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Abstract

In this thesis, we report the terahertz emissiomsuement front-plane and
a-plane indium nitride (InN) films. Our group alrgalas reported the enhancement of
terahertz (THz) radiation (greater than ten tirmemiensity) from InN nanorod arrays
compared to the InN films grown along:tleeaxis and the dominant emission

mechanism was proposed tosbe the photo-Dembert.eFecthe layers grown along

a—(<ll§0> ), polarization-induced electric field is parattethe layer interface and THz

emission from it is found to be at‘least two ord#rsragnitude stronger than that from
c-plane InN film, which is the same order of InAlse best semiconductor THz emitter
so far. We propose that the primary radiation mergm of thea-plane InN film is due

to the acceleration of photoexcited carriers urttler polarization-induced in-plane
electric field perpendicular to theeaxis, which effectively enhances the geometrical
coupling of the radiation out of semiconductor.

At high photoexcitation, emitted THz wave shows diwious azimuthal angle
dependence superimposed with a strong angle-indepencomponent. Pump
polarization and azimuthal angle dependence oftechitHz wave may be due to the
nonlinear THz emission mechanism, such as optemification, which is depending

on the characteristic susceptibility tensoagflane InN.
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Chapter 1 Introduction

1-1 Terahertz Radiation

In the past years, a significant development ahtdst terahertz (THz) technique
has been observed. The application of the THz igoenhas made significant
contribution not only to ultrafast phenomena bgbdab a wide variety of applications,

including ultrahigh speed optoelectronics, tomogragmaging in biomedical fields.

Terahertz (THz) radiation, lies in the frequency dsetween the infrared and
microwaves(see Fig. 1-1), is typically referreca®the frequencies from 100 GHz to
30 THz which are between microwaves and visibletli@ THz is equivalent to 33.33
cm Y(wave numbers), 4.1 meV photon energy; or gd0wavelength, so THz waves

are also called sub-millimeter wave.

Electronics THz Gap Photonics

Microwave l Visible X-Ray h-ray

100 100 10¢ 107 10= 10" 10" 10 10*
DC Kile Mega Giga Tera Peta Exa Iefta Yofta

Frequency

Fig. 1-1 The spectrum range of electromagnetic wave
(http://www.rpi.edu/terahertz/about_us.html)

At lower frequencies compared to THz wave, microggawan be easily generated

by “electronic” devices, such as a simple dipoleana. At higher frequencies, visible
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light can be generated by “optical” devices, sushaasemiconductor laser diode, in
which electrons jump across the energy band gaphemdemit light. Until 1980’s, the

spectral range of THz has been inaccessible in elatironic and optical methods.
Until then, Fourier transform spectroscopy is ppehthe most common technique to

study sub-THz phenomena.

The appearance of ultrashort pulse laser of ~1p0l&e duration made it possible
to generate THz waves covering the whole THz spkcange. In 1981, Mourou and
Auston first demonstrated generation and detectibpulsed THz radiation by a
photo-conducting switch with advantages of timeohatson of picosecond and high
sensitivity enhanced by phase-lock technique| 1}Jr21988, Grischkowsky used the
photoconductor dipole antenna as the THz sensdhefing the spectrum into the
order of terahertz frequency [ 3]. Afterward a e#yiof antennas was appeared, like
typical dipole antenna, large aperture photocoratudipole antenna [ 4] and also
another method using semiconductor surface eldatitt [ 5] to generate THz pulses
by the ultrashort pulse laser. In 1996, X. C. Zhatgal. developed free-space
electro-optic sampling (FS-EOS) technique to enbaignal to noise ratio (S/N ratio)

up to 16 and to achieve much large dynamic range [ 6].

Compared to X-ray, terahertz waves has much smpheton energy (4.1

meV), therefore, this kind of non-destruction meament can be used on biology and

2



medical sciences [ 7]. Image and tomography [ 8Tldz have also been studied and

can be applied to homeland security.

For semiconductors measurement, conventional faumtgprobe and Hall

effect measurement can measure the characteristoatsding mobility, carrier

concentration and resistivity of the semiconduataterials by direct sample contact.

All these electrical measurements measure only Bldevof the sample but some

characteristics like refractive index and conduttiare frequency-dependent. For

some semiconductors with high resistivity and loanaentration, the electrical

properties are difficult to be measured by simpieal contact because the Schottky

barrier may disturb the measurement value at th&alrsemiconductors interface.

Therefore, THz-TDS is desirable for semiconductonsracterization due to the

advantages of non-contact and frequency-dependaeasume. In 1990 D.

Grischkowsky et al. [ 9] successfully measured optical properties udiig

refractive index and conductivity of GaAs wafer ahe results fit well with the

Drude model. Besides GaAs, other semiconductork ascsilicon [ 10] have also

been widely studied. Recently, many nanostructurgeimiconductors like

InP-nanoparticle[ 11], ZnO-nanowire[ 12], Si-nandjude| 13] have been studied

using THz-TDS technology and the particular coniductbehavior have been

observed. In comparison with conventional far-IRirse and detector, THz-TDS is



a coherent technology that could obtain both amnit and phase information
simultaneously. Both absorption coefficient andaetive index could be extracted

without use of Kramers-Kronig relation, therefatesimplifies the analysis process.

Recently, the spectroscopic technique wusing pulséHiz radiation,
called "terahertz time-domain spectroscopy (THz-TD®as been developed, by
taking advantage of short pulses of broadband H®dmtion. THz-TDS has the time
resolution of sub-picosecond level and the sperdsailution of 50 GHz and THz-TDS
is a non-destructive method to the carrier conegioin and mobility of doped
semiconductors. Many researches have been-perfasmedvariety of gases, liquids,
dielectric materials and semiconductors by  THz-TP®r example, in 1990, D.
Grischkowsky et al.[9] studied-the THz-TDS with tHelectric materials, such as
guartz and sapphire, and semiconductors, likeosiliand GaAs. They discovered
different carrier concentrations affect the absorptharacteristics of the samples in

the THz frequency range.



1-2 llI-Nitride Compound Semiconductors: InN

Group-lll nitride semiconductors and their alloys/b attracted a lot of attention
due to their unique properties for fundamental aes®e and potential applications.
Recent research has shown that the bandgap ofsladtually 0.7 eV [13]. Alloyed
with GaN, the ternary system InGaN has been shawvoover a wide, continuous
spectral range from the near infrared for InN t® tiear ultraviolet for GaN. Currently
there is research into developing solar cells usiregnitride based semiconductors.
Using the alloy indium gallium nitride, an opticalatch to the solar spectrum is

obtained (see Fig. 1-2). Thus, inthis work, weuoon the properties of InN.

