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Abstract

THz emission mechanisms for InN are investigated by using THz emission
spectroscopy (TES). The second-order optical response of bulk and surface electric
field for wurtzite crystal could successfully explain the incident angle-, azimuthal
angle-, and pump polarization- dependence of emitted THz field. According to the
azimuthal angle- and pump polarization- dependence of TES, we deduced the
interplay of transient current and optical rectification in THz emission for InN.

Second harmonic generation (SHG) is the second-order optical response similar
to optical rectification. From the calculated results we successfully demonstrated that
bulk electric-dipole contribution dominates any surface contribution in SHF for
noncentrosymmetric crystal. The best fitting parameters to azimuthal angle dependent
SHG experiment are consistent with the calculated results based on bulk
electric-dipole contribution.

We also investigated the transient carrier dynamics for InN epilayer and
nanorods via time-resolved optical pump-probe technique. The time evolution of
transient reflectivity changes of InN is the interplay of photoinduced absorption and
band-filling. The pump fluence independent lifetime of InN epilayer is regarded as
defect-related recombination time. We also observe an inverse relationship between

carrier lifetime and carrier concentration.
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Chap 1. Introduction
1-1. Motivation

Terahertz (THz) radiation lies in the frequency gap between the infrared and
microwaves, typically is referred to as the frequencies from 100 GHz to 10 THz. 1
THz is equivalent to 33.33 c¢m™ '(wave numbers), 4.1 meV in photon energy, or 300
pum in wavelength. Two main directions of THz development are THz imaging in bio-
and medical fields and THz spectroscopy which has long been inaccessible due to the
difficulty in generation of strong, coherent THz waves. Despite several pioneering
breakthroughs, searching for the methods to generate reliable coherent THz radiation
is still a critical issue in THz science community. One of the simple and efficient
methods is to excite the semiconductor surface with sub-picosecond laser pulses. Up
to now, p-type InAs is known to be the strongest THz emitter under no bias. Recently,
due to the small intrinsic-bandgap (0.7 eV) and quite large gap (2.8 eV) of the next
valley, InN has been inspired potential application in THz region such as efficient
THz emitter/receiver. The main, THz emission mechanism of InN is photo-Dember
effect like InAs; however, THz radiation magnitude from InN films is typically one
order less than that from InAs [1-1, 1-2]. Recently, Ahn et al. has reported THz
emission enhancement from vertically aligned InN nanorod arrays [1-3] and nonpolar
orientation (a-plane) InN film [1-4], which is at least ten times stronger in amplitude
than that from polar (c-plane) InN film. To investigate the limitation of THz emission
from InN, fully understanding of the emission mechanism involving transient current
and instantaneous nonlinear polarization is quite important. In general, the main THz
emission mechanism of ¢- and a-plane InN is regarded as photo-Dember effect [1-3]
at low excitation. In addition to transient current, the influence of optical rectification
(OR) from a-plane InN becomes significant at high excitation density [1-4]. We

conducted the azimuthal angle and pump polarization dependence of THz radiation
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measurement from InN to reveal the important information of optical rectification
contribution. In addition, we also investigated bulk and surface-electric-field (SEF)
induced second-order optical response of wurtzite crystal. The calculated results based
on the second-order optical response successfully duplicated experimentally observed
angular dependence. The interplay of transient current and optical rectification is also
investigated in this work.

Second harmonic generation (SHG) is considered as second-order optical
response similar to optical rectification. SHG has been identified as a tool for studying
bulk and surface symmetry in materials. Since InN is not centrosymmetric, one can
expect that bulk dipole contribution dominates any surface term. Reflection SHG
from InN film has significant six-fold rotation symmetry about surface normal which
is well described by our calculation of bulk electric dipole contribution.

Many direct bandgap semiconductors generate THz radiation when they are
optically excited by femtosecond pulses;-however, their performance as THz emitters
varies dramatically. In general, THz emission strength depends on the electron and
hole mobility. In the quasi-classical approach to electron transport in semiconductors,
the mobility parameter is used to describe the scattering events taking place in the
material. Through the time evolution of carrier dynamics and THz emission, we found
that carrier scattering and non-radiative recombination would occur when THz
emission takes place. It means that these mechanisms may influence THz radiation.
The pump fluence dependence of carrier dynamic of InN film and nanorods was
studied by optical pump-probe spectroscopy. Additionally, concentration dependent

lifetime of InN film is observed.



1-2. Organization of this Thesis

In this work we calculated bulk and surface-electric-field induced second-order
optical polarization for wurtzite structure crystal. Basing on the calculation results, we
explored the azimuthal angle and pump polarization dependence of THz radiation
from c- and a-plane InN film surface. The azimuthal angle dependence of reflection
SHG from both c- and a-InN was examined and well described by our calculations.
Besides, we investigated the carrier dynamic of InN film and nanorods.

In chapter 1, our motivation in this work is briefly introduced. In chapter 2, we
introduce the material properties including growth condition and optical properties of
InN in optical and THz range. In chapter 3, we studied reflection SHG and THz
radiation. We present the analysis theories and-origins of the second-order optical
responses of wurtzite crystal. Then, experimental arrangements are presented, which
contain ultrafast laser ~.source, -electro-optic sampling based THz emission
spectroscopy (TES-EOS), and reflection SHG system. Finally, we present and discuss
the azimuthal and polarization rotation angle-dependent results. In chapter 4, we focus
on carrier dynamics in InN film and nanorods. In the beginning, we introduce
scattering process and effect of carrier generation which are relevant to the
investigation in this chapter. After that, an optical pump-probe spectroscopy used in
exploring ultrafast dynamic is described. Eventually, we discuss pump fluence
dependent carrier dynamics and concentration dependent carrier lifetime. Finally, our

conclusion and future work are shown in chapter 5.
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Chap 2. Indium Nitride
2-1. The material properties of InN in optical and THz spectral range

