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ABSTRACT

The main objective of this work is achieving efficient electromagnetic radiation in
terahertz (THz) frequency region by utilizing seamductor nanowires due tadvantages
attributed to their ondimensonal structure, and also studying materials propertiesdopting
ultrafast THz timedomain spectroscopy (THEDS). In order to achieve stronger THz emission
from semiconductor nanowiregie suggest a novel approach for preparing the nanowires such
that we fabricate the wires from top to bottom by utilizing nanofabrication methods as opposed
to growing them with bottorup approach via conventional growth metholligst common
methods for geeration and detection of THz pulsm®explained along with the design of THz
TDS technique used in this researdsing THz2TDS measurement results, important materials
properties can be extracted through sorakeuation methodsvhich were addressedn this
work. Upon analysis ofthese extractegdroperties, a material can be designated as a candidate for
optoelectronic devices, photovoltaics, or even generation of THz radiation.

Since it is crucial to have excellemrtically aligned NWs with perfegtl uniform
distribution for enhanced THz emission, we fabricate InP and InGaAs NWs bgotap
nanofabricatiorprocess that utilizes electrdieam lithography followed by reactive ion etching.
Unbiased THz emission from fabricated InP and InGaAs NWs ar@am@a, and furthermore,
an interdigitated electrodes pattern is designed and fabricated along with InGaAs NWs in

between the electrodes in order to investigate the enhancement of THz emission from nanowires



under a DC bias field. To the best of our knowledge, this is the very first demonstration of THz
emission from fabricated NWs under a bias voltage, and significant enhancement is achieved

with the increasing bias voltage.
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1.INTRODUCTION

Electromagneti¢EM) radiation covers a large spectrum from radio waves to gamma rays
most of which have been extensively séaddand technologically developed. For example, many
sophisticated devices such as televisiare| phones laptop computersand lasers are the
products of the comprehensive studies on these spklcinsever, there is a particular frequency
range betweemicrowaves andar-infrared which has been less studied and developed. This
regionthat liesbetweer3 mm and 3@um is calledterahertz (THz) band. THz spectrum covers a
frequency range from 0.1 THz up 16 THzwhich corresponds tphoton energy frond.4 meV
to 40 mé&/ (Figure 1.1) Since the frequency of THz radiation is higher than microwave,
conventional microwave techniques are not applicable to generate and detect THz radiation. On
the other handhere is no natural material with a bandgap correspgrid THzphoton energy
Thereforejt is not possible to generaidiz radiation solelyoy RF sources or electron transition
between different energy statewhich is the reason why THz spectrum hast been
comprehensively explored until tveecads ago.
After the first demonstrations of picosecond optoelectronic switdHit8], first prototype of a
THz pulse emitter and detectwas developed in late 1980s [4, Since then, upon development
of Ti:Sapphirefemtosecond laser [6developingTHz sourcesand THz research have expanded
exponentially, and THz technology hdasecome realistic for potentiahpplications in
microelectronics, agriculture, medicine, forensic science, homeland securitynamnd other

fields[7-10].
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Figure 1.1THz band is located between infrared rays and microwaves in the electromagnetic
spectrum.

THz radiationhave managed to constantly attract attention from researébeliss
exceptional characteristickor instancedue to the low photon energy this frequency regime,
THz waves are neionizing and are able to nafestructively penetrate various noonductive
materials (e.g. clothing, papers, ceramics, and plasties)d thereforeuseful to study the
spectroscopic response of both these materials and also the objects hidden behind these materials
[11, 12]. Also, THz waves can be utilized for successfully sensing of organic compounds since
the vibrational modes of various moleculeg)(grokins,other biological macromoleculeand
even explosive compoundf&ll in the THz frequency regiofi3, 14]. Figure 1.2 shows unique
fingerprints of various explosives and related compounds in THz spectrum. By examining these
specific spectral featurabey obtain in THz frequency range, it is possible to identify these

explosives and also explosive devices consisting of the related explosive compounds.



— — B4
3 =
L) @
3] 3
L]
5 § 6
& £
& @  124-DNT
el L
< < 44
2_
2-amino-
1PET 4.6-DNT
D ) —r T T T T T T T D' 1 T T ¥ T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 20 25 30
Frequency (THz) Frequency (THz)
(a) (b)

Figure 1.2 Absorption spectra of explosives and related componntidz frequency region
with theirunique spectral features which allow them todentified[14]. © [2010] Springer

With this nondestructive approaobf THz waves objects and materials can be examined
without disturbing theistructural features and their ambience which becomes cruciglifdity
control, inspection of materiédls i n telalglityj ahdydefectse.g., for aeronautics industry,
and medical probing, e.g., tumor detecti®here are two modes available for Z kechnology:
continuouswave and timedomain modes. A continuous THz wagerresponds to a single
frequency while a pulsed THz wave (trdemain mode) corresponds to a broad band in
frequency domainDepends on what kind of defect or feature is to bectkde one can use
either continuous or pulsed THz waves. For instance, if the defect is a morphological feature, it

can be efficiently detected by a single frequency source; therefore, a comivaneiSTHz



system.On the other hand, if the feature of m&st that makes detection possible is a chemical
feature resulting in fingerprints in frequency domawhich requires a broadband spectral
informationas it is-for instance in the detection of explosives, then a pulsed THz wave is a
better choice since covers a region in frequency domain instead of a single frequency value.

The spectroscopic tool iHz frequency region that enables nd@structive probing is
called THz timedomain spectroscopy (THEDS), which measures the time varying THz
electic field either transmitted through or reflected from the material of interest. The measured
time-domain data can later be transformed into frequaleygain by applying Fast Fourier
Transform (FFT) whose output will have information of both amplitude éwadgTHz-TDS is
used in transmission geometry during this study, so we can model the optical path of the THz

pulse propagating through substrate only and substrate witllesafmnterest as in Figure 1.3

(a)
2
g
E (CU) air E E reference ((.U)
2
"’T‘
(b) T2
: e | E _ ;
E ((U) air § -§ Esample (“’)
non,

~]

Figure 1.30ptical path of THz pulse THz-TDS in transmission geometr§] s the incident
THz field, andO 1 andO 1 are the THz fields transmitted throu¢s) substrate

only and(b) substrate with sample of interest, respectively. d is the thickness of the sample.



‘O7 is the incident THz radiation field where@s 1 andO 1 are the
THz fields transmitted tlough bare substrate (Figure (B and sbstrate with sample (Figure

1.3(b)), respectively, and given by:

0 T o 1 Ag® GO (1.1)

0 0 AgEiEqg @O
p i i AgeQEqQ w

(1.2)

whereQis the thickness of the sampteis the speed of the light in vacuum, andi are the
Fresnel reflection coefficients within the sample, given by p ¢ andi 0 p, and
0 ,0 ,ando are the Fresnel transmission coefficients of the THz fields transmitted through
air-substrate, aisample, and sampkbstrate, respectively, given by ¢cfp ¢ ,

0 ¢fp ¢€,ando ¢ce¥e ¢ , ande and ¢ are the refractive indices of the

substrate and the sample, respectively.

The complex transmission coefficiet] is the ratio of the samplegsial O 1
to reference signd 1 , can be written as:
o 0 1 et pAd®yE p UL (1.3)
O 1 E p €& ¢ ¢ p ¢ &t AgeQEUw '

After going through a numerical iteration process by ugiggation(1.3), the frequency
dependent complex refractive indéx,for the sample of interest can be extra¢iegd17]. If the
sample is nbin a bulk structure, but a composite with dimensions much smaller than the
radiation wavelength, e.g., air and an array of namsy the obtained refractive index

corresponds to that of the composite, NWs surrounded by air, instead of only the wires.



Therefore, Bruggeman effective medium theory should be taken into account in order to isolate

materials popertiesrelatal only withthe nanowire$18]:

T °Qp T

9 p
i 1.4
Qp T Q p (14)

p 1
p T

where] is the permittivity of the nanowiresQis the volume ratio of NWs to the whole
composite, and is the permittivity of the composite which can be calculated by using the
relation | & ¢ and the refractive index¢, extractedfrom Equation (1.3). Once the
refractive index of the material of interest is obtained, frequency dependent complex

conductivity can be determined by:

. OF &7 i (1.5)

wherej is the free space permittivity, and is the low frequency dielectric constant
Moreover, importantarrier dynamics parameters suchcagier lifdime, carrier concenation,
and mobility can be determined by fitting DruBenith model to the obtained conductivity]:

i1t &)

1.6
p Ot P p Qf (1.6)
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wherg is the plasma frequency,is the relaxation time, andis the back scattering parameter

that describes the persistence of velocity after a number of scattering events which is assumed to
be only one scattering for simplicity. Depending on the conductivity profile of the material, i.e.,

its maximum value is @ Hz, it might be sufficient using simp@rude model which is same as

Equation (1.6) whed Tt



Sincevariousinteresting materials have unique characteristic responses to THz radiation,
researchers haveavestigated their potentials for applicatiomsghotonics and optoelectronics.
For instance, comprehensive studies on high resistivity silicon, doped silitgme and pype
bulk GaAs, InP, InGaAs, GaN, and ZnO have been cdeduwon THZTDS [20-29]. Moreover,
THz-TDS measurements can be carriedt @u modified conditions such as at varying
temperatures. Temperature dependent-TB5 technique can be used by heating the sample
above room temperature while performing THz scans if one is interested in studying the
temperature dependence of some mal®rproperties such as carrier concentratinother
modified mode for THZIDS measurements is the bending mode in which a sample holder with
a designed curvature is utilized in order to explore the electrical properties of a sample with a
non-destructivemannerevenwhen it is bended.

When the material goes from bulk to nanostructured stath asanowires (NWSs), the
carrier dynamics wilpotentially enhancdue to quantum confinement, atind unique properties
of photoexcited carriemnake them poteratl candidate for many applications including efficient
THz emissiorwhich is the main objective of this wof80-34].

THz emission methods can be divided into three groups: photoconductive antenna
optical rectification, and emission from semiconductor surfaBesails of theseemission
methods along with the detection methods will be explained in Chaplert2e past decade,
most widely usedconventional device for generation of THz radiatiohas beenthe
photoconductive antennavhichis a biased THz wave emitter.donsists of a photoconductive
layer on a substrate and two electrodes with a tiny gap betweenWeen pulsed laser beam is
focused on the electrodes gap, phoaoriers are gemated if the photon energy of the laser beam

is greater than the bandgap energy of the material. These gdroers are acceleratedder the



bias field applied via electrodes. This generated transient photocurrent radiates an
electromagnetic wave in meecond range, which corresponds to THz frequeange, due to
ultrashort femtoacond laser pulse and very short carrier lifetime ofaheennamaterial.Unlike
photoconductive antennas, it is posstiollemit THz radiation withoué biasfield as a less bulky
structure.Since it was first demonstrated th&Hz waves can be generated frastirafast
transport of charged carriers lalk semiconductor surfas@ipon excitation with femtosecond
optical pulses with an oblique andg®&5] either due tacharge separation by the buiiit field at

the semiconductor surface or due to different diffusion coefficients of electrons and holes (photo
Dember effect) researchers havbeenlooking for ways to enhance the efficiency dHz
emission Nanowires attraed great attention as potential efficient THz emitters for their
enhanced carrier dynamics properties due to quantum confinefisotthe effective surface
areais expected to increasggnificantly for NWs compared to that of bubampleswvhich can
increasethe totalabsorption of the excitation laser pulgsulting in peentially enhanced THz
radiation. Besides this advantagbaving a nanowirstructure for the emitting materialn
overcome the radiation outcoupling problem that arouses whenwBides are radiating from
bulk surface intdhe air[36].

As a separatdopic, potential signal processing technique to enhance the detected THz
signal is addressed in this woi®ne of the main obstacles for radiation of THz waves is the
large attenuatiorraused by the strong rotational transitions of water molecules in the ambient
atmosphere resulting in limited penetration depth and weakened signal amflhigdproblem
could be solved by improving THz emitters and detectors; however, it is usualipdai due to
the limitation of current technologies and available mateiialTHz spectrumWe approach a

practical solution for these issudy using well-known signal processing techniqués



Independent Component Analyg¢I€A) is one of them developexs a solution for Blind Source
Separation problemthat have been applied in wide range of research areas, but not fully
investigated for TH4requencyregionand THz technolog}B37].

This PhD dissertatiois organized as follows:

Chapter 2 briefly explains the various techniques for generation and detection of THz
pulses. For detection,details of photoconductive antennas and eledptic sampling are
described Photoconductive antennas are also explained as a generation methodnei
difference:instead of the electric field of the THz pulse that accelerates the-phioters, a
voltage bias is applied to the electrodes for generation mecha@gtical rectification
mechanism and emission from semiconductor surfaces are elswibgéd as THz pulse
generation methods.

Chapter 3 focuses ageneratiorof THz pulses from nanostructured semiconductbing
emission mechanism is similar to emission from semiconductor surfaces explained in Chapter 2;
however, this chapter concentratas the evolution of the idea of generating THz waves from
nanostructures. Previous reports that studied THz emission from various nanostructured
semiconductors are presented as well as the motivation of this dissertation.

Chapter 4dintroduces the experiemtal setups used in this studlybegins with THz time
domain spectroscopyith a diagramandits basic operation principl&@hen, THz imagingetup
is described, whiclbasicallyutilize THz-TDS setupexcept the addition of a controllablealis
stage to be able to move the sample -@npkane during the imagining procesd.last, the setup
used for THz emission from array of NWs is briefly explained.

Chapter 5presents the characterization of ZmNWWs in THz spectrumby measuring

THz-TDS in transmission mode, where the THz pulses transmitted through thé&l\&fsGare



detectedSince the wavelength of THz radiation is much larger than the diameter for the NWs,
effective medium approximation is taken intocauntto be able to investigate the change in
carrier dynamics properties when the system isddmensional (NWSs). Also, the effect of Al
doping on electrical properties and surface defect ststesxaminedat elevated temperatures
above room temperatr

Chapter 6 demonstrateéke application of THZTDS on bended samples in order to
evaluate the flexibility and also the electrical properties with adestructive approach when
the samples are in bended stalaterial of interest is silver (Ag) nanorei based transparent
conductive films deposited on polyimide (Pl) gralyethylene terephthala{PET) substratesA
curved samples holder is designed to keep the sample bended during thEDSHz
measurements. The Dru&mith model is utilized to estimatdhe DC conductivity of the
samples when they are bended, and this value is compared with conductivity measured via four
terminal sensing in order to determine how flexible these transparehiative films are.

Chapter 7presentsnvestigdion of efficient THz emission fron8i;xGe, NWs. Sip.xGe
NWs are characterized via THDS to study basic carrier dynamics by measuring THz
transmission. Also, the emitted THz signal from these wires are obseage@ function of
excitation laser powandanalyzedo determine the dominant emission mechanism.

Chapter &resentsa novel approach for an enhancethowirebasedlHz emitter.Since
the structural features are critical for strong THz emission from NWs, we suggest fabricating the
wires via topdown nanofabcation process as opposed to preparing them with a bafpom
growth process.The nanofabricationprocess-consisting of electrofveam lithography for
writing the nanowire pattern without a need of photomask and plasma etching process for

actually formingthe wires provides full control on the morphology of the NW arr#ith this
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method, excellent vertically aligned and uniformly distributed NWs are achieved. Unbiased THz
emission from these NWs is demonstrated as a function of excitation laser puésegavmain
emission mechanism is investigated. Furthermore, an interdigitated electrodes pattern is
designed, and the NWs are fabricated in between these electrodes allowing us emitting THz
pulses from fabricated NWs under a DC bias field. With this ¥iesy demonstration of THz
emission from fabricated NWs, a significant enhancement in THz emission is observed under
increasing DC bias voltage.

Chapter 9first appliesICA on THz radiation propagated through ambient atrhesp
under different water vapdevels in order to extract a reference spectrum for wadgor
absorption peaks$-urthermore, this reference spectrum is utilizedidarc a THz image from its

water content.
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2. THz EMITTERS AND DETECTORS
In this chapterprief background infamation ofgeneration and detection of puls€kz
radiationis discussed. The principles of different phenomendilized for THz detectors and
emitters areexplained. Two most common methods for detection pflsed THz wavesare
photoconductive antensa@PCAs) and electreoptic (EO) sampling detectio.CAs can also be
used for generation of THz radiatio®ther well-known techniques for THz emitters are via

optical rectification (OR) and semiconductor surfaces by excitafitemtosecond laser pulses

2.1THz Detectors
2.11 Photoconductive Antenséor Detection

A photoconductive antenna consists of a semiconductor substrate, which is often low
temperature grown GaAs (LGaAs) and two metallic electrod&gbricatedon top of itas shown
in Figure 2.1. The femtosecond laser pulse focused onto the electrodes gap createsgiteoto
carriersif the wavelength is properly selected such that the energy exhibited by the laser pulse is
greater than the band gap energy of the substrate mgt@ial O). In the case of 790nm
pulsed laseand GaAs for substrate of the PCA, it will definitely generate pbatders since
1.57 eV > 1.42 eVTHz pulse coming from the other side of the PCA is focused on the gap via
high-resistive Si lens, and the credtphotecarriers are biased bthe electric field of this

incident THz radiation resulting in acceleration of these phatders which is detected as a
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current. This detected current is proportional to electric field of the incident THz pulse and the
number of created photcarriers.Since both THz wave and the probe laser beam areshitna
pul ses, 6ti mingbé becomes Vv erdensiiyatt tinle ddlagis det ec

expressed ad]:
VO Q° VOO O OMh (2.1)

whereO 0 is incident THz field0 & is number of phot@arriers created by the probe beam,
Qis the elementary electric charge, an electron mobilityln case of no THz field across the
gap, the created photarriers diffuse randomlyesulting in zermet current.