Indium nitride, as an essential component oflthaitride system, has received
much attention about ultrafast terahertz _pulseisson generated by Indium nitride
film layers in recent years. Indium nitride is iateresting and potentially important
semiconductor material due to the low bandgaphitje electron mobility. In the other
hand, the intervalley scattering is the main reasdncrease the effective mass of the
photo-generated electrons, and accordingly redued@hoto-Dember field in the case
of InAs. Therefore, the absence of any intervaflegttering is another advantage to
use InN as the THz emitter. There have been soneraaeports on THz emission
from InN films [ 14][ 15][ 16]. The THz radiationnaitted from InN films is typically

one order of magnitude weaker than that from Ireiyough the main THz emission
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mechanism of both materials is the Photo-Dembeceff

In the past researches, we had shown the enhantefienahertz radiation (>10

times in intensity) from InN nanorod arrays comjlaieethe InN films grown along the

c-axis (-plane InN). Because electron accumulation layénesurface of c-plane InN

is very thin (< 10nm) and its contribution to teeaa generation is assumed to be

negligibly small, the dominant emission mechanisen proposed to be the

photo-Dember effect.

In this research, we want to study the whole emissiechanism of the a-plane InN

film. The a-plane InN film grown along;tkeeaxis@-plane InN) were rarely reported

mainly due to the technical difficulty in-growinggih crystalline qualitya-plane InN

films and none were reported for their terahertzssion properties. We find that the

THz emission from the InN film grown along the asafa-plane InN) is stronger than

that from the InN film grown along the c-axis (@pk InN) about one order and

suppose this enhancement due to the terahertzdipohed in the favorable in-plane

direction for a-plane InN. In the other hand, tlemauthal angle dependence and

pump polarization dependence of a-plane InN is difierent to the c-plane one.

These results may demonstrate there are quitadiffenechanism for THz emission

between a-plane InN and c-plane InN.
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Fig. 1-2 The energy band gaps of Group-lll nitrgemiconductors. The ternary
system InGaN can match the solar spectral irradi@scshown at the right
side.

1-3 Organization of Thesis

In chapter 1, an overview ofTHz radiation and tfie-Nitride compound

semiconductors: InN are presented. In chaptere ekperimental theories including
THz radiation and detection ‘are interpréted. Inptkia 3, the basic characteristics
including growth method and Hall measurement reseiithe semiconductor samples
studied in this thesis are described. In chapténelexperimental setups including the
laser system and the THz-TDS systems are introduldegl experimental results and
discussion will be presented in chapter 5. Finally, conclusions and future work are

shown in chapter 6.



Chapter 2 Experimental Theories

2-1 Terahertz Generation

The THz pulse has been generated by different rdstheuch as irradiation of
photo-conductive antenna, semiconductor surfacesquantum structures with
femtosecond optical pulses. The most common enmisagchanisms are surge current
and transient polarization which acts as broadlerahertz sources. As the sample is
illuminated by an ultrashort laser pulse, electnote pairs are created in
semiconductors, and then the carriers are acceteday the external or internal
electrical field to form a transient current whigdiate THz waves. In this work, the
THz waves are generated via surge-current. modethwhill be described in detail in

the next section.

2-1-1 Surge-Current Model

From Maxwell’s equation, we have two inhomogenesasge equations in terms

of electric potentialV and magnetic potentiah [ 17]:

%A - gu %tf =-14 (2-1-1.1)
2
02v -S'U(??t\zl = -g (2-1-1.2)



where J is the current density apds the charge density. These equations describe th

propagation of the electromagnetic disturbanceterins of these potential, the electric

field E is expressed as

E=.ov-2A (2-1-1.3)
ot

The continuity equation of free carriers which engrated in the emitter after the

absorption of an optical pulse is obtained direfittyn Maxwell’s equation:

ot (2-1-1.4)

The current is a transverse current which is pefpaiar to the direction of

propagation, so that we hav@l=0. Eq(2-1-1.1) and Eq (2-1-1.4)(all the vector
arrows should be corrected) imply that the chamgesily is constant in time and will
not contribute to the time dependent radiated eteiaeld. Therefore, from Eq (2.3) we

have
_ 9 -
Ea(®) = 'EA(D (2-1-1.5)

The solution to the wave equation (2-1-1.1) ancthédar the vector potentiah leads

to the expression for the time-dependent radiatkttre field E_ (1) at a

displacement? from the center of the emitter:



q[ﬁ \f-f'\]
J | T, t- c
E,. (1) =- 1 o

arE,c? ot 7 -7 (2-1-1.6)

whereg, is the permittivity of free space, c is speedightl in vacuum,jsis the
surface current in emitter evaluated at the rethtoee, andda’ is the increment of
surface area at a displacemantfrom the center of the emitter. In the far fiekda

assumingJ,is a constant at all points in the emitter, théatad field can be written as

b d

- (2-1-1.7)
E_.(fr,t)=——
rad( ) rdt

J.(®)

where b is a constant, and the_radiated field apgrtional to the time derivative of

photo-current.
2-1-2 Surface Depletion Field

In semiconductors with wide bandgap, such as GaA8(V) and InP (1.34 eV),
there may exist surface states in the forbidders dpgtween valance and conduction
bands due to the discontinuous structures in tHfas@l These states with occupied or
vacant would affect the equilibrium concentratidrelectrons and holes in the surface.
Because the Fermi-level is position independertetiergy bands must bend to form a

depletion region where the surface built-in fielkises. The strength of

10



surface-depletion field is a function of Schottkyl$] barrier potential and dopant

concentration Eq (2.1.2-1)
eN
Eq (%) =7(W- b (2-1-2.1)

WhereN is dopant concentratiorg is semiconductor permittivity, and/ is depletion

width and has the form of Eq (2.1.2-2)

w= 2 v -KT (2-1-2.2)
eN e

WhereV is the potential barrier antT/ e is the thermal energy. The direction and
magnitude of the surface depletion field-dependhendopant or impurity species and
the position of the surface states relative tabi& Fermi level. In general, the energy
band is bent upward and downward for n-type angbp-semiconductors, respectively.
After optical excitation, the electrons and holes accelerated in opposite directions
under the surface-depletion field, forming a swrgeent in the direction normal to the
surface as shown in Fig. 2-1. Therefore, when teplalion surface field is the

dominant mechanism for the surge current, the pplaf the emitted THz radiation

waveform is opposite between that of the n-typethat of the p-type semiconductor.
Contrarily, if the dominant mechanism is Photo-Demleffect, the emitted THz

radiation waveform will be same direction eithee th-type semiconductor or the

p-type semiconductor, as explained in Section 2Th8s, by comparing the polarity of

11



the THz waveforms emitted from an n-type semicotmtuand that of the p-type

semiconductor, we can determine which mechanigdonsinant in the semiconductor.

Jorift
: Surface states Ee
:@ ________________________ Es
—) )
_______ —O ‘

T Esurface

V

o .

Ev

Fig 2-1. Band diagram and the schematic flow of dmftrent in a typical n-type

semiconductor.