In this work, the a-plane InN epitaxial film (~1.2 um) was grown by
plasma-assisted molecular beam epitaxy (PA-MBE) on y-plane {1 102} sapphire wafer,
while the ¢-plane (0001) InN epitaxial film (~2.5 xm) was grown on Si(111) using a
double-buffer layer technique. The back side of y-plane sapphire wafer was coated
with a Ti layer for efficient and uniform heating during the PA-MBE growth. The
growth direction of the InN film was determined using a 26-w x- ray diffraction scan.
Near-infrared photoluminescence was detected from the as-grown a- and c-plane InN
films at room temperature. Unintentionally doped n-type carrier concentrations of
7.0x10" and 3.1x10'"® cm™ and electron mobilities (1) of 298 and 1036 cm*/Vs were
determined by room-temperature Hall effect measurements for a- and c-plane InN
film, respectively. InN has wurtzite structure with bulk symmetry, 6mm as shown in
Fig. 2-1. The atom arrangement in the surface of a- and c-plane InN is plotted in Fig.
2-2.

The dispersion of optical properties is-one of the most important material
properties. The optical constants of the InN layers has been determined by
spectroscopic Ellipsometry operating at the spectral range between 0.6 and 4.2 eV
[2-1] and by terahertz-time domain spectroscopy (THz-TDS) operating at THz range
[2-2]. Recently, the frequency-dependent terahertz conductivity of InN epilayer has
been investigated by THz-TDS [2-2] and reveals Drude-like behavior.

The InN nanorods (750 nm) were grown on Si3zN4/Si(111) at sample
temperature of 330°C (LT-NR). The N/In flux ratios was ~2.6 for LT-NR and was
adjusted at different growth temperature to ensure that the growth proceeded in the
columnar mode. The morphologies and size distribution of InN nanorods were

analyzed using field-emission scanning electron microscopy. The SEM image of the
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hexagonal- shaped LT-NR exhibits nanorods with a uniform diameter of ~130 nm.
The LT-NR exhibits an average aspect ratio (height/diameter) of ~6 and an aerial
density of ~5x10° cm™. The frequency dependent refractive index and conductivity
are determined by THz-TDS [2-2] at THz frequency range. The frequency
dependence is well-described by Drude-Smith model which modify the backward

scattering events of carriers.

-c-Plane a-Plane
(Polar Plane) (Nonpolar Plane)

Figure 4-3. The diagram of wurtzite structure of InN.

O O O O O O

Figure 4-2. The atom arrangement of a- and c-plane surface of InN.



2-2. The optoelectronic applications for III-N semiconductors in nonpolar orientation
III-Nitride group semiconductors have a wurtzite structure which posses a
strong built-in polarization field including spontaneous polarization and piezoelectric
polarization results from (In’, Ga’, Al'...)-N" arrangement. From the lattice
orientation, it is divided into polar plane (c-plane) and nonpolar plane (a- and
m-plane). These inhomogeneous properties of lattice influence the distribution of
photo-current and electric field and even the optoelectronic properties. Hence, the
effect of polarization field has been investigated and is an important issue in
application for III-N group semiconductor. We discuss the consequences of the very
large electrostatic fields that exist within thin layers. The positive and negative
charges in material would be separated along the direction of polarization field, and
they accumulated at the two sides of polarization field or at the discontinuous region
of the field. The carrier accumulation due to polarization- field results in the band
bending and varies the band-gap and the relative potential of electrons and holes. The
carrier accumulation directly affects the radiative recombination rate and leads to
redshift in emission. P. Waltereit et al [2-3] has proposed a way to remove the
electrostatic field via nonpolar growth. In the nonpolar orientation, the material will
not carry spontaneous polarization components. The band profile of material grown in
nonpolar direction would thus be unaffected by electrostatic fields. It means that the
nonpolar material exhibits higher transition energy and electron-hole overlap of
essentially unity. P. Waltereit et al represented fast radiative recombination time and
blueshift in luminance emission for nonpolar plane (m-plane) multiple quantum wells.
At the room temperature, this fast radiative lifetime for nonpolar samples results in

high quantum efficiency.
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Figure 2-3. The effect of electrostatic field on emission properties of GaN/(Al,Ga)N
multiple quantum wells. The blueshift in emission and fast radiative
lifetime of c-plane with respect to the electric-field-free m-plane are the

consequences of the intrinsic polarization field. [2-3]

In addition, terahertz emission refficiency has been improved by using the
nonpolar crystal orientation. The dramatic terahertz.emission enhancement of a-plane
InN [see Fig. 2-4] has been observed by Ahn ef a/ [2-4]. In the nonpolar orientation,
the intrinsic polarization field parallel to surface can inducea photo-current along the
sample surface. It is well-known that the radiation of in-plane current is more efficient
than that of current normal «to surface due to the limited surface emission cone.
Therefore, photo-carrier induced terahertz radiation can be enhanced via nonpolar

growth.

(a)

0.001 = m
— a-plane InN

c-plane InN
i L

= =« ¢-plane InN

32 .54 56 5.8
Time delay (ps)

THz amplitude (a.u.)

0.000

Time delay (ps)

Figure 2-4. THz emission amplitude from a- and c-plane InN film. [2-4] Inset shows

the comparison between n-type InAs and a-plane InN.
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Chap 3. THz emission and Second-harmonic-generation from a-plane InN
3-1. THz emission mechanism

The emission of THz radiation from semiconductor surfaces is very complicate
due to multiple competing mechanisms leading to the radiation. Contributions from
photo-carrier acceleration in the depletion field, photocarrier diffusion, and optical
rectification have all been reported [3-1, 3-2, 3-3]. The relative magnitude of radiation
resulting from the various processes is strongly dependent on excitation fluence. To
investigate the limitation of THz generation, full recognizing of all different

mechanisms leading to emission is quite important.