If we analyze Equation (2.1), we can see that in ordeb forto yield a response only
dependent on the incident THield'O 6, 0 0 should bedn very shorttime as possible (ideally
1 -function).0 o is the number of photeoarriers generated by the probe beamd it is limited
by carrier lifdime of substrate material of PCA and pulse width of the probe b&#mthe idea

of shortening the carrier lifetime, L&GaAs has been developed.

/s Laser Pulse

i
P

Electrodes } Si Lens

Substrate

Figure2.1 Schematic of a photoconductive antenna for detection of pulsed THz waves.
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2.1.2 Hectro-Optic Sampling

In this detection method, THz field is measured via modulation of a pulsed probe laser
beam inside an EO crystal, which is usually a ZnTe cryetaf90nm probePresence of the
THz field changes the birefringence of the EO crystal, which means the crystal will have
different refractive indices for polarizations along different axes of the crystal. If the probe beam
co-propagates inside the EO crystathwthe THz wave, the birefringence of the EO crystal
induced by the THz field will modulate the phase of the probe beam resulteigmge of its
polarization Thus, initially linearly polarized probe beam becomes ellipticalhapoéd beam
creating a differencm intensities of perpendicular componemich is linearly proportional to
electric field of the THz radiatioi2]. Afterwards, a Wollaston prism splits the elliptically
polarized probe beam into s and p polarizatiom@ments.Each perpendicular polarizatio
intensityis detected by a photodiodes shown irFigure2.2. These photodiodes are configured
in differential mode so common laser noise is chetiewhich is called balanced pheto
detectionWhen there is no THeadiation in presence, s and p polarization components after the
Wollaston prism will be equal to each other, therefore, the balanced photodiodes will yield no
signal.When a THz electric field epropagates inside the EO crystal with the probe laser,pulse
it changes the ellipticity of the probe beam which causes a measurable signal at the balanced

photodiodes.
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Wollaston polarized
prism

THz pulse wave plate

EO crystal

>/fS’probe pulse

Figure 22 Diagram of EO sampling utilizing balanced photodiodes for pulsed THz radiation
detection.

2.2THz Emitters
2.21 PhotoconductivAntennas for Emission

Generation of pulsed THz waves via PCAs is basically the reverse operation of the
detection mechanisexplained earlierThis timeg instead of the electric field of the THz pulae,
voltage bias isapplied to acceleratthe generatedohotocarriersas shown in Figure 2.3The
created transient photocurrent is the maiaechanismfor the emission ofTHz radiation.The
polarization of the emitted THz wave is perpendicular to the gap, which is parallel to the bias

field.
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The laserpulsepa mel vy &6 pump b agaimieeds to havehai geeater ensrgy,
than the band gap of the semiconductor substrate of the PCA, which is usually GaAs or LT
GaAs.When the pump beam is focused onto the electrodes gap, the generatechpiert® are
aceelerated by the field of applied vaifa bias resulting in a transient phatarrent.This phote
current is defined by photoduced carrier density and bias voltage. Since the detected THz field
can be expressed as variation of photarent density irtime, we can approximately define the

measured THz signal a3]{

0Q1T 006, , .
w h

O — :
-wa T o

(2.2)

T
whered is the illuminated area by the pump Igseris the permittivity in vacuunipis the speed
of light, & is the penetration of the laser pulse into the semicondukttar,is the photecarrier
density,w is the appliedbias voltageand’ is the mobility of carriers, which is electrons most

of the time due to their great mobility than

THz pulse

——

Vbias

/s Laser Pulse

Figure2.3 THz radiation via PCA: photoarriers generated by the fs laser pulse are accelerated
due to the applied field resulting in generation of THz pulse, which is radiated through a high
resistivity Si lenglaced on thedxck of the substrate.
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2.22 Opticd Rectification

Unlike THz pulse generation via PCAs, optical rectification method does not utilize
actual photanduced carriers. Instead, nonlinear optical process is employed fakindisof
generation mechanismpon the excitation of EO crystal g laser pulse (Figure 2.4THz
pulses are generated as a result of differdremency process between any two frequency
components of the pump beam.order to utilizedifferencefrequency process, the material in
use needs to have a second ordecequibility, ... , which depends on the crystal structure of
the materialdifferent than zerdf the incident pump beam is a plane wave, therptilarization

for the optical rectification induced by the second order susceptibility is given by

0 0 C..d 0] mO]1 Q MiQ1h (2.3)
wherem is the frequency difference of the two frequency component of the pump baam

radiated THz field in the far fiel$ the second derivative f & with respect to time

A

; 06 08 (2.4)

o o

Unlike PCA method, a bias field is not needed to generate THz radiation via optical
rectification. The efficiency and the bandwidth of the radiated THz pulse are dependent on
materials, crystal orientation, thickness, laser pulse duration, absogoinh dispersion, and

phase matching.
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Figure2.4 Schematic of THz generation via optical rectificationnrebectreoptic crystal.

2.2.3 SemiconductorBfaces

THz emission from semiconductor surfaces occurs due to ultrafast transport of charged
carriers just like the case in PCAs. However, this time there is no applied bias field unlike PCAs.
Instead,this transient charge transport arise either due to the els@aration by the buik
electrical field at the semiconductor surface or due to the difference in the electron and hole
diffusion coefficients (phot@ember effect).

The surface states in some semiconductors can be used for generation of €sl£gouls
GaAs). The possible difference in Fermi levels of a surface state and inside the bulk material
induces band bending just beneath the surfélee.builtin surface field is faned by the bad
bending areahown in Figure.5@). When a laser pulse &bsorbed at the surface of this kind of
semiconductors, the phoetenerated electron hole pairs will be accelerated by the existing
electric field. For example in-type GaAs, electrons are transported toward the inside of the

wafer, while holes are drivein the opposite directioresulting in a dipole. Dipole oscillations
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occur until a new balance is reach@&#iz wave radiatiordue to these dipole oscillationan be

expressed as:

00 5
T QOi Qb — (2.9

o :
T o

where'O is the builtin electric field and—is the angle between radiation direction and the
perpendicular planethe surface of the semiconductor.

Even though the semiconductor does not comprise-ibugurface field, it may still
generate THz pulses viad photeDember effectWhen a semiconductor surface is illuminated
with a laser pulse having photon energy higher than the bandgap, electron holar@airs
generated due to absorption of laser phot®mmtegenerated electron hole pairs have a very
inhomogeneous distribution close to the surface, which causes electrons and holes to diffuse

toward the inside with a diffusion speed defined as:

(2.6)

where & is the coordinate unit toward the inside of the semiconductor,Gamsl diffusion
constant If we examine the Einstein relation:
:2 NQ—\?\ (2.7
n
At a given temperature, the righand side of Equation (2.7);Q"Y7H, is constant. Hence,
diffusion constant iproportional with electrical mobility of the charged parti@ce electrons

have higher mobility than holes, they diffuse faster. If we combine Equation (2.6) and Equation

(2.7), we can see that electrons and holes have different diffusion speechgeisulii charge
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separation in the semiconductdrhis separatiorforms a dipole called photdember field

resulting in THz wave generati@s depictedh Figure2.5().

Valence Band
_)I Depletion
Layer

Figure 2.5 Ultrafast charge transport just beneath the surfad@albluiltin electic field [2], (b)
photeDember field.
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3. THz EMISSION FROM NANOSTRUCTURE SEMICONDUCTORS
Generation of THz radiation from semiconductor surfaces of bulk structures is explained
in detail in Chapter 2. While themission mechanisms stédpply, this chapter focuses on THz
emission cases from nanostructured semicondsstoch as nanowir@smd nanorod<seneration
efficiency will be discussed in terms of dinsgon, uniformity of distritution, vertical alignment,

etc. of the nanostructured semiconductors.

3.1 Morphology Factor in Enhancement of THz Emission

Onedimensional1D) nanostructures have become one of the most important actors for
critical nanotechnology applications as hjggrformance optoelectronic \wees, logic circuits,
field-effect transistors, and biosensors3|1 They have attracted attention on their unique
electrical and optical properties as well as their dependence on size andRsbagd studies
suggest that 1D semiconducting nanostresuare good candidates for an efficient THz
radiation emitter due to substantially increasing surfaesmlume ratioand also confinement of
the conductive electrons to the surface of the nanostructures.
Ahn et al.demonstrated the importance of the nmmipgy of the nanostructure on THz emission
[4]. They prepared three morphologically different INN samplegplasmaassisted molecular
beam epitaxy (PAMBE). One of the samples is InN film, and the other two saarplégw
temperature (33C) and hightenperature (52%C) grown InN nanorods, -NRs and HTNRs,
respectively. Optical reflectivities of these three InN samples and SEM images biRsTand

HT-NRs can be found in Figure 3.1.
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Figure 3.1 SEM images of vertically aligned (a) {eemperatureggrown nanorods (LINRs) and
(b) hightemperaturggrown nanorods (HNRs). LT-NR has a uniform diameter of ~130 nm,
while HT-NR has largesize and ultrasmall nanorods with diameters of ~130anth~60 nm,
respectively. (c) Optical reflectivities in HNIR (open circles), LINR (solid circles), and InN
film (solid squares) as a function @tcitation energy4]. © [2007] AIP

The SEM images exhibits different morphology for-NRs and HINRs, i.e, LT-NR
has a uniform diameter of ~130 nm, while R has two different sized nanorods with
diameters of ~130 nm and ~60 nm. The main difference between InN film and the nanorods is
the effective surface area exposed to the photoexcitation pulses waiclplay role in the
absorption.Figure 3.1(c) shows the measured reflectance which can be attributed to the
difference in effective surface area. The absorption in nanorods which have substantially
increased effective surface area compared to the filn9%86; while it is ~80% in the filmit
should be noted the amount of excitation energy absorbed b)R$Tis same as L-INRs.
However,THz radiation generated from these nanorods shows that THz emission efficiencies are
dissimilar for nanorods with uniformiaineter (LFNRs) and variousize (HTNRs) as it is
displayed in Figure 3.ZTHz waves generated from InN film and HNRs show similar trend,
while that of LT-NRs is much stronger than both of them. Even though the total surface areas
look similar for LT-NRs and HTNRs, nanorods with radii smaller or comparable to the

thickness of the accumulation layer do not contribute significantly to THz emission. Comparing
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InN film and LT-NRs, it can be concluded that surfdoesolume ratio is a critical factor for
erhancement of THz emission. Also, comparison ofNIRs and HTNRs infers that having an
array of 1D nanostructusevith uniform diameter larger than the thickness of the accumulation

layer results in a significant enhancement in THz emission.
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Figure 3.2(a) THz waveform generated from InN film, FNRs, and LTNRs. (b) Peak
amplitude of THz emission for InN film (solid squares),-NRs (open circles), and LNRs
(solid circles) as a function of lagemmp power4]. © [2007] AIP

Another reportby Junget al., explores the height dependence of Si NWs formed on Si
by a metalassisted etching process [§]ontrolling the etching time, they prepareertically

aligned Si NWs with lengths ranging from @ to 9nm (Figure 3.3).
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Figure 3.3 Sideview SEM images of the Si NWs with the uniform length of 0.3, 1, 2, 3, 5, and 9
mm [5]. © [2010] OSA

The prepared Si NW arrays have an average diameter of3050m, regardless of the
length. They compare the THz emission from Si wafer and Si NWs with varying lefigfire
3.4(a) shows radiated THz field when the samples are excited with a pump power of 450 mW,
and it is clear that THz emission from Si wafer is much weaker than that frowSiahples.
Figure 3.4(b) displays the corresponding frequency spectrum, and their peak intensity is plotted
in Fgiure 3.4(c) as a function of NW lengthhis clearly shows that THz emission increases
dramatically up to a length of 8m, and exlbits satursion for longer wires THz radiation
intensity as a function of pump power is displayed in Figure 3.4(d) which shows a linearly
increasing trend with the excitation pump power from 100 mW to 450 kiMéar power
dependence of the THz radiation intensityims that the main emission mechanism in these Si

NWs is the photdember effect. The maximum emission at the lengthrah3an be attributed
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to the complete absorption of the excitation laser pulse, and this study reveals a clear relationship

between te THz emission intensity and the nanowire length.
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Figure 3.4 (a) Tima@lomain waveform and (b) frequendpmain spectrum of the Si wafer and
the Si NWs with a length of 0.8 9 nm. (c) The peak amplitude of (b) with respect to wire
length. (d) THz radiation intensity as a function of excitation pump poweri(#80 mW) for Si
NWs with a length of 1, 3, andriin [5]. © [2010] OSA

Lee et al has also carried out a very detailed stodygeometrical dependence of THz
emission from nanowirel§]. The material of interest in their work is Ge NWs fabricated with
Au nanoparticles on the sidewall of the NW#ey investigate the THz radiation emitted from
Ge NWs as a function of wire lengthhey conclude that Ge NWs emit THz pulses significantly

stronger tharGe wafer. Their work also implies that THz emission clearly exhibits-Meirgth
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dependence by generating the maximum THz intensity at a critical length mh2Moreover,
the Au nawoparticles on the sidewall of the wires play a critical role in enhancement of THz
emission for the NWs greater than 819 byincreasing thduilt-in surface fieldO .

Trukhin et al investigates the importance thie distance between the nanowireisc(p
size) in THz radiation from GaAs NWGJ]. For this purpose, they prepare ordered arrays of
GaAs NWs hyselectivearea epitaxy using metarganic vapor phase epitaxy with varying pitch
size,a, between 300 nm and 2100 nm with a step size of 30CFigure 3.%af) displays 20

tilted SEM images of the fabricated GaAs NW arrays.
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Figure 3.5 20tilted SEM images of the GaAs NW arraigsf). Diameter of the top row froma{

c) is ~160 nm, while the diameter of the bottoov (d-f) is ~80 nm. Thecolumns have pitch

size of 300 nm, 600 nm, and 900 nm, respectively. The scale bat in (f) applies to all ifgages.
THz waveforms emitted from NW arrays (d=~160 nm) with various pitch size. Spectrum of THz
wave emitted from 1200 nm pitedized NW array ishown in the inset @) [7]. © [2015] AIP

THz waves generated in NW arrays with a diameter of ~160nm and different pitch size
are shown in Figure 3.5(g) along with the frequency spectrum of THz pulses emitted from 1200
nm pitchsized NW array in the set. They conclude that maximum THz field intensity can be
achieved when the pitch size of the NW array is in the order of the wavelength of the excitation

laser pulse.
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Another study exploring theorphological dependence of THz emission from NWs has
beendone by Yimet al [8]. They examine thefkect of vertical alignment of NWs on THz
emission.They grow two arrays of i3Gay sAs NWswith different vertical alignment condition:
one is aligned NWs, while the other sample is-Egmed NWs whose SENnages are shown
in Figure 3.6(a) and (b), respectivelfthe THz waveforms emitted from these wires compared
with those of bulk InAsare displayed in Figure &) along with their corresponding frequency
spectrum in Figure 3.6(dJ.heir studyclearly shows dw crucial having a vertically aligned NW

array is for enhanced THz emission.

Aligned NW 3 (C) —— Aligned NWs
—— Less-aligned NWs
- - - -InAs bulk

THz amplitude (nA)

Time delay (ps)

—— Aligned NWs
—— Less-aligned NWs
- = = InAs bulk

; N
f, I ! ‘ } ' | /
\£ :* :‘ {1,,. 'r‘\ L. L :
0KV 8 5.00 pm Frequency (THz)
Flgure 3. 6 (a) SEM images of tilted view of (a) aligned NWs, and (b)alegsed NWs. Insets
show corresponding teyiews. (¢)THz waveforms emitted from (a) and (b) compavitd those

of bulk InAs. (d) Frequency spectrumtaimed from (c) [8]. © [2015] ASP
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All these studies sum up tihe idea of having an array of NWs with a fixed length,
excellent vertical alignment, and perfectly uniform distribution along the array for a significant
enhancement in emission of THz radiatiéior this goal, we suggest a tdpwn fabrication
approachhat utilizes nanofabrican techniques such as electiogam lithography and plasma
etching as opposed to bottamp growth processes such aapor phase epitaxy (VPE) and
chemical vapor deposition (CVDWsing this topdown nanofabrication approach, we gain full
control on morphology of the NW array and achieve perfect vertically aligned and uniformly
distributed NW array<-abrication process is explained in detail in Chapter 8.