2-1-3 Photo-Dember Effect

The role of main band structure parameters sucbaeager effective mass and

valley energy separations, crucially affect the Tkdgliation from semiconductor
12



surfaces. Some semiconductors such as InAs andavitiNsmall band gap and small

effective electron mass (Table 2-1) would radiatiz Via Photo-Dember effect. With

NIR light, the absorption depth is very smallpOnm) and the excess energy of

photo-excited carriers is very large for the exmta of narrow-bandgap

semiconductors. All these conditions in the nartiadgap semiconductors enhance

the photo-Dember effect, which is known to generatgrent or voltage in

semiconductors due to the difference diffusion eities of the electron and hole.

The band bending in this kind of semiconductorsas obvious resulting in a

relative small surface depletion field because ahparatively small bandgap. The

high absorption coefficient due to a small bandgapses a large gradient carrier

concentration after excitation by ultrafast lasalsp. The excited electrons and holes

diffuse in the same direction but with differentloaties, and therefore the

Photo-Dember effect dominant (). Because the @eatrobility is always larger than

hole mobility, the photo-current is always in tlzene direction either n-type or p-type

semiconductors. The fast photo-current rise andylgme due to semiconductors with

the small electron mass and high mobility oftensess fast photo-current rise and

decay time that is helpful for efficient THz gen@a. In this mechanism the need of

photon energy is comparably small; therefore, tee €arriers have large excess energy.

The photo-Dember voltage can be expressed by [ 19]:

13



V :kB(Teb_ Th) 1
° e b+

(b+1)An)
nbt g

1In(1+ (2-1-3.1)

Whereny andpo are the intrinsic concentration of the electrond anoles, b is the

He

p

mobility ratiob = —=, andT, andT}, are the temperature of photo-excited electrons and

holes, respectively. From Eq (2-1-3.1) several progs can be concluded: The
conditions to enhance the Photo-Dember voltage hégl electron temperature,
mobility ratio b and low intrinsic carrier conceaion. The corresponding electric field
(Epb=Vpb/d, d is absorption length) is enhanced by decreassgrption length. Thus,
the Photo-Dember effect is much;stranger in narbawdgap materials (InAs) than in
wide bandgap materials (GaAs). Recently; InAs hesnbreported as a strong THz
emitter with intensity at least one order of magaé higher than other unbiased
semiconductor emitters such as InP and GaAs. Tdrerefiigh conversion efficiency
has made InAs received much attention and be orteeomost widely used THz
emitters. InN has also been considered to gen€kHuevaves via Photo-Dember effect
[ 15]. In this thesis, we would focus on the propertieseohhertz emission from InN

with different lattice structure.

The other band structure parameter we need to oorisethe valley energy

separations. If the excited carriers have excessggnhigher than valley energy

14



separation, intervally scatterings will happen. &ese of the reduction of the transient
mobility in theL-valley, where the electron mobility is expectedtextremely low,

the terahertz radiation from Photo-Dember effectbee relatively small.

J Diffusion current

Semiconductol

@ —
©
@ —
©
@
©
@

©) P
@ —

Surface

Air

\ 4

v

v

Semiconducto

Eg (eV)

mO*(me)

o (eV-1)

AEl (eV)

AE2 (eV)

InN

0.78

0.04

1.43

1.775

2.709

InAs

0.354

0.023

1.4

0.73.

1.02

Table 2-1. Band structure parameters of InN amsImmhe effective massy* at the bottom of the
valley and nonparabolicity factarare given for the central valley, | E\E),) is the energy separation
between the central valley and first (second) btelalley. The parameters for INN and InAs aleta

from [ 20] [ 21], respectively.
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2-1-4 Optical Rectification

The nonlinear optical process was first suggestie@huanget al.[ 22][ 23][ 24].
THz radiation field generated by the optical rectifion, Ety.(t), is proportional to the
second-order nonlinear polarization in the neddfim the far field, the observed THz
field amplitude Etwzob)iS proportional to the projection of the secondeiderivative
of the nonlinear polarization to the polarizatiaredtion of detectionn (a unit vector

normal to the observation direction), at the obagown point:

. 0°P(t) (2-1-4.1)
E?Hz(t) = neEqsz ocns ?

EXL(Q) 0 Q% 1 «P(@) (2-1-4.2)

The strong dependence of the emitted THz radiatidensity on the crystal
orientation to the pump polarization is the mosambiguous evidence for the
contribution of the,® process. By rotating a sample about its surfacenabrthe

relative contribution of the azimuthal-angle-depamtdcomponent to the total THz

radiation can be estimated.

Taking the surface normal as tKeaxis and the reflection plane as K¥plane
in the laboratory frame, the nonlinear polarizatinduced in the semiconductor due

to the optical rectification for (111) and (100)fsices is expressed by (2-1-4.3) and

16



(2-1-4.4), respectively [ 25]: For (111) surfaces,

-icos2 p+ isin2 7
X0 oo e
P= E)Z/Eg = 2£0d14<E2(Q)> %cos2 wcoﬁe—ﬁcosqosinqo (2-1-4.3)
%cos2 @sin36
For (100) surfaces,
P, (t) cos’ gsin 26
P=| Py(t) |= 2£Od14<E2(Q)> sin 2¢sin 26 (2-1-4.4)
Pz(t) sin 2¢cos26

Here, ¢ is the angle between the pump-laser beam andutifieece normal refracted
inside the sample is the azimuthal angle of.the sample orientatioouad the
X-axis(See Fig 2-2.) andl,, = 2 /& the nonlinear susceptibility coefficient for
the difference frequencyQ , in the contracted notation, an(E(Q)> is the
autocorrelation function oE(« .)Using (2-1-4.1) and considering the refraction at
the interface between the semiconductor/air inteda thep-polarized THz field
amplitude observed in the direction of optical eeflon is given by the following

equation:
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PX
ES, 0 fie P = (~SiN@y, COSthyy,.0) R
Py (2-1-4.6)

=-B sing,,, + R, cos@,,,
The refraction angles for the optical and THz beaans determined by the
generalized Srell's law asin45’ =n_, sing=n,,, sing,,,, wherenyandnr; is the
refractive index for the pump laser and THz radiatiin the semiconductor,

respectively. The azimuthal angle dependence of Tatiation amplitude from

semiconductors with n-InAs (111) and n-InSb (10@)shown on Fig 2-3.

