerden kaldirilmasinda hizli
bir yontem oldugu gosterildi. Ayrica bu “etalon” etkilerinin terahertz
spektrometrelerin frekans kalibrasyonunda kullanilabilecegi deneysel olarak

gosterildi.

Anahtar Sozciikler: Zaman eksenli terahertz spektroskopisi, ultra-hizli lazerler,
Foto-iletken antenler, Optik rektifikasyon, Elektro-optik belirleme, Hall Etkisi,
van der Pauw yontemi, Isikla uyarma, Direkt aralikli yari-iletkenler, Isotropik

kristaller, Fabry-Perot (“etalon”) etkisi
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CHAPTER 1

INTRODUCTION

The unexplored terahertz (THz) region of electromagnetic spectrum is taking
much interest due to the lack of efficient methods to generate and detect THz
radiation. It is a developing area which lies in between optics and electronics.
From the optics side, terahertz research provides information on the vibrational
and rotational modes of atoms and molecules in materials. While the Terahertz
time-domain spectroscopic techniques are generally used for the determination
of the optical properties and the study of the dynamics of semiconductors, the
terahertz imaging techniques have gained much attention because of their
potential use in imaging, remote sensing and homeland security [1]. From the
electronics side, the high sensitivity generation and detection devices and their
implantation into this area of research and technology combines the field of
microwave engineering and optical engineering into photonics. What makes
this method unique is that the Terahertz time-domain spectroscopy systems are
capable of coherent generation and detection of THz radiation, so that the

amplitude and the phase of the THz beam are measured simultaneously.

In THz time-domain spectroscopy, the amplitude and phase of the THz
radiation is measured coherently as a function of time. The spectrum is
obtained by a Fourier transform of the time domain data. With this information,
it is possible to do spectroscopic analysis and to calculate the complex
dielectric function of materials without solving the Kramers-Kronig relations.

So, it is a practical tool for material characterizations.



To generate and detect THz radiation is a very difficult and complicated task.
THz researchers generally construct their own systems, since the market for
THz technology is almost unavailable. The construction or implementation of
ultra-fast lasers requires high skill and technological understanding. The
research in terahertz time-domain spectroscopy is intimately related to the
developments in the ultra-fast laser design. For this reason, the invention of
low-cost, compact, and turn-key femtosecond lasers will help the THz

spectroscopists to develop commercially available systems.

The implementation of photoconductive antennas [2 - 5], optical rectification
[6 - 13], and electro-optic sampling [14 - 16] into the terahertz research
enhanced the terahertz studies and started the science of terahertz
optoelectronics. Today, the terahertz optoelectronics is applied in the areas of
spectroscopy [17 - 19], imaging [20 - 22], microscopy [23], tomography
[24, 25], biology [26], and defense [27, 28].

The objective of this thesis is to investigate various characteristics of different
terahertz time-domain spectroscopy systems and study their use in material
characterization. In this study, we constructed terahertz time-domain
spectrometers based on the methods mentioned above to check their properties

and limitations. We have optimized these systems for material characterization.

In the second chapter, the systems we have developed were described together

with the basics of terahertz time-domain spectroscopy.

In the third chapter, the electrical characterization of nominally undoped

expitaxial GaAs samples were explained.

In the fourth chapter, the terahertz time-domain studies of these samples were

presented.



In terahertz time-domain spectroscopic measurement, there exists additional
pulses after the main peak due to Fabry-Perot effect [29]. We have developed
an algorithm which was given in the appendix to remove these ‘“etalon”
oscillations by using the method by M. Naftaly and R.E. Miles [30] and applied
these to the transmission analysis of ZnTe <110> crystals of different
thicknesses. We have also used this “etalon model” [29 - 31] to remove the
Fabry-Perot effect and to check the calibration of our spectrometers. These
studies were presented in the fifth chapter. The conclusion chapter summarizes

the overall studies done in this thesis.



CHAPTER 2

TERAHERTZ TIME-DOMAIN
SPECTROSCOPY

2.1. Introduction

In this chapter, the commonly used Terahertz (THz) radiation generation and
detection methods will be covered briefly. The basics of THz time-domain
spectroscopy systems will be described together with the ultra-fast lasers used

in this thesis. Later, the THz spectral analysis technique is presented.

The definition of “THz gap” generally covers the region from 300 GHz
(A =1 mm) to 10 THz (A = 30 pum). It lies between the microwave and the far-
infrared part of the electromagnetic spectrum (see Figure 2.1). Therefore, it is a
transition region from electronics to the optics. The photon energy

corresponding to 1 THz (10" Hz) is 4.1 meV (33.33 cm™).

The unexplored “THz gap” has attracted a lot of attention in terms of scientific
and technological purposes in the last decade. With the development of
compact and low-cost femtosecond laser sources working at room temperature,
the research on the area of terahertz optoelectronics has enhanced potential
application areas such as spectroscopy, imaging, as well as chemical and

biological sensing.
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Fig.2.1. The THz band and the THz absorption spectra

Among the commonly used applications of THz technologies, spectroscopic
methods allow a material’s far-infrared optical properties to be determined as a
function of frequency. This information can provide knowledge on the material
characteristics for a wide range of applications. There are generally three
different THz spectroscopy techniques: These are Terahertz Time-Domain
Spectroscopy (THz-TDS), Time-Resolved Terahertz Spectroscopy (TRTS),
and Terahertz Emission Spectroscopy (TES). THz-TDS is used to investigate
the static properties of the material. On the other hand, TRTS is used for the
analysis of the dynamic properties. In the TES, the material under study itself
emits THz radiation, from the detected radiation, the emission characteristics of

the material is determined.

THz systems (THz-TDS and TRTS) use very short pulses (of the order of
femtoseconds) of broadband THz radiation, which are typically generated
using ultra-fast laser pulses. Ultra-fast lasers enable the use of time-gating
methods to detect the electric field of the THz pulses as a function of time. In a
typical THz spectroscopy system, femtosecond pulses are directed to a
generation medium to be used for excitation. The generation medium produces

electromagnetic pulses whose electric field depends on the intensity and width



of the envelope of the femtosecond pulses. The transmitted THz electric field is
then measured coherently, which provides both amplitude and time-resolved

phase information.

2.2. Femtosecond Laser Pulses

The term “ultra-fast” is generally used for pulses less than picoseconds. To
generate picosecond pulses, a broadband laser has to be used, since the
duration of an optical pulse is related to the bandwidth of the source via the

Heisenberg uncertainty relation.

Av-Ar =1 (2.1

where Av is the laser bandwidth and Az is the duration of the laser pulse.
Numerically, for a picosecond pulse, a laser bandwidth of at least a THz is
needed. This bandwidth is higher than ordinary lasers, such as Nd:YAG,
Nd:Glass, Excimer (XeCl, ArF, KrF), and gas atom or ion (He-Ne) lasers. So,
broad bandwidth sources such as Ti:Sapphire lasers, Erbium-doped fiber lasers,
high-pressure CO, lasers, or Dye lasers can be used to generate ultra-fast

pulses [32 - 35].

Frequency doubling and optical parametric oscillation techniques are applied to
get output from the infrared to the ultraviolet range in addition to the mode-
locking principles. These nonlinear techniques are commonly used in ultra-fast
lasers. In this thesis, mode-locked Ti":Sapphire and Er"™-doped fiber lasers
were used together with the optical elements, auto-correlators and pumping

lasers.



2.2.1. Ti: Sapphire lasers

Among the tunable solid state lasers, Ti:Sapphire is probably the most popular
and novel one which is based on the active medium consisting of Ti" ions
(typically 0.1 %) in the lattice of Al,O; crystal. Ti:Sapphire crystal absorbs the
output of a pump laser which is emitting in the green region of the
electromagnetic spectrum and produces wavelengths between 720 nm to
880 nm. So, they produce enough broad bandwidth for the generation of sub-
picosecond ultra-fast pulses. However, the complexity of the design, delicate
nonlinear optical elements, and auto-correlators, in addition to the requirement
of a very good quality pump laser, make these lasers quite complex and
expensive. Ti:Sapphire lasers are sensitive to vibrations and temperature
changes, so the user has to align the optics regularly to achieve the best

possible performance.

Ti:Sapphire lasers can produce very short femtosecond pulses in mode-locked
operation which can be used especially for characterization of materials and

investigation of the rotational and vibrational dynamics of atoms in a molecule.

The Ti:Sapphire lasers generally employ a diode-pumped Nd:YVOy, solid state
laser. The frequency doubled 532 nm beam is directed into the resonator to
pump the Ti":Al,O; crystal. The optical length of the resonator is around 3.75
meters, so the pulses are produced at a repetition of 80 MHz. The Ti:Sapphire

laser used in this thesis is shown in Figure 2.2 and 2.3 [36].
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Fig.2.3. The Femtosource Ti: Sapphire laser used in this thesis



The femtosecond Ti:Sapphire laser used in the terahertz time-domain
spectroscopy systems constructed in this study consists of the following

components:

L Pump laser - Coherent Verdi (V5) Nd:YVOy laser (A,=532nm)
II. Compact Laser Head - Femtosource

II.  Periscope

IV.  Optomechanical units

V. Optics

VI.  Extra-cavity Dispersion Control

VII.  Solid State Chiller (Thermotek)

VIII. Dispersion Minimized Autocorrelator (Femtometer)

The pump-laser is a single frequency solid-state laser producing continuous
waves at 532 nm. It is capable of producing laser powers up to 5 W. The mode
of the pump beam is TEM which is the fundamental mode of operation. The
pump beam is vertically polarized (s-polarization) while the compact laser head
requires horizontally polarized (p-polarization) pump beam. The periscope
which is used for changing the height of the pump beam also changes its
polarization to horizontal polarization. The out beam of the periscope is
directed to the compact laser head by using steering mirrors. The laser head
contains a focusing lens for the pump beam, dicroic dispersive focusing mirrors
for resonator beam, and a highly doped Ti:Sapphire crystal. There are three
micrometer screws for optimization of the compact laser head. They are used
for the adjustment of the position of the Ti:Sapphire crystal and the stability
range. The end mirror of the compact laser head is placed on a translational

stage for active mode-locking.

The pump laser and the compact laser head is cooled by using a solid state
cooling unit which stabilized the heat of the Ti:Sapphire crystal around 19 °C.

The thermal stability of the compact laser crystal is of crucial importance for



the stability of the laser beam and for the maintenance of both the pump-laser

and the compact laser head. [36, 37].