Researchers have trieal ¢nhance the THz emission with the use of external factors such
as a magnetic fieldsuccessful applications of magnetic field for enhancement of THz emission
from bulk semiconductors have been reportedldP Yet, thereare not many reports on
enhancemeat of THz emission by the application of a magnetic field on a nanostructured
semiconductorlbaneset al reported THzemissionfrom Au-catalyst GaAsAlGaAs coreshell
structures, where the radiation weshanced by applying a magnetic figt3] which weas
actually not a significant enhancemennstead of an external magnetic field, we suggest
applying a DC voltage bias to the fabricated NWdsorder to realize electrical contacts for bias
field application, an interdigitated electrodes pattern is dedigmd fabricated on the substrate
followed by the fabrication of the NWs in between these electrodes. With increasing bias
voltage, ~4x enhancement in the emitted THz field intensity is achi&addication for the

biased THz emission from NWs and theasigrement results are discussed in Chapter 8.
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4. EXPERIMENTAL SETUPS

Techniques of generation and detection of THz pulses have been discusbed
previous chapter. In this chapteletails ofexperimental setups that utilize those technicures
discussedn order tostudy fundamentahe physical and chemical processes in THz frequency
range First THz timedomain spectroscopy (THEDS) as a spectroscopic tool is explained
which has beera very successfidnd widely used technique utilize THz waveto characterize
interesting materials based on their unique responses in THz region. After that, THz imaging
methodbased on THADS, which s two-dimensional mapping of sample propertiesll be
explained. At last, another spectros@pool used in this researcto investigate alternative
devices for THz generation, namely THz emission setwif, be described along with the

explanation oftie experimental setup

4.1 THz Time-Domain Spectroscopy (THEDS)

THz time-domain spectroscopy is used to obtain sample properties in THz frequency
regime (between 0.2nd 2 THzfor our TH2TDS system by utilizing electromagnetic pulses
with subpicosecad width.

THz-TDS setup basically consists of an emitter where THz pulse is generated and a
detectorwhere the THz pulseis sensedafter it is transmitted through (transmission mode
geometry) or reflected from (the reflection mode geomehg¥sample of interestThe majority
of spectroscopic measurements and analysis in current research have been configured in the

transmission mode. Figurkl depicts the schematic diagram of FTH2S system in our lab.
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Among all the techniques discussed in pinevious chapter for generation and detection of THz
pulses, our THADS setup uses a PCiased on LIGaAsfor generation and a ZnTe crystal

(EO sampling)for detection purpose® modelocked Ti:Sapphire ultrafast laser provides the
femtosecond laser imppulsesat a wavelength of 790nmith a repetition rate of 76 MHZ hen,

a polarizedbeam splitter (BS) splits this laser beam into tdgmump bear@and gorobe beand.

The energy of pump beam is much higher than that of probe beam because it is used for
generation of THz pulses. The energy ratio of these two arms can be adjusted by-wevéalf

plate (HWP) prior to the B he pump beam travels to the Emitter Module, and it is focused on
the tiny gap of the PCA (typically ~6fh). The emitted THz pulse iollimated by a 90off-axis
parabolic mirror. Meantime, the probe beam travels to the Receiver Module passing through a
mechanical delay line that creates a variable time delay between pump and probeTheams.
polyethylene (PE) lenses are used to focus the THz wave radiation onto the sample and re
collimateit after it is tansmitted through the sampléhen,the probe beam and transmitted THz
pulse meein the Receiver Module. They propagate in the ZnTstahcollinearlyto realize the

EO sampling explained in the previous chapfe.a result, the probe beam samples the THz
pulse, and its electric field is recorded as a function of delaydameed by the mechanical delay
stage.The output of the deteatds usually followed by a lockh amplifier enhancing the signal
to-noise ratio (SNR)Most of the THzZTDS systems use a DC bias for P@#itter and a
mechanical choppdo modulate the pump beamhose frequency is usedreference frequency

for lockinpr ocess. Il n our setup, we donoét chop th
biased with a square wave whose frequency becomes the modulation frequency for detection

purpose.
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Figure 4.1 Schematic diagram of THz Tirl2omain Spectroscopy. It utilizes modelocked
790nm Ti:Sapphire ultrafast laser with a pulse width of t58%0r both pump and probe beams.
The sample is placed between PE lenses.

4.2 THz Imaging

For THz image acquisition, in addition to the FHBS setup, ahreeaxis motion
controlled stage is integrated to the sample mount. The direction of the axes can be seen in
Figure 4.2. THz pulse propagates inaxis, thus yaxis is fixed to the focal point of the PE
lenseswhere THz spot size is minimyrand is not moved anyore. To obtain the THz image,
the sample is moved onzplane within the range of intereBlach motiorcontrolled axis has a
translation range of 2 cm with a minimum step sizé.&fum. Since we like to acquire full
spectral data for each pixel, thesuéiant image data becomes a Bfatrix. Usually we run a
regular timedomain spectroscopy scan for one pixel, then move to the next pixel and run another
scan, and then move to the next pixel and run another andncontinue until all pixels are

acquiredas shown in the Figuré.2. At the end, we have a tirRtomain THz signal for each
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pixel. Applying Fast Fourier Transform to thempleteimage data, we can convert tirdemain

image into frequencylomain image which can be represented as spectral aneptityzhase.
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Figure4.2lllustration of THz image acquisition for each pixel along plane.

Reconstruction of the image can be realized by both-domeain and frequenegomain
datawith various reconstruction criteritn order to display one individual image, all we need is
one single value for each pixdlhe simple ways to obtain a single value for each pixel can be
reading the scan amplitude at a fixed delay line position for all pixels, or reading only the peak
values of e ac h pilLitle bitGreore domplex se¢ogstmuation methaasy utilize

derivationor weighted sum of amplited at two different frequencies
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4.3 THz Emision Spectroscopy

The schematic diagrarnof the optical setup for THz emission skown in Figure4.3.
Semiconductor nanowire samples are the THz emitter in this setup while a PCA is used as the
detector.Detection mechanism for PCAs is explained in the previous chapter along with the
generation mechanism emission from semiconductomuraces. Ultrafast Ti:sapphire laser
provides femtosecond pulses at a wavelength of 790 nm which has sufficient photon energy to be
able to create photcarriers both on NW samples and on PCA matefibls incoming laser
pulse splits into two in a beamlgfer: higher power goes to the samgide andower power
goes to the detection sidéhe sample beam is focused on the gap of the PCA after it travels
through a mechanical delay line to be able to obtain a full spectrum just lik&d DEZThe other
arm of the laser beam is focused on the sample for excitation purpleseadiation pattern is
like a point source diverging out; therefore, two® @df-axis parabolic mirrors are used to
collimate and then focus it onto the PCA detecitie detected signal from PCA is connected to
a lockin amplifier through a pramplifier. The reference frequency for loak amplifier was the
modulation frequency of the bias field in the case of -MB&. In THz emission setup, THz
radiation is generateda unbiased emission, which means there is no applied bias voltage. Thus,
the reference detection frequency is obtained from a mechanical chopper which modulates the

excitation laser pulse, and legk amplifier is locked to this frequency.

We also stuieéd the strength of THz emission from NWs as a function of excitation laser
power. In order to realize that, a haMfave plate and a beam splitter pair is used for power

adjustment purpose.
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Figure4.3 Diagram of experimental setup for THz emission fremiconductor NWs. A moede
locked 790nm Ti:Sapphire ultrafast laser with a pulse width offd0used to excite the sample
and also to probe the PCA detector.
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5. INVESTIGATION OF HIGHFREQUENCY CARRIER DYNAMICS OF
ALUMINUM DOPEDZnO NANOWIRES BY THz-TDS

Terahertz timedomain spectroscopy is utilized to study the carrier dynamics in undoped
and Aldoped ZnO nanowires with a naontact and nodestructive manner. Index of
refraction and conductivity of the nanowires are determined as a function of freggigenc
applying numerical iteration and effective medium theory to the experimental measurement
results. The Drud&mith model is fitted to the conductivity, which allows extraction of the
carrier concentration and mobility as carrier dynamic parametersieshitss show how doping
can function as a compensation for defects and how it affects the carrier concentration and
mobility when doping ratio exceeds a certain level. Furthermore, temperature dependent
terahertz timedomain spectroscopy measurements abmom temperature are conducted to
reveal how frequency and temperature dependencies of refractive index, conductivity, and carrier

concentration are affected by Al doping ratio.

5.1 Introduction

With a direct band gap of 3.4 eV at room temperamnd exciton binding energy of 60
meV, ZnO is an attractive wide bagdp semiconductor for various applications from
photovoltaic devices and optoelectronics to clieo sensors [[B]. Even though it can be
formed in various nanostructure morphologiespegially onedimensional ZnO nanowires
(NWs) has attracted great attention due to its unique physical properties induced by quantum

confinement. ZnO NWs are good candidates for studying transport mechanisms-in one
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dimensional systems which would provide critical information to develop new nanodevices
with high performance. In terahertz (THz) frequency range, ZnO carries important properties to
be eligible for device application such as relatively high resistivity and mobility, and it is
transparent ira broad range [4]. In order to achieve hmgrformance nanodevices, it is a key
factor to control the characteristics of the nanowires, including their electrical properties and
surface defect states which are believed to be associated witthegiebfuminescence emission

and which can be reduced by Al doping1&]. Proper doping of ZnO can result in an
electrically conductive and optically transparent material in the visible spectrum which leads us
to transparent conductive electrodes in solar celts fat panel displays [15]. Therefore, it
becomes an essential goal to probe the optical and dielectric properties of ZnO and also find out
how doping and temperature mutually affect conductivity and carrier concentration.
Conventional electrical measuremi® on nanowires with ohmic contacts are neither consistent
nor convenient; therefore, naestructive and neoontact terahertz time domain spectroscopy
(THz-TDS) measurements have great potential for determining such materials properties in an
alternative and very convenient way.

In this work, we have carried out THDS measurements of Aloped ZnO NWs in
comparison with agrown ZnO NWs. From both experimental measurements and numerical
calculation, we are able to determine major carrier transport pggesnsuch as conductivity,
carrier concentrations and mobility for different Al incorporation in the NWs grown.
Furthermore, temperature dependent 9HDS measurements were conducted to enlighten the
relation between doping ratio, frequency dependenuy,t@mperature dependency in refractive

index, conductivity, and carrier concentration of ZnO NWs.
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5.2 Experimental Method
5.2.1 Nanowire Samples

The growth of the ZnO NWs used in this study was carried out 3€9a8( 3zone tube
furnace using sapphire (Ads) substrates. The details of the growth process were reported
elsewhere [16]. ZnO and graphite powders were mixed with a molar ratio of 1:2 and loaded on a
quartz boat in the quartz tube furnace to be used as the source material. The growth of undoped
ZnO NWs were realized using the ZnO seeds g@A$ubstrates going through a wet chemistry
process as reported earlier [16, 17]. Aluminum was introduced in the source powder, and the
growth was carried out at low pressure which would result-typa eleatical conductivity
enhanced ZnO NWs. The mixture was determined by the mass ratio, for example, Al/Zn mass
ratios of 0.2, 0.33, and 0.66, were used for three differesdoped ZnO NWs studied here.
Within our optimized growth conditions, both undoped @iedloped ZnO NWs were grown
vertically aligned. It was found that the growth rate was significantly dependent on the mixture
ratio of the source materials, which would finally define the structural features of the NWs such
as length and diameter [10]. Socamg electron microscopy (SEM) was utilized in order to
compare different NWs samples with respect to their structural features, especially vertical
alignment of the NWs. To determine the amount of Al in the solid, Ergdigpersive Xray
spectroscopy (EDSspectrum was carried out in scanning TEM mode. Fi§uredisplays the
SEM images of undoped and three differentdaped ZnO NWs arrays along with their Al

contents in terms of mass ratios.
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Sample A

Sample B

Sample C

Figure5.1 Both cross section and tilted view SEM imagesunidoped and Atloped ZnO NWs
samples with doping ratios (see inset) of 0.2, 0.33, and 0.66 for Sample A, B, and C,
respectively.

5.2.2 TH2TDS Setup

A 790 nm Ti:Sappmodelocked laser with 120 fs pulses is used to pump the
spectrometer. Broadband terahertz radiation (0.2TBDTHz) is generated by pheé&xcitation
of a photoconductive antenna based onGdAs with an applied voltage bias of 130 V at 15
kHz. ZnTe eletro-optic crystal and balanced photodiodes are used to detect the terahertz electric
field. The details of the generation and detection have been reported elsewhere [18, 19]. Two

polyethylene lenses are used to focus the collimated radiation on the sathpeeollimate the
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radiation into the detection array. To minimize absorption of the terahertz radiation by water

vapor, measurements were performed under a nitrogen blanket.

5.2.3 Extraction of Materials Properties

THz time-domain spectrometer (THEDS) was used in transmission geometry to
measure all the samples. Upon measuring the time domain THz signal transmitted through each
sample, fast Fourier transform (FFT) was applied to convert each signal into frequency domain.
Applying numerical iterationat Equation(5.1) and utilizing effective medium theory, complex
index of refraction values were determined as a function of frequency [19].

¢ttt pQoE pUw
E p & ¢ € p & &€ QuQQUEUw

(5.1)

Equation b.1) expresses frequency dependent complex transmission coeffigient

which is the ratio between sample signal and reference signal, in terms of refractive index values
of substrate and the sampée @nd ¢, respectively), thickness of the samp#, nd the speed
of the light in vacuumA) [20]. Afterwards, conductivity was obtained from the relatjon

Q€1 T where] is free space permittivity and is the low frequency dielectric
constant which is 7.46 for ZnO. To further arzaycarrier dynamics and extract important
material parameters, including the plasma frequengythe carrier relaxation timej, carrier
concentration, and mobilitg, the DrudeSmith model was fitted to the frequency dependent

conductivity defined as [31
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where® incorporates information about back scattering and its numerical value varies between
0 and-1. If c=0, one obtains the simple Drude model whereas-it carriers are fully localized

[22]. For simplicity, the summation is usually truncated after the first term. The carrier
concentrationN and mobility € can be calculated from the plasma frequengyand the

relaxation timeld, respectively, by using the relatiof's | ¢ jQ and® QFja°.

5.3 Results and Discussion
5.3.1 Undoped & AlDoped Samples

The frequency dependent conductivity and corresponding EBudth model fit for each
ZnO NWs sample (both undoped anddsbed) were obtained through the process discussed
above. Figur&.2 compares the obtained real components of the conductivity and their curve fits
for samples undoped, A, B, and C. As expected, increasing the Al:Zn mass ratio in the source
material increasethe conductivity of the sample. Compared to the undoped sample, sample A,
which had the smallest amount of Al incorporation among thdofed samples in this work,
has a measurably increase in the conductivity. From the calculation results, the etpdofcti
sample A is almost 10 times high at frequencies below 0.5THz, then 3 times at higher
frequencies. It is noted the frequency dependence of the conductivity for sample A is opposite
that of the undoped sample. For undoped, the conductivity increasastonously with
frequency, but sample A shows a decreasing conductivity. One of the possible reasons for this is
the structural difference in nanowires as the NW diameter might have an impact on the charge
carriers since the induced THz electric fieldperallel to the plane of the NW cross section.
Sample C clearly shows the effect of Al incorporation on the conductivity. The conductivity at

THz frequencies of sample C was dramatically increased, reach tov8%.8 fhfpr C at 1THz,

compared to 7WA c)tand 2.5 \VA ¢ Tfpr A and the undoped samples at 1THz, respectively.
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Figure5.2 The real part of the frequency dependent conductivity and the fitting curves obtained
through the Drudé&mith model for each ZnO NWs samples.

By fitting the DrudeSmith model to the obtained conductivity, we found a varying rate
of increment in free carrier concentration with respect to Alripa@tion, and is presented in
Table 5.1. The different increment rates can be attributed to how much intrinsic defects the
sampé had initially and how much of those were compensated with Al contribution on each
sample. We can see how carrier concentration and mobility chatigeespect to doping ratio
in Figure5.3. The carrier concentration for undoped sample was as low 496 em™. The Al
incorporation in the case of Sample A did not cause a significant increase in carrier concentration
and only increased to 8 x f@m™ which is the result of compensation of existing defects by the
added Al. Compensating the existing el#f led sample A to have almost zero bsckitering
which resulted in a sudden increment in mobility. Once the Al amount in the source exceeds a
critical level, the defects that were initially existed were compensated, and this led to the increase
of carier concentration starting from Sample B. Having more free carriers moving around

caused more baedcattering which decreased the mobility for sample B and C. Increasing the Al
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incorporation as it is in the case of Sample C achieved to compensate dlmbshainitially

existing defects resulting in a drastic increase in carrier concentration. The concentration of the
carriers were determined as 0.08 X®10n®, 0.17 x 18° cm, and 1.6x 18 cmi® for Sample A,

B, and C, respectively.

Table 5.1 Carrier dynamics parameters extracted through D&rdgh model fit and doping
ratio of each sample.