Laser

air 45°
n=1 |

semiconductor ¢ H

n=n

Fig 2-2 Optical geometry of THz radiation from aseonductor surface [ 25]

t (a) n-InAs (111) ]
10 .
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a2l .
a0l .
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=]
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Fig 2-3 Azimuthal angle dependence of THz radiatemplitude from
semi-conductors with (a) n-InAs (111) and (b) nBnB25]
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2-1-5 THz Enhancement by External Magnetic Field

In past years, several groups have observed a taggmetic field induced the
enhancement in surface—field THz emission from aety of semiconducting
materials (GaAs, InAs, InP, GaSb and InSbh). In paper published by M. B.
Johnston et. al.[ 30], they build up a Monte Cafimamics model to explain the
phenomenon of magnetic-field enhancement of THzssiom and the schematic

diagram of the experiment geometry is shown on2Hig The carrier motion is:

a ()= 21' [E(T , 0%V, () XB] (2-1-5.1)

Q)|C>Jl

A s (2-1-5.2)
C Z q;&

whereT, is the position of the carrier, with chargeand effective massmi* ,in‘an
electric fieldE( T, ,t) and applied magnetic fiel. In the absence of any magnetic
field there are nox or y components of the average current, because thensysis
rotational symmetry about theaxis. Hence, a simple linear THz dipole is formed i
the z direction. The magnetic field rotates the dipolmducingx andy components
of similar magnitude to thecomponent.

The THz radiation emitted by the dipole is transedit through the

semiconductor surface, and the enhanced powerdedan the experiments is a
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result of a dramatic increase in transmission witkendipole is rotated. The TE and

TM fields inside the semiconductor are obtainednfré(t), and the external fields

computed using the Fresnel transmission coeffisi@atthe two polarizations :

[ | 0J o
(6, ) D 22EC0R | 2 @2-153)
sin@, +6) | ot
sin26, +sin29 | ot ot

whereb; is the corresponding internal angle, given by Bnklw, ne silde=n; sin g; ,
with ng, ni the external and internal refractive indices, eetipely. At B=0T, there is

a strong suppression of the TM polarized bow-tjgoli pattern due to the index of
semiconductor (GaAs:;¥3.5).4lt istless-than,;17° of the internal angle, salydew
fraction of the emission close to the ‘dipole axzimxis) can pass through the surface.
For B=8T, the dipole is rotated by the magnetiddfie thus, the magnetic field
enhancement can be seen to be in reality a reductiothe suppression of the
emission from the polarized dipole. The theory predicts a TM poweharcement
of ~10-fold, and a total enhancement (TE+TM) of 4. The corresponding

experimental enhancements are ~20 and 30 times.
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Z ﬁ THz dipole B

X

Fig 2-4. Schematic diagram of the experimental gdoyrand coordinate system.[ 30]

2-2 Terahertz Detection: Electro-Optical Crystal am Free Space
Electro-Optic Sampling (FS-EQS)

The coherent detection of a THz-pulse beam withdegtals is based on the
linear Electro-Optical effect (Pockels| effect). it a phase-sensitive detection of
electromagnetic (EM) radiation based-on a biregmge in an EO crystal induced by
the incident EM radiation. Under the external figlte refractive index of a certain
material can be changed with the field intensity1996,X. C. Zhangound that THz
pulse can be detected by electro-optic samplindhoust [ 6]. The THz electric field
would modulate the birefringence of the EO crys#add then change the polarization
ellipticity of the optical probe beam passing thgbuhe crystal with the time delay. The
refractive-index-ellipsoid modulation of the optid@eam can then be analyzed to

provide the information of the amplitude and phafsthe applied electric field.

When using an amplified laser system, the THz [guése best detected via free
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space electro-optic sampling rather than photoccinguiantenna, because the need of
focused beam is not necessary that decrease thetipbfor damaging the material. It
is a non-resonant method and is suitable for braadletection [ 26]. The THz beam
is focused onto an EO crystal and modify the indiipsoid transiently via Pockels
effect. The linearly polarized laser probe beanppgate inside the crystal combined
with the THz beam, and its phase is modulated byéfractive index change induced
by the electric field of the THz pulse as showrFig 2-5. The signal difference is
proportional to the phase change induced by THz field, for EO crystal, the phase
retardation induced in the EO crystal is given Iy following equation change term

I can be expressed by

3
r= % E (2-2.1)

Whered is the thickness of the crystal,is the refractive index of the crystal at the
wavelength of the near-infrared (NIR) probe beainjs the probe beam wavelength,
Y., is the Electric-Optic coefficient, artelis the electric field of the THz wave. Thus,
we can obtain the entire THz time-domain waveforsn rheasuring the signal

difference via a balance detector as a functiatetdy time between the THz pulse and
the probe pulse. The total frequency response@ED sampling technique is given

by the product of (2-2.1) and the following equatio
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_ T(a) o . _ expliZrmo(a)] -1
G(w) = o) jo exp(izmd)dt = T(w) 2B
5ey = Na) ) (2-22)

whereng(4o) is the group refractive index at the wavelengthhe probe beam, and
n(w) is the refractive index at the frequency of timeident THz radiation.
T (w) = 2[nmAw)+1], is the Fresnel transmission coefficient vitike refractive index
of the EO crystahry,(w) in the range of the target THz frequency. Theefa
thicker crystal produces a greater interaction tlengut on the other hand it reduces

the detection bandwidth due to‘group-velocity misrma

For the time being, there are many different materior EO sampling such as
ZnTe, GaP, GaSe and InP. In addition;7ZnTe and &aRhe most commonly used
material for EO detection from sub-THz to sevesaktof THz, because of their relative
large EO coefficient and they are transparent atwhvelength of the incident THz
radiation. Furthermore, for high chopping frequere® sampling has a high SNR as

well as photoconductive sampling, but it is monessive to laser noise.

23



Quarter-Wave Plate

Balance Detector

Wollaston EO Crystal

Fig 2-5 Schematic figure of Electro-optic sampling
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Chapter 3 Experimental Setups

In this chapter, we will briefly describe our ferdgecond laser system in section
3.1 and introduce the THz time-domain spectrosddpyz-TDS) systems in section

3.2.

3-1 Introduction of Femtosecond Laser System

Our femtosecond later system is shown in Fig 3-& Udé the Ti:Sapphire laser as
the seeding laser which is then directed into th8apphire regenerative amplifier
(Spitfire, Spectra-Physics) for amplification. Tipaimp laser of Spectra Physics
Tsunami laser is a 5W frequency doubled diode-puhiype YLF laser (Millennia V,
Spectra-Physics) with a wavelength532 nm. The Ti:Sapphire laser provides an
output trace of intense 35fs pulses:with wavelengamging from 750nm to 850nm.
The pulse repetition rate is ~82 MHz and the outpaver can up to 0.4W. The
properties of these two laser systems are showralihe 3-1. Properties of Tsunami

laser and Ti:Sapphire regenerative amplifier..

The pump laser for the amplification process intf8piis Q-switched Nd:YLF
laser which delivers a high power output of 20V82f nm. The Spitfire amplifies the
seeding pulses by a million times from 6 nJ of gnerer pulse to 2 mJ per pulse. The

pulse repetition rate is 1 kHz and the output pag@bout 2\W.
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ﬁ

Millennia V

Ti:Sapphire regenerative amplifier

Empower

Fig 3-1. Femtosecond laser system includes Tsun@piifire and two pump laser

(Millennia V and Empower).