3-1-1. Transient Current

By means of above band-gap (resonant) nature of the excitation process, in a
conventional transport picture one assumes that electron-hole pairs (EHP) are created
by vertical transitions in real space within'the penetration depth of the incident optical
field. Subsequently, EHPs are accelerated by the surface.depletion/accumulation field
and diffuse to semiconductor inner due to gradient concentration, which leads to drift
current and diffusion current, respectively. The photo-generated free carriers are
expected to flow in surface normal direction and can be the source of THz wave in
Maxwell equation. The direction of transient current leads to azimuthal angle
independent optical property of THz field. Under steady pump power fluence, the
pump polarization issue can be neglected if we ignore Fresnel coefficient for T, and
Ts. The transient current induced THz field is proportional to photoexcited carrier
density n and the mobility u for electron and hole.

To study the photoexcited THz radiation from semiconductors, we qualitatively
describe the electric field E in dipole approximation when the carrier’s velocity is

much less than the velocity of light. We calculate the electric field of an arbitrary
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motion point charge, using Lienard-Wiechert potentials [3-4]

V(r,f=—__4°

\'%
, A(r,t)=—V(r,t
4re, (re—=r-v) (r:1) c’ (r:1)

and the expression of correspond electric field E

E--vv-2
ot

Here we skip the detailed gradient calculation process and just quote the finally

results [3-4]

E(r,f)=—1——"

py oy [(c”—vI)HU+Trx(UxV)]

where U=cr—v

Due to the carrier’s velocity is much less than the velocity of light (u =cr ), we
further modify the equation of moving electron induced electric field

E =(er/4ner)+ (e dmec’r)[rx(rx V)] (3-1)

where 7 is the distance from the carrier to observation pesition, & is the dielectric
constant, ¢ is the velocity of light, and W is the acceleration of the carrier. The first
term of Eq. (3-1) corresponds to-Cloumb ficld; the magnitude decrease as 7° and can
be ignore at far field. The second'term describes the radiation field which is p-wave.
Substituting carrier velocity Vv into current density J = ev, the photo-carrier induced

radiation term in Eq. (3-1) can be rewritten as

E, = (sin@/4nec’r)Ja, (3-2)
where € is the angle between carrier accelerated direction and observed direction.
Eq. (3-2) indicates that radiation field induced by accelerated carriers is proportional

to time derivative of photo-carrier generated transient current density and the

direction of electric field is p-polarized.

11



E,/la,

I/ observed point

q a
Figure 3-1  The charge accelerated in a direction with an angle @ with respect to

observation.

Drift Current via Surface Depletion Field

In wide bandgap semiconductors such as GaAs (Eg = 1.43 eV) and InP (Eg =
1.34 eV), due to the discontinuous structure in the air/semiconductor interface, there
exists a surface state in the forbidden gap between valance and conduction bands. Due
to the band bending to continue Fermi-level. on air/semiconductor interface, a
depletion region forms, where a surface built-in field exists. The field direction is
normal to surface, and strength is a function of Schottky barrier potential and dopant

concentration, which is shown in Eq (3=3).
eN
Eg) = = (0¥ =) (3-3)

where ¢ is material permittivity, N is dopant concentration, and # is the depletion

depth which can be written as a function of potential barrier V

_ |26, KT i
W=\ =] (3-4)

Therefore, surface depletion field induced total transient current is the sum of drift

current for electrons and holes,
J=J,+J,=(enu, +epu,)E,

For large bandgap semiconductors, the direction of the band bending-induced electric
field depends on the dopant types so that the directions of drift current are opposite

for n- and p-type semiconductors. After excitation, the photoexcited carriers in surface

12



depletion field can be accelerated by an appropriate electric field and the resultant
transient electric dipole can lead to the generation of terahertz pulses and the
polarization of THz radiation is p-polarized for both p- and n-type semiconductors
and THz field strength is proportional to the time derivative of the transient current as

the description in Eq. (3-2), that is,

aJ(t)
ot

ETHZ o

(3-5)

Meanwhile, for narrow band gap semiconductors which possess a narrow depletion
region near the surface and the so-called the photo-Dember effect dominates the THz

emission from them.

(a) b)
Jdrift current Jdriftcurrent
h-. (1]
Depletion Layer HEleclron (e)

Conduction band ¢,

e— Electron (e)
Conduction band g

———— e - — — surfacej
Fermilevel g, state

Wﬂd €, Hole (h)
Hole (h)

Depletion Layer

Fermilevel g,

|
il

surface;_—
state e

P
i\

Valence band g,

surface surface

Figure 3-2  Photo drift current via surface depletion field (a) for typical n-type

semiconductor (b) for typical p-type semiconductor.