Al/iZn Conductivity @1THz N (cm®) Mobility
(mass ratio) (Wem)? x10' (cm?/Vs)
Undoped ---- 2.5 0.06 721.07
0.3/1.5
Sample A (0.2) 7 0.08 1010.8
0.5/1.5
Sample B (0.33) 7.4 0.17 561.32
1.0/1.5
Sample C (0.66) 84.8 1.6 508.56
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Figure5.3 Carrier concentration and mobility vs. doping ratio (undoped, 20%, 33%, and 66%).
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5.3.2 Temperature &endent THADS Results

Temperature dependent THDS measurements were conducted to investigate the
change in carrier dynamics of ZnO NWs in the THz frequencies above the room temperature. To
accurately monitor and measure the temperature, a thermocouple and a PID controlveystem
used to detect and stabilize the temperature of the samples as increasing and decreasing the
temperature by heating elements. By these measurements, we were able to study the complete
map of relationships between frequency dependency, temperatameddapy, and doping ratio
and their relation with each other in refractive index, conductivity, and carrier concentration.
Frequency/temperature dependency is much stronger wherever the change in refractive index or
conductivity is greater with increasifiggquency/temperature.

The refractive inde of undoped ZnO NWs, shown ingare 5.4(a), is almost constaint
independent of frequentyat room temperature. However, frequency dependency gets stronger
with increasing temperature. The effect of temperaturet noticeable at lower frequencies, but
it gets stronger at higher frequencies. Figudb) shows the refractive index of Sample B (33%
mass ratio, Aldoped ZnO NWSs), and it appeared that frequency dependency and temperature
dependency of refractivindex are similar for undoped ifftre 5.4(a)). At lower frequencies,
they do not have significant changes with the increase of temperature, while temperature

dependency is stronger at higher frequencies.
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Figure5.4 3D surface plot of refractive index vs temperature vs frequencfajarndoped and
(b) Sample B. For both undoped andddlped samples, frequency/temperature dependency is
stronger with increasing temperature/frequency.

The conductivity as a function frequency and temperature for undoped, Sampland
Sample B are shown indure5.5. For undoped sample, only small changes were observed with
increasing frequency. However the temperature had no significant effect on the conductivity of
undoped ZnO NWsSample A exhibited higher frequency dependency compared with undoped
sample, however conductivity was still independent of temperature at this doping level. For
Sample C, doped with a higher ratio, the conductivity became dependent on temperature.
Moreower, this temperature dependency got stronger with increasing frequency, which means the
conductivity change as a function of temperature was not observable at lower frequencies but
became greater with increased frequency. Frequency dependency also bleearaé ltgher
temperatures while it was not significant at low temperatures.

We conclude that temperature dependency becomes effective on conductivity when the

amount of Al incorporated to ZnO NWs exceeds a certain level. In other words, temperature
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depemlency of conductivity is directly related with the doping ratio which leads conductivity to

become a function of temperature only beyond a critical doping level.
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Figure 55 3D surface plot of conductivity vs temperature vs frequency(dpundoped,(b)
Sample A, andc) Sample B. Temperature did not have a significant effect on conductivity for
undoped sample and Sample A. After a critical level of doping, conductivity became a function
of temperature, and the effect of temperature begae bbservable (Sample B).

By applying similar fitting process discussed above to obtained conductivities at
different temperatures, free carrier concentrations at different temperatures were obtained for
undoped, 20% AbHoped (Sample A), and 33%d-doped (Sample B) ZnO NWs. In additi to
the results discussed ingkre 5.3, Rgure 5.6 summarizes the temperature dependency of carrier
concentration for different doping in ZnO NWs. As it is clearly observed, temperature does not
have a significant feect on carrier concentration for undoped and 20%ddped ZnO NWs
sample (Sample A). After a critical amount of Al incorporation (33% for Sample B), carrier
concentration begins to exhibit a strong temperature dependency and increase rapidly with

tempera&ure increases.
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Figure5.6 Carrier concentration as a function of temperature and doping ratio.

5.4 Conclusion

In this report, terahertz timgomain spectroscopy was leveraged as a powerful technique
of nondestructive way to obtain electrical properties such as conductivity of 1D semiconductors,
especially ZnO NWs without any electrical contacts. Utilizing humkerieaation process and
also considering the effective medium theory, complex refractive index and conductivity were
determined as a function of frequency for undoped andofjed ZnO NWs. Furthermore,
mobility and concentration of carriers were determibgditting the DrudeSmith model to the
frequency dependent conductivity. We inspected how Al doping affects the carrier dynamics of
ZnO NWs, and we found out that initially existing defects in undoped ZnO NWs were
compensated by Al added in the sourcetopa certain amount. After a critical amount of
aluminum, a dramatic increase in the carrier concentration was observed from %criior
undoped ZnO NWs to 1.6 x Focm? for the highest doped sample. In addition, temperature
dependent measuremerdove room temperature were carried out in order to study the

refractive index, conductivity, and carrier concentration as a function of frequency, temperature,
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and doping ratio in ZnO NWS for the first time in our knowledge. Change in carrier
concentrabn as a function of temperature becomes significant when the Al doping ratio is above
20%. Below this doping level, carrier concentration behaves like independent of temperature

change.
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6. FLEXIBILITY AND NON -DESTRUCTIVECONDUCTIVITY MEASUREMENTS
VIA TERAHERTZ SPECTROSCOPY

Highly stable and flexible transparent electrodes are fabricated based on silver nanowires

(AgNWSs) on both polyethylenterephthalate (PET) and pohide (PI) substrates. Terahertz

time domain spectroscopy (THDS) was utilized to probe AgNW films while bended with a
radius 5 mm to discover conductivity of bended films which was further analyzed through
Drude Smith model. AgNW films experience lgt degradatiorin conductivity (<3%) before,

after, and during 1000 bending cycles. Highly stabtgNW flexible electrodes have broad
applications in flexible optoelectronic and electronic devices.-TB3 is an effective technique

to investigate theelectrical properties of the bended and flattened conducting films in a

nondestructive manner.

6.1 Introduction

Recently there have had increased demand and interests in flexible and/or wearable
devices in many applications. As a result, flexible electrodes became the center of the topics and
a key focus related to development of new flexible devices. Since thaldy@nd conductivity
of the flexible electrodes are critical to the flexible devices, the new types of flexible electrodes
have been widely pursued. In addition to flexibility, it is necessary for the electrodes to be
transparent for many applicatiorsjch as displays. Indium tin oxide (ITO) is one of the most
commonly used material for transparent electrodes because of its high optical transmittance and

conductivity, yet it has some drawbacks due to its lack of flexibility, high manufacturing cost,

" This chapter is a published work of the author of this dissertation: Balci, Soner et al. "Flexibility awmstroative conductivity
measurements of Ag nanowire based transparent conductive films via terahertz time domain spect@stcpiEXpres5(4), p4500(2017)
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and the limited indium resources. Therefore, many alternative materials have been studied, such
as carbon nanotubes (CNTSs) [1], copper nanowires (CuNW4), [@aphene [$B], and silver
nanowires (AgNWSs) [A7] in order to replace ITO. AQNW mesh electrodase many potential
benefits as electrodes such as simple synthesis methods (e.g., the polyol method), high optical
transparency superior electrical conductivity, good flexibility (i.e., mechanical durability),
feasible mass production, and a large areeerame due to rcelio-roll manufacturing processes

(such as the slalie process). So far, majority of the studies on these materials have mainly
focused on investigating electrical properties and flexibjilig; 19].

Conventionally, scanning electron moscopy (SEM), &V (ohmic) measurement with
wires, 4point probes, and Hall measurements have been applied to flattened electrodes to
identify their electrical properties. Most research shows that the conductance of flexible
electrodes does not change afbending when using the above methods-280 However,
direct measurement of the electrical properties of flexible electrodes during bending, as opposed
to only before and after bending has been limitedly reported. There are only a few reports of
directmeasurement using electrical contacts so far. [29, 30]

Terahertz time domain spectroscopy (FH2S) is a powerful tool and method to
characterize materials natestructively. It has been used to determine conductivity, carrier
concentrations, and other fimsic parameters of carrier dynamics of various materials including
nanostructures and nanowires without requiring electrical contact. For electrical conductivity
measurement, conventional IV (ohmic set up) measurement with wires and probes are still
avalable and simpler in setp, but it still requires making good ohmic contacts, patterning
which becomes more complicated. In addition, if conductivity measurement is needed during

bending or stretching, it would require additional efforts for probing ore-lending.
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Conductivity measurement using THDS becomes relatively simgpbecause it is not required

any contact. There have been a number of reports regarding the electric properties of various
materials used for flatonducting films probed by THZDS [31-36]. However, there were none

of them reported THZDS measurement directly applied during bending of flexible electrodes
whose curvature varieshere is, so far, one report studying the flexibility of transparent
electrodes by ncenontact THZTDS technique; however, the sample has been measured in
flattened state after 10,000~20,000 bending cy&ef [

In this work, we report measurements of the electrical properties of not only flattened, but
also bent AQNW mesh films using nondestructive IHXS. To analyze the dependence of the
electrical properties on the substrate, AQNW mesh films with varcomluctivities were
deposited on polyethylene terephthalate (PET) and polyimide (Pl) substrates. The transmission
ratio obtained from the THz measurememtis used to calculate refractive index and
conductivity. Thoseconductivities wereanalyzedbased on arudeSmith model and then
compared with the DCconductivities obtained via 4robe measurements to verify the
consistency of the results. In additione wiscuss the application of THDS in the multiple
bending tests (up to 1000 cycles), which in practice is normally performed to check the reliability

of flexible conducting films

6.2 Experimental Approach

Silver nanowires were purchased from Ditto TechgplGo., Ltd., Kyeonggido, Korea)
for use as suspensions in methanol with a concentration of 1 wt%. The diameter of the AQNWSs is
25-35 nm and the length is D ym. To realize AQNW mesh conductive layers widitious
conductivitiesand substratesarious concentrations of AQNW suspension solution were applied

to both 100 um thick PET and 50 pm thin Pl substrates with area of 5 x4 'hen, a Mayer
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rod (formed lab rod 8#, RD Specialties, Inc., New York, U&Agither pulled or rolled over the
sdution, leaving a uniform, thin layer of AQNW suspension on the substrate with a wet thickness
of 20.3 um. The liquid thickness is solely determined by the rod wire distribution, that is, the
wire diameter and the spacing. Then, the wet coating of the\WWdillss is carefully dried using

a hair dryer.

Figure6.1 (a) SEM image of a AQNW/PET film made using the Mayer rod method. (b) Picture
of the holding device used for the bending test with a 5 mm radius; the inset shows a side view
and the dimensions tfie holding device.

Figure6.1(a) showsa SEM image of representative AQNW/PET film. By counting how
many AgNW layers were formed, it was possible to estimate the thickness of the AQNW mesh,
as about 100nm. The experimental setup for THz spectroscopgnisintission geometry was
introduced in our previous publication [36]. THDS is performed at room temperature,
maintaining a low humidity of about 21% with nitrogen gas to purge any moisture, which has a
high absorption in the THz frequency range and egbsntly prevents it from passing through
the sample. For measuring the bent film via THXS, we designed a specially curved sample
holder (bending dlding device), as shown in Figuéel(b). As shown in the photo image, the

flexible electrode film was dectly mounted on the curved sample holder, and results in bending
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of the electrode films. The bending radius of holdiegide is 5 mm (see inset in Figud.(b)),
but can be varied easily. The spot size of THz beam is approximately abdu® @u8n forour
setup. In parallelDC conductivitywas directly measured by a Hall measurement system (HMS
3000, Ecopia Co., Ltd.) using contactingpebbes at the corner of each 1.5 cm x 1.5 cm square
samples using the Van der Pauw geometry. Silver paste was wsestiuce the contact
resistance. UWis transmission spectra were obtained by a Lambda 25 system (Perkin Elmer,
Inc.) to verify the transparency of AgQNW flexible electrodes.

During 1000 bending cycles, THEDS was performed for both bent films after every
200 bending cycles with the bending holding device, and the flattened AgNW films before/after
1000 bending cycles. DC conductivity measurements were also performed forfiditened

AgNW films after every 200 bending cycles for comparison.

6.3 Results and Bcussion

For this work, six types of AgQNW films with highly distinguishalklenductivities(three
AgNW/PET and three AQNW/PI films) were prepared to verify the consistencynofuctivities
obtained by 4robe DC conductivity measurements and JHXS measrement. The
conductivitiesof the AgNW/PET films are 0.68, 0.22, 0.14 X°10Y A'mand the conductivities
of the AgNW/P!I films are 0.69, 0.27, 0.18 x°40 Y A'nfFpr the convenience of referring them,
the samples were named PEHIGH, MID, LOW) and PI_(HIGH, MID, LOW), respectively,
according toconductivities These values are listed in Taliedd and are compared with the
conductivitesobtained via THZITDS (discussed below). The conductivity we obtained results in
the sheet restance The optical transparency of the AQNW/PET films shows ~76% transparency
with cut off wavelength at 300nm, while AQNW/PI films has a cut off wavelength at about 500

nm [37] and reaches the maximum transparency about 60% between 650nm and 800nm as

56



showvn in Figure6.2. We also performed the transmittance measurements of the Pl substrate only
and confirmed the cut off wavelength is 500nm. It was observed that the overall optical

transmittance is reduced due to the existence of the AQNW mesh layer.
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Figure 6.2 Transmission at visible of PEHIGH and PI1 HIGH films.
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Figure6.3(a) THz time domain signals of the AQNW/PET samples and a bare PET substrate and
(b) AQNW/PI samples and a bare PI substrate.

Figure 6.3 compares the transmitted THz time domain signals of FHHGHK, MID,
LOW), PI_HIGH, MID, LOW), and the bare PET and PI substrates. It can be seen that each
time domain signal is distinctly different than each other due to their free carriers absorptions

related toconductivity. The conductivitiesof these films can be determined by analyzing these
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measured time domain THz waves transmitted through bare subgtfatey, - -<;-and AQNW
electrode films,[pa gy 11 w1 1 4Figure6.4). First, the fast Fourier transform (FFT) is applied
to these time domain THz signals to obtain frequency domain THz spggtiay - -<4ang,
[FAH'Ejy) "1 "H 1 i Wipse ratio isthe transmission coeﬁicien€| © which is réated to the

conductivity of the nanowire films by the thin film equation [31,32,38]:

O i ] p £

v (0] 1 p € ®w,] Q

(6.1)

where® o x xis the impedance of free spa&eis the thickness of the AQNW mesh (~100
nm), & is the refractive index of the substrate which is 1.8 for the PI substrate [37] and
2.0 for the PET substrate determined by a separate measuremeftoyand the frequency
dependent condtivity of the AgNW mesh which is the data of interest. In addition, the
conductivities of both the AQNW/PET and AgNW/PI films are analyzed using the E3unité
model [40]:

-1 f @
p o ? p ot 6.2)

wherg is the plasma frequency,is the scattering relaxation time, ant the back scattering

H—|

parameter that describes the persistence of velocity after a number of scattering events which is
assumed to be only one scattering for simpliddynonlinear curve fitting function is utded in
MATLAB. For each data, after sufficient number of iterations, the value of sum of the squared
residuals is always adequately small (almost zero) which lets us make sure that fits are
converging and fitting process is successfdhce the model is ttied, it is further used to
estimate the DC conductivity only by substituting 0 Hz| forThe real conductivityand the

fitted DrudeSmith curve of the AgNW films are displayed ifigure 6.4. The conductivities
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obtained via THZIDS are in good agreememwith the values obtained via 4 probe
measurementsvhich veifies the validity of using Equatio(6.1) that can be employed only
when a metal thickness is less than a skin depth of the metathown in Tablelthe
conductivityof the AgNW films obtainedby the two different measuremerte very close each
other, anddo exhibit the same trends according to high and donductivities regardless of

substrateThis implies that the THZDS method can be applied nondestructively to measure the

conductivities of the AQNW mesh conductive films.
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Figure6.4 Real conductivity and the fitted Dru@mith curve (solid line) of the (a) AQNW/PET
films and (b) AQNW/PI films.

Table6.1DC conductivity fromd-point probeand THzTDS

PET_HIGH PET_MID PET_LOW PI_HIGH PI_MID PI_LOW

4-point probe

(10 ¥V 0.68 0.22 0.14 069 027 0.8
THz-TDS
(1YY 0.70 0.22 0.13 065 027 0.9

It is important to note that we observed the difference in the characteristics of frequency

responses on two differesubstrats, Pl and PET, due to the differences in the molecular

collisions and vibrations within the samples, the structural features of the substrates and the
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difference in filling factor in different samples. However, this paper will mainly be focusing o
investigating the flexibility of conductive transparent AgNW mesh films for visible range
optoelectronics and the suitability of ndestructive THZIDS method to determine DC

conductivity of the samples even while they are in bent state.

Next, we applid same procedure to additional AQNW/PET and AgNW/PI films with
conductivity of 0.43 x 1Y 'Af( corresponding sheet resistance
1°Y'Ath(corresponding sheet) respetvayfon mdtele and 17 . 1
sequential bending tests to ensure the endurance of flexible conductive layers and also to
compare theconductivity measured during bending using FHBS. The AgNW/PET and
AgNW/PI films were repeatedly bent 1000 times, and the valuefiddoending sequence were
monitored to confirm whetheronductivitiesobtained by THZIDS and 4 probe measurements

were consistent.
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Figure6.5(a) SEM image of AgNW/PET film after 1000 bending cycles. (b) THz time domain
signals of AQNW/PET and AgNW/PI films during 1000 bending cycles. (c) and (d) are the

calculated conductivities of AgNW/PET and AgNW/PI during 1000 bending cycles,
respectively.