A EREHNN
Tsunamilaser = .

i""'mE-,i:Sapphire regenerative amplif

er

=

Wavelength 800 nm ‘. 4 ‘800nm

Pulse width 35fs e 50fs

Repetition rate 82 MHz 1kHz

Energy 0.6 nJ 2mJ

Polarization Vertical, linear Horizontal, linear

Table 3-1. Properties of Tsunami laser and Ti:Sappkgenerative amplifier.
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3-2 Electro-Optic THz System

The optical setup of the Electro-Optic THz systesnshown in Fig 3-2. An
amplified Ti:Sapphire laser providing 50fs, 800n2mJ pulsed at repetition rate of
1kHz is used to drive this system. The linearlytapzed incident beam is divided into
two separated beams by a beam splitter. The traéteshiieam from the beam splitter is
used as pump beam to excite carrier in our sangpldsggenerate terahertz pulse. The
other beam, reflected beam, is used as the praba bedetect terahertz pulse signal.
There is a half-wave plate in order to rotate tléagzation of the pump beam to
linearly p-polarized. Therefore, we could genetiatearly p-polarized THz pulsed in a
semiconductor surface emitter such as-InAs atribielént angle of 70 degrees to the
surface normal which is close ta the Brewster. angfe use a teflon sheet which has a
high transmissive characteristic in the terahextgan to block any reflected laser beam

from the emitter.

The generated THz radiation is collimated and fedusnto the sample by a pair
of gold-coated off-axis parabolic mirrors with fociengths of 3 and 6 inches
respectively. The transmitted THz radiation is ageollimated and focused onto a
2-mm-thick (110) ZnTe crystal for free space eledptic sampling by another pair of
parabolic mirrors with the same focal lengths wpttevious pair. A pellicle beam

splitter which is transparent to the THz beam aasl & reflectivity of 5% for 800nm
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light is used to make the probe beam collinear WithTHz beam in the ZnTe crystal.

The time delay of the probe beam, which can bedinyethe motor stage, is guided to

the ZnTe crystal and the terahertz pulse colliyeampinged on it. The linear

polarization of the probe beam is perpendiculdh#éopolarization of the THz beam and

we adjust the azimuth angle of the ZnTe crystaathieve the highest modulation

efficiency.

Polarization of the probe beam modulated by the Tadlzation is converted to

ellipsoid polarization by a quarter-wave plate. Tinansmitted laser pulse with

polarization changed by electro-optical effeet eparated into two beams with

orthogonal polarizations by Wollaston beam splifiérese two beams are coupled to a

balanced detector with two silicon photodiodes Whicused to detect the differential

signal between two individual probe beams and ttpeas is proportional to the THz

electric field. A motor stage within the probe bepath is used to scan the delay time

between the probe pulse and the THz pulse impasirthe ZnTe crystal to obtain the

entire THz time-domain waveform. Connecting siginain the balance detector to a

lock-in amplifier, the signal can be easily analyby a computer.

In order to reduce the water vapor absorptioniandcease the signal to noise

ratio, an optical chopper and a lock-in amplifiee ased. Otherwise, the entire THz

beam path is also located in a closed acrylic lonitrogen purge. An example of a
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terahertz pulse with its corresponding spectrumeuntumidity of 55% and 5%

generated by this setup is shown in Fig 3-3 andBHg

znTe Pellicle

N

50fs ,1 KHz ,2W i Motor Wollaston Prism

A= 800nm

" Balanced
Detector

ﬂ M4 Plate

U

Nd Filter

Emitter

Fig 3-2. EIebtro-Optic THz system
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Fig 3-3. THz time-domain (a) waveform and (b) itsresponding spectrum generated

by the electro-optic THz system using a-plane Iis\Nemitter under the humidity of
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Fig 3-4. THz time-domain (a) waveform and (b) itsresponding spectrum generated

by the electro-optic THz system using a-plane IsNemitter under the humidity of
5%
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Chapter 4 Sample Properties

Indium nitride (InN) is an interesting and potehyiamportant semiconductor
material with superior electronic transport propsit Compared to all other group-Il
nitrides, InN possesses the lowest effective ntasshighest mobility, and the highest
saturation velocity. Therefore, it is very suitalide high speed and high frequency

electronic device applications.

The important properties of InN are lowest effeetaass(high mobility), highest
saturation speed ifl-Nitrides, and the energy bandgap ~0.65eV fouhde 2002.
Furthermore, the energy gap:to the next peak: of imR.8eV. This property could

prevent the intervalley scatterings of the eleron

Material Bandgap Distance to next peak
InAs 0.35Ev 0.73eV
InSb 0.17eV 0.51eV
Gasb 0.73eV 0.08eV
InP 1.34eV 0.49eV
GaAs 1.42eV 0.29eV
InN 0.69eV 2.8eV

Table 4-1. The bandgap energies of some semiconduats]
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Fig 4-1 Simplified view of the band edge structafénN.

Properties GaN AIN INnN
Effective electron mass 0.2m 0.48m 0.07m
300k mobility (cnd/Vs) 1000 300 4000

Saturation speed (i@m/s) 2.9 1.7 4.2

Table 4-2. Properties of the IlI-Nitride compourersconductors

Due to poor sample quality, about few years agdamu-edge photoluminescence

(PL) spectra were reported. In fact, the previoaadbgap value of ~1.9 eV was

determined in the early studies mainly by interbasiosorption measurements

performed on InN polycrystalline films deposited squttering techniques, in which

oxygen incorporation is a severe problem. The gaitagrowth of InN films is very

difficult because of the extremely low dissociatiemperature (causing instability in

stoichiometry at high temperatures) of InN andl#gok of suitable matched substrates
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in terms of lattice constants and thermal expansimefficients. Recent progress in

epitaxial growth techniques (most notably molectleam epitaxy (MBE) using

highly active nitrogen plasma) [ 36][ 37][ 38][ 3940] has led to significantly

improved InN samples, which show PL as well asearchbsorption edge at ~0.7-0.9

eV[ 36][ 38][ 41].

In this thesis report, the two different samplesused are c-plane InN epilayer and

a-plane InN epilayer. We describe the growth method electric properties of these

two samples in the next sections.

(000
-¢-platie

111007
m-il ane

{1120}
a-platne

Fig 4-2. Crystal structure of InN

4-1 InN Film (c-plane InN)

For this work, one of the samples, the InN film{afe INnN), was grown on the Si
(111) substrate using a double-buffer technigueplasma-assisted molecular-beam
epitaxy (PA-MBE). The InN epilayers were grown oifl$l) using the epitaxial
AIN/B-SisN4 double-buffer layer technique. Details of the gttoywrocedure can be

found elsewhere.[ 24] Silicon is a suitable sultstraaterial for InNN heteroepitaxy
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because of the smaller lattice mismatch of ~8%lridf(0001)/Si(111) compared to

~25% for INN(0001)/AJ05(0001).