Diffusion Current via Photo-Dember Effect

For the narrow bandgap semiconductors, such as InAs and InSb, the band
bending is not significant and for photoexcitation with near IR light, the excess energy
of the narrow semiconductor is very large. In addition, the optical absorption length is
typically of the order of a few hundred nm. Photoexcitation increases the photoexcited
carriers near the surface and then the carriers diffuse into semiconductor. Due to the

different diffusion velocity between electrons and holes, the spatial charge separation

13



can be formed and induces the build-in electric field (or photo-Dember field). The

photo-Dember current is the sum of the diffusion current for electrons and holes,

A A
J gittusion = +Jp ~—eD, d n+eDh oLy
Oox Oox

(3-6)
where An and Ap are the densities of photoexcited electrons and holes, D, and

D

, indicate diffusion coefficient of electrons and holes, respectively. The diffusion

coefficient D is defined by the Einstein relation, D=k, Tu/e, where u 1is the
mobility of electrons or holes which can be obtained by Hall measurement. Hence,
THz radiation is proportional to the difference in mobility and temperature between
the electrons and holes, and the gradient carrier density. Since the mobility of
electrons is always greater than that of holes, the photo-Dember current induced THz
fields for different dopant semiconductors (n-type or p-type) have the same irradiative
direction, which is outward and normal to-surface as shown in Fig. 3-3. Therefore, the
photo-Dember effect is~dominant for THz emission from the narrow bandgap
semiconductors with the Jarge mobility ratio-of electrons and holes (,/x,) and
richer excess energy of carriers (Z,) [3-5]. Finally, because of small effective mass
and high mobility, the photo-current ‘has fast rise- and decay time character which is

benefit to obtaining a broadband THz spectrum.

J

Air semiconductor

diffusion current

electron

O hole
o

O I
o
O _—
o
surface

Figure 3-3 Photo diffusion current from different diffusion velocity of electrons and

holes.
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3-1.2. Instantaneous Nonlinear Polarization (Optical Rectification)
As ultrafast laser excited semiconductor via resonant (above band-gap) or
nonresonant (below band-gap) excitation process, because of spatial separation of

final electron and hole states, this process leads to an instantaneous polarization Py

whose second time derivative 0°P,/0t* determines the radiated signal. In general,
linear polarization takes place in dielectric material, while nonlinear polarization

occurs when nonlinear coefficient y'”E + 3 E*>+... is comparable to linear

coefficient y" at high excitation density.

In addition to transient current induced by free carriers, the instantaneous
polarization from bound charge also-contribute THz emission. Free carriers dominate
THz radiation at low excitation, while under high-density. excitation nonlinear effect
become significant and the screening effect of surface electric field occurs via the
high density carriers, which results in the'decrease of the transient current. According
to the excitation density dependence of the temporal ' wave forms by M. Nakajima et
al [3-6], the dominant radiation mechanism changes from the drift current, for low
density excitation, to the diffusion current and the optical rectification, for
high-density excitation. Except for transient current, in this section we focus on the
nonlinear optical effect on the THz radiation. Optical rectification can be regards as a
second order optical response which includes second harmonic generation, sum
frequency generation, and differential frequency generation. For an anisotropic
medium, the instantaneous nonlinear polarization in dipole approximation can be

expressed by

Pi(Z)(a)a =0 +w,)= Zgi‘l?(_a%; a, a)2)Ej(a)l)Ek (@,) (3-7)
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THz emission occurs via the differential frequency generation of two identical input
optical pulses (that is, Q=w—w ). Thus, the influence elements of nonlinear

polarization are crystal symmetric characters, the polarization of optical pump and

crystal orientation. The effective second-order susceptibility ;" can have bulk-

(x""™) and surface-electric-field induced (5"

) contributions. For the surface-
electric-field contribution, we take only the term of the first-order in the expansion

and then the effective nonlinear susceptibility becomes.
20 = 28 (s —0,0)+3 15 (4 —0,0,0)E (3-8)

(2)bulk

where  y;; is the intrinsic bulk second-order susceptibility tensor which is

determined by the symmetry, properties of the bulk erystal and we refer 3 y5/EX" to

surface-electric-field (SEE) induced effective surface susceptibility. In the following,
we will discuss the bulk-rand SEF induced second-order optical responses separately.
It should be noted here that the calculation that follows. is sufficient to describe the
process of second harmonic generation, as the only difference is that the polarization
of the lattice occurs at the sum frequency (2w =@+ @), whereas the far-infrared
generation occurs at the difference frequency (Q=w—-w).

Then, by substituting the bulk- (SEF-) susceptibility into nonlinear polarization
and applying transformation matrix crystal (surface) coordinate to lab coordinate, we

could get bulk- (SEF-) second-order optical response (ex. THz field and SHG).

Bulk Second-Order Optical Response

Bulk optical polarization can contribute to Terahertz emission and SHG from
semiconductor surfaces in reflection geometry. The second-order susceptibility tensor

is determined by according to crystal bulk symmetry, and then the intrinsic bulk
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nonlinear polarization contributed to THz radiation becomes

Pibulk (Q) = Z(Z)bulk (- -0, a))Ej (—o)E, (o) (3-9)

ijk
The index notations are determined by the crystal coordinate corresponding to crystal
orientation. It should be noted that except the radiated frequency there is the same
angularly form for second-order polarization such as SHG and THz. Generally, for
crystal without inverse symmetry, it is well known that bulk electro-dipole

contribution to SHG dominates over any contribution from surface term. Since InN
has a wurtzite structure, ;(l;i)b““‘ has symmetry properties of the 6mm bulk crystal.

(2)bulk

The nonvanishing 7,

elements in 6mm symmetry can be expressed as
d;=d,,=a-d,; and d,, =d;,=b-d;;, wherera = b = -0.5 in the bound-charge
theory [3-7].

Here we use d coefficients to simply the expression of electric susceptibility

tensor and their relations  are/ dis =y =72 | dy= 40 =0, dy =40,

(2)

zzz °

dy, =y, and dyy =y Therefore, the bulk ‘susceptibility tensor for 6mm

symmetry [3-8] can be written as

0 0 0 0 d; 0
22" =l0 0 0 ds; 0 0 (3-10)
dy dy dy 0 0 0

The bulk susceptibility tensors for a- and c-plane are the same since both of
them have the same bulk symmetry, 6mm. For a-plane InN, defining the beam

coordinate system as ($,K,Z), where Z is normal to the crystal surface, s-axis is on

the crystal surface and parallel to an s -polarized pump beam , and K =2zxS§. The
crystal orientation is selected to be x=[1 150], 92[1100], and Z=[0001].