The characterization of the output mode-locked pulses in the time-domain is
analyzed by using an autocorrelator which is connected to a computer utilizing

data acquisition software. The autocorrelator has the following parts:

L. BBO frequency doubling crystal (less than 25um thick)

II. Dielectric broad-band beam-splitter for p-polarized light

I1I. Silver coated reflective optics

IV.  Piezo-driven scan stage (full scan-range is higher than 500 fs)

V. Frequency generator (0.2 Hz to 20 Hz)

VI.  Low dispersion over-coated silver steering optics

VII. Broad-band beam splitters

VIII. MHz detection module utilizing a photomultiplier with integrated
high voltage supply and sensitivity adjustment

IX.  Data acquisition software

Inten.
. #Fringes Centre wave length

[1] [nm]

Fringe Pulse duration Power

Scanvate  Triggermode  Trigger channel  Triggerlevel  Tr e
(=m (e (e @ooem ) o ECTI (5] EZERIM ()

¢=n ([ Joss | foxm f=m

Figure 2.4. Femtolasers Acquisition Tool used for laser output measurements
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The autocorrelator system coupled with a spectrometer is capable of measuring
the full-width-at-half-maximum (FWHM) and number of fringes. A screenshot
of the Femtolasers Data Acquisition system is shown in Figure 2.4 [37]. From

these values the centre wavelength (A,) and the pulse duration is calculated.

From the spectrum, the FWHM is determined and 2, is found. From A,, the

fringe spacing can be estimated by

Ar="C (2.2)

The full-width-at-half-maximum (FWHM) and the centre wavelength (A,) is
illustrated in Figure 2.5. For this data, A, is found to be 793 nm and the FWHM

is 76 nm.
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Fig.2.5. Determination of centre wavelength

The total number of fringes can be estimated by counting the number of fringes
above the 50% line by linear interpolation to determine the percentage of the

fringe-period at the 50% line as depicted in Figure 2.6 [37, 42, 43].
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Fig.2.6. Fringe pattern

The deconvolution factor, B, is determined by assuming a sech” pulse shape.

The pulse duration at FWHM, then, is calculated by [37, 42, 43]:

_ NxAr
7

(2.3)

tp

The femtosecond laser system uses chirped multi-layer dielectric mirrors for
broadband intra-cavity group-delay-dispersion control and better optical time
resolution [38 - 41]. The system also has a mirror-dispersion-control which
utilizes low-dispersion quarter wave mirrors to couple the laser beam the
resonator and mode-locked pulse out of the resonator. The overall system is
optimized for generation of almost bandwidth limited optical pulses of

sub-30 ps in duration.
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2.2.2. Er-doped fiber lasers

In the last decade, the progress on the fiber laser technology has opened the
way to obtain ultra-fast pulses from compact, inexpensive, and turn-key
equipment. The Er'-doped fiber lasers are probably the most popular and novel
one which is based on the active medium consisting of Er™ ions in the fiber,
since they have potential use in optical communications, sensors, and
measurement science. However, they produce less power and longer pulses

when compared with the Ti:Sapphire systems.

Mode-locked Erbium doped fiber lasers has a fundamental output at 1560 nm.
Their output power is generally increased by using a fiber-optic stretched pulse
amplifier system. The gain in output power with the use of a fiber optic stretch
pulse amplifier system enables efficient frequency doubling. Typical Er"-
doped fiber laser is shown in Figure 2.7. In this system, Er"? -doped fibers are
pumped with high efficiency 980 nm diodes capable of providing in excess of

500 mW of average power [44, 45].

Fig.2.7. Er-doped fiber laser amplifier system

13



Using doped optical fibers leads Raman scattering and produces 1560 nm
wavelengths. After the mode-locking process, the 1560 nm laser output is
frequency doubled by using a periodically poled LiNbOs crystal to generate the
second harmonic at 780 nm with 30 % conversion efficiency to produce output

power typically at around 100 mW.

2.3. Basics of Terahertz Pulse Generation and Detection

Auston et al. [9 - 11], accomplished the first generation and detection of
picosecond electromagnetic pulses with a structure which is known today as
the Auston switch. The coherent detection of these picosecond pulses was the
corner stone of the field THz time-domain spectroscopy. Later, Auston et al.
[12], also introduced the non-linear techniques of generation which are based
on the second order non-linear effects in wide band-gap crystals. These

methods have lead to generation of wideband THz pulses of up to 70 THz [46].

2.3.1. THz Pulse Generation Methods

THz radiation can be generated in many ways. However, in THz Time-Domain
Spectroscopy, THz pulses are generally produced either by photoconductive
antennas or optical rectification techniques. In this thesis, both of these

methods were used.

2.3.1.1. Photoconductive Antennas

Antenna is a device for receiving and transmitting electromagnetic waves. It is
an interface between free space and electronic components. According to the

reciprocity theorem, antennas show identical properties in receiving and

transmitting modes [47].
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THz generation with photoconductive antennas is based on the rapid change in
conductivity of a fast response material with the optical excitation by ultra-fast
laser pulses. The motion of charge carriers produced in the depletion region of
a semiconductor surface triggered by an ultra-short laser pulse provides a
convenient source of coherent electromagnetic radiation in the THz spectral

region.

In order to create electron-hole pairs in the antenna, the photons of the ultra-
fast excitation laser used in the generation process is to be higher than the band
gap energy of the semiconductor used in the antenna. The laser light is
generally focused on to the dipole gap of the antenna. The optically excited
electron-hole pairs are created between the conductor lines of the antenna. As
the carriers accelerate under an external bias (E-field) THz radiation is emitted
[47]. In the near field the THz electric field follows the envelope of the laser
pulse [47], since the charge carriers are accelerated only when the laser pulse is
present within the gap of the antenna. On the other hand, in the far field, the

THz electric field is related to the transient photocurrent as [47]

E(t) ? (2.4)

This relation can be derived by approximating the antenna structure as an
Hertzian electric dipole (Figure 2.8) [48]. Here we shall give a brief derivation
of the relation between the terahertz electric field and the transient
photocurrent density based on the electric dipole radiation model. In this
model, we shall start with the field equations for far field radiation from an
electric dipole. We shall use this model to describe the THz radiation from a

narrow gap Hertzian photoconductive antenna.
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Fig.2.8. An electric dipole

We assume the dipole is made of two very small metal spheres which are
connected to each other by a very thin and perfectly conducting wire. The
distance between the charged spheres is d, and at time ¢ = 0, the charge of the

upper sphere is +¢, and that of the lower one is —g,. The value of the dipole

moment at =0 is
Do =44 . (2.5)

If the charges are driven up and down through the wire, from one sphere to the
other with an angular frequency (w), the system of two spheres can be

described as an oscillating dipole:

p(t)=p, cos(a)t)g (2.6)

The retarded potential for this configuration is written as
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.= AN 2.7)

where 11 and 1. are given by the trigonometric equation

I, = \/rz Frdcosd + (%)Z . (2.8)

For the field far away from the dipole where the wavelength (L) is much

smaller than the distance () from the dipole, the radiation zone approximation
c
) — 2.9)
®

can be used. So, in the radiation zone, the potential can be approximated by

(1,0, 1) = —M(Cose )sin{(o(t - i)} (2.10)
C

dnm,c\ r

The current flowing up and down with the angular frequency (@ ) through the

wire is given by
dq» . "
I(t)= EZ =—q,msin(ot)z (2.11)
The vector potential for the configuration shown in Figure 2.9 becomes

PRI SO
Ay =20 aosinlot =Rl |,
4m 3, R

(2.12)
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Fig.2.9. The current segment of the oscillating dipole

The vector potential can be written in polar coordinates as

A

A(r,0,1) = —Msm[m(t —3)} z 2.12)
47 c
The fields are calculated from the potentials as
VO=—r+-—80 (2.13)

From the ®(r,0,t), the V® is calculated

VO = —M{cose(— Lzsin{(o(t — E)} - 2cos[(n(t - £)Df-— 511;9 sin{m(t - E)} 6}
4nm,c r c ] rc c r c

(2.14)
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This equation can be approximated for the far-field radiation zone as

2 AN
Vb = po_(o2(cose )cos[(o(t - £)}r (2.15)
4nm,c r c

The vector potential in the radiation zone can be written as

2 A A
oA _ —Mcos[m(t - 5)}@059 r—sin00) (2.16)
ot 4nn c

So, the electric field is

2 .
E-—va 04 __HoPo@ sind
ot 47 T

r A
)cos{m(t——)}ﬂ 2.17)
c
The electric dipole radiation model can be used to explain the terahertz
radiation generation mechanism in a photoconductive antenna, since the size of
a Hertzian photoconductive antenna is much smaller than the wavelengths of
the emitted terahertz radiation [48]. So, the terahertz electric field in free space

for the radiation zone, as shown in Figure 2.7, can be written as

i, sing d’ A
E, (0)="2"——[p(t,)]0 (2.18)
A T A R

where p(z,)1s the value of the dipole moment of the source at the retarded

. r
time t, =t—— .
c
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Fig.2.10. THz radiation from PCA

The time derivative of the dipole moment can be expressed in terms of the

transient photocurrent density, J(r,z), which is related to the charge density

through the continuity equation:
VJ+—=0. (2.19)

The time derivative of the dipole moment is

dp(o) _

d
—|p(r", Hr'd’r
a " a)Pry

' (2.20)
— jrv 8p(r 7t) dSrv
ot

Then, the time derivative of the current density is written in terms of the

current density as
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dp(® _ [rv-3@ndr

dt (2.21)

= j I, Hd’r'

If the spot size diameter of the ultra-fast laser beam is equal to d and /,., is

the transient photocurrent density induced in the antenna

dp(®

A
PO — 1y (2,002~ Ly (¢ (222)

-4
So, the terahertz electric field can be written as [48]

1od sin® d

Euu (=0 ar, Lrea(te 0 (223)

Therefore, the terahertz electric field is found to be proportional to the current

density through the relation

oJ (t)
E(t 2.24
(1) e Py (2.24)
since the volume current density is equal to
J= ey (2.25)
da,

where da, is the infinitesimal cross section perpendicular to the current flow.

The time derivative of the photocurrent is very high, since the duration of the

exciting laser pulse is very short. The duration of the emitted THz pulse is of
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the order of picoseconds. This emission is broadband and in a Hertzian dipole
radiation pattern [48]. So, it should be collimated by focusing elements in THz

spectroscopy systems.

It is also possible to generate THz fields without an external bias, but this
results in quite low field strengths [47]. It is also reported that application of
external magnetic field may improve the quality and strength of the THz
emission in certain materials. On the other hand, it is also noted that focusing
the ultra-fast laser beam closer to one of the electrodes also enhances the

emission strength of the photoconductive antenna [47].