This c-plane InN film was not intentionally dopdte typically display residual
n-type conductivity. The thickness of the c-plam Ifilm is about 1.6um. By
room-temperature Hall effect measurement, the fbtron concentration and

mobility which have been determined are 3.1%&@1° and 1036 cfiiVs, respectively.

SEI 100k X17,000 Tum WD 12.5mm

Fig 4-3 The SEM pictures of c-plane InN film. [Thiscture is taken from the
Prof. S. Gwo’s group, The Department of Physicstiddal Tsing Hua
University.]
4-2 Nonpolar InN Film (a-plane InN)
From the letter published by Hai Lu.[ 42], the campon of the electrical
properties of-plane and-plane InN films were reported [ 42]. Fig 4-4 shaws RT

Hall mobility and carrier concentration of theplane InN films as a function of film

thickness. The inset of this figure shows the @poading data of theplane films. It
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is found that under current growth conditions, @asing film thickness does not lead to
an apparent improvement on electrical propertieth@é-plane InN. In the thickness
range between 0.5 and 3 mm, its Hall mobility aadrier concentration fluctuate
around 250 ctVs and 6x18 cmi®, respectively. This behavior is quite differemrfr
that of c-plane InN. As shown in the inset, with increasfitgn thickness, the Hall

mobility of c-plane InN will continuously increase while carrieoncentration

decreases.
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Fig 4-4. RT Hall mobility and carrier concentratiof a-plane InN films as a
function of film thickness. The inset shows theresponding data of theplane
InN films. [ 41]
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Fig 4-5. The SEM pictures of a-plane InN film. [$lpicture is taken from the Prof. S.
Gwo’s group, The Department of Physics, Nationaig$iua University.]
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Chapter 5 Experimental Results and Discussion

In this chapter, we first discuss the results sifjaificant enhancement in terahertz
emission form the indium nitride (InN) films growalong the a-axis (a-plane InN),
relative to the InN films grown along the c-axisfteékward we discuss the azimuthal-

and polarization angle dependence of emitted tetahave.

For this work, THz emission from InN was measurgelectro-optic THz system
describe in chapter 3. The photo-exciting beanolilncated on the samples with a spot
size of ~ 2 mm diameter at the angle of inciderfcé0d, which is near the Brewster
angle. The emitted THz pulses'were fdétected bydpaee electro-optic sampling in a
2-mm-thick ZnTe crystal as a function of delay timi¢h respect to the optical pump

pulse.
5-1 Terahertz Emission from InN Surface

In the past years, due to the narrow directive gapdand large energy gap to the
next peak, InNN becomes a potential emitter for BHEssion. There have been several
reports on terahertz emission from InN films[ 14F][ 16]. From our group past
research, the terahertz emission from InN film grdwy molecular-beam epitaxy on

Si(111) substrates has been investigated[ 27].

Electron accumulation layer at the surface of eyplloN is very thin (<10 nm) and
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its contribution to terahertz generation is negligi small, therefore, the main
mechanism emitted the terahertz radiation for a@l&nN film is supposed to the

Photo-Dember effect introduced in the section 2-E¥8m the Eq (2-1-3.1):

v =Ke(b-T) 1 In(L+ (b+1An
° e b+1 nb+ p

),b=p,lu, (2-1-3.1)

This equation tell us that the Photo-Dember efiscenhanced by larger electron
mobility (4, Ob), and higher electron excess enerdyT¢). In other words, the
narrow-bandgap semiconductors have the preferraditoens necessary to create a
large photo-Dember field, that is, .the wvery lardecon mobility and large excess
carrier energy. Moreover, the photo-Dember fieldh/d, d: absorption depth) in
narrow-bandgap semiconductors is further enhangethd small absorption depth.
On the other hand, the surface-depletion fieldxjzeeted to be small because of the

small bandgap energy, in contrast to the wide bapdgmiconductors.

Because the electron accumulation layer at theserdf n-type InAs and c-plane
InN is very thin, its contribution to terahertz geation is negligibly small. It is
concluded that the terahertz emission mechanismbath materials is the
photo-Dember effect, however, the terahertz raatiagimitted from c-plane InN films
is typically one order of magnitude weaker thant tiram InAs.(The emission
amplitude from n-type InAs is larger than c-planl film at least 30 times.) Through

38



the explanation of the mechanism for photo-DemkKerct we have known that this
enormous difference in terahertz radiation ampétusught to result from the
dissimilarity of electron mobility and direct barsggwith these semiconductors: The
electron mobility@s,) of n-type InAs is about 30000 énds, but that of c-plane is
only 1036 cm¥Vs. Furthermore, from the pump source of our expents with
A= 800nm(photon energy =1.55eV), the excess engrdy) of these samples are

1.19 eV for InAs and 0.76 eV for c-plane InN, respely.

In the other hand, we find that the THz emissia@mifithe InN film grown along
the a-axis (a-plane InN) is stronger than that ftbenInN film grown along the c-axis
(c-plane InN) about one order (Fig 5-1). The phexoited carriers generated close to
the surface of semiconductors ¢an be acceleratad bppropriate electric field and the
resultant transient electric dipole can lead toegation of terahertz pulses. It is well
known that the contribution of electron accumulatiield to terahertz emission would
be very small for botle- anda-plane InN due to the narrow thickness of the ebect
accumulation layer. For the photo-Dember effectjcivhis proportional to electron
mobility and is independent to the crystal growthredtion, its contribution to the
radiation froma-plane InN (z = 298 cnf /V) is even smaller than that frocaplane
INN(x = 1036 cri /V). Therefore, the drastic power enhancementmwisefora-plane

InN cannot be explained by either the electron amdation field or the photo-Dember
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Fig 5-1 The amplitude-of the terahertzemissiamf a-plane InN film (red
square) compare to that from:c-plane InN film(blagkcle). The excitation is
0.24 mJ/crfi Inset: comparison between a-plane InN , c-plaherheasure under
identical experimental condition.