Figure 6.5 (a) shows An SEM image of a AQNW/PET film after 1000 bending cycles.
There is no sign of significant mechanical failure, such as cracking or splitting of the nanowires,
while also maintaining stability of the electrical conduction. The nanowires are veryotgn,
and flexible, and exhibit strong adhesion due to the formation of effective fusions between the
AgNWs at their crossing points; thus, the electrical property is unaffected by mechanical stress.
Such mechanical stability will be the basis of stabl@ateperformance.

The THz time domain signal of the AgNW films during the bending test is shown i
Figure 6.5(b). It reappear during bending test, making it possible to first screen out the

unreliable samples without the use of FFT, De&aeith fitting, o other complicated
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calculations, and then approximatelgterminewhich sample is stable or unstable for bending
tests by comparing the transmissions.

Figures6.5(c) and (d) show the frequency dependent conductivity of AQNW/PET and
AgNW/PI during 1000 betling cycles. After every 200 cycles, THz TDS was used to measure
the complex conductivity of the bent films, which was compared with the DC conductivity of re
flattened films measured via 4 probe measurements-TD& was also used to measure the re
flattened films before and after 1000 bending cycles. All THDS results were fitted using a
Drude Smith model, and detailed numerical values of the DC conductivity of the AQNW/PET
and AgNW/PI films are in Tabled2 and6.3, respectively.

As shown in Figure6.5(c) and Table6.2, the conductivity of the AgNW/PET film
estimated through fitting process on the frequency dependent conductivity determined via THz
TDS measurements is similar with the conductivity measured via 4 probe measur@uants.
1000 bendingycles,both the DC conductivity obtained via 4 probe measurement andlDi3z

did not exhibit significant differences (<3%), regardless of the bending cycle.

Table6.2 Summary oDC conductivity ofAQNW/PET films during the bending test

Bendingcycles (counts)

AgNW/PET
Before 1 200 400 600 800 1000

4-probe conductivity
( 10°Y A Y
THz-TDS

conductivity 0.30 0.30 0.30 0.30 0.31 0.30 0.30
( 10°Y Y

0.43 0.43 0.43 0.42 0.42 0.42 0.42
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Table6.3 Summary oDC conductivity of AgNW/PIfilms during the bending test

Bending cycles (counts)

AgNW/PI
Before 1 200 400 600 800 1000

4-probe conductivity

( 10°V Y
THz-TDS conductivity
( 10° YA

0.58 0.58 0.58 0.58 0.58 0.58 0.58

0.57 0.58 0.58 0.59 0.58 0.58 0.59

That said, there is a <3.5% different between the maximum and minimum values of the
conductivity of the AgNWI/PI film, as shown in Tablé.3 and Figure6.5(d). The DC
conductivity from Hall measurements etonot exhibit significant differencesThese resudt
show that both of the PET substrate and the PI substrate are flexible and AgNW electrode is also
stable under lots of bending cycles. These results demonstrate the possibility of conducting
nondestructive measurements of bent samples usingTD¥z which has not yet been
comprehensively analyzed. THDS can also be used for conventional flattened samples and is

well-suited for analyzing the electrical properties or performing endurance tests.

Based on these results, we have demonstrated that not onlyTdaATDS
nondestructively measure thenductivityof flattened and bent samples without contact, but that
this method is also quite effective for studying the bending capability, which is a basic

performance factor for electric devices.

6.4 Conclusion
In this work, we demonstrated that tbhenductivity of bent AQNW mesh transparent
conductive films can be nondestructively measured usingTIb& and a curved sample holding

device. The conductivities of the AgNW/PET and AgNW/PI films with distinguishable
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conductivitieswere determined by analyzing the THIDS spectra using a Druggmith model,

which provides conductivity at 0 THz. Tl®nductivitiesobtained from THZIDS are in very

good agreement with the values obtained via 4 probe measurement. lonaddgi THZTDS
spectra of repeatedly bent films can be used to consistently check the reliability of the films.
These results imply that THEDS is an effective, nondestructive technique for investigating the

electrical properties of bent and flattenedaheanowire mesh films.
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7.INVESTIGATION OF SILICONGERMANIUM NANOWIRES THz EMISSION

Semiconductor nanowires and nanostructures have a great potential for TeraHeytz (T
generation and detection, especially because certain materials properties such as optical
absorption, high electron and hole mobility, and short carrier lifetime can be engineered through
structural changes and material compositions. In such structbeesariation in geometry and
surface charge characteristics can greatly influence the dynamics of photoexcited carrier
recombination, which is directly related to strength of the THz emission. Compared to thin films,
nanowires dramatically increase #iféective surface area which would have an important role in
the absorption telling us they are promising materials for THz emission. In this work, we study
theoretical and experimental investigation of the properties of THz generat®@e; NWs.
Terahertz emission spectroscopy is used to generate THz pulses from the nanowire samples with
various Ge contentg, under increasing excitation laser pulse power. In order to understand the
dominant mechanism or mechanisms lying under the THz radiation Sipg®e, NWSs, high
frequency carrier dynamics is investigated via standard THz-don@in spectroscopy
measurements and the valence band structure is explored via surface analysmyin X
photoelectron spectroscopy measuremeAtording to our finding, we suggest that both
intrinsic surface field and photdember field are interfering constructively in THz emission

from Sk.,Ge, NWs forx = 0.84.
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7.1Introduction

Researchers have already been acquainted with the exceptional features aidtttnra
for more than a decade which resulted in numerous applications including medical imaging for
its harmlessnon oni zi ng nature and security monitorin
spectral fingerprints in this frequency regidnl2]. Howewer, what is slowing down the arrival
of possible future applications is the lack of powerful THz sources in a compact architecture
which would occupy less space in the optical setup. Thus far, the most widely used method for
THz generation has been the piaonductive (PC) switching sinceé was first introduced in
1970s [13, 14].Today most commonly used PC antenna semiconductor is low temperature
grown GaAs (LTFGaAs) for its controllable carrier lifetime by the substrate temperature in
epitaxial growth by Molecular Beam Epitaxy (MBE). For a semiconductor being accepted as a
good THz source, it requires some important materials properties including high mobility and
absorption, fast recombination rate, and short carrier lifetime. On the other hand, PC antennas
require high bias voltage which contradicts with the less space ocgumympact structure need
we mentioned above. There has been an interest in unbiased THz generation from
semiconductors since it is a simpler assembly than biased PC antennas. Since as early as 1990,
we have known that THz waves can be generated from sedoctor wafer surfaces under the
illumination of femtosecond optical pulses with an oblique angle (usuaflyed&tive to the
normal)[15].

THz emission occurs due to the ultrafast charge transport near the semiconductor surface
upon photoexcitatiofil6]. As the dimension of materials changes from bulk (3D) to nanowires
(1D), it shortens the carrier lifetime and increases the confinement of surface charges, resulting

in a strong builin electric field at the surface which acts just like the applied bidisge
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method for PC antennas. Also, if the bulk semiconductor is replaced with an array of nanowires
(NWs), under the same ultrafast laser spot size the total effective surface area drastically
increases resulting in a higher absorption of the femtoselesed pulse which will play an
essential role for the enhancement of the THz emission intensity. All these aspects suggest that
onedimensional nanostructures are promising devices for THz generation. In such structures, the
variation in geometry and sade charge characteristics can greatly influence the dynamics of
photoexcited carrier recombination, which is directly related to the strength of Terahertz
emission. Therdave been reporaddressing the increased efficiency in THz generation from
onedimensional nanostructurd&7-26]. It should be noted that the geometrical shape of the
nanowires may limit the penetration depth of the femtosecond laser pulse; therefore, the surface
to-volume ratio becomes an effective factor for absorption of the opiids¢ and the emission
of the THz wave. A valuable study has been done on Ge NWs showing that THz pulse intensity
emitted from Ge NWs is much stronger than that emitted from bulk Ge [2&ier

In this work we are presenting THz wave generation from&e, NWs with various Ge
contentsx. We will also be observing the THz emission from these nanowire ensembles under
the illumination of femtosecond laser pulse with increasing power. In the light of these findings,
the main emission mechanisms phBtember effect and intrinsic surface field acceleration will

be discussed.

7.2Sample Preparation and Experimental Setup

SiixGe, NWs were synthesized by a Vapgdguid-Solid (VLS) method using an
ultrahigh vacuurrchemical vapor deposition (UHZVD) system. A 2 m-thick Au film (as a
catalyst) was deposited on a cleaned Si (111) substrate in a metal growth chamber at a growth

pressure of ~5x10t orr (deposi tion rate: 0.1 4/ siec) by
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situ transferred to the main chamber whigngas annealed at a pressure of ~Iktddr for 5 min

at 450°C, which is the same as the growth temperature, resulting in the formationSifalloy

droplets from the Au film on the Si substrate. After the formation of dropletsG& NWs

were symhesized by filling the main chamber with a mixture of Si8eH, as precursors and,H

as the carrier gas, while maintaining a fixed total pressure of 2 torr. To vary-@e &loy

composition, the ratio of SHo GeH, was adjusted to 18 to 2, 16 t018.3 to 6.7, 10 to 10, and

6.7 to 13.3 at the same Eontent of 100 sccm. The length of the,&e NWSs could be equally

tuned to about 6 &m

~

(N O0.5) by control i ng

xGe NWs was examined bgnergy dspersive Xray (EDX) and plotted with respect to inlet gas

ratios of SiH to GeH, in Figure7.1. The bandgap energiesg(6f these samples are governed

by the equation 1.10.41x + 0.008¢ eV forx < 0.85 wherex is the Ge content of the :SGe,

alloy. The relative concentrations of Si- (%) and Ge X) and the bandgap energies for the

corresponding concemttions are summarized in Table @bng with the inlet gas ratios of SiH

to GeH,. Crosssectional Scanning Electron Microscope (SEM) imagkshe SiGec NW

ensembles are shown in Figut2 for these relative Ge concentratiof (
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Figure 7.1 The relative concentration of the
Si1«Gec NWs as a function of the ratio of
SiH; to GeH,. The Ge contenty, is 0.29,
0.37, 0.52, 0.74, and 0.84 for SiHGeH,
ratio of 18:2, 16:4, 13.3:6.7, 10:10, and
6.7:13.3, respectively.
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Table7.1 Summary of relative Si and Ge concentrations and the corresponding bandgap energies

SiH,GeH, Si co?acii;:);ration Ge co(r;c;e(:)/zl)tration Bandga?e\E/;\ergy, &
18:2 70.52 29.48 1.00
16:4 63.13 36.87 0.97
13.3:6.7 48.08 51.92 0.91
10:10 25.98 74.02 0.80
6.7:13.3 15.72 84.28 0.78

Figure7.2 Sideview SEM images of the §iGe; NWs with the Ge content of= 0.29, 0.37,
0.52, 0.74, and 0.84.

Figure 7.3 depicts the experimental agh we used to generate THz pulses from owur Si
xGe NWs. The experiment was conducted by using a rhocked Ti:Sapphirelltrafast laser at
a wavelength of 790nm which has an energy of 1.57 eV. This laser providéspl®ges with a
repetition rate of 76 MHz which was split into two for emission and detection purposes. The

laser pulse on the emission path is modulatealititt a chopper, whose frequency (f = 2.4 kHz)
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is used as reference for detection, and then it is focused on the NW samples to generate THz
pulses. The emitted THz pulses are collimated with aoff@axis parabolic mirror and focused

on a PC antenna witmather 90 off-axis parabolic mirror. In order to obtain a full spectrum, the
ultrafast laser pulse split for detection path travels through a motorized delay stage, and it is
focused on the PC antenna detector. The output of the PC antenna is connectedkia
amplifier which uses the chopperds frequency

other detected surrounding signals.

PCA

Detector
90° OAP

|
Beam | —m= === ‘ Lock-in

Splitter \ ! I | Amplifier £ ) Sample
S PO H S b ).
Ti:Sapphine i (: > : : X
fsilaser S i R
— SOl <> | ! \
| [ | 1 Computer 90° QAP
1
Delay Line X
I |
1
| === ==
L
% r 4

Chopper

Figure7.3 Diagram of the experimental sep used for THz generation from the NW samples. A
modelocked 790nmTi:Sapphire ultrafast laser was used both to excite the NW samples and to
probe the PC antenna detector.

A half-wave plate and a beam splitter pair was added on the pump beam path (emission
path) so that we could run THz generation measurements withhgapyimp beam power to

observe the dependency of radiated THz pulses on the excitation power.
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7.3Results and Discussio

Built-in surface field and photbember field are the main mechanisms in THz wave
emission from a semiconductor surface which can actthegeconstructively in emission
process, or only one of them might be the mechanism in effect. When a semiconductor surface is
excited by ultrafast laser pulses, the phgémerated carriers are accelerated by Houiturface
electric field originated fnm the difference in Fermi levels of a surface state and inside the bulk
and/or by photdember field originated from difference in diffusion coefficients of electrons
and holes due to difference in effective masses. The transient photocurrent generttedetee
fields results in radiating THz pulses. Figutd(a) displays the time domain waveform of the
THz pulses emitted from the ;:SGe NWs with various Ge contenx, from 0.29 to 0.84 at a
fixed pumping laser power (500 mW). A clear increadirgnd can be seen in emitted THz
amplitude with the increase of Ge content. In order to determine which mechanism is playing an
effective role for THz emission, further analysis is required such as observing the radiation of
THz under various powers of tlexcitation laser pulse. Peak to peak amplitude of radiated THz
field as a function of Ge content)(for 100 mW, 300 mW, and 500 m\Wump powers is
presented in Figuré4(b). When Ge content increases from 0.29 to 0.84, emitted THz amplitude

increases foall pump powers monotonously, but with different slopes.
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Figure 7.4 (a) THz pulses generated from the surface of theG& NWs for different Ge
content,x, (b) Peakio-peak amplitude of the THz field emitted from each.«Se; NW array

with different Ge content under the illumination of pump powers of 100 mw, 300 mWw, and
500mWw.

It is clear that the emitted THz wave amplitude as a function of Ge content x rises with
higher steps at high pump power compared to that at lowpowec i t at i ons, yet we
either builtin surface field or phot®ember field plays the main role in emitting THz pulses.
Figure7.5 focuses on specifically three samples with-lawid-, and highGe contentsx= 0.29,

0.52, and 0.84, respectivel\gnd shows the THz amplitudes radiated from these samples under
excitation laser powers from 50 mW to 500 mW for every 50 mW. When we observe emitted
THz amplitude with respect to excitation pump power, it reveals an interesting trend: THz
emission fromx = 0.29 saturates in low pump powers compared to other samplésb2 does

not indicate an obvious increase in emitted THz amplitude until 200 mW pump power but
increases linearly afterwards, axd 0.84 shows a linearly increasing trend in radiated fiéld

for all pump powers. In order to fully comprehend these particular THz emission mechanisms
occurring in these Sbe alloys, we need to analyze the band structures and carrier dynamics with

respect to Ge content.

76



W x=029
= ® x=052 A
S 41| A x=084 i A
g A
= A
= 34 of
£ .

A'.. [3d
< 5. "
5 ",A “

3 & «® o

1 K L

"? 1 n . .. '.__,....--.----. -------- --l
N gt e

© W

0]

o 0 |

100 200 300 400 500
Pump Power (mW)

(@]

Figure7.5 THz amplitude with resgct to excitation pump power for;SGe NWs samples with
x=0.29,x=0.52, anck = 0.84.

The emitted THz field amplitude is directly proportional with transient photocurrent,
0 0, which is generated by rapid acceleration of plygtnerated carriers in either buiit
surface field or phot®ember field. The photocurrent is definedia8 'Q Y¢'O, where' is
the carrier mobility, ¥¢ is the photegenerated carriers, ai@ is the builtin surface field. We
will investigate the THz emission mechanism in terms of fwifteld O and carrier mobility .
To obtain the Fermi energy and the carrier concentration at the wire surface, the valence band
spectra of SikGe, NWs for x = 0.29, 0.52, and 0.84 were measured by usirgayX
Photoelectron Spectroscopy (XPS), which gave information on the charge distribution at the

Fer mi edge (v al edeterrainedtherFdrmi@riefgyy.Elte puiltop Burface field

can be dfined asO w ————, which is explained in detail somewhere €J2&].

Intrinsic carrier concentratiort ( of Si;.Ge, NWs was determined by a linear approachis
~10"cm® and ~2.4x18 cm* in Si and Ge, respectively). Bace carrier density (i)l calculated

using the extracted:E intrinsic carrier concentratiort (), and calculated buiih surface field
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(O) are presented as anfttion of Ge content in Table 7.Zhe difference in THz emission
betweernx = 0.29 andk = 0.52 in FigureZ.5 can be explained by the difference in binlfield at

the wire surfaces. In addition to that, the saturated emission profile 6£29 can be attributed

to deficiency in vertical alignment of the nanoes seen in the SEM imadEigure 7.2) since
directionality becomes important in radiation from semiconductor surfa8gs£ven though the
high builtin fieldofx= 0. 84 mi ght expl ain the strong THz
for the linear increasing emission trendtlwihe increasing excitation power. Therefore, we
suggest that for the sample wkhk 0.84 not only high buiin surface field plays a role, but also
photeDember field interferes constructively for the THz emission which explains why the THz
radiation ncreases almodinearly with the pump beam intensii®9]. Another way to verify the
effect of photeDember effect is looking into the carrier mobility such that piiadéonber field
would be more dominant in the presence of a higher mobility. The eletibilities for x =
0.29, x = 0.52, and = 0.84 are reported as ~200%¥%s, ~200 crfYVs, and ~1300 cAiVs [30],
respectively which also supports why ph@ember field is more dominant in = 0.84

compared to others.