Laser beam

+\/ V

Fig.2.11. Photoconductive antenna

Highly resistive semiconductors, such as Lt-GaAs are used in the production of
photoconductive antennas, since when the laser pulse penetrates the
semiconductor, the creation of charge carriers lowers the resistance of the
semiconductor. The response of the semiconductor should be fast enough so
that between the laser pulses, the semiconductor can turn back to its original
state. In this sense, the antenna acts as a switch that allows the bias field to
accelerate the charge carriers rapidly in a single laser pulse duration, then the
carriers recombine and the current between the dipoles returns to its original

value. For this reason, photoconductive antennas are also called
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photoconductive switches [48]. In order to lower the noise and increase the
sensitivity, the bias field is modulated by a function generator, which is used

subsequently in lock-in measurement techniques.

2.3.1.2. Optical Rectification

Optical rectification is a non-linear optical effect that produces a polarization in
a non-linear medium by an intense optical beam. Typically, THz radiation is
generated by optical rectification while an intense femtosecond laser beam
propagates through the generation crystal. This laser pulse induces a beating
polarization because of the spectral width of the laser pulse. This time
dependent dielectric polarization produces pulsed radiation. This method has

been used for producing broadband THz radiation [46].

Here we shall try to physically describe the method of optical rectification in a
medium. High power laser beams are capable of increasing the oscillation
amplitudes of the electrons in a medium. This may result in nonlinear electron
motion. These nonlinear effects can be modeled by adding a small nonlinear
perturbation to the linear system, which can be assumed to be well described

by a harmonic oscillator model [48].

In the linear system, the oscillation amplitudes are assumed to be small enough
that the optical response of the medium depends on the motion of the electric
dipoles. The dipole moments of electrons are related to the amplitude of the
applied field. If the effects of the magnetic field is negligible, the equation of
motion of electrons can be written by applying the Lorentz model. In this
model, the electrons are considered as simple harmonic oscillators with very

small amplitudes. Under a monochromatic electric field

E(t)=E,e™ (2.26)

23



of polarization along the x-axis and of angular frequency @, the equation of

motion for an electron is expressed as

d’x dx , e
—ty—+ =—E({ 2.27
g Vg T = (t) (2.27)

where y is the dissipation constant and @, is the resonance frequency. The

solution of this differential equation is

xX(t) = (i LJ(’” (2.28)

mo, - —ioy
which can be rewritten as
x(t) = x,e” (2.29)
where x, is given by

e E,

T 2 . :
mao, - —iwy

(2.30)

.X'O:

The electric dipole moment for this harmonic oscillator is defined by
p(t) = ex(1) (2.31)

If the medium is considered as a collection of N identical harmonic oscillators

per unit volume, then the electric polarization of this medium becomes

P(t) = eNx(?) (2.32)

24



So, the electric polarization is

Ne*  E,e™

2

P(t)=

(2.33)

m w, - —iot

This equation can be rewritten in a more compact form in terms of the linear

electric susceptibility, y, (@), of the medium
P(1) = &7, (@) Ege™ (234)
where ¢, is the permittivity of free space.

The overall polarization is proportional to the applied electric field
P(t)c E(t) . (2.35)

So, the medium oscillates with the same frequency of the applied field.
However, for strong fields, the oscillation amplitudes become larger and this
results in nonlinear motion of electrons. This is the case in the terahertz

generation by optical rectification.

Equation of motion under influence of intense fields can be approximated by

adding a small nonlinear term ax’ to the Lorentz model described above [48].
If this nonlinear term is included as a perturbation to the potential, the

nonlinear equation of motion becomes

d’x dx ) e
—+y—+ox+ox" =——E(t 2.36
el - (0 (2.36)

under the influence of a monochromatic incident wave
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E(t)=E,e ™ (2.37)

where E, is the field amplitude. Since we have assumed that the nonlinear

term is ax® very small compared to the linear one @, x, x(¢) can be expanded

as a power series

x()=) x" (), n=123... . (2.38)
n=l1
Assuming a convergent solution, with x" oc E,", and x®y»x®»x®y... , the

resulting equations for the first and second order terms becomes

2. (6]
dd; + }/—dz,t +agx" = —%E(l) , (2.39)
2..(2) (2)
dd);z i %+ng<2> =—a[x"] . (2.40)

The linear response at @ corresponds to the first order term [48], so

E —iot
L) P LA 2.41)
mao, - —ioy

where C denotes the constant coefficients. The nonlinear response of the
medium can now be calculated by inserting Equation (2.41) into Equation

(2.40):

2 —2iot
ek, e
x(z) (t) — _( 0 j > T 5 3 > - +C
m ) (o, —o —iyw) (0" —40" -2iyw)

E

o

i (2.42)
_ e
ma, ) (@, -0*) +y’0

2
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@

This Equation (2.42) can be interpreted as a sum of two terms x,'” and x,' :

X2 =x? +x? (2.43)

where the subscript s denotes sum frequency and subscript d denotes to

difference frequency.

. . . . . . 2
The nonlinear response corresponding to optical rectification is the term x,”,

which is given by

2
0

2
x,?=2a & £ (2.44)
d ma)o (wOZ _w2)2 +7/2w2

The overall polarization due to optical rectification, Py’ is

P =N
2a€’|E,['N
P = : 2.45
O.R. mza)g |_(CO§ —(02)2 +72w2J ( )

P0(.213. = 250)((2)|E0|2

where the term y® is the second-order susceptibility of the optical

rectification [48].
In summary, the electric polarization, P in a material is proportional to the
applied electric field E, and the electric susceptibility x(E) through the

relationship

P=¢,y(E)E (2.46)
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The nonlinear effects, however, depend on the second or third order terms in

the expansion of y(E) in this equation

P=c,(y" +yPE+ P E*+ yYE’+.)E (2.47)

Optical rectification is a second order nonlinear effect and described by the

7'PE term in the expansion. It is also possible to generate THz radiation by

the y* effect, but this method is not common [47].

Optical rectification techniques generally produce less power than
photoconductive antennas. However, they emit in a broader bandwidth than

photoconductive antennas.

2.3.2. THz Pulse Detection Methods

In THz Time-Domain Spectroscopy systems, two methods of THz pulse
detection are widely used. These are the photoconductive detection antennas
and the electro-optic sampling. In this thesis study, both of these methods were

used.

2.3.2.1. Photoconductive Antennas

The purpose of radiation detector antennas is to transform electromagnetic
waves into electrical signals. As in the case of THz emitting photoconductive
antennas, THz detection with photoconductive antennas is also based on the
rapid change in conductivity of a fast response material with the optical
excitation by ultra-fast laser pulses. The ultra-fast laser source creates charge
carriers inside the semiconductor, and the incoming THz pulse accelerates the
charge carriers towards the electrodes of the antenna. The change of potential

is measured with the aid of a lock-in amplifier.
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2.3.2.2. Electro-Optic Sampling

Electro-optic sampling (EOS) is based on the linear electro-optic effect which
is also called Pockel’s effect. This effect describes the change of polarization

due to an induced birefringence in the material [14 — 19].

The electric field of the THz field changes the refractive index along one of
axes of the detection crystal. This change is proportional to the strength of the
THz field along that axis and related to the first order susceptibility of the
crystal. Therefore, the THz field induces birefringence which alters the
polarization of the probe beam which is propagating collinearly with the THz
beam inside the crystal. After the crystal, a quarter-wave-plate (QWP), a
Wollaston prism (WP), and a balanced photodetector is used to determine the

change in the polarization as illustrated in Figure 2.12.
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Fig.2.12. Electro-Optic Sampling

The electro-optical properties and the thickness of the crystal directly affects
the frequency response and the sensitivity. The thickness should provide
enough interaction length and good group-velocity mismatch, in order to

achieve higher detection bandwidth [49].
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2.4. Typical THz-TDS configurations

In this thesis, several different THz-TDS configurations are used to get the
optimum performance for the spectroscopic measurements. The properties of
these THz spectrometers were investigated under a three year project
“Development of a Compact Time-Domain Terahertz Spectrometer”
{TUBITAK - TBAG (Basic Sciences Reseach and Development) 1001 project
No. 107T742} which is supported by the Scientific and Research Council of
Turkey (TUBITAK). The main aim of this project is the production and
development of the first-ever terahertz generation and detection systems in
Turkey. Each of the constructed terahertz time-domain spectrometer

configurations described below has its own advantages and disadvantages.

2.4.1. THz Spectroscopy system based on photoconductive antenna

generation and photoconductive antenna detection

In THz-TDS system, a Lt-GaAs based photoconductive antenna with a dipole
gap of 6 pum is used to generate the THz radiation as explained in section
2.3.1.1. The radiation is detected by another photoconductive antenna of the
same type as explained in section 2.3.2.1. This spectrometer can be driven by
either a Ti: Sapphire laser or an Erbium-doped fiber laser, since it does not
require too much power to drive the antenna. An ultra-fast laser capable of
producing powers around 40 - 50 mW is enough to be used in this system,
since the damage threshold of the antennas is about 40 mW, so 30 - 35 mW for
generation arm and 5 - 10 mW for the detection arm is suitable for the system
to work efficiently. The generation and detection beams are focused into the
dipole gaps of the antennas by using 20x objectives. The emitter is AC
modulated with the aid of a function generator in order to facilitate lock-in
detection. The photoconductive antennas used in this configuration are shown
in Figure 2.13 and the experimental setup used for this system is shown in the

Figure 2.14.
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(Photo reference: http://www.batop.de/)

Fig.2.13. Terahertz Photoconductive Antenna

This system is capable of producing a bandwidth up to 1.7 THz. If used with
the Er-doped fiber lasers, this configuration provides a low-cost, turn-key, and
compact solution for THz-TDS studies. In Figure 2.15, the time-domain profile
for air is shown. This profile of 140 ps corresponds to 21 mm scanning length

of the delay stage. The Fourier transformed spectrum is shown in Figure 2.16.

I Lock-in
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| Function Generator |

Beam =plitter Delay stage

Ultrafazt lazer zource
(~200nm}

Fig.2.14. THz-TDS system based on PCAs.

The time-domain profile for the main peak is broader compared to the one
using electro-optic sampling for detection (see Figure 2.15), this is because of

the limitations in the signal response due to the time constants of carrier

31



dynamics of the photoconductor antenna [47]. The frequency range is up to

2.3 THz which can be seen from the Figure 2.16.
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Fig.2.15. The time-domain profile for air of the THz-TDS using

photoconductive antenna generation and electro-optic sampling detection
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Fig.2.16. The frequency spectrum for air of the THz-TDS using
PCA generation and PCA detection (MSA: Mean Square Amplitude)
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2.4.2 THz Spectroscopy system based on photoconductive antenna

generation and electro-optical detection

In a THz-TDS system, a Lt-GaAs based photoconductive antenna with a dipole
gap of 6 um is used to generate the THz radiation as explained in section
2.3.1.1. The emitting antenna is AC modulated by using a function generator.
The radiation is detected by electro-optic sampling method as explained in
section 2.2.2. For this reason, an isotropic ZnTe <110> crystal is used for the
terahertz beam to induce birefringence along the principal axes of the crystal.
The thickness of the ZnTe is chosen according to best phase matching
conditions. The elliptically polarized beam after passing a quarter wave plate is
separated into two components by a Wollaston prism and detected by a

balanced photodetector with the aid of a lock-in amplifier.