From the past investigations, the most familiar hodt to improve the THz
radiation is using an external magnetic field[ Z8J]. In past years, several groups
have observed a large magnetic field induced erdmeant in surface—field THz
emission from a variety of semiconducting materi&3aAs, InAs, InP, and
InSb)[ 44][ 45][ 46]. In the paper published by Bl. Johnston et. al.[ 30], they build
up a Monte Carlo dynamics model to explain the phemnon of magnetic-field

enhancement of THz emission and the schematicatiagf the experiment geometry
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is shown on Fig 5-2. Because of the rotational sgtnyrabout the axis, there are no
x or y components of the average current in the absenaryomagnetic field. Hence,
a simple linear THz dipole is formed in thalirection like Fig 5-3(a). The magnetic
field rotates the dipole, producingandy components of similar magnitude to the
component (see Fig 5-3(b)).
The THz radiation emitted by the dipole is transedit through the

semiconductor surface, and the enhanced powerdetan the experiments is a
result of a dramatic increase in transmission wthendipole is rotated. Using the

Fresnel transmission coefficients:for the two paktions, the external fields are:

' | 0J N
E (6,1 0 2200C0%H 7 2-153)
sin@, +6)7 .ot
E., (6., 0 _4SIn9eco-59i {GJZ sing - 0J, cosé’i} (2-1-5.4)
sin26, +sin29 | ot ot

whered, is the corresponding internal angle, given by Snhéw, ne sind=n; sinG; ,
with ng, n the external and internal refractive indices. AtOB, there is a strong
suppression of the TM polarized bow-tie dipole @it due to the index of
semiconductor, for example, GaAs=H®8.5), it is less than 17° of the internal angle, so,
only few fraction of the emission close to the digpaxis (z-axis) can pass through the

surface. For B=8T, the dipole is rotated by the medig field , thus, the magnetic
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field enhancement can be seen to be in realitydacten of the suppression of the
emission from thez polarized dipole. This theory predicts the corresog

experimental enhancements are ~20 and 30 timegefbhe, we could use this
similar mechanism for improving light extractionfieiency to explain the THz

enhancement on a-plane InN.

Z ﬁ THz dipole B

X

Fig 5-2 Schematic diagram of the experimental gepnand coordinate system.[ 30]

(a) OT ; (b) 8T /
£&¥emission cone 4 —TM B
- - THz rays / - - TE

Fig 5-3 Calculated polar radiation patterns foAGat (a) 0 and (b) 8 T. In each part
the horizontal line is a schematic representatioth® surface of the semiconductor.
The bow-tie pattern below the surface line is dalad for radiation within the
semiconductor, whereas the pattern above the sustamvs the radiation emitted into
free-space. The vector B indicates the magnetid-@igection. [ 30]
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In the c-plane InN film, the stacking series of wmeurtzite structure is

ABABAB...along the c-axis direction so that there ai¢her In- or N-terminated

polar surfaces in the surface layers of c-plane [AiNs structure results in a electric

field generated by these In-N layers directly padieular to the surface. For this

reason, the out-of-surface radiation would be $igamtly limited by the geometrical

structure which be mentioned before. There wouldobly few percentages of the

radiated terahertz power from this dipole able scape the surface due to the small

emission cone derived from the total reflectionhivita material of high refractive

index. From the other point of view, the layeragilane InN have the same amount of

In and N atoms in a plane and the in-plane.in-Nedgrform an in-plane intrinsic

electric field perpendicular to the a-axis(see ¥id). Due to the terahertz dipole

formed in the favorable in-plane direction, we cbakpect that the a-plane InN could

create the enhancement of terahertz radiation & ms the method with external

magnetic field. In spite of the same order of tliézTpower enhancement, with the

magnetic-field-assisted method, it needs to usavekward experimental setup. In

comparison, the power enhancement from a-planejusi depend on the growth

direction so that it can be a general phenomenorsdmiconductors grown in the

nonpolar direction.
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Fig 5-4 Ball-and-stick model of the a-plane suefatarge balls are In,
small balls are N. [ 47]

We measured the reflectivity of these samples haddsult is shown in Fig 5-5.
The reflectivity of a-plane InN is bigger than tleat-plane one a little bit. Furthermore,
pump fluence dependence in Fig 5-6 shows that weepump fluence is increased 10
times, the amplitude of THz emission from a-plamid film is enhanced by 2.5 times,

but that of c-plane InN film is by1.8 times.

0.35 :
{ —m—c-plane

0.304 —@— a-plane
b L
= 0.25- -
-8: ‘ ...\./. .\./.‘.—.\.\.5.\..
= —g—p-8 —H—g
L 0.204 “.\.)/I’. —m T~y _p-S—g

0.15-

0.10

200 400 600 800 100012001400
Pump Fluence (1J/cm?)

Fig 5-5 Optical reflectivities in InN-epilayer amdnpolar InN as a function of
excitation energy. Optical absorption in InN film about 80%, while that in

nonpolar InN is about 76%.
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Fig 5-6. Peak amplitude of terahertz emission fptame InN film (red points)
and a-plane InN film (black points) as a functidriaser pump power.

5-2 Azimuthal Angle dependence of InN

In the section 2-4 we have shown.the optical neetiion effect of some
semiconductor. This effect of InAs and InN will Beown by detail in this section.
See the Fig 5-7, The nonlinear contribution is prapnal to the azimuthal angular
modulation of sin 2 with a small DC offset for (100)-oriented n-InAshig
phenomenon could be derived by the theory discuss®dction 2-1-4 :

P

E'I('JEZ D ﬁ. P = (_Sin@Hz’Cosﬂ'Hz’O) R(
Pz (2-1-4.6)

=-B sing,, + R, cosgy,
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For the pump-laser wavelength of 800 nm,s 109 and 9.0for InAs and InSb

respectivelyFor THz radiation, @ 1, is estimated to be 1® and 21.5for InAs and

InSb respectively. Using this value, the azimuthragle dependence of the radiation

amplitude due to optical rectification can be veritias follows:

E O (0.773cos36 - 0.153d,, for (111) InAs (2-1-4.89
E 0 0.182in@6)d,, for (100) InAs (2-1-4.89
E 0 -0.06%in@26)d,, for (100) InSb (2-1-4.89

In Fig 2-3, the nonlinear effect contribution, isoportional to azimuthal-angle
dependent modulation of c8%) for (111)-oriented InAs, and sin 2 @ for (100)-oriented

InAs[ 25].

N
N

Peak Amplitude(a.u.)
= N N
e 2. B

=
oo
—ta

1-7 LJ LJ LJ LJ LJ L] L]
0O 50 100 150 200 250 300 350
Azimuthal Angel(deg)

Fig 5-7. Azimuthal-angle dependence of THz-emissioplitude from n-InAs
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The azimuthal angle dependence of p- and s- peldrierahertz fields are

measured as the InN samples are rotated abouteuntamal. The azimuthal angle

dependence measurement in Fig 5-8(b) shows tladitadr emission from a-plane InN

has a strong angle-independent response superithpogh a relatively weak

angle-dependent component with the fourfold symyn®¥e propose that the dominant

azimuthal-angle-independent response is resulau the accelerated photo-carriers

with the in-plane electric field of the a-plane Ifid, while angle-dependent radiation

might be due to nonlinear optical process. The @giaangular dependence of the

terahertz signal from a-plane InN‘is quite diffdrélom terahertz emission from the

c-plane InN, which exhibits no significant-anguli@pendence (<5% of total amplitude)

as shown in Fig 5-8(a). A similar*fourfold azimutrengle dependence has been

observed for weakly excited (100) InAs under areedl magnetic field, which is

proposed to be due to an anisotropic intervalleytsang in four equivalent directio

[ 31]. However, the intervalley scattering for InN should be quite small becauge th

excess energy of ~1.55eV pump laser over its bandgargy is much smaller than the

energy gap between the conduction band minimunttadext local minimum [ 32].