Table7.2 Summary of builin surfae field as a function of Ge content

Ge concentrationx  n; (cmd) Surface carrier density, Ny Built-in surface field, 5,

(cm™) (V/cm)
0.29 0.69 x 16° 7.3x16° 27.35
0.52 1.25 x 16° 1.6 x 13° 33.09
0.84 2.02 x 16° 6.8 x 167 870.3

A further analysis was made o= 0.84 using THz Time Domain Spectroscopy (THz
TDS) to determine the carrier mobility. The experimental setup and the mathematical tools to
obtain series of materials properties and carrier dynamics are explained elsevdetads[31].
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Once refractive index was extracted through a numerical iteration process, conductivity was
calculated. Then, utilizing a Drude model for the fitting process, we finally obtained an electron
mobility of 1615 cr¥Vs. This mobility value iss high as the reported value which supports the
idea of photeDember field. Figuré’.6 shows the calculated conductivity as well as the fitting

curve.
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Figure7.6 Real part of the frequency dependent complex conductivity,Qf58} (x = 0.84) and
the curve fit by the Drud&mith model resulting with a carrier mobility= 1615 cri/Vs.

An earlier report suggested that the main THz emission mechanism occurring in Ge NWs
is built-in surface field27]. On the other hand, other reportstdack Si[32] and Si NW[18]
arrays proposed that phefiember effect is the active mechanism for generation of THz pulses.
We are suggesting that both intrinsic surface field and petaber field are interfering
constructively for THz emission from:SiGe, (x = 0.84) NWSs, and the linear power dependence

profile of this sample implies that the maximum excitation power we applied (500 mW) is below
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the saturation level fox = 0.84, and it can potentially generate stronger THz radiation when it is

pumpedwith more intense laser pulse.

7.4Conclusion

In summary, we have characterized,&e, NWs to determine their suitability as a THz
wave source. THz emission was observed as a function of not only Ge coanteuat, also
excitation laser pulse power. Detailet/estigation was carried out in order to determine the
dominant mechanism(s) playing role in THz emission from these NWs. High frequency carrier
dynamics was studied by THEDS and a carrier mobility o615 cni/Vs was extracted.
Furthermore, surface agais was achieved via XPS, and we concluded that jpodto Dember
effect and intrinsic surface field acceleration contribute to the THz radiation fro/B&INWs

for x=0.84.
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8. HIGH EFFICIENT THz EMISSION FROM UNBIASED AND BIASED
SEMICONDUCTOR NANQWIRES FABRICATED USING
ELECTRONBEAM LITHOGRAPHY*

Emerging trend on THz emission from semiconductor NWs due to the increase in optical
absorption by having a much larger effective surface area compared to that of films has already
been mentionedAccording to our understanding of the reports on generafidiiz waves from
various nanostructured semiconductors summarized in chapter 3, the bottom line is
morphological features of the NWSs, e.g., vertical alignment, fixed diameter, and uniform
distribution along the whole array are very crucial for the eonssif THz radiation from
semiconductor NW arraysiaving a full control on these parameters becomes the new goal on
the way for an enhanced NWased THz source. Therefore, we suggest adtomn
nanofabrication method utilizing electrtv@am lithography andplasma etching for the
preparation of the emitter NWs as opposed to conventional bofiorgrowth methods.
Nanowires prepared with this nanofabrication technique exhibit fixed diameter and length along
the whole NW array with excellent vertical alignmemd perfect uniform distribution which
play important role in the enhancement of THz emisfiom these fabricated NW#loreover,
besides having perfect control on structural features such as vertical alignment and uniform
distribution by fabricating thewires via ebeam lithography and etching process, we also
investigated the THz emission from these fabricated nanowires when they are applied DC bias
voltage. To be able to apply a voltage bias, an interdigitated gold (Au) electrode was patterned

on the hgh quality InGaAs epilayer grown on InP substrate by Molecular Beam Epitaxy.

AThis chapter is a published work of the author of this dissertation: Balci, SonetfHighlEfficient THz Emission from Unbiased and Biased
Semiconductor Nanowires Fabricated Using Electron Beam LithografBE' Journal of Selected Topics in Quantum Electro(2647).
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Afterwards, perfect vertically aligned and uniformly distributed nanowires were fabricated in
between the electrodes of this interdigitated pattern so that we could apply JVuksag®
improve the THz emission. Asresult, we achievenhancement in the emitted THz radiation by
~4 times about 12dB increase in power ratio 25 THz with a DC biased electric field

compared with unbiased NWs.

8.1Introduction

It has been well known for more than two decades that terahertz (THz) waves can be
generated from semiconductor surfaces when excited by femtosecond optical pulses with an
obliqgue angle [16]. As the dimension of the material changes from 3D bulk to ay a&fr 1D
nanostructures such as nanowires (NWSs), under the same ultrafast laser spot size, the total
effective surface area drastically increases resulting in a higher absorption that will play an
essential role for enhanced THz emission intensity, whigkes onedimensional nanostructures
attractive to generate high power THz radiation. In addition, intrinsic carrier lifetime can be
modified in nanowires especially with increased surface states, which can have additional
freedom by removing the defect emgering like in low temperature grown GaAs. [7]

Accordingly, there have been a number of reports that present THz emission from various
types of nanostructures and materials, including some of which indicate an increased efficiency
in THz emission from we-dimensional nanostructures-23]. One of these reports studied the
THz emission as a function of the wire length, which induces the idea of having an array of NWs
where all the wires have a desired fixed length for a more efficient THz emission f8heiAn
report shows that THz radiation intensity 1is
diameter and distribution, which suggests the idea of having a uniformly distributed NWs array

with fixed diameter and pitch would be significantly impottf#]. Also, the relation between
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efficiency of THz emission and vertical alignment of the NWs was studied which implies that
having an array of NWs with excellent vertical alignment is very crucial for an efficient THz
emission [10]. Most of the NW samglstudied for THz generation, however, were prepared by
bottomup growth processes, such as vapor phase epitaxy (VPE) and chemical vapor deposition
(CVD) in growth mode with metal catalysis, which limits the control of various required
parameters discussatlove. Such bottomp processing, even though they have been improved a
lot by some techniques, is still lacking of full control on structural geometry of the wires, i.e.,
aspect ratio, vertical alignment, and uniform distribution. Since these struigatates play a
crucial role on the efficiency of THz emission, we propose adtiyn processing approach,
fabricating the NWs using-leeam lithography and etching by which we can achieve excellent
vertical alignment and perfectly uniform distribution b&tNWs. In addition to enhancement of

THz emission from NWs with the perfect structural geometry control, here we also report 4x
improvement of the THz emission at 0.25 THz furthehich is about 12dB increage power

ratio, by applying a DC bias field across fabricated nanowires, which can contribute to the
acceleration of photoarriers induced by the excitation laser pulse. This is only possible with
fabrication that utilizes patterning of structures withemm lithograpi. In order to apply a DC
voltage bias to the fabricated NWs, we designed and fabricated interdigitated electrodes patterns
with various spaces where the NWs are fabricated in between. We report, to the best of our
knowledge, the very first demonstratiod ®Hz emission from biased vertically aligned

semiconductor nanowires.
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8.2 ExperimentalSetup for THz Generation

The THz emission spectroscopy used to generate and detect THz radiation from the
fabricated NWs is depicted in FiguBl. The experiment wasonducted by using a mode
locked Ti:Sapphire ultrafast laser at a wavelength of 790 nm. This laser providés [di#8es
with a repetition rate of 76 MHz, which was split into two for emission and detection purposes.
The laser pulse on the emission patmadulated through a chopper, whose frequency (2.4 kHz)
is used as reference for legk detection, and then it is focused on the NW samples to generate
THz pulsesNWs samples were mounted to have an incident angle of 45 degree of infrared laser
pulse, wich shows highest intensity of THz pulse after testing different anbhesemitted THz
pulses are collimated with a 90ff-axis parabolic mirror and focused on a photoconductive
antenna (PCA) with another 96ff-axis parabolic mirror. In order to obtaa full spectrum, the
ultrafast laser pulse split for detection path travels through a motorized delay stage, and it is
focused on the PCA detector. In addition, a-aadf/e plate and a beam splitter pair was added
on the pump beam path (emission pathjrat we could run THz generation measurements with
varying pump beam power to observe the dependency of radiated THz pulses on the excitation
power. Since the PCA detector has the best performance with the 790 nm laser, we chose to use
the same wavelengtfor generation from NWs, even though InGaAs NWs can be pumped with

1.5mm laser.
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Figure 8.1 Experimental setip used for generation of THz pulses from the fabricated NW
samples. A modéocked 790nm Ti:Sapphire ultrafast laser with a pulse width offd2@s used
for both pump and probe beams.

8.3 Choice of Material

Two of the main mechanisms for THz emission from semiconductors upon illumination
at an obliqgue angle are pheDember effect and intrinsic surface field acceleratidnch are
explained in chater 2 Either one of these mechanisms can play the dominant role in the
emission of THz pulses, or both mechanisms can interfere constructively for an enhanced
emission.In order to select the proper test material for an enhanceeb&&d THz source,
mateials properties important for THz emission are compared among potential candidates as
shown in Table 8.1Besides generating a strongetbiasedlHz radiationdue toperfect control
on morphological features of the NWs, the ideaftother enhanament ofthe THzemission
from fabricated NWss applying a bias field to the NWs which could potentially contribute to
the acceleration of photocarriers induced by the excitation laser pulse. For this purpose, InGaAs
was chosen as themain test material of thistuedy for its rdatively higher bandgap energy
resulting instronger depletion field and intrinsic surface field compared to narrowelghpn
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semiconductor such as Infend relatively higher breakdown field compared to InAs which

would be essential when Bifield is applied.

Table 8.1 Summary of materials properties of INA$1 G3 As and | nP.

Bandc I ntrinsi Mobi |l iMobili Breakd:¢
(eV)Concent(rcant (cmV. (cmmVv. <Field (
| nAs 0. 3¢ 118° 4MO0O0 500 ~ 416
|l p Ga As 0. 7. 6. 30 100 300 ~210
| nP 1. 34 1. 360 54 0 0 200 ~510

8.4THz Emissionfrom Unbiased Nanowires

The samples discussed here are fabricated at theo$tthieart cleanroom user facility in
the Center for Nanoscale Materials at Argonne National Laboratory. For InP, we used high
qguality undoped substrates obtained from the manufacturer. For InGaAsgqurdity lattice
matched 1.2um thickness of InGaAs epilaygin composition of 53%)was grown on InP
substrates by Molecular Beam Epitaxtep by step tegown preparation of the NWs via
nanofabrication techniques is depicted in Figure Bt fabricaibbn process began with bare
wafers (either InP or InGaAs) for unbiased NWs. A thin Si@hesion layer was deposited on
the wafers by PECVI@plasmaenhanced chemical vapor depositifwijowed by spin coating of
a negative resist HSQ (hydrogen silsesqui@ja Ebeam lithography was used to write the
pattern of the NWs on the wafe&ince the resist is negative tone, only the areas corresponding
to the top view of the NW array were exposed-teeam. Upon resist development by MF-CD

26 developer, the NWsagtern is transferred to the resist which is to be used as a mask during
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plasma etching as it can be seen in Figure\&#ous pitch sizewere attempted to increase and
decrease the NWs densities, but limited the variety acquired due to required theecsbkeam
writing. The best results have been obtained fomi 1.5mm, and 2mm pitches for InP and 2

nm pitches for InGaAs. Through a plasma etching process and removal of the resist by HF
(hydrofluoric acid),the NWs pattern is transferred to the studttes yieldingperfectly aligned

NWs on both InP and InGaAs substrates, which were distributed exquisitely uniform along the
wafer with a fixed pitch length on both x and y axes as shown in the SEM (scanning electron

microscopy) of Figur®.3 (a)-(c).

negative resist
SiO2 deposition 8 HQ

' HSQ
Substrate i 3 —
by spin coating

by PECVD

Substrate

e-beam lithography

iy

HSQ
22

Substrate

plasma etching i!ﬂ development

— "w/

Figure 8.2 Fabrication process of the excellent vertically aligned and uniformly distributed NWs
utilizing e-beam lithography and plasma etching.

cleaning
by HF

Time-domain signal of THz waveand corresponding ped&-peak amplitudegenerated
from fabricated InP NWawiith pitch sizes of 1.0 pil.5pm, and 2.0 um, and InGaAs NWs with

2.0 um pitch size are comparedterms of total surface areaad shown in Figur8.3 (d)-(e).
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The varied nanowire densities are 1%&0?, 4.4x10" cm’?, and 2.5x10cm for the pitch alues

of 1.0 um 1.5um, and 2.0 pum, respectively. The diameters for INnP NWs sanimldsO pmand

2.0 pmpitch sizeare 200 nmand 300nm for 1.fm pitch-sized InP NWswhile InGaAs NWs
sample has an average diameter of ~100 nm. Although the wire demgéh inversely
proportional with the wire densities for these samiles Og a ), still the total
surface areasecome?.06 mm?, 7.07 mm?, and 2.95mm? for InP NWs with 1 pm1.5pm, and2

um pitch, respectivelyand1.9 mnf for InGaAsNWs with 2.0 pmpitch. By increasing the pitch,
nanowire densities would decrease, which results in decreasing effective surface area where the
pump beam is to be absorbéébte thateven though wire concentration is lower, total surface
area of 1.5um pitch-sized InP NWs is close to that of Judn pitch-sized one, which can be
attributed to the greater diameter and length ofprbpitch sample compared to 1u®n pitch
one.THz emission getstrongemwhentotal surface aremcreases as it is observed ase of InP

NWs samples in Figur8.3(e). However, THz wave radiation from InGaAs NWs was stronger
than that of InP NWs even though nanowire density and total surface area were smaller. This
result can be explained by the higher carrier concentration agategrelectron mobility of
InGaAs, 6.3x18' cmi® and 12000 cnfV's?, compared tahose ofinP, 1.3x10 cm® and 5400
cn?V's?, and hence InGaAs NWs is better suited for THz sources compared to InP considering

the enhanced efficiency of about 2.5 timaehieved with same excitation power.
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Figure 8.3 (a)(c) SEM images of fabricated InP and InGaAs NWs. (d) Emitted-tiameain
THz radiation in comparison with differeatirface areage) Peak to peak intensity comparison
of the THz signals in (d)The wire diameters of InP NWs in (a) and (b) are 200 nm while
InGaAs NWs in (c) have an average diameter of ~100Thmlength of the wires are (c) > (b) >
(a) resulting in total surface areas7od6mm? (a), 2.95mm? (b), and 1.9nm?(c), respectively.

We tested THz emission frorthe fabricated\Ws samples under the illumination of
ultrafast laser pulse with two different linear polarizationsaqd s polarized(Figure 8.4. The
arrows on the NWs indicate the direction of theillation of the electronsonfined to the
surface of the nanowirasnder each polarization. The measurement exhibits thaa foore
efficient THz emission, the NW ensemble should be excited-pyplarized femtosecond laser

pulse which would oscillate the charges along the wigeltieg in a THz radiation in the
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direction of the surface normal of NWs.
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Figure 8.4THz emission from fabricated NWs when excited by two different linearly polarized
femtosecond laser pulse.