Based on the obtained bulk susceptibility tensor, we can compute the
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second-order polarization in the lab coordinate system as a function of azimuthal
angle ¢, pump polarization 6, and incident angle by applying the transformation

matrix A _,, and A4 _, which represent the coordinate transformation from surface

)

to lab and from crystal to surface, respectively.

BY=A4_,4 P2 (3-11)

s—1““c—s™ crystal
The optical rectification induced second-order radiation fields are

Es(z) —AQL, P, Ef) — ApQLeff .[F;P(z) _FPk(2)] ) (3-12)

N z c

The coefficients F,, F,, A4, A4,, and L, in Eq. (3-12) are defined as the

projection of the reflected SHG light on the spatial coordinates inside the medium, the
corresponding amplitude, and.effective phase-matching length, respectively. Their

expressions arc

2xT
F =sinON, Rani-F? A=l g _ 27T,
P cos® cos®

where © denotes the incident angle of reflection SHG light, and 7, and 7, are the

transmission coefficients.
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Azimuthal angle dependence of bulk contribution for wurtzite crystal
The generated second-order radiation field for s- or p- polarized harmonic light

due to the bulk anisotropic source as a function of the azimuthal angle become
Esbuplk =4, QL |:a(5),p(bulk) _|_b;u0(bulk) (cos )" + c’Sn,[’(bulk) (sin ¢)m:| (3-13)

the subscript notation indicates s- or p-polarized bulk electric field. The corresponding

coefficients are listed in Table I, and all the distinct elements not shown in the table

are zero. The coefficients f,, f., F., F,, ¢, t

s c s p?

A;, A,,and L in Table I are

as defined as the projection of fundamental light and reflected SHG on lab
coordinated inside medium, the transmission coefficients, the corresponding
amplitude, and the effective phase-matching length, respectively. Due to the

azimuthal angle dependent experiment of the nonlinear OR induced electric field are

selected as E, E?, EY

. E, .. and E? by polarizer [notated as Ej, ou; for example,

E,s represent s-polarized electric field irradiated by p-polarized fundamental light].

We re-write the expressions of optical rectification induced electric field in Table II. It
is noted that ¢ is defined as the angle between the k axis and the crystal [liOO]

axis for a-plane InN and the crystal [1120] axis for c-plane InN.
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Table I. General expressions of bulk contribution to second-order response for a- and

c-plane

Coefficients of bulk second order response from a-plane

o by = 4,QL [t E E,{F.[2f.(2d\; - 2d,, +2d,,)]- F,(2£.d,,) |
b = 4 OL,, [ 11 E. E, (F[2f.(4d,; +2d,, ~2d,,)]} |
¢/ = 4,0 [ FENF, (2, ~d )y + L, (. £y = FLS Qs+ dsy) + /7dy 1}
P — g O [; EX(<2d,s +dy —dy) + 0 E {2 (2d,s +dy, _dn)}J

Rk Bt~ g 0f [thf (-2d,s—dy,) + t;Ei [(fc? (2d,; —dn)_fszd“)ﬂ
b;(bmk) = ASQLeff |:ts2Es2 (2d15 + dSl - d33) + t;E;fcz (d33 - 2d15 - d31):|
cls(bUIk) = ASQLB |:tstpEs Ep( 4f )(dli + d31 - d33 )]

® = A QL [11,E E, (4f)@dys +dy; ~dsy) |

Coefficients-of bulk second order response from c-plane

E;" al™W=A, QL | DEA=Ff.f,2d\; + F f2dy&F [1dy )+ B} {Fd,} ]

Esb”lk ag(bmk) :ASQLeff I:tstpEsEpf:v (2d15)j|
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Table II. Bulk contribution for different polarization combination from a- and c-plane.

Coefficients of bulk second order response from a-plane

bk Clpp(bmk) =A4,QL,; - t;E,Z, {F.(2]. 1.ds) - FL[fcz (2d\5+d;)+ f.s-zdsl I}
7 Cfp(bmk) = ApQLeff 'tzE; {fL2 (2d\s+dy, —dy;)}

Ebulk Ciw(bulk) = ApQLeff tszEsz {Fc (2d15 - d33)}
i C;p(bulk) = ApQLeff : tszrz (_2d15 + d33 - d31)
b = AQL CEN (fF 2y —dyy) = f7dy) ]

p=p

Ebulk
" b;S(bUIk) = A QL ‘tzEzfcz (dy; —2d,5—ds,)

eff“ p ™~ p

[ bulk bi“(bulk) = A QL tszEsz (-2d\5—dy))
T = AQLy LE] 2dy+ dyy —dyy)

Coefficients of bulk second order response from c-plane

Eyt ay®™=A,0L, B —F [ ,2ds +F [7d, 7F [ dss}

pp

Ey™ ay™™=4,0L, -ENFd)

sp

E™  all coefficients = 0

E™* all coefficients =0

S5
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For wurtzite structure, the bulk contribution of second-order response for
a-plane has one-fold and three-fold symmetry; however, that for c-plane is azimuthal
angle independent regardless of s- or p-polarized electric field, as it can be seen in
Table I and Table II. There are interesting results that bulk electric dipole for a-plane
orientation ONLY contributes to azimuthal angle dependence, while that for c-plane
ONLY contributes azimuthal angle independence.

It should be noted that due to the complicate coefficients it is difficult to
organize them to a simple expression of cosé@, cos(36), sinf and sin(36). Hence,
in Table I and Table II, we simply describe electric field by a linear combination of

cos@, cos’ @, sinf,and sin’ Q.