The experimental setup used for this system is illustrated in the Figure 2.17 and
the time-domain profile for air is shown in Figure 2.18. The frequency

spectrum is presented in Figure 2.19.
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Fig.2.17. THz-TDS based on antenna generation and electro-optic sampling
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Fig.2.18. The time-domain profile for air with the THz-TDS using
photoconductive antenna for generation and electro-optic sampling for

detection.
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Fig.2.19. The frequency spectrum for air of the THz-TDS using
photoconductive antenna for generation and electro-optic sampling for

detection. (MSA: Mean Square Amplitude)
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This system is also capable of producing a bandwidth of 2 THz as shown in
Figure 2.19, but more sensitive for detection with respect to the previous
system using hotoconductive antenna as a detector. Both the Ti: Sapphire and
Er-doped lasers can be used in this configuration, since they have capable of
providing enough laser power for photoconductive antenna generation.
Actually, the Ti:Sapphire lasers produces more than enough power, so the laser
power should be reduced below the damage threshold of the photoconductive
antenna in order to prevent any damage to the antenna. This is generally done
by using filters or beam splitters. For the photoconductive antennas used in this
thesis, the damage threshold is about 40 mW while the Ti:Sapphire laser

produces powers around 360 mW.

2.4.3. THz Spectroscopy system based on optical rectification and electro-

optic sampling via difference frequency mixing

In a THz-TDS system, the optical rectification is applied in order to produce
broadband THz radiation. The detection of this broadband emission is

generally done by electro-optic sampling.

The optical rectification is achieved by focusing a powerful near infrared
femtosecond laser pulse which is modulated by an optical chopper on to the
ZnTe <110> crystal by using a proper lens as explained in Section 2.3.1.2. The

system is illustrated in Figure 2.20.

Since more power is needed to achieve optical rectification, Ti: Sapphire lasers
are generally used in this type of THz-TDS. This configuration allows
bandwidths up to 5.3 THz where the ZnTe has an optical phonon resonance
[50]. However, the emitted THz powers are quite low with compared to the

previous THz-TDS configurations.
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Fig.2.20. THz-TDS based on optical rectification and electro-optic sampling

The physical characteristics of the generation crystal used in optical
rectification have very important effects on the properties of the emitted
radiation. Especially, the efficiency depends on the phase-matching conditions.
We have performed THz-generation based on this technique with different
crystal thicknesses. The data for generation with 1 mm and 2 mm thick crystals
are shown in Figures 2.21 - 24. These scan were taken for 70 ps which
correscponds to a scanning length of 10.5 mm. The main THz peaks are around
1 THz. If compared with the photoconductive antenna generation (see Figures
2.15 - 19), the THz signal is weaker in optical rectification. However, the
electro-optic generation offers ultra-broadband emission. The response of the

medium to the pump beam is nearly instantaneous [50].

The alignment of the system is easier than photoconductive antennas, but it is
important to avoid the Fabry-Perot oscillations originating from both of the
generation and detection crystals. In chapter 5, we shall present a method on

how to remove these “etalon” effects by applying an algorithm.
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Fig.2.21. THz time domain pulse profile produced by 1 mm ZnTe <110> in air
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Fig.2.22. THz-pulse FFT profile produced by 1 mm ZnTe <110> in air
(MSA: Mean Square Amplitude)
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2.5. Terahertz Time-Domain Spectral Analysis

The characteristics of the medium under investigation are obtained coherently
from the terahertz time-domain data. The time-dependent THz electric field is

given by

—iot

L j E(z,w)-e do, (2.48)

2z

E(z,t)=

in the time-domain. On the other hand, in the frequency domain, the electric

field is given by

—iot

E(z,a))zﬁTE(z,t)-e dt . (2.49)

So, the electric field can be written as
E(z,t)= A(z,w)- "' (2.50)

where A(z,w) is the amplitude. From this equation, it can be stated that the

terahertz time-domain spectrum not only provides the amplitude information

but also the phase [51].

The THz-TDS measures the difference in the amplitude and phase of the
terahertz field to determine the imaginary and real refractive indices,
permittivity or conductivity of the medium under investigation. To do this, the
THz spectrum of the dispersive medium is compared with the free space

(reference) THz spectrum. Generally, the THz-TDS systems produces powers

of microwatts, the corresponding electric fields are on the order of 1 V-cm™.

For this reason, the interaction of the dispersive medium with the THz field can
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be assumed linear, so the Maxwell’s equations can be used to extract the
material parameters from the experimentally measured THz pulse electric

fields E(z,t) with and without the sample.

The profile of the THz radiation is detected by varying the time delay. The

profile of the reference Ergr(t) and the sample Egampie(t) Fourier transformed to

the frequency domain as E rer (@) and l:fsamng(a)) [52, 53]. The ratio of

Erer () and E sample (@) 1s written in terms of the power transmittance 7'(®),

the phase change A¢ and the thickness of the sample / as

E:sample(a)) =|M|6Xp{—i[A¢(a))_ﬂj|} (2.51)
C

E rer (@)

This equation can be written as [52]

N - exp{— ia)l[l;(@) - 1}}
Esanpie(@) _,  n(@) ¢ (2.52)
E rer (@) p(a})ﬂ} n(w)—1
2o~
1-| —— eXp{—ln(w)}
n(w)+1 ¢

where ;1(50) =n(w)—ik(w) is the complex refractive index and c is the speed of

light in vacuum.

Since the power transmittance 7'(®) and the phase shift A¢ are measured in
the terahertz transmission experiments, the refractive index of the sample n(w)

and k(w) can be calculated. From the complex refractive index, the complex
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dielectric constant of the sample ;(a)) =¢,(w)—ig,(w) can be determined from

the equation

N N 2
e(w) = [n(a))} . (2.53)
Furthermore, the complex conductivity of the sample is written as

(@) = 0, (@) —ic,(w) (2.54)

where o,(w)=¢,0¢,(w) and o,(w)= —50a)[51(a)) —500] with g, is the
permittivity of the free space and ¢ is the dielectric constant of the sample at

very high frequencies [54].

By applying the terahertz analysis, the optical properties of materials such as
dielectric constant and conductivity can be extracted from the terahertz
transmittance and phase change of the material. Compared to the Fourier
Transform Spectroscopy, the THz-TDS measures phase as well as amplitude.
THz-TDS has the advantage of avoiding the uncertainties of the Kramers-
Kronig analysis, we also have a high signal-to-noise ratio of THz-TDS

measurements [55].

The terahertz time-domain analysis outlined here was applied for the
characterization of nominally undoped GaAs samples grown by molecular
beam epitaxy and ZnTe crystals. The measurements and calculations of these

studies will be presented in the chapter four and five.
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CHAPTER 3

ELECTRICAL CHARACTERIZATION OF
MBE GROWN EPITAXIAL GaAs

3.1. Introduction

This chapter summarizes the measurements for the electrical characterization
of the nominally undoped epitaxial GaAs samples grown by molecular beam
epitaxy. These measurements are based on the van der Pauw technique and the
Hall effect measurements. These measurements are made according to the
“ASTM (American Society for Testing and Materials) standards” [56]. All
these measurements were done by using ohmic contacts. The material
parameters measured and calculated using these techniques compared to that of
the THz time-domain spectroscopic measurements which does not require
electrical contacts. The comparison of the classical techniques and THz

spectroscopic measurements will be discussed in the next chapter.

3.2. The van der Pauw Technique

In 1958, L.J. van der Pauw developed a technique which is quite practical and
reliable to measure the galvanometric parameters of uniform samples. In its

original form, the technique is for the measurement of resistivity and Hall
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coefficients on lamellae of arbitrary shape [57], and for measuring specific
resistivity and Hall effect of disks of arbirtrary shape [58]. Generally, van der

Pauw’s technique is applied together with Hall effect measurements.

In order that the van der Pauw technique to be applied, the samples should be
uniform and thin, the contacts have to be very small, ohmic, and located at the
circumference of the samples. The shape of the samples may be arbitrary but
homogeneous and singly connected, so that there are no nonconducting or
isolated holes in the sample. In practice, the contacts are preferably done

symmetrically [57] as shown in Figure 3.1 [56].

Electrical Contacts L
|

(a) {b) (c) (d)

Fig.3.1. Typical symmetrical sample geometries (a. disk, b. cloverleaf,
c. square or rectangle with contacts at the corners, d. square or rectangle with

contacts at the edges) for van der Pauw and Hall effect measurements

In the van der Pauw measurements, the aim is to determine the sheet resistance
(Rs) of the sample. This is done by measuring the corner-to-corner resistances

(Ra and Rg) from the Ohmic contact points as shown in Figure 3.2.
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Fig.3.2. Determination of R4 and Rp

To measure Rx and Rg, a dc-current, 1), is applied between the contacts 1 and
2 (from 1 to 2), while the corresponding voltage V34 is measured. Then, a dc-
current I3 (from 2 to 3) is applied between the contacts 2 and 3, while the
corresponding voltage V4 is measured. From these measurements, the R, and

Rg are calculated:

V.
R, =% andRB:Q. (3.1
112 123
The sheet resistance (R;) is, then, calculated by the equation
RA RB
exp(-r—=)+exp(-r—=)=1. 3.2
p( R, ) +exp( R ) (3.2)

This equation is solved numerically by iteration techniques. From the sheet

resistance and the thickness of the sample (/), the resistivity is calculated by

p=Ryl . (3.3)

The accuracy of the measurements is generally improved by applying current

in all combinations (I;;, L3 134 I4, D, I3, 14, 1;4) and measuring the
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corresponding voltages (Vis Vi, Via, Vs, Viz, Vie, Va1, V3z). Then, the eight
resistance values (R;234=V34/112, R2341=Vai/I23, R3412=V12/134, Ra123=V23/14,
R2143=Vu3/D21, R32,14=V 14132, Ry321=V21/143, R143:=V32/114) are calculated. The
resistance values corresponding to the change in the polarization of the current
are to be equal; Rj23/=R2143 R2341=R3214 R3412=Ry321, Ry1,23=Ris3:. In
addition, R;z34 + R21,43 = R3412 + Ry321 and Rzq1 + R3214= Ry 23+ Rig32 due
to the reciprocity theorem [59]. So, these calculations should give consistent
values if the measurements are done properly. Otherwise, the error sources
should be investigated. In this sense, the van der Pauw technique also serves as

a consistency check.