In order to study the excitation power dependence of THzsamigrom InGaAs NWs
with an average diameter of ~100 nm as shown in FigBg), the powerof pump beam
exciting the InGaAs NWs with 2.0 um pitch si@ewill be called InGaAs #0 from this point on
for convenience)vas linearly increased while dependerof THz radiation was observed in
Figure 8.5(a). It can be seen that the radiated THz field from the fabricated InGaAs NWs
increases with the increasing pump power, but the increment gets smaller when we escalate the
pump power. This result can be obsEhvmore clearly when we look at the p¢alpeak THz
field amplitude with varying pumping power for InGaA&® in Figure8.5(b), which states that
THz emission saturates even though the excitation power kept increasing. This saturated profile
is attributedt o t he penetration depth o0f7unfD~@00nNm | i gh
[24]. The absorption of the infrad (IR) laser pulse by the InGaAs NWs with the diameter of
100 nm saturates while excitation power increases due to the penetration deptregdis in a
saturated profile of the emitted THz pulsem these NWslIn addition, we observed THz

93



emission pulse width of about 4 ps (1ps of FWHM of the main pulse) from the THz emission
spectrum, which is significantly shortened in pulse width coetb#r the one generally obtained

from commercial PCAs based on InGaAs bulk mate and other reported valugs]. THz

spectral amplituden frequency domains calculated and plotted in Figu85(c) for 300 mW

pump power as an example. This clearlyfeams the broadening in bandwidth which is well
above 1.0 THz compar ed ostof cadnimer€allyTavhitableblaGadswi dt h
based PCAs. It is evident that NWs can modify the carrier lifetime especially with different

surface states, since the Tgneration mechanism is strongly correlated with surface states.
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Figure8.5(a) Emitted THz fields from the fabricated InGaAs NWs surfaces (pitch = 2.0 um, dia.
= ~100 nm) with varying pump power. JBaturated profile of peato-peak amplitude of the
THz emission with increasing pump pow@) Spectral amplitude of THpulse in frequency
domain, FFT from signal ifa) at 300 mWBandwidth is vell above 1.0 THz
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To achieve an improvement in the enhahtélz emission, wattempted to optimizthe
InGaAs NW fabrication process to increase the density and enlarge the diameter. Writing the
NW pattern on the substrates bypeam lithography is essential for saicron processing and
quite economical since @toes not require new photomasks to be made for each corrected layout
at the development stage. However, there are limitations in achieving high resolution in dense
patterns. The resolution inleam lithography is mainly limited by the proximity effechieh is
caused by the scattering of the electrionsesist and the substrate [2@/hen an area is exposed
by the incident beam, the nearby areas may also be affected by this exposure due to the scattering
as simply depicted in Figure 8(&). This phenomenon limits the minimum feasible pitch size,
hence the NW density, with respect to the resist thickness required for the desired etch depth of
the underlying material. In addition, to pattern a large array in reasonable writing time, relativel
high currents are used which increases the proximity efféicsste 8.6(b) shows hSEM image
of a test sample with a diameter of 270 nm and a pitch size of 45Uh&wires on the edges
look reasonable as it is shown in Figure 8.6(c); however, wieemeawve towards the center of
the sample, we see nanowire pattern is not written properly resulting in wires physically touching
each other with the resist as seen in the inset of Figure Sl&@efore, diameter and the pitch

size are still need to bejadted in order to achieve an optimized fabrication.
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Figure 8.6(a) Proximity effect limits the resolution inleeam lithography due to the scattering of
electrons in resist and the substrate. Exposure atipmay affect pixej. (b) SEM image of an

over-exposed samplgc) Magnified image of the edge of pdlo) shows distinctive nanowire
pattern; however, if we move towards the center of the array, the wires seem to be connected to

each other with the resist, HSQ due to the overexposure seennsehefipart (c).

Another point that should be considered is the aspect ratio which is the ratio of length of
the wire to its diameter. Aspect ratio is limited by the plasma etching process, structural
properties of the semiconductor material, and rehiskness. Increasing the resist thickness
could potentially improve the aspect ratio during etching resulting in longer wires; however, it
would also increase the proximity effect durirgesam lithography resulting in low resolution in
dense patterns wth means the wire density would have to be decreased. After long trials, we
have achieved a decrease in the pitch size of the NWs array from 2.0 um to 600 nm with a

diameter of 300 nnas shows in Figure 8.With optimized ebeam exposure and diameter and

96



pitch sizes, clearly distinctive nanowire patterns were achieved both on the edges and center

(inset of Figure 8.7)f the samfe.

node | HFW
ustom | 36.6 pm

Figure 8.7 SEM image of a successfully optimized sample with a diameter of 300 nm and pitch
size of 600 nm. Both edges acehter of the sample shows clear NW patterns.

Once the édeam exposure and the resist development steps are optimized, next
parameter to adjust is the etching process in order to obtain NWs with desired morpB&dgy.
images of InGaAs #0 (@m pitch siz¢ and twonew 600 nm pitchsized samples (InGaAs #2 and
InGaAs #4) are shown in Figure 8.8-(a). Plasma etching for InGaAs #0 was carried out with
less gas input (Gland BCk) and low pressure at a temperature as high a¥C2%hile InGaAs
#2 and #4were etched with double gas amount at a temperature®6f &tder varied pressure
values for each of them. The resultant morphology shows differences as it can be seen in Figure
8.8 (a}(c) due to these varying etching paramettirsan clearly be seendahthe NW density
increased by ~10 timder InGaAs #2 and #4 compared to InGaAs #0, and also the diameters of
do not experience an undercut as it is for InGaAs #0. However, the length of the wires decreased
due to the temperature and pressure change gdetiching processThe wire densities and
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surface areas are summarized in Table Bv&n though the lengths decreased, still the decrease
in pitch size clearly increased the total effective surface area resulting in a significant
enhancement in THz emissi with increasing pump power as it can be seen in Figure 8.8(d).
InGaAs #4 is slightly longer and thicker than InGaAs #2; therefore, the total surface araa and

a result THz emission are larger for InGaAs #4 compares to InGaAs #2.

Table 8.2 Surfaceraa summary of InGaAs NWs.

NW density Total # ofNWs  Total surface area ol Total surface area

(cm?) whole sample 1 NW (um?) whole samplémnt)
InGaAs #0 2.5 10’ 6.25 10° 0.304 1.90
InGaAs #2  2.78 10° 6.9 10’ 0.203 14.0
InGaAs #4  2.78 10° 6.9 10’ 0.443 30.6

In this case, since the diameter of th&aAs #2 and #4~300 nm)was chosen to be
reasonabl y sehmasatgaion intphng rpowar dependence was not obsemdd
InGaAs #0, and emission values reachtiftes increase of THz emission at 500 ne@mpared
to InGaAs #0Before we move on to the biased NMised THz emission, we compatbd THz
waveforms generated from conventionally bottopngrown SiGe and Ge NWs and tdpwn
fabricated InP and InGaAs NWa Figure 8.8(e)lt is clear that InGaAs #4 has the strongest
THz emission among all various NWs samples. In order to utilize the long height of InGaAs #0
and density and robustness of InGaAs #4, the temperature and pressure parameters will be
optimized, eg., higher temperatures with adjusted pressure and duration, for the NWs that will

be discussed in the next sectionTétz generation from NWs under bias field.
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Figure 8.8 SEM images ¢&) InGaAs #0 with 2 mm pitch, (b) InGaAs #2 with 600nm pitcid a

(c) InGaAs #4 with 600 nm pitch. (d) Comparison of pump power dependence of THz emission
from three different structured InGaAs NWs. (e) Comparison of emission of THz radiation from
conventionally bottorup grown SiGe and Ge NWs and tdpwn fabricatednP and InGaAs
NWs. Emission from SiGe NWs is magnified by 10 for clarity.

8.5THz Emission fom Biased Nanowires

Besides the enhancement of THz emission due to the control on structural geometry such
as excellent vertical alignment and perfectly uniform distribution, we suggest further
enhancement by applying a DC bias field to the NWs which would potentially impheve

acceleration of the photaduced carriers upon illumination by the laser pulse.
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The InGaAs epilayer used for biased NWs is same as the one used for unbiased NWs. In
order to be able to apply bias voltage to the NWSs, prior to the fabrication of HiVs,
interdigitated electrodes pattern was designed and deposited with a 5 nm Ti adhesion layer
followed by 90 nm of Au layer on the InGaAs epilayer. The total active area where NWs are to
be fabricated is 4 mm X 4 mm. Each electrode has a width of 20 pns aegarated by 50 um
from each other. Fabrication process of NWs in between the electrodes is depicted step by step in
Figure 8.9. The fabrication process begins with the InGaAs layer on which the interdigitated
electrodes are fabricated. Then, a S#dhesion layer was deposited by PECVD followed by
spin coating of resist for-beam lithography. Due to the large area of the electrode pattern, the
total area where protection from etching was required increased significantly. baseisfor
negative tom resist ebeam exposure area and time required would be impractical. For this
reason, positive tone resist was used this time, whbsam lithography was utilized to expose
only the area around the wires, which is the area to be etched. The NWs wattemby e
beam lithography had the dimensions optimized for the unbiased NWs; i.e., a pitch size of 600
nm and a diameter of 300 nm. Through S&fhing, the pattern was transferred to the, $&@d
masking layer followed by InGaAs etching resultingpierfect vertically aligned and uniformly

distributed NWs in between the interdigitated electrodes.
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Figure 8.9 Fabrication process of the excellent vertically aligned and uniformly distributed NWs
in between the electrodes of interdigitated patterrAulinterdigitated electrodes pattern was
deposited on the top of the InGaAs layer prior to the fabrication of NWs.

The diagram of interdigitated electrodes and NWs in Fi@8ehow a very simplified
depiction of the structure. It should be noted that the actual device has greater number of
electrodes and NW©ne of the challenges for this fabrication is the precision required in order
to align the NW patter in between the muligitated electrodesSince electrodes pattern is
deposited first, the NW pattern has to fit perfectly in between the electrodes durinheame
writing process. For this precise alignment, two larger alignment marks on left and right sides at
the outsile of the interdigitated pattern and four smaller alignment marks located four inner

corners of the interdigitatgoiattern are utilized. Figure 8.(H) is the optical microscope image
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of aslightly misaligned NW pattern in between the electrodesit canbe seen in the magnified
image, about 10% of the NWs are written on top of the electrodes. Carefully utilizing the two
large outer alignment marks and four smaller alignment marks on inner corners of the
interdigitated pattern, perfectly aligned NWs irivibeen the electrodes are achiev&sl.it can be

seen in Figure 8.1B), wires are precisely written along the gap between the electrodes with no

overlapping.

Figure 8.10(a) Misaligned and (b) perfectly aligned NWs in between the interdigitated
electrods by using two outer and four inner alignment marks.

Figure 8.11shows theenlarged SEM images of the electrodes andetISEM images of
fabricated NWslIn order to assemble a complete device with a convenient electrical interface for
the voltage bias, printed circuit board (PCB) was designed as it can be seen in Biddrand

wire-bonding was utilized between the PCB and the interdigitated pattern.
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Figure 8.11 SEM images of interdigitated electrodes pattern with fabricated NWs in between
them. Fabcated NWs with interdigitated pattern wibended to PCB to be able to apply bias
field. Electrodes pattern was deposited with 5 nm Ti / 90 nm Au on InGaAs epilayer. Each
electrode has a width of 2fin and is separated by &@n from each other. The totattive area
where NWs are fabricated is 4 mm X 4 mm.

Utilizing the same THz emission spectroscopy setup in Figdrevhile applying a DC
voltage bias at the same time, various characterization of THz emission from InGaAs NWs
fabricated in between the ertigitated electrodes were performed. The time domain amplitudes
(peak to peak) of the THz emission were compared for increased bias voltages of pump power

from 100 mW to 500 mW as it is shown in Fig&é2a).
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Figure8.12(a) Peakto-peak amplitudef THz emission with increasing bias voltage for various

pump powers. (b) Pedk-peak amplitude of THz emission versus increasing pump powers
under different bias voltages.

It is clear that a maximum enhancement of ~ 4x was successfully achieved cotopared
the 0 V case by applying voltage bias. Fig8t#2(b) compares the THz emission intensity
changes with different pump power under varied bias voltages. THz emission increased almost
linearly under all bias voltages when the device was excited with pawpr up to 300~400
mW, which suggests that the dominant emission mechanasrthe phot®ember effect [2](
Interestingly at low power regime (below 100mW), the bias voltage seems to be ineffective to
increase the THz emission accordingly. It clearlgve$, however, bias dependences with about
200mW excitation and above, and it increases linearly. When pump power increase further, i.e.
beyond 400 mW, the THz emission amplitude does not increase at equal rate and behaves
nonlinearly with increasing voltag and even decreases.

Dependence of THz emission on both pump power and bias voltage can be summarized

with a 3D surface graph in Figu&l3. A saturation occurs at a specific region. At higher
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excitation powers and bias voltages, bachttering occurdue to the excessive photogenerated

carriers which causes a saturation in emission of THz pulses.

Peak-to-peak (a.u.)

4
Pump Power (mW) 2%° Bias Voltage (V)

Figure 8.13 3D surface graph of THz emission from fabricated NWs vs pump power vs bias
voltage.

In order to investigate the improvement of THz emission as a function of frequétcy,
spectral amplitudem frequency domaiare compared for various bias voltages at a fixed pump
power. Figure8.14 shows the spectral amplitude of THz thiemain wavefom emitted with
300 mW pump power and varied DC bias voltages from unbiased state to 8 V. It is clear that
bandwidth is fairly around 1.5 THz which $ill broadert han O1. 0 THz bandwi d
the InGaAs based commercial PCAs. On the other hamindt conclusive whether increasing
bias voltage improves the bandwidth or not. Nevertheless, the bias voltage clearly increases the

spectral amplitude. The improvement is strongest at lower frequencies. Strictly speaking, the
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spectral amplitude is enhaw by ~4 timeswhich is equivalent to 12dB increases in power ratio

at 0.25 THz which is shown by arrows in Fig8t&4.
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Figure 814 Spectral amplitude of THz emissiamfrequency domaifrom biased InGaAs NWs
at a pump power of 300 mW. Bandwidth is.5THz. Amplitude increases by ~4 times at 0.25
THz, which is equivalent to 12dB increase in power ratien the NWs are biased up to 8 V.

For further analysis, the total current through the device was obtained while increasing
the bias voltage underdhllumination of different pump powers including 0 mW (dark current),
as shown in Figuréd.15 a ) . By subtracting the dark curre
8.15(b) was obtained, which is directly proportional with photo generated carriers due to th

absorption of t he pump | as e8rd5bpard tseepsato-pebkh e o1 i

amplitude profiles from Figurg.12(a).
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Figure8.15(a) IV curve of the device under various excitation powers. (b) Dark current in part
(a) subtracted fromtbers leaving a profile directly proportional with photogenerated carriers
(scatter), and measured pdaakpeak THz amplitude profile (line).

It shows that the measured THz emission amplitude intensity intpgadak versus
different bias voltage anekcitation power behaves very similarly to the difference of the current
measured and calculated, where it is in good agreement with photo generated carriers induced.
Increment of the emission is more rapid for higher pump powers under relatively low bias
voltage conditions. Then saturation occurs due to the great number of free carrier generation.

It is interesting to compare device performance of bidB&d with a commercial PCA in
order to understand the meoit NWs based THz emitter. To do that, wetgeakto-peakTHz
signal amplitude with different bias voltage and adthesl peakto-peak THz signal amplitude
from commerciallyavailable InGaAs PCAs with its maximum performant@nW excitation
power and3V bias voltage as shown in Figure 8.Y8e compared the THz signal in terms of the
power densities of excitation power instead of absolute power valmes)ly because of
difference in the beam spot sizes. Theused beam spot on our device has a large elliptic shape

(2 mm x 4 mm) without any fulnier restrains, while it is required have a excitation laser beam
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tightly focused between thgap of antenna in the range 6l50 e m f or t RGA. ¢ o mme

Taking this information into account, the pump powfms our device 100 mW 500 mwW
becomes powedensity values in the range of 1.59 W/ér 7.96 Wi/cni, while the power
density for a commercial PCA becomes ~3183 W/with an average pump power of 10 mW.
The peakto-peakTHz amplitude for a commercial InGaAs PCA is about ~0d®5when it is
biasedat 3 V and excited with 3183 W/émOn the other hand, our device yields almost ~4
times theamplitude of the commercial PCA when it is operating atl8},excited with only ~8
W/cn?, which makes our design\ery efficient THz emitter device. By beingef from the
antenna, the coupling of the laser beam can be much simomified in our device scheme,
which can be an additionadvantage of the nanowires based THz emission, in additifvago

from the limitation of excitation power which is requiréat conventional PCAs due to the

breakdown.
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Figure8.16Peak to peak THz amplitude comparison of our device and a commercial PCA with
respect to power densities. Corresponding absolute powers are 10 mW for Jp&zadsP CA
and from 100 mW to 500 mW for otiWs-based device.
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8.6 Conclusion

Investigation on efficient THz emitters is ongoing. We have suggested-dotap

processing method which gives us perfect control on vertical alignment and the uniform

distribution of the emitter NWs. Furthermore, we have gie=il an interdigitated electrodes

pattern with fabricated NWs in between them and have conducted the very first demonstration of

biased THz emission from semiconductor NWs fabricated-bgaen lithography and etching

process. The results show a highly @ént emitter where we have achieveth@mcement of the

emission by ~4 timeat 0. 25 THz which is equivalent to 12dB increase in power ratith a

comparable bias voltage but with ~400x less power density compared to commercial PCAs.
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9. INDEPENDENT COMPONENT ANALYSIS APPLICATIONS
ON THz TECHNOLOGY

We report a potential application of Independent Component Analysis (ICA) technique
on terahertz (THz) spectroscopy and imaging in order to remove attenuation and distortion
caused by the wateabsorption in THz frequency region. Blind source separation approach is
conducted to solve this problem. A reference spectrum for water vapor absorption in THz band is
extracted by feeding ICA decomposition with air scans measured under two differadithum
levels. Utilizing this extracted reference water absorption spectrum as one of the inputs of ICA
decomposition, we attempt to remove the effect of water absorption from each pixel of a THz
spectroscopic image. A small pack of silica gel beads wisich gommonly used desiccant is
chosen as the test sample for THz imaging due to its strong affinity for water molecules. The
results show that ICA effectively removes the water efféxtan exterit in the observed signal
and clean the image such that #ikca gel beads become significantly visible while they are

totally hidden under the water effect before the ICA decomposition.