Surface-Electric-Field-Induced Second-Order Optical Response

In non-centrosymmetric crystal, the intrinsic surface contribution to optical
response is negligibly small compared to the bulk contribution. However, when DC
electric field is sufficiently large, the electric-field induced effective second-order
optical polarization should be considered. In this session, the surface-electric-field
(SEF) induced second-order polarization will be described. As we did in bulk
contribution, we start from determining SEF induced second-order susceptibility

tensor.

Surface-electric-field-induced effective susceptibility tensor, y'*** is derived

ik
from the third-order bulk electric susceptibility tensor

(2)SEF

2™ =3 (Q—0,0,0) B
It means that a surface electric field (£°") breaks the bulk symmetry ( ;(ﬁ}bulk) and

creates a new effective susceptibility (75" ). The third-order susceptibility tensor,

22



25y for wurtzite crystals with 6mm symmetry has only 18 nonzero elements: z%)

(3) (3) (3) (3) (3) (3) (3) (3) (3) 3) 3 (3)
Zxxyy s nyyx s nyxy s szzx s szxz s Zxxzz s Zyyyy ’ Zyyxx s Zyxxy > Iyxyx > Zyyzz s Zyzzy 2

(3) (3) (€) )] G _,0 3 _ 0
Zyzyz s Xpzzzs Zzzyy - Zzzxx > Zzyyz - szxz’ Zzyzy - szzx .

To properly examine the effective second-order SEF response, we transform the
third-order bulk susceptibility tensor to surface coordinate so that the surface field lies

along the Zz axis in surface coordinate. Using the transfer matrix, R™, we expect
the form of the effective SEF-induced second-order tensor to be [3-13]

(2)SEF __ surf rot prot prot prot . (3)crystal
Zﬂlﬂ}/ - 3E:Z z Ral Rﬂm Ryn Rzo Zlmno (3_14)
Imno

For a-plane InN, it becomes

00 0.0 0 950
25752 0 =0 00, 0 0 (3-15)
0, 05, 03 0 0 O
where 0, are constants to represent SEF tensor elements
O =3E . [k + Ky
a24 = 3Esz [/{ijx)x + X;i;x]
a31 = 3Esz ’ Zg)zx

a32 = 3Esz ’ X)EZX

a33 = 3Esz Z)Ei)?x
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For c-plane InN, it is

7% =10 0 0 a4, 0 0 (3-16)

y

where

a15 = 3Esz [ZS;ZZ + Z'(ciz)z] or 3Esz [2«/}(;;;2 + Z;i;z]
a31 = 3Esz ’ ZS'ZZ or 3Esz ’ Zi;y)z
a33 = 3E€z .Ziz?)z)z

We apply the transfer matrix to the effective SEF-induced susceptibility, and evaluate

the nonlinear polarization.
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Azimuthal angle dependence of surface contribution for wurtzite crystal
Applying the same coordinate axes as for the bulk case, the anisotropic s- or

p-polarized, SEF-induced radiated fields becomes
EM =4, QL [ +b)" cos (ng)+cy” ™" sin (ng) | (3-17)

the index notation is same as that for bulk contribution case and the coefficients are
listed in Table III. The SEF-induced optical response for different polarization
combination is listed in Table I'V.

Examining the bulk- and SEF-induced second order electric field, it is not
possible to separate the bulk- and SEF-induced contribution for c-plane InN due to the
identical susceptibility. However, it becomes jpossible to distinguish them in a-plane
InN since the built-in electric field distorts the crystal symmetric and creates a new

SEF-induced susceptibility [3-15].
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Table III. General expressions of SEF induced contribution to second-order response

for a- and c-plane

Coefficients of SEF induced second order response from a-plane

rf p(su
EX @ = 4, QL [ [12F @y +0,)]+ B [ F1/2/2 0y +0y)+ £70,,]= FLLLS, (s +0,)]
bzp(surﬂ = ApQchf [tyzErz [Fv[l/z(a.zz _531)]] +I;E,27 [Fy[ffl/z(a}l _832)] _Fc[frfc (615 _824)]]:|
™ = 4, 0L, [1.1,E.E, [ /.0, =)= FL£ (s = 0,)1]]

aS(Surf) = ASQL ff |:tstpE P [fv (615 + a24 )]:|

e K

b;(sutf) :ASQLeff |:tt EE [fs(az4 —815)]]

s“psp

St = AQL, [t;E; [/, (015 =0y )]:|

surf
E;

Coefficients of SEF induced second order response from c-plane

surf surtace "~ ~
E"  arO=g OF [ £ E{=Fuf, f.20,+F, (170, tf20, )+ B {F,04,} |

E:urf g ¢ (urface) =A QL [tstpESEp {ﬁ (2615)}]
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Table IV. SEF induced contribution for different polarization combination from a- and

c-plan

Coefticients of SEF induced second order response from a-plane

Esurf a”tm = ApQchf ! t[z]E; |:Fv [1 / 2fc2 (631 + a32 ) + fszazs ] - E‘[f;‘f; (624 + 615 )]:I
p
by = A, QL - E; [ FLf21/ 285 = 03)]- FLL£,(81s =021

Esurf a”t = A]JQLE:ﬂ\ th\z [l/sz (@5, +632)]
b;p(sum = ApQLet‘f 't.-zE-z [F\-[l/z(asz - 6)31)]]

s s

urf s (surf
Ejp czm = A.VQLeff tiE; [f\f< (615 _824 )]

E™  all coefficients =0

Coefficients of SEF induced second order response from c-plane

ENT ameie—g O PRE — Fof f 205+ F (05 20.9)}

surf
sp(surface) __ 2 2
Ey,  avemt =4 0L - ENFO,)

eff

En"  all coefficients = 0

E™  all coefficients =0
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Pump polarization dependence for wurtzite crystal

We know the instantaneous second-order polarization is expressed as

P? = ;(;E)E E, . Therefore, in order to examine the effect of optical rectification, the

dependence on either the effective susceptibility or the electric field driven by the
laser pulses should be investigated. The azimuthal angle rotation dependence

discussed before shows the contribution of the effective electric susceptibility tensor

;(U(.i)eff, in which the bulk and surface OR mechanism in THz emission could be

investigated. On the other hand, we vary the quantity projection of s-polarized and
p-polarized fundamental beam on sample surface via rotating pump polarization at a
fixed incident angle to identify the effect of electric field on THz emission.