The sheet resistance, then, is calculated from R, and Rg which are determined

from the eight resistance measurements as follows:

1
R, = Z(RIZ’M + R21)43 + R34,12 + R43,21)
and oy
1
Ry = Z(R23,41 Ry g+ Ry 53+ R14,32)

So, the van der Pauw equation to be solved becomes

ex (—ﬂR—”‘)+ex (—ﬂ'&)_l 3.5)
PR PR '

S S

From the numerical solution of this equation and the known sample thickness

(1), the resistivity is determined from the equation

p=Rl (3.6)
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3.3. The Hall Effect

In 1879, E.H. Hall discovered an interesting physical phenomenon [60] which
led to lots of applications such as Hall pick-ups, Hall magnetometers, heavy-
current ampermeters, and signal transducers. The discovery of the Hall effect
has turned out to be a practical method for measuring the electrical properties
of semiconductor materials. The concentration, mobility and the sign of the

majority charge carriers can be determined by Hall effect measurements [56].

If a particle with charge ¢ moves at velocity v under a magnetic field B, the

force acting on this particle due the magnetic field is given by

F, .. =qvxB (3.7)

If there is also an electric field acting on that particle, the total force acting on

it becomes,

F=qg(E+vxB) (3.8)

This force is called the Lorentz force. It is the Lorentz force that lies behind the

Hall effect.

For an n-type sample of rectangular cross section, the majority charge carriers
are electrons. If a constant current density J is applied to the sample in the
+x direction under the magnetic field B in the +z direction, the electrons will
drift towards the —y direction, which in turn causes a negative charge
accumulation on this side. So, this causes a potential difference across the sides
of the sample. This potential difference is called the Hall voltage, V. For a

p-type sample, positive charge accumulation occurs on the same side, since
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their velocity is in —x direction. So, the Hall voltage is negative for n-type

samples, and positive for p-type samples as shown in Figure 3.3 [56].

Hauth

1B{+}
Marth Euip-typel
/ = {p=typel
etntyped +in-typed
— i p-typel =3 F
e e e - J
+ =i E
g lﬁ"" Z
. 7 . =
I~ |

7

+lp-type
= in-type
En (r=typel

Fig.3.3. The Hall effect

The magnitude of the Hall voltage is given by

VH:_] or VH=— (39)

where / is the sample thickness, n is the charge density and ng =nl is the

sheet charge density. So, the measurement of the Hall voltage, V,,, from the

known values of ¢, I, and B, leads to determination of the sheet charge density.
Using the previously described van der Pauw technique, the sheet resistance of

the sample R, can be determined. Knowing the sample thickness (/) leads to

determination of the resistivity, o and the charge density, » which is given by

47



The Hall mobility is then calculated by

_ Vw1
IBR;  gngR;

p (3.10)

This equation can also be expressed in terms of the conductivity o and the

Hall coefficient R, , which is defined by

v,
R, =2 3.11
"= (3.11)
So, the mobility is written as
HU=R,0 . (3.12)

3.4. Experiment

If the value of the applied magnetic field, the current, and the dimensions of the
sample is known, the Hall coefficient can be determined by measuring the Hall
voltage induced in the sample. From the numerical value and the sign of the
Hall coefficient Ry , the concentration and the sign of the majority charge
carriers can be calculated. For p-type semiconductors, the Hall coefficient is
positive, and for n-type semiconductors, the Hall coefficient is negative. In
addition to these, if the conductivity ¢ of the sample is measured under the
magnetic field, the Hall mobility p of the majority charge carriers can also be

calculated from the formula:

H=R,0 . (3.13)

48



For this reason, the Hall effect measurements together with the van der Pauw
technique is the major method in determining the electrical characteristics of

semiconductor materials.

In this thesis, the measurements were done by the setup shown in Figure 3.4.
The magnetic field is created by using an H-yoke electromagnet which is
driven by a magnet power supply capable of supplying currents up to 100 A.
The magnet power supply and the coils of the electromagnet are water cooled.
The electromagnet is calibrated so that a current of 60 A creates a magnetic
field of 0.9 T. The samples were placed perpendicular to the magnetic field, at

the center of the magnetic poles of the magnet.

Magnet
Fower
Supply

Yaltmeter

Current ! Voltage Source

Fig.3.4. Setup for Hall effect and van der Pauw measurements

The epitaxial nominally undoped GaAs samples were grown at 600 °C to a
1 um effective layer thickness on top of a 650 um thick SI-GaAs wafer. To
obtain accurate data, very small (less than 1 mm”) AuGe Ohmic contacts were
devised at the corners of the square shaped (1.4 cm x 1.4 cm) GaAs sample.

All the contacts were checked to be of similiar resistance. From these contact
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points, the sample was connected to a switch box with the similar nonmagnetic
wiring materials to easily change the current application and voltage detection
points as shown in Figure 3.5. The swithed box 1is connected to a
programmable current/voltage source (Keithley Model 220) and an
electrometer/multimeter (Keithley Model 619). These devices are controlled by

a personal computer with data acquisition software.

Switch Position] Current | Voltage
S1 Lz | Vi
52
: 53
1|2 3| 4 54

GaAs Sample

S6 52 S6

S5 s4 83 57

L1z
L
Ly
8788 g 35 5]
JER:
Lis
Is

Switch Box S8

Fig.3.5. The switch box used to change the contact points

The samples were kept under uniform temperature conditions during the
experiments, so that there were no temperature gradients between the contacts.

The measurements were done at room temperature (300 K).

3.5. Results

The measurements were done under the magnetic field of B=0.97 T =9700 G.
The current applied for the van der Pauw measurements was kept fixed at
420 nA, so only the polarity of the current was changed during the
experiments. The current applied for the Hall effect measurements was also

kept fixed at 870 nA, and only the polarity of the current was changed. These
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measurements were repeated for the magnetic field of the same strength but its
polarity was reversed. The data was taken as described above. The results for

sample of 1 um thickness are given in Table 3.1.

Table 3.1. The results for 1 pm thick nominaly undoped epitaxial GaAs

Resistivity 10.4 Q.cm
Conductivity 0.096 Q'.cm™
Hall coefficient 5800 cm’.C™!
Charge carrier concentration 1.1x 10" em™
Mobility 550 cm>. Vs

The resistivity and conductivity values presented in this tables were measured
and calcuted by the van der Pauw technique. From the Hall voltage
measurements, the carrier concentration was found. So, the van der Pauw

technique and Hall effect measurements led to determination of the mobility.

3.6. Discussion

GaAs is composed of gallium (Ga) and arsenic (As) atoms, and was
synthesized in 1929 by Goldschmidt. Its structure is of zinc blende type.
Figure 3.7 shows the unit cell of GaAs crystal lattice.

GaAs is one of the most widely used material in semiconductor industry, since
GaAs is a direct gap semiconductor. Direct gap semiconductors can be used in

light emitting diodes (LED), semiconductor lasers, and photodetectors.
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LInit cube of GaAs crystal lattice

Fig.3.6. The GaAs structure

In Terahertz Science and Technology, it is one of the commonly used materials
in the photoconductive antenna production. For this reason, the production and
characterization of GaAs structure requires intense study for THz researchers.
In this chapter, we have performed the electrical characterization of MBE
grown GaAs samples. The consequences of these experiments will be in two
folds. The first one, is to show the validity of THz spectroscopic measurements
with respect to the electrical characterization methods. The second is to use
these samples in photoconductive antenna production, especially, for THz
detection. This second one is beyond the scope of this thesis, and left for future

study.

The van der Pauw technique and the Hall effect measurements are efficient
techniques to determine the conductivity type of the material (n or p), the
density and mobility of the majority carriers if the thickness of the sample is
well-determined. However, even though the technique is well-constructed,
there exists several experimental limitations. The fluctuations in the sample

temperature and the contact resistance problems are the commonly encountered
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ones. Nonsymmetrical and nonuniform contacts introduce extra resistance to
the measurement. The Ohmic contact production procedure also introduces
some damage to the samples. The thickness of the samples is another difficulty,
since their Hall voltage may be quite small. On the other hand, the samples
should react to the applied currents quickly, so that during the changes in the

applied current direction, the sample is to return its equilibrium state.
In conclusion, even though the van der Pauw and Hall effect measurements are

well-established they are not perfect. In the next chapter, we shall investigate a

noncontact method based on Terahertz time-domain spectroscopy.
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CHAPTER 4

THz PROBE STUDIES OF MBE GROWN
EPITAXIAL GaAs

4.1. Introduction

One of the major applications of THz-TDS is in material characterization. THz
spectroscopy has been used to determine ultrafast carrier dynamics of doped
semiconductors such as GaAs [61] and silicon wafers [62 - 65]. An important
focus is on the measurement of the dielectric constant of thin films [66].
Epitaxially grown GaAs films using MBE methods have attracted much

attraction due to their projected use in infrared imaging and detection systems.

The detection characteristics of THz pulses have been previously studied for
photoconductive antennas and electro-optic detection. Among the
photoconductive antennas, GaAs based ones are commonly used in THz
generation and detection systems. Even though this type of semiconductor
produces narrower bandwidth, it produces more power as compared with the
electro-optic generation methods [67]. Both LT-GaAs and SI-GaAs based
antennas produce powers of order submicrowatts under reasonable pump and
bias conditions [68]. In order to increase the performance of GaAs based
antennas, better production and characterization standards of these structure

should be achieved.

54



In this study, we have demonstrated the efficiency of THz-TDS to measure the
mobility and the carrier number density of MBE grown GaAs. In addition,
from the photoexcitation measurements, we found that the photoexcitation
increases the conductivity of the GaAs samples in addition to changes in the

refractive index.

This chapter is organized as follows: In section 2, the Drude Model will be
covered briefly. In section 3, we describe the experimental setups and
procedure as well as the data collected by the Hall effect and THz spectroscopy
measurements. In section 4, we present the analysis of data, and the critical
parameters of the epitaxial grown GaAs. In the section 5, the results are

discussed.

4.2. Drude Model

After the discovery of the electron by J.J. Thompson in 1897, Paul Drude
developed a model for the electrons in metals before quantum theory in 1900.

Even though, it is a quite simplistic model, it is still practical [69].