9.1Introduction

Terahertz timadlomain spectroscopy (THEDS) is a specialized, nesestructive and
norncontact sensingethnique where high frequency electromagnetic waves (THz waves) excite
desired material, then the reflected or transmitted signal is measured in order to extrapolate
various qualities of the material-B]. THz waves are neinizing radiations and there® non

harmful for the human body unlike-pays [3], and many key materials have characteristic

112



spectroscopic responses to THz waves which
these interesting and novel properties of THz waves, spectroscopymagag techniques
utilizing THz waves have been playing an essential role in detection of organic compounds such
as drugs and explosives as well as semiconductor nanostructdr2ls T4z waves are capable
of penetrating through most dielectric matersigh as plastic, wood, paper, and leather when
they are dry [13, 14]; however, in the presence of water, the penetration depth is limited and the
signal is highly absorbed due to the strong rotational transitions of water molecules which
becomes a limitatn for the potential use of THz in the biomedical field as a diagnostic tool [15,
16]. THz signal can also be heavily distorted when propagating through an environment with
high humidity. This becomes a serious problem especially when the measurenoeuisted
in atmospheric air as it is in standoff detection. Researchers have been trying to improve the
efficiency of THz emitters and detectors by designing and fabricating new devices in order to
overcome the effect of water molecules in the measureambient and enhance the Sigt@l
Noise Ratio (SNR) values in THz spectroscopies. However, this device enhancement approach
has been held back due to the limitation in fundamentals of current technologies including
limited number of available materials ifHz frequency region. In order to circumvent this
limitation and enhance the detected THz signal, various statistical methods have been applied to
terahertz spectroscopic signals in order to clean them of the noise caused by the ambient water
vapor, to vaious degrees of success [17].

Independent component analysis (ICA) is a powerful algorithm used to approach to the
blind source separation (BSS) problem, where different linear mixtures of source signals are
known while only a little or nothing is knowrbaut the source signals themselves. The objective

in this approach is to extract the unknown source signals from their weighted sum mixtures
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which are the only observed data. ICA decomposes the mixture signals down to the source
signals principally througlestimating an unmixing matrix until the extrapolated source signals
are mutually independent. ICA has already seen a wide degree of success in a variety of fields,
most notably in the analysis of brain signals in EEG measurements, where ICA is applied to
filler out the noise caused by unwanted electroencephalogram signals, to enhance artifacts
detection, to classify EEG signals, etc.A3.

While many statistical filtering methods have been used in conjunction with terahertz
spectroscopy experiments [234], there has so far not been many applications of ICA for this
purpose. Utilizing ICA on THz spectroscopic data acquired under different humidity levels
which is analogous to BSS problem approach, a reference spectrum for water absorption and a
THz sigral with no absorption effect of water molecules can be obtained individually. This lets
us potentially remove the effect of water in THz frequency region simply by a signal processing
approach. Similar approach can be applied on THz images of objectedovih various
nonconductive materials. In this popular application, the image of the hidden objects can be
enhanced significantly utilizing source separation process which results in an image with an
enhanced contrast where hidden objects become makdevjd7]. Although ICA has been
studied for image enhancement of hidden objects with varying degrees of success, there has been
no report on use of ICA decomposition for removing the effect of water absorption from a THz
spectroscopic image.

This reportconcentrates on obtaining a reference spectrum for water vapor absorption
through ICA decomposition from a pair of single THz scans under different humidity levels.
Afterwards, the ICA process is applied on a THz spectroscopic image by using the extracted

reference water spectrum as one of the inputs of the ICA while the other input is frequency

114



spectrum of single THz scan of each pixel. Repeating this process on each pixel for the entire
image, we attempt to potentially remove the effect of water absorptica THz image to some

extent.

9.2 Theoretical Background

Independent component analysis is one of many different methods developed for solving
the blind source separation probl em. The most
party pr o bdgealodthi§ pPobl¢m is tarskeparate a set of mutually independent signals
from a series of linear mixtures of these independent signals, such as when one focuses on a
single conversation at a loud party, separating the signal of the conversation fromttite of

everyone el sebds conversations. Weand ¢haimlinedre f i n e

mixturesw as follows:

{1 i i Ei (9.1a)
® @i hE®D pltk a (9.1.b)
L
= =1 (9.1.0)
whereLn g represents the observed mixtures of signﬂls,ﬂ is the independent
sources that are to be found, aad s is the unknown mixing matrix. To assure that

information in the mixtures is sufficient to be able to extract the sources, the ndmbesrded
mixtures should be equal to or greater than the number of independent sourdes, £eFor
simplicity we presumedi € in our analysis. Fundamentally, ICA works by taking the
supplied signals and attempting to either minimize the amountutdial information between
the signals or maximizing the ndBaussianity of each signal. Hence, a transformation mgtrix

has to be determined so that transformed datas < = = - will have mutually
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independent components.

For ICA decompositiona function properly, it needs to be assumed that the sources in
Equation(9.1.a) have noiGaussian distributions and they are statistically independent of each
other. In addition, Central Limit Theorem states that the weighted sum mixture of the
independenrandom variables which ® in Equation(9.1.b) tends to have a distribution closer
to Gaussian compared to those of each component of the mixture which are independent sources
in Equation(9.1.a). Utilizing these assumptions, the source maﬂrioxan be determined by
maximizing the norGaussianity over a number of iterations so that the components of the
transformed datal will converge to the mutually independent sourc¢|s, The ICA
decomposition coded in R [26] employs this approach to extnacstatistically independent
source signals by approximating to regfropy, which is a way to measure f@aussianity of a
random variable quantitatively. Netropy can be considered as optimal estimator for non
Gaussianity, and an estimator has besade for it regarding lower computational cost and

higher robustness [27]:
*lLe o0l OOV (9.2)

Wheredl andb have zero means and unit varianékss a normalized random variable while

has a standard Gaussian distribution, and the fun€erdefined as:

ey p
or
— o Py o~ oo
o6 11K OB (9:3.b)
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The ICA decomposition code is run by using-tagsh"Ofunction in Equation(9.3.b), an
| value of 1, and tolerance up to 0.0001 with a number of iterations limited to 200. All the data
used as inputs for ICA in this work are THz signals in frequatmyain. A series of matrices
are extracted as the output of ICA including the source I’TTHHBIX well as the mixing matrix
which the sources are multiplied with in order to yield the observed mixture signal as it is
formulated inEquation(9.1.c). One of the inherent ambiguities of ICA is that the order of the
out puts i s notay gsouwcd s Extratteddas the fiest odtgut; lsowever, when the
ICA is run again same source might come out as the second output this time. This becomes a
problem especially while processing an image which has more than 1000 pixels. One cannot
manually chek the outputs of each ICA run one by one for each pixel to differentiate between
the two outputs and group them separately. Instead, we develop a recognition method to
discriminate each source automatically and record them under their own groups. FKOA the
application on the image, we know that one of the outputs is water absorption spectrum while the
other output is the THz signal transmitted through each pixel after the removal of water effect.
First we find at what frequency the peak occurs for eatiud (independent sources) of the ICA
for each pixel of the image. The position of the peaks is a simple and effective parameter to use
for differentiating between the two outputs. We know that the water absorption spectrum has a
peak close to 1 THz, whalthe THz signal transmitted through any material would have a peak at
much lower frequencies than 1 THz. Comparing the distance between 1 THz and the frequency
point where the peak occurs for each source, we can effectively differentiate between the water
absorption spectrum (water source) and sample signal with water effect removed (cleaned

sample source). After running this calculation process for each pixel for the entire image, each
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source is separated, and among them cleaned sample source is savedray for each pixel
resulting in a 3D matrix data representing the entire image. By using this data, cleaned sample
images can be reconstructed at selected frequencies. Utilizing this technique, we can potentially

remove the effect of water absorptimnsome extent and enhance the THz spectroscopic image

9.3 Experiments

A conventional THz Time Domain Spectrometer system is used in this work [12]. Figure
9.1 depicts the spectrometer with a pumping source of ultrafast laser pulses repeating at a rate of
76 MHz with a wavelength of 790 nm and pulse width of 120 fs.-temvperature grown GaAs
(LT-GaAs) photoconductive antenna (PCA) is used as the broadband THz source, while the
detection is carried out via electoptic (EO) sampling utilizing ZnTe crystal. Tlspectrometer
is used in O6transmission moded arrangement u

collimated THz wave onto the sample andcodimate the transmitted THz wave into the

detector.
’ ReceiverMod.{‘ Me‘talllc
/ Mirror
— (i I
HWP BS
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i i
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Figure 9.1 Schematic diagram of the THDS systensetup aligned in transmission geometry
which enables measuring the THz signal transmitted through the sample placed at the focal point
of PE lenses.
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The image data were acquired by FH2S from the sample placed on &8s motion
controlled stage which lalws translating the sample orzxplane with x and z steps independent
of each other. The dimensions of the window to be imaged are chosen according to the region of
interest of the sample. Within this imaging window, a full tidwemain scan is carried béor
each position of x and z axes. The data for each pixel is a 1D array of futloimain scan, and
are stored with respect to pixel positions for the entire image.

The acquired data is a 3D array; height and width being the pixel positions and depth
being the full timedomain THz waveform for each pixel. Constructing an image is basically
imaging a slice of this 3D array at any chosen depth value which results in a 2D image. Applying
fast Fourier transform (FFT) to the whole 3D array, the valueseottay can be converted to
spectral amplitude values while the depth represents the frequency. For this study, the images
were reconstructed with respect to the spectral amplitude of each pixel for a chosen frequency.
This 2D arrayed image at the choseagtiency is normalized to the highest valued pixel and
reconstructed on a relative contrast scale.

In order to enhance the reconstructed images, gain enhancement technique is utilized for
contrast improvement, and bicubic interpolation algorithapglied for a much smoother image.

For further details about image acquisition and the reconstruction of the acquired image, please

refer to [28].

9.4 Results and Discussion
9.4.1 Obtaining Water Reference Spectrum

Potentially removing the effect of water alj@on on THz images simply by applying
signal processing techniques is a promising approach. In order to remove the effect of water on

THz images more conveniently, it is better to obtain a reference spectrum for water absorption
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beforehand. This refereacspectrum can be obtained by carrying out a-TBS measurement

on an actual liquid water sample, or, more conveniently, we can approach this as a blind source
separation problem in which we will leverage two air scans measured in an ambient with various
humidity levels. The THA DS setup used in this work is contained in a purge box where we can
control the duration of the nitrogen {Nourge which allows us adjust the humidity level of the
measurement ambient. In order to have air scans under varioudithusvels, measurements

were carried out with different purge durations frompuoge to 20 minutes of purging. Figure

9.2 displays these air scans with various purge durations where the spectral amplitudes were

determined by applying FFT to the detectiene domain signals.
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Figure9.2 Spectral amplitudes of air scans measured under various purging durations such as no
purge, 3, 6, 9, 15, and 20 minutes.
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It can clearly be seen that each air scan with different purging condition has different
weight of water and moisture vapor absorption;-purge condition represents the strongest
effect of water vapors, showing a several deep dips in the spectrum associated with water, and
20-minute-purge condition, in contrary, show clearly the least effect of wageshowing of
clearing absorption dips. Considering water vapor absorption spectrum and air scan measured
after 30 minutes of purging (fuflurge condition where the humidity level is the least) as the
mutually independent sourceslie extracted, air scann Figure9.2 can be treated as the linear
mixtures of these independent sources with different weights. Therefore, any two of these air
scans can be used as the inputs of the ICA decomposition process. We ran the ICA
decomposition for two differentput pairs (6 min+15 min and 9 min+20 min) chosen from the
air scans under different purging times. Both sets of input mixtures yielded same independent
source output from the KKdecomposition as shown in Figu®e3. Figure9.3 shows water vapor
spectrum which is one of the independent sources after ICA applied, and spectral amplitude of
air scan (inset), which is the other independent source as an output of the ICA process. We
successfully extract the two independent sources accordingly, only by engptayo different
mixtures of these two sources.

Next, we attempt to apply similar ICA process to the THz images. The water vapor
spectrum extracted in Rige 9.3 can be used as a reference spectrum to remove the effect of
water absorption on THz imagdas.this case, the reference water absorption spectrum is used as
one of the input signals of the ICA decomposition tool, while the other input is the spectral data

of each pixel of the image obtained in THz imaging.
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Figure 9.3 Reference spectrum for wateapor absorption decomposed from ICA process with

two different pairs of input mixtures. Inset shows the spectral amplitude of air scan under full
purge which is the other independent source obtained as the second output of the ICA process.
Those absorpin frequency in water spectrum is closely matched with reported values [29].

9.4.2ICA Application on THz Images

For the demonstration of ICA application on THz images, silica gel beads were chosen to
be the material of interest because of their ldborption for water molecules. It is also easy to
access in the fan of a package as shown in Fig@d(a) in products sensitive to moisture such
as pills, electronics, and leatHesised products. FiguBed(b) shows the different sized silica gel
beadsnside of a package. Removing the excess beads from the pack, a small window with only

a few silica gel beads laid as a single layer was prepared.

122



a) b) ¢)

e #:_\ = O y
DESICCANT & -
[ —

SILICY T SeRE P

GEL J <\ £ - CA

THROW AWAY \ F £ o

"DO‘NOT EAT ~ ’ z

! : — —
DESICCANT — : ' A

Figure9.4 a) A pack of silica gel beads that can be found in any moistnsitive product. b)
Various sized beads that come from the package. c) A few silica gel beads are confined in a
small window and placed on a sample mount to be imageekzqrliane via THZTDS.

To be able to observe the crucial effect of water absorption on THz image, a small
amountof water was also introduced into the silica gel package letting the beads adsorb and hold
the water molecules. The package itself got wet as well which possibly leads to an increase of
humidity within the package during the imaging process.

THz spectrosopic image was acquired for the 7 mm by 7 mm imaging window shown
with a red square in Figu®4(c) by scanning THZDS along x and z axes with a step size of
200mm. The obtained image data were reconstructed with respect to the spectral amplitude value
of each individual pixel at selected frequencies. In order to clearly observe the contrast between
regions with and without water absorption, the window to be imaged was selected such that it
includes the bottom of the package where there are no beads.

The data acquired for each pixel during imaging are time domain THz pulses transmitted
through each pixel. Since the ICA technique should be applied to the freegmmeyn data in

order to spot the effect of water absorption in frequency domain and plyergrmove that
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effect to a certain extent, FFT was applied to the 1D THz pulse array of each pixel for the entire
image finally resulting in a 3D matrix with 1D array of frequency amplitudes for each pixel.

Afterwards, ICA decomposition process was aaplio each pixel for the entire image.
Each time, ICA process was performed with two 1D input arrays. First input is the frequency
spectrum of each pixel obtained by FFT, and it changes pixel by pixel. The second input is the
extracted referencevater absmption spectrum (Figured.3), which is fixed second input
regardless of the pixel position.

Finally this ICA process generates two outputs; one is water absorption spectrum (as an
independent source), and the other is ideally the frequency dependentghblzasier removal
of effect of water absorption in each pixel. The second output of each pixel, which is ideally the
cleaned spectrum from water were returned to a 3D matrix to reconstruct the image free from
water. It is important to note that ICA decposition process was not applied to one single
value of each pixel; instead, it was applied to the entire frequency spectrum at one time for each

pixel.

The images first were reconstructed with amplitude values in different frequencies for
each pixel, therexamined at selected frequencies. Fig@r&b) shows the second output
(independent source) of ICA decomposition at 0.65 THz and compared with the image before the
ICA (a). It shows the best contrast obtained from the cleaned image by performing ICt. Due
the effect of water on THz signal, the Owet

dashed lines) where the silica gel beade embedded as shown in Figif£a).
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Figure 9.5 a) Wet image after injecting water into the packageRégonstructed image after
removing the effect of water from wet sample image by ICA decomposition. Both images were
reconstructed depending on the spectral amplitudes at 0.65 THz.

The beads became hidden in the O6wattrd | maog
molecules both in the package and the silica beads. A high contrast can be seen between the
6wet & region and b o has oonbeadsfandtnb watep(Bigliga))y Afterwh i ¢ h
the removal of water absor petfornong ICA deCoempositiorf, r o m t
the silica gel beads became clearly digtkle as it can be seen in Fig9rg(b). Most of the area
is cleaned of the effect of water absorption including the wet package where there was no silica

gel beads resulting in a sirailcontrast as the bottom of the package where it was initially dry.
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Figure9.61 mages of oOwet d condition are reconstruc
well as the cleaned images through ICA decomposition at same frequencies.

Tocomparett contrast in the i mages at differen
images were reconstructed by using frequency amplitude values at various frequencies from 0.2
THz to 1.25 THz, and shown in Figu®eb. It is clear that silica gel beads are notblesin the
6wet &6 i mages at various frequencies due to th
the I CA decomposition, there is an observabl
However, the best result was achieved in the image reootesd at 0.65 THz, even though the
contour of the silica gel beads starts appea
frequencies. The reason why it yields more clear and detectable image at 0.65 THz seems to
come from the dynamic range of tegperimental setup. The signal to noise ratio is highest at
0.65 THz compared to other frequencies, so that the image acquired from the ICA decomposition
can reveal better contrast and make it possible to locate the silica gel beads.

Another approach toxamine the result is to plot it in a 3D representation. In order to be
able to observe the significant <change in the

surfaces othese states are plotted in Fig@&. As it is shown in Figur8.7(a), thearea where
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