Therefore, we could rule out this mechanism. Nogletts, the detailed knowledge of

the nonlinear tensor elements of the a-plane Iré\nioa yet been known. In this region,

it needs some effort in study about the detaileacstre of this material to clarify the
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mechanism of azimuthal angle dependence.

Fig 5-9. Peak amplitude of the p-polarized terghdields as function of

azimuthal angle rotation of a-plane InN film exdita different fluence (a) 20mw (b)

50mW (c) 75mW (d) 100 mW by p-polarized pump beahows the azimuthal angle

dependent THz emission from a-plane INN measureliffatent pump power. As the

pump power increases from 25mW to 100mW, the ratithe angular-dependent

term to the angular-independent term is increasaah f10% to 20%. It may imply

that the increase of contribution of nonlinear sxto THz emission would relate to

the pump fluence. Furthermore, _ despite- of its bnaahplitude, s-polarized

component has the same rotation symmetry but leasphosite polarity relative to the

p-polarized componentWe choose two particular angle: one is the angléh wi

minimum azimuthal modulation, the other is the anglith maximum azimuthal

modulation and measure their peak amplitude depeedeith pump fluence. In Fig

5-10, we could realize there are different sloptvben this two angles. The angle

with maximum azimuthal modulation has a bigger slopnd we propose this

phenomenon is caused by the nonlinear effect.drbFil and Fig 5-12, the symmetry

between “the P-pump P-THz and P-pump S-THz” anght8yp P-THz and S-pump

S-THz"” has been shown.
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Fig 5-8. Peak amplitude of the p-terahertz fieddsfunction of azimuthal angel
rotation of (a) c-plane InN film and (b) a-planélexcited at 20mW.
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Fig 5-9. Peak amplitude of the p-polarized terhields as function of azimuthal
angle rotation of a-plane InN film excited at drffat fluence (a) 20mWw (b) 50mW (c)
75mW (d) 100 mW by p-polarized pump beam.
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Fig 5-11. Azimuthal-angle dependence of the a-plahefilm with the pump power
50mW and p-polarized pump beam.
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Fig 5-12. Azimuthal-angle dependence of the a-plahefilm with the pump power
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50mW and s-polarized pump beam.

5-3 Pump Polarization Dependence of Semiconductors

The pump polarization dependence of thin c-plamtefiim was shown[ 35] :

d% =(d,cosf, +d,sing)* +d; (5-3.1)

d, = 2d,, cos’ ¢ cosp, sin’ g,

d, = 2d;, cosgsingsin® 6,

d, =d,, cos’ g cos 6, +d,, sin* ¢ + d,, cos gsin® 6, (5-3.2)
6 is the incident angle for the pumpibeam. insidefithe and the x and y axis are

chosen to be parallel to and perpendicular.to laeepof incidence, respectively. By

assuming thati;= d;s anddss=:-2djs and the‘incident angi=60", d’, becomes to :

dZ, = d2A {5, - 4)[5A, cos' ¢ -2cog 4| +1}

A, =sing _sin60 _ /3
ZAL (5-3.3)

InN

and d’ is plotted versusp. The pump-polarization dependence of p-polarized
terahertz peak amplitude generated from c-planeisréhown on Fig 5-13. From that,
we could see that when the pump beam is p-polatized®, 180° and 360°), the THz
power reaches the maximum values. On the other, veimeh the polarization angles
for the pump beam measured with respect to thelgripation direction are within the

range 60°-120°, the output powers are quite low.
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Fig 5-13. Pump polarization angle dependence of pébak amplitude of c-plane InN.
The pump polarization is p-polarization_when angss at 0°, 180°, 360° and

s-polarization when angles are:at 90%;1270°. Theimmam peak is at the p-pump and

the minimum peak amplitude-at'the s-pump.
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Fig 5-14 Pump polarization angle dependence of peak amplitude of
n-type InAs.

The dependence of n-type InAs is the same as e and shown on Fig 5-14.
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However, in the Fig 5-155, it shows that peak atagé of the p-polarized terahertz
fields as function of pump polarization of a-plaimN. There is a quite different
phenomenon from c-plane InN film. The p-polarizew ss-polarized pump beam
generate almost equal amount of terahertz amplitutlepposite polarity from a-plane
InN film. However, up to now, we haven't known tiseisceptibility tensory of
a-plane InN, and we couldn’t make a theoretical ehad fit this experiment curve.
But in the paper published by J.E. Sipe et al.[ #8y showed that the electric field
radiation from the surface contribution of (100)ucentro-symmetric crystals is

bound up with the polarization ofiincident laseatme

E, OCEX, +C,E7,, ELOE E

i(s) o) Bs i BigEip) (5-3.3)

C1, G, and G are the coefficients about-the susceptibility teng the THz radiation
of the a-plane InN is proportional E -E,, we could use the mathematic operation :
Es = Eco9, E, = Esind , Ery, ¢ Es * Ep = E sin. That is, the p-polarized and
s-polarized pump beam both generate almost equaliainof terahertz amplitude but
opposite polarity. But this is just a conjectune,order to realize the mechanism of
pump polarization dependence, so we also need owv khe detailed structure of

a-plane InN film.
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Fig 5-15. Peak amplitude of the p-polarized terah&elds as function of
pump polarization of a-plane:inN excited at 20m\WeTpump polarization is
p-polarization when angles are(at180, 360 and s-polarization when angles

are at 9, 270.
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Chapter 6 Conclusion and Future Work

6-1 Conclusion

In this thesis, we have investigated a signifi@ritancement in terahertz emission
form the indium nitride (InN) films grown along tlaeaxis. The a-plane InN film could
enhance two orders of the power of THz emissiond #me acceleration of
photoexcited carriers along in-plane electric figlgjht be responsible for this drastic

power enhancement

Thus, THz emission from the a-plane:InNfilm woblave the same orders as that
from n-type InAs. Otherwise, we also-measuredattienuthal angle dependence of
a-plane InN film which shows thatthe p-pelarizethhertz output combines with two
contribution: a large angularly independent compbn@ue to the accelerated
photo-carriers in the in-plane electric field oktla-plane InN film ) and a weak
angularly dependent component (due to nonlineacalgirocess).In the measurement
of pump polarization dependence of the peak THzgIom amplitude, there is a quite
different phenomenon from c-plane InN film. The @grized and s-polarized pump
beam generate almost equal amount of terahertztanglbut opposite polarity from

a-plane InN film.
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6-2 Future Work

We need to know more information about the bandcaire and the susceptibility

tensor y of a-plane InN film so that we could use theorétgienulation to explain

the phenomenon of the azimuthal-angle dependenag @ump-polarization

dependence of peak amplitude.
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