The Drude theory is constructed upon the adoptation of the kinetic theory of
gases to the metals. The electrical and thermal conductivities of metals are
explained by considering the electrons in metals as a gas of electrons [69]. The
positive charges were assumed to be stationary and the interaction of electrons
with the ions and the nucleus is considered to be that of hard sphere scattering.
The probability of collision of an electron is assumed to be related to the
relaxation time 1. So, an electron suffers a collison in any infinitesimal time
interval, dt, with the probability of dt/t. The electrons were assumed to reach

thermal equilibrium via collisions.
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If the wavelength of the electromagnetic field is large with respect to the mean
free path of an electron, the Maxwell’s equations can be written in the presence

of a current density J as [69]

V-E=0, V-B=0,

4.1)

yxE=_LH vxpgotry 1B
c ot c c ot

If the field is assumed uniform throughout the mean free path, then J can be

assumed as [69]

J(r,m)=o(0)E(r,») 4.2)
where
o(w) = —20 (4.3)
l-iwt

is the frequency-dependent (AC) conductivity, and

(4.4)

is the frequency-indepenedent (DC) conductivity. Then, for a time-dependence

e the solution is

2 .
V’E = —‘;’—2(1 + 4’;’) Ujg(a))E . (4.5)

This equation is in the form of the wave equation

2

V’E=-2_s(0)E (4.6)
C
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with the complex dielectric function

e(w)=1+ drio .

4.7)

For the high frequencies such as w7z >>1, the complex dielectric function

becomes
W 2
e(w)=1- 6:2 (4.8)
where @, is the plasma frequency and given by
2 4727162
W, = . (4.9)
m

In the free carrier Drude Model, which can be used for photoexcited carriers in
which the electrons excited to the conduction band where they can be

considered as free, the dielectric function is given as [70]

s(@)=¢; -

(4.10)

where ¢ is the effective dielectic constant at high frequencies. One model to

describe the effective dielectric constant is the Maxwell-Garnett theory which
describes the effective dielectric constant only for conductive and doped

semiconductive particles implanted in a dielectric layer [70].

In the Drude-Lorentz Model [70], the charge carriers are assumed as freely
moving and bound to the atoms quasi-elastically. The photoexcitation causes

excitation and oscillation. In this model, the dielectric funtion is depicted as
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s(w)=¢, — Dr —i § (4.11)
T, e (0* - @2 )+ i,

where @, is the resonance frequency, M is the number of resonances, Q2 is

the oscillator strength, I" is the resonance width [70].

4.3. Experiment

The epitaxial nominally undoped GaAs samples were grown at 600 °C to a 1
um effective layer thickness on top of a 650 um thick SI-GaAs wafer. The
resistivity measurements were done by the van der Pauw technique along with
the standard Hall Effect measurements [56] to determine mobilities and the
carrier concentrations. To obtain accurate data, very small (less than 1 mm?)
AuGe Ohmic contacts were devised at the corners of the square shaped
(1.4 cm x 1.4 cm) GaAs sample. The resistivity, conductivity, Hall coefficient,
charge carrier concentration, and mobility of the p-type GaAs samples were
calculated to be 10.4 Q.cm, 0.096 Q.cm™, 5800 cm’.C"', 1.1x10" em™, and

550 cm”. Vs respectively.

The THz spectroscopy techniques, on the other hand, provide noncontact
measurements with subpicosecond temporal resolution as an alternative
method in the field of solid state electronics where it is difficult to use
traditional probes. This makes THz spectroscopy an ideal tool for measuring
the conductivities and obtaining data on charge carrier dynamics without use of

electrical contacts.

The THz-TDS system used in these measurements was driven by a mode-

locked Ti:Al,O3 laser (Femtosource) with a center wavelength of A = 800 nm
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and a pulse duration of T = 15 fs at a repetition rate of 75 MHz. 180 mW of the
average beam power is split into two optical lines, where 36 mW is fed through
to a LT-GaAs based photoconductive antenna (PCA) (BATOP Optoelectronics
GmbH) where a dipole gap of 6 um is used for generation. The antenna bias
was AC modulated by a function genetator at 2.5 kHz with V., = 10 V. For the
detection of the THz beam, the electro-optic method is performed by use of a 2
mm thick <110> oriented ZnTe crystal, a quarter wave-plate (QP), Wollaston
prism (WP) and a balanced photodetector. The amplitude and phase of the
signal was detected with the aid of a digital dual channel lock-in amplifier
(Stanford Instruments, Model SR830 DSP). The photoexcited measurements
were made with the aid of 750 mW continuous laser power at 808 nm pump
wavelength. The sample was placed at 45° to the THz and the probe beam. The
THz beam was focused on the sample by using 10 cm focal length TPX lenses.

The system is illustrated in Figure 4.1.

Photadetector

o [

8nen 1W coatimeis

e lare

Ti Sapphire $00nm mods-locked |
femtosecond laser Eeam splitter

Doelay Btage

Figure 4.1: THz spectroscopy system for the probe measurements
The typical THz time-domain waveforms measured on the GaAs sample is

shown in Figure 4.2. The Fast Fourier transforms of the THz time-domain data

is shown Figure 4.3.
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Figure 4.2: THz-TDS scan of the direct spectroscopy of GaAs compared

with air.
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Figure 4.3: FFT of the direct spectroscopy of GaAs compared with air.
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The photoexcited THz time-domain waveforms measured on the GaAs sample
is shown in Figure 4.4. The Fast Fourier transforms of the photoexcited THz

time-domain data is shown Figure 4.5.
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Figure 4.4: THz-TDS of Time-Domain scan of the photoexcited spectroscopy
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Figure 4.5: FFT of the photoexcited spectroscopy
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4.4. Analysis

In the THz time-domain spectroscopy, the time-dependent THz electric field is
measured and compared with the reference data. Both the amplitude and the
phase of the Fast-Fourier Transform (FFT) components of the transmitted THz

pulse are determined.

For the spectral analysis, Fast Fourier Transform (FFT) is applied to the time

domain data and the resulting THz electric field is given by

E(w) = A(w)e™”" (4.12)

where A(w) and @(w) are frequency-dependent amplitude and phase,

respectively.

Using the experimental data, the real (#, ) and complex (#,) components of the

refractive index can be calculated by

n

_i B :i E(w,])
;=77 P(@.D) = () and kl(ln( ) D (4.13)

where k is the wave number, / is the thickness of the sample. The results of

these calculations are shown in Figures 4.6.

The absorption coefficient of the sample can be obtained as

1 I
" l[m(%ﬁ 4.14)
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where [/ is the intensity after transmission and 7, is the intensity without

sample.
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Figure 4.6: The real part of the refractive index obtained by direct (unpumped)
and photoexcited (pumped) THz spectroscopy

The complex absorption spectrum is obtained by the Fourier analysis and the

imaginary index is given by

_2no

a (4.15)

C

Any of the above parameters can be obtained experimentally, however, the
other carrier dynamics, such as conductivity and mobility can be extracted
from an appropriate conduction model. In order to calculate the conductivity
and the mobility, the Drude model for electrical conductivity is appropriate to
use in which the charge carriers can move freely, although their motion is
subject to damping with time constant 7. From the experimental values, the

imaginary and real components of conductivity are calculated by
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2
E,OQ,

P = g +<T_>72 . (4.16)

In this equation, the collision frequency is defined as % =v, , and the plasma

frequency is given by the relation

PAVA
o, {Ne J , 4.17)

me,

where N is the number density, e is the charge of the free carriers, m is the
mass of the free carriers. From this model, the Drude parameters for direct THz

time- domain spectroscopy are calculated to be N, = 1.0x10"cem™,
v, =5.26x10"%s" where m,” = 0.45 my [71] and for the photoexcited THz

time-domain spectroscopy N, =1.0x10"°cm™, v, =8.33x10"s™" where

m, = 0.067 my.
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Figure 4.7: The conductivities obtained by direct (unpumped) and photoexcited

(pumped) THz spectroscopy with their Drude fits
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Hence, using the relation

= : (4.18)

the calculated mobility values of the GaAs sample from the direct and photo

excitation measurements are 740 and 3150 cm” V™' s, respectively.

4.5. Discussion

Main results of this chapter can be summarized as follows: The THz-TDS

measurements allows a quick way of determining the real (#,) and complex
(n,) components of the refractive index of material. We have demonstrated that

direct and photoexcited THz-TDS measurements give an estimate of the carrier
densities and both the hole and electron mobility values with good precision. In
the photoexcited analysis, we have found the mobility value of the GaAs
sample as 3150 cm® V™' s which may not be accurate, since in this calculation
we assumed that the number density N =1.0x10"°cm™ does not change with
the photoexcitation. We also assumed that only the 1 pm thick epitaxial layer
makes the contribution to the results, not the semi-insulating layer. The reason
for both of these assumptions is the low power and low photon flux of laser
used in photoexcitation. However, the photoexcitation increases the number of
collisions and the collision frequency. So, the Drude fit was determined from
the collision frequency. For this reason, better approximation of experimental
results should rely on both of the parameters. In addition, here, we assumed a
single layer transmission in our calculations, inclusion of multilayer
transmissions may improve the accuracy of the results. In addition, as can be
seen from Figures 4.2, 4.3, 4.4, and 4.5, there are Fabry-Perot (etalon)
oscillations in the time-domain and frequency domain. In Figure 4.2, the

“etalon” peak comes 14.53 ps later than the main peak. In Figure 4.3, there are
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“etalon” oscillations in the Fourier transformed spectra and these oscillations
are approximately 0.07 THz apart. These “etalon” effects interfere with the
transmission data and enters into the data analysis. Elimination of these
“etalon” effects will also introduce an improvement to the data analysis. In the
next chapter, we shall show how to avoid these unwanted “etalon” oscillations

by using an algorithm.
In conclusion, while the Hall effect and van der Pauw measurements are more

accurate, THz-TDS coupled with photoexcitation allows for measurement of

electron mobilities of p-type epitaxial samples [77].
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CHAPTER 5

NUMERICAL IMPROVEMENT OF
TERAHERTZ TIME-DOMAIN
SPECTROSCOPIC MEASUREMENTS

5.1. Introduction

We have developed an algorithm to eliminate efficiently the unwanted
reflections typically observed in the data obtained by Terahertz time-domain
spectroscopic (THz-TDS) methods. The algorithm works by eliminating the
reflections from the boundaries. The numerical improvement of the data allows

better analysis of the critical parameters obtained by THz-TDS systems.

5.2. Fabry-Perot Effect

Interference effects can cause multiple reflections in the time-domain
spectroscopy systems [29]. This becomes problematic if the wavelengths are
comparable with the sizes of the elements or samples used in the system. The
reflections usually emerge from the surfaces of the samples under investigation
or the crystals used in THz generation or THz detection processes. These are

clearly visible in the time-domain data and in the Fourier transformed data.
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In the time-domain data, these reflections are usually in the form of repetitions
of the main THz peak but in lower amplitudes. For example, in Figure 5.1, the
THz time-domain transmission data for 1 mm ZnTe <110> sample is shown.