The polarization of pump_beam was rotated by a half-wave plate, while
maintaining the azimuthal angle and incident angle of sample. As discussed in
azimuthal angle-dependence experiment, we examined “the influence of pump
polarization direction on the emission of p- and s- THz waves. We assumed that the

pump beam is composite of p- and.s- polarized electric field with a fundamental
frequency, i.e. E)™ = Epumpcosd and E}"™ = Epump sind. The linear polarization

angle @ is defined as the angle between the linear polarized pump beam and a
p-polarized pump beam. The photo-carrier generated THz field is independent on

pump polarization; however, surface and bulk nonlinear responses are possible

proportional to (EP"™)*, (E™™)* and (EV"™E™™).
For example, for (100) face of n-InAs, emitted s-polarized THz signal E'™ is
proportional to E}"™EP"™, while E;HZ is proportional to a linear combination of

(EP™)* and (EP"™)’, ie. E," cc +c,c08(20) and E™ oc¢;sin(260) [3-12].
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Fig. 3-4 shows the s- and p-polarized THz field amplitude from (100) n-InAs as a
function of pump polarization rotation. The pronounced two-fold symmetry for s- and
p-polarized THz field was interpreted as the polarization rotation symmetric property.
The two main contributions to a large offset of p-polarized THz field compared to
s-polarized THz field are transient current and polarization angle independence of OR.
The 45 degree angle shift between s- and p-polarized THz fields is attributed to the

difference between polarization dependence of cos(26) and sin(26).

5000 |- O nu:nn -
o o = o
— [ a ; f ]
) o a ;
S 4000 | \a ! o .
() [x] / o
' a >

© ; ; ;
E 3000 |- b 4
€ 2000 | N “\.% .
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2 1000 ;
= B O p-polarized THz T
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T O s-polarized THz
= ok i

-50 0 50 100 150 200 250 300 350 400
Pump polarization'angle (deg)

Figure 3-4 Detected p- (squares) and s--(circles) polarized THz field as a function of
the linear pump polarization angle. 0° corresponds to a p-polarized pump

beam while 90° corresponds to an s-polarized beam.

Here we calculated the dependence of pump polarization based on the
second-order optical response of bulk and SEF contribution. Since the incident angle

and azimuthal angle were fixed in pump polarization rotating experiment, the

coefficients of f., f., F,, F., ¢, t,, A, Ly, and A, were chosen to be

constant during whole process. Substituting the dependence of E’™ and E"™ on

the pump polarization rotation angle into Table I and Table III, we obtain the

expression of p- and s-polarized THz field.
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For a-plane wurtzite crystal,

p-THz: E]" cca, +b,sin(20) +c, cos(20)

s- THz: E!" oc a, +b, sin(26) + ¢, cos(26)
For c-plane wurtzite crystal,

p-THz: E" «ca,+c,cos(20)

s- THz: E" oc b, sin(20)

For a-plane orientation, both p- and s- THz field contain the polarization dependence
of sin(26) and cos(26) and offset signal a. Therefore, the discrepancy of polarization
dependence for s- and p- THz is mainly determined by the coefficients of bulk- and
SEF-induced contribution. The polarization dependence for c-plane wurtzite crystal is
similar to (100) face InAs. One can-expected that polarization dependent characters
for c-plane InN will be identical to that for (100) InAs suchas large offset for p- THz

and phase shift between s-"and p-polarization:.
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Incident angle dependence for wurtzite crystal

The incident angle dependence of transient current induced THz field has been
reported [3-25] and the result is shown in Fig. 3-5. At normal incident, the surge
current induced THz field is zero since there is no EM field radiated along direction
of current. THz amplitude increases as the incident angle increases and has a
maximum at near Brewster angle. At the incident angle larger than Brewster angle,
THz amplitude is reduced due to Fresnel loss. However, the incident angle can
influence Fresnel coefficient in the calculated second-order optical response. Solid
line in Fig. 3-5 is the calculated result according to the concept described above [in
Table I] and the solid dots are the experimental data in Ref. 3-24, showing the good

agreement. Meanwhile, the authors of Ref. 3-24 tried to fit their experimental data

based on the d_, coefficient and as-it can be seen.in Fig. 3-5(b), it only can fit the

data around the small angle and is diverged as incident angle is greater than 50 degree.
Therefore by taking into account the Fresnel coefficient, we could fit the dependence
of THz emission on the full range of incident angle. It is well known that reflection or
transmission for s- and p-polarized light is quite different each other at large incident
angle due to Fresnel coefficient. It is the reason why we still can well describe the

THz data even when the incident angle is greater than 50 degree.
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Figure 3-5. Normalized p-polarized THz output power data (dots) [3-24] is fitted by
(a) normalized p-polarized bulk contribution (blue solid curves) (b)
square of the effective nonlinear coefficient (black solid curves) plotted

as a function of incident angle of the pump beam.
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3-2. Experimental Setups
In this chapter, we will describe the laser system, EO sampling based THz
emission system, reflection second harmonic generation system, and optical pump

probe system used in this work.