The etalon reflections of the main peak are clearly recognizable.
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Fig.5.1. The THz time-domain data for the 1 mm ZnTe data

In the Fourier transformed data, they are in the form of periodic oscillations.
Hence, when the material characteristics are obtained through THz
spectroscopic analysis, these etalon effects should be taken into account in
order to improve the spectral analysis. For example, in Figure 5.2, the Fourier
transformed data up to 0.8 THz for the THz time-domain transmission data for
I mm ZnTe <110> sample is shown. The etalon reflections of the main peak

are seen in the form of small oscillations of the main FFT profile.
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Fig.5.2. The THz FFT transformed data for the 1 mm ZnTe data
(MSA: Mean Square Amplitude)

5.3. The Algorithm

The aim is to eliminate the reflection peaks due to etalon effect while keeping
the spectral information intact. There are several experimental techniques for
avoiding the reflection coming from detection crystals such as anti-reflection
coatings and attaching crystals with different orientation, for example ZnTe
<100> in front of the ZnTe <110> detector [75, 76], since this <100> ZnTe
crystal makes the reflection peak come much later. However, when it comes to
the reflections coming from the samples under investigation, these techniques

are inefficient [30].

As demonstrated previously by M. Naftaly er a/ [30], the THz-TDS data

including these reflections can be simulated with the convolution of the main
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THz peak and delta functions coinciding all the peaks in the spectrum. Here it
is important to keep the resolution and the spectral data, so the algorithm is
applied to the time-domain data and then to its Fast Fourier Transform (FFT)

by manually choosing the secondary and other unwanted reflection peaks.

The algorithm, which is developed in MATLAB and given in Appendix, is
based on approximating the time domain data by a delta function for each peak
in the waveform. Afterwards, the FFT of the real data is divided by the FFT of
the approximated waveform to get rid of the unwanted oscillations in the

frequency domain data sets.

Time-domain Dirac Delta Function set amplitudes are given by
A() = 4,()® Y a,5(1,) (5.1)
i=0

where i donates the number of the peak and a; denotes amplitudes of each delta

function, A(t) is the normalization factor [30].

We assume our real data set is made up of the corrected data set and the Dirac

function data set in frequency-domain:

E(v)=F|A(t)= F|4,(t) ® F‘Zalﬁ(t,) (5.2)
From here we extract the corrected data set in the frequency domain
Ecorrec‘ted (V) = F|AO (t)| = E(V) ® - ] (5'3)

M
F‘Zaié(ti)
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Here, M is the normalizing factor equal to the mean value of the Fourier

transform of the delta set.

The determination of the etalon peaks and the Dirac delta function sets is
illustrated in Figure 5.3. Here the etalon reflections are determined manually
first and then the algorithm written in MATLAB is executed. The program
replaces each of the selected peaks with normalized Dirac delta function and

removes the etalon peaks from the time-domain data.

We have successfully implemented this algorithm to the THz transmission data
for the ZnTe crystals with different thicknesses and clearly observed that the

oscillations are reduced without having any loss of information in the Fourier

spectrum.
x 10
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Fig.5.3. An example of the determination of etalon reflections

and the implementation of the removal procedure
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We observed that some THz absorption data that are not significant or lost in
the real data due to the many oscillations become apparent after the
implementation of the algorithm. The time-domain data for the 1 mm ZnTe
<110> crystal after the implementation of the algorithm is shown in Figure 5.4.
It is clearly seen from the comparison of Figures 5.1 and 5.4 that the algorithm
provides a simple and practical way to remove the unwanted reflections which

is very hard to eliminate experimentally.

10" Reproduced Time-Domain Spectrum
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Fig.5.4. The THz time-domain spectrum after the implementation of

the algorithm

5.4. Experiment

We performed THz-TDS measurements to study the “etalon” effects from the
<110> oriented ZnTe crystals of known thicknesses. From the time-domain

data, we determined where these the “etalon” reflections coming from. After
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that we implemented the algorithm, which is given in Appendix A, to eliminate

the “etalon” peaks.

The THz time-domain spectrometer used in these “etalon studies” is driven by
a mode-locked Ti:Al,O3 laser with a center wavelength of A = 800 nm and a
pulse duration of T = 30 fs at a repetition rate of 80 MHz. 180 mW of the
average beam power is split into two optical lines, where 36 mW is fed through
to a LT-GaAs based photoconductive antenna (PCA) with a dipole gap of 6 um
is used for generation. The antenna bias was AC modulated at 2.5 kHz with
Voo = 10 V. For the detection of the THz beam, the electro-optic method is
performed by use of a 2 mm thick <110> oriented ZnTe crystal, a quarter

wave-plate, Wollaston prism (WP) and a balanced photodetector.

The amplitude and phase of the signal was detected with the aid of a digital
dual channel lock-in amplifier (Model SR830 DSP). The sample was placed
perpendicular to the THz field. The THz beam was focused on the sample by

using 10 cm focal length TPX lenses. The system is shown in Figure 5.5.
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=

+ ZnTe (110)
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-—
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Ti Sapphire 3000 mede-locked )
femtosecond laser Eeam spliter L
Deelay Stage

Fig.5.5. THz spectroscopy system for the transmission measurements
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We performed THz transmission measurements on <110> oriented ZnTe
crystals with 1 mm, 1.5 mm, and 2 mm thicknesses. The THz time-domain data

for these crystals and the reference is shown in Figure 5.6.
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Fig.5.6. THz time-domain transmission data for the reference and

1.0 mm, 1.5 mm, 2.0 mm thick <110> ZnTe crystals

The etalon reflections for each of these measurements are presented in Figure
5.7. The reflection peaks in these measurements can be classified as follows:
Gate-reflections (due to the probe beam in the THz detection process),
reflections from the surfaces of the sample, and the reflections from the ZnTe
crystal used in the detection arm. For the 1 mm thick crystal, as shown in
Figure 5.7.b, the peak no.l is due the gate reflection, no.2 is due to the
reflection from the sample, no.3 from the sample and the detecting crystal, no.4
is from the sample again, and no.5 is from the sample and the detecting crystal.
Although there exists experimental techniques [32] to eliminate these effects,

numerical techniques are more practical.
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Fig.5.7. THz time-domain spectroscopic data for (a) reference and

(b) 1 mm (c¢) 1.5 mm (d) 2 mm thick ZnTe <110> crystals sample.

We observe that some THz absorption data that are not significant or lost in the
real data due to the many oscillations become apparent after the

implementation of the algorithm as shown in Figure 5.8.
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Fig.5.8. Fourier Transforms for (a) reference and (b) 1 mm (c) 1.5 mm

(d) 2 mm thick ZnTe <110> crystals with and without algorithm.

If the sample is made of a material absorbing the THz radiation highly as a
function of frequency, the algorithm should be applied very carefully to keep

the spectral information, since absorption causes the secondary and other peaks

76



to become wider than the main THz peak in the time-domain data. This
widening may include spectral data and hence cause the loss of information at
higher frequencies. In the Fourier transformed data, this is realized by the
decay of etalon oscillations at higher frequencies. In such a case, as suggested
by M. Naftaly et al. [30], the algorithm is to be modified by adding an
empirically generated dissipation funtion to the FFT of the delta functions.
However, this extra procedure should be applied after the determination of the
absorption characteristics from the comparison of the spectrum of the sample
and that of reference, i.e. dry air. Then, it is possible to determine the

dissipation funtion from the absorption curve [31].
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Fig.5.9. Absorption spectrum of (a) 1 mm (b) 1.5 mm (c) 2 mm thick
ZnTe <110> crystal samples with and without the algorithm.
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In summary, for samples of low dispersion and low absorption, the method
shown above is effective. The dramatic reduction in the oscillations can be
observed in the absorption spectrum shown in Figure 5.9, while the overall
shape of the absorption is not affected. This algorithm serves as a robust and
reliable tool in practice to improve the analysis of the data and offers promise

for potential use in commercial applications of THz-TDS systems.

5.5. Frequency Calibration Test using the Etalon Model

One can use the “etalon effect” to verify the frequency resolution of the THz-
TDS system. In this part of “Etalon study”, the time-domain data for 1mm
<110> ZnTe is used with the Etalon Model to check the frequency calibration

of the system used in this thesis.

As stated before, in THz time-domain spectroscopy, the spectrum in the
frequency domain is calculated numerically by Fast Fourier Transform (FFT).
For this reason, all the experimental errors, including the etalon reflections, are
transformed into the FFT data. However, the “etalon reflections” from a
smooth surface, terahertz transparent material with known thickness, can be
implemented to get the calibration degree of the THz spectroscopy system.
Since these “etalon reflections” show themselves in the form of periodic
oscillations in the frequency domain, so the matching between the “modeled
etalon oscillations” and the experimentally obtained data provides a method to

qualify the calibration of the THz spectrometer system.

In this Etalon Model [31, 32], the transmission spectra as a function of

frequency is given by

-1
T:[1+ 4R sinzgj 5.4



In this equation,
2
R=[ "= hd 5= 4m(Sf Wy (5.5)
n(f)+1 ¢
where / is the thickness and c¢ is the speed of light [32].

The calculated values of etalon peaks and troughs enables the calibration
technique. Here, we calculated the index of refraction from the terahertz
spectropic methods namely, since the THz power is quite low, we assumed the
interaction of THz pulse and the sample as linear. The index of refraction then

is calculated from the formula

= (p(0.D-0(@) (5.6)

This technique is applied for the Imm ZnTe <110> crystal. The peaks
calculated from the model and the peaks measured from the experiment were

compared with each other in the frequency domain as shown in Figure 5.10.
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Fig.5.10. Transmission spectrum on Imm thick ZnTe and the “etalon” model
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In performing these experiments, we made a scan of 30 mm corresponding to
200 ps of time-domain data, and the resulting observed shift was 5 to 10 GHz

in the transmission spectra.