3-2.1. THz Emission measurement system

The setup of the Electro-Optic THz system is shown in Fig. 3-8. An amplified
Ti:sapphire laser providing 50fs, 800nm, 2mJ pulsed at repetition rate of 1kHz is used
to drive this system. The linearly s-polarized incident beam is divided into three
separated beams by two beam splitters. The transmitted beam from the first beam
splitter is used for optical pump-terahertz probe study-and will be discussed later. The
reflected beam from the first beam splitter is divided into the pump beam and the
probe beam by the second-beam splitter. Polarization of the pump beam is rotated to
linearly p-polarized by @ half-wave plate and is the used to generate linearly
p-polarized THz pulsed in.a semiconductor surface emitter such as InAs at the
incident angle of 70 degrees to the surface normal which is close to the Brewster
angle. Any reflected laser beam from the emitter is blocked by a teflon sheet which
has a high transmission in the terahertz region. The generated THz radiation is
collimated and focused onto the sample by a pair of gold-coated off-axis parabolic
mirrors with focal lengths of 3 and 6 inches respectively. The transmitted THz
radiation is again collimated and focused onto a 2-mm-thick (110) ZnTe crystal for
free space electro-optic sampling by another pair of parabolic mirrors with the same
focal lengths with previous pair. A pellicle beam splitter which is transparent to the
THz beam and has a reflectivity of 5% for 800nm light is used to make the probe
beam collinear with the THz beam in the ZnTe crystal. The linear polarization of the

probe beam is perpendicular to the polarization of the THz beam and we adjust the
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azimuth angle of the ZnTe crystal to achieve the highest modulation efficiency. The
linear polarization of the probe beam without being modulated by the THz radiation is
converted to circular polarization by a quarter-wave plate; Polarization of the probe
beam modulated by the THz radiation is converted to ellipsoid polarization by a
quarter-wave plate. A Wollaston beam splitter is used to divide the modulated
ellipsoid polarized probe beam into a linear s-polarized beam and a p-polarized beam.
A balanced detector with two silicon photodiodes is used to detect the differential
signal between two individual probe beams and the signal is proportional to the THz
electric field. A motor stage within the probe beam path is used to scan the delay time
between the probe pulse and the THz pulse imposing on the ZnTe crystal to obtain the
entire THz time-domain waveform. In order to increase the signal to noise ratio, an
optical chopper and a lock-in amplifier are used. The entire THz beam path is also
located in a closed acrylic box for nitrogen purge. An example of a terahertz pulse
with its corresponding spectrum under -humidity of 5% generated by this setup is

shown in Fig. 3-9.
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Figure 3-8 Electro-optic THz emission system
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Figure 3-9 THz time-domain (a) waveform and (b) its corresponding
spectrum generated by the electro-optic THz emission system using

InAs as emitter under humidity of 5%
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3-2.3. Reflection Second Harmonic Generation (RSHG) Setups

Fig. 3-10 displays an experimental setup for second harmonic generation from
semiconductor surface. Mode-locked Ti:saphire regenerative amplifier is used as
pump source filtered by a IR filter and linearly polarized by half wave plate and
polarizer. Linearly polarized pump beam is spited to signal arm and reference arm
which is used to reduce laser frustration influence. In the reference arm, we choose
BBO as NLO crystal to generate 400 nm light as the reference. To efficiently generate
SHG, we adjust incident angle to reach phase matching and modify azimuthal angle of
BBO to obtain maximum SHG. There is a ND filter in front of BBO and sample to
avoid high density damage. Before collecting to Hamamatsu R3896 PMTs, there are
bandpass filers and a dichroic mirrorto only select 400 nm light. PMTs are connected
to multimeters which are.monitored by Labview program. The incident angle of
focused pump beam is 45-degree and the sample is rotated about its surface normal to
examine azimuthal dependent reflection SHG signal. The azimuthal angle dependent

results of SHG list in section3-3.1.
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Figure 3-10 Reflection second harmonic generation experiment setup.
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3-3. Results and Discussions

First, we discuss the azimuthal angle dependence of RSHG from a- and c-plane
InN surface. Then, the azimuthal angle- and pump polarization- dependent THz field
are investigated by EO sampling based THz emission system. Finally we compare

THz radiation with SH generation results in summary.

3-3.1. Reflection SH Generation from a-plane InN

In the RSHG measurement configuration, since two identical fundamental
photons are incident in semiconductor, frequency conversion with the SHG would
take place if the momentum and energy are conserved. Since the susceptibility tensor

is related to the symmetry of crystal, the “effective second-order susceptibility

;(;.,f)eff (#) in lab coordinate is varied as we rotate azimuthal angle about surface

normal. Since susceptibility tensor in lab coordinate also dependent on coordinated
transformation, one can “expect’ the function of azimuthal angle dependence is
dissimilar for different crystalorientation. Therefore, we are able to distinguish crystal
symmetry and orientation via detecting azimuthal angle dependence.

For the measurement, the pump fluence is adjusted to approximately 0.32
mJ/cm®. The SH intensities are measured as the samples are rotated about their
surface normal. The results are shown in Fig. 3-11 for a-plane InN and in Fig. 3-12
for c-plane InN.

Solid lines are obtained by the bulk electric dipole contribution shown in Table
II and they show the excellent agreement with the experimental data. Generally, for
crystals without inverse symmetry, it is well known that bulk electro-dipole
contribution to SHG dominates any contribution from surface term.

Although c- and a-plane InN have the same bulk symmetry, 6mm, the pump
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beam projection