5.6. Discussion

In THz time-domain spectroscopy systems, the Fabry-Perot reflection from the
optical elements used in the system introduced unwanted experimental
problems. The experimental techniques such as coating or filters, brings extra
difficulty and generally difficult to perform. Implementation of an algorithm
which is based on the theoretical determination of these “etalon” reflections, on
the other hand, provides a simple way to improve the quality of the
spectroscopic analysis. We have here demonstrated that the usage of such
algorithm is effective. The experimental results from the Terahertz
transmission measurements of 1.0 mm, 1.5 mm, and 2.0 mm ZnTe <110>
crystals were also analyzed with the algorithm applied data. From the
measurements, it’s also demonstrated that these “etalon” reflections can also be
used to check the frequency calibration check. Since the THz powers of the
spectrometers is quite low, we have assumed that our system is linear. For this
reason, we calculated the thickness of the samples from the THz data and used
this thickness in calculation of frequency calibration. Better determination of

sample thickness provides better calibration check.
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CHAPTER 6

CONCLUSION

In this thesis, we have performed terahertz time-domain spectroscopic
measurements for material characterization. To do that, we have constructed
different terahertz spectrometers and optimized them for system performance.
This task turned out to be directly related to the ultra-fast lasers used in the
spectrometers, since the pulse profile of the laser affects the terahertz profile

and power.

Among the different spectrometer configurations previously described in
chapter two, we preferred the one based on photoconductive generation and
electro-optical sampling for detection. The photoconductive antennas provide
more power than the optical rectification. In addition, it requires less laser
power (~35-36 mW at ~800 nm) with compared to the optical rectification. So,
the femtosecond fiber lasers which are compact, robust and low-cost can be
used for that purpose. The disadvantage of photoconductive antennas is in
alignment problems and narrow bandwidth. For the detection of terahertz
radiation, the electro-optic sampling is advantageous, since its detection

bandwidth is broader, sensitivity is higher, and the alignment is easy.

The terahertz time-domain spectrometer mentioned above were tested and
optimized for characterization of wide-band-gap and semiconductor crystalline

materials. It was used in the study of the carrier dynamics of MBE grown
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nominally undoped epitaxial GaAs samples and the terahertz transmission
studies of isotropic ZnTe <110> crystal of different thicknesses. In addition to
the standard time-domain measurements, photoexcited dynamics of the
epitaxial GaAs samples were also investigated. The measurements were done
in a class 10000 clean room under room temperature. The reference data were
taken before and after each measurement to check the optimization and
consistency of the spectrometer system. It was shown that THz-TDS coupled
with photoexcitation allows for measurement of electron and hole mobilities of

p-type epitaxial samples [77].

THz-TDS measurements for nominally undoped epitaxial GaAs samples were
analyzed according to the spectropic analysis technique outlined in the chapter
two. The calculation were done under the assumptions of the Drude model.
From this model, the Drude parameters for the direct (unpumped) THz-TDS

were calculated. These were the charge carrier concentration, which is found to
be N=1.0x10"cm™ and the collision frequency is v, =5.26x10"s™". On the

other hand, the photoexcited (pumped) THz-TDS were also performed by

using a continuous beam laser of A = 808 nm. From these measurements, the
charge carrier concentration is again calculated to be N =1.0x10"cm™,
whereas the collision frequency is found to be as v, =8.33x10"s"". The

photoexcitation caused a drastic increase in the carrier concentration. From
these results, the calculated the mobility values of the GaAs sample from the

1
and

direct (unpumped) and photoexcitated (pumped) data are 740 cm® V™' s
3150 cm”® V' s respectively. Here the mobility of the photoexcited GaAs
sample may not be accurate, since the Drude fit was determined from the
collision frequency while assuming the number density does not change with
the photoexcitation. However, better approximation of experimental results
should rely on both of the parameters. On the other hand, inclusion of

multilayer transmissions may also improve the accuracy of the results.

82



The results from terahertz studies were compared with the electrical
characterization of the GaAs samples. From the Hall effect measurements
coupled with van der Pauw technique, their room temperature resistivities of
the MBE-grown GaAs samples was found to be 10.385 Q.cm. The samples
were of Ium thickness and their conductivities were calculated to be
0.096 Q"'.cm™. Their Hall coefficients were 5750 cm’.C”™" with a charge carrier
concentration of 1.09x10" cm™. The mobility of the samples were found to be

553.68 cm>. Vs,

It was shown that the THz-TDS measurements allow a quick way of
determining the real and complex components of the refractive index of the
material. On the other hand, for the determination of mobility and majority
carrier density, it was found that the Hall effect measurements coupled with the
van der Pauw technique was led to more accurate results even though there

exists problems due to electrical contacts, wiring, etc.

In this thesis, a commonly encountered problem of Fabry-Perot reflections
emerging from the optical elements and samples used in the experiments were
also studied in the scope of the formalism of suggested by M. Naftaly, et al.
[30, 31]. An algorithm was developed (see Appendix A) for elimination of
these “etalon” effects from the time-domain data. This was further
demonstrated by the experimetal application of this technique to ZnTe <110>
crystals of different thicknesses. We found that the algorithm provides a
numerical improvement to the analysis of the time-domain and Fourier
transformed spectral data, since during the measurements the Fabry-Perot
oscillations interfere with the time-domain data and effecting the analysis. On
the other hand, this unwanted “etalon” effect was used to check the frequency
calibration of the terahertz time-domain spectrometer used in this analysis, we
have found that a scan of 30 mm corresponding to 200 ps of time-domain data,
and the resulting observed shift was 5 to 10 GHz in the transmission spectra

[78].
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The majority carrier dynamics of the materials used in the production of
terahertz generation and detection antennas is of crucial importance. Since the
emitted terahertz bandwith and power is quite low even though the signal-to-
noise is good. In order to increase the bandwidth and power, new materials for
antenna production needs to be investigatied. In this sense, this thesis provides
a methodology for analyzing direct gap semiconductor materials which can be
implemented into the terahertz generation and detection. With the invention of
new antenna materials and design, the terahertz research will be enhanced.
Especially, high powers obtained will provide better transmission and broader
bandwith provide more spectral information. Both of these in turn will lead to
terahertz spectroscopic systems capable of remote sensing, imaging and
spectral analysis, at the same time. The developments in the ultra-fast laser
technologies, on the other hand, will lead to better terahertz profiles and faster
time-gating. In addition, these will lead to transportable compact terahertz

systems which can be implemented in to home-land security applications.
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APPENDIX A

NUMERICAL IMPROVEMENT SOFTWARE

The algorithm for eliminating “etalon” effects is written in MATLAB. It is

given below:

fprintf (1, ) ;
fprintf (1, ) ;
namedata = input ( ’ ) ;

rawdata = load(namedata);

timeps = rawdata(:,1);

curns = rawdata(:,2);

dim = length (timeps);

figure(1l),hold

plot (timeps, curns, ,2), grid
title( )
xlabel ( )

ylabel ( )

xy = [1;

nn = 0;
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while but == 1
[xi,yi,but] = ginput(l);

plot (timeps, curns,

/Xiryir ’ 181 11)

title(
xlabel ( )
ylabel ( )
hold , grid

end

xy = sort(xy(l,:));

sl = size(xy);

np = s1(2);

ml = max(curns);

for ii = 1l:np

ind = abs(xy(l,ii)-timeps);

minl = min(ind) ;

minx = find(minl==ind) ;

pks(ii) = max(curns(minx-15:minx+15));
loc(ii) = find(pks(ii)==curns);

end

diracset = zeros(dim,1);

diracset (loc) = pks;

figure (2)

plot (timeps, curns, timeps,diracset), grid
legend( , )
title( )

xlabel ( )

ylabel ( )

L=length (curns) ;

NEFFT = 2”nextpow2 (L) ;

Y = fft (curns,NFFT) /L;

94



Y2 = fft(diracset,NFFT)/L;

dx=timeps (3)-timeps (2) ;

f = linspace (timeps(1l),1/dx/2*(1-1/L),NFFT/2);
norml=abs (Y (1:NFFT/2));
norm2=abs (Y2 (1:NFFT/2)) ;

norml = norml.”"2/NFFT;

norm2 = norm?2.”"2/NFFT;

normx = norml./norm?2;

meandirac = mean (norm2) ;

figure (4)

act = meandirac*normx;

semilogy (f,norml, f,act, , , 1), grid
legend ( ’ )
axis ([0 2.5 1le-22 le-121)

title(

xlabel ( )

ylabel ( )

figure (5)

pha2 = unwrap (angle(Y2));

pha = unwrap (angle(Y))

pham = -pha (1:NFFT/2)*180/pi + pha(l)*180/pi;
phanewx = pha-pha2;

plot (f,pham), grid

xlabel ( )

ylabel ( )

figure (6)

semilogy (f,norml, f,act/100, , , 1)
legend ( , )
xlabel ( )

ylabel ( )

title( )
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dx=f (3)-£(2);

tr = linspace(f(1),1/1/dx/(1-1/L),NFFT);
tr = timeps;

normnew=abs (Y2 (1:NFFT/2)) ;

normn = normnew.”’2;

meandirac = mean (normn) ;

nn = sgrt (meandirac);

newl = ifft (nn*(Y./Y2),NFFT)*L;
figure (7)

plot (tr,newl, ,2), grid
title( )
xlabel ( )

ylabel ( )
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APPENDIX B

PREPULSE EFFECTS IN THz-TDS

In this section, we present the detection characteristics of two THz-TDS
systems using both electro-optic and photoconductive detection. One of the
THz-TDS is driven by a sub 15 fs pulsed Ti:Sapphire laser, the other is driven
by a 150 fs pulsed Erbium-doped fiber laser as shown in Figure A.1. We
observed pre-pulse effects in both electro-optic sampling and photoconductive
antenna with both of the spectrometer systems. While the pre-pulse effects in
the THz scan are due to gate reflections during electro-optic sampling, the
effects observed with photoconductive antenna are not clear and need

explanation.

Balanced detector
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Fig.B.1. The THz-TDS on the left driven by Erbium-doped fiber laser,
the one on the right is driven by Ti:Sapphire laser
In the experiments we have observed pre-pulses for three different

configurations as seen in Figures A.2 and A.3 below.
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Fig.B.2. THz profile is shown for the photoconductive antenna generation

and photoconductive antenna detection.
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Fig.B.3. The graph shows both antenna generation and crystal detection (red)

and electro-optic generation and electro-optic detection profiles.

These pre-pulses come earlier than the main pulses which are 8.9 ps for crystal
to crystal (c-to-c), 10.5 ps for antenna-to-crystal (a-to-c) and 34.9 ps for
antenna-to-antenna (a-to-a) configurations. The difference for the (c-to-c) and
(a-to-c) configurations comes from the fact that THz pulse in c-to-c is narrower

than that of (a-to-c). In order to explain pre-pulses which appear 34.9 ps earlier,
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we need to get insight of physical mechanism that lies under that phenomenon.
For now, however, it can be said that it is due gate reflections in the detecting
antenna or due to more exotic processes like pre-pulse generation at the
transmitter, the THz pulse has distortions which need to be accounted for

during THz measurements.
While the prepulse arises from gate reflection at the crystal detector for electro-

optic methods, the pre-pulse occurring in photoconductive detection is not

clear and needs to be better understood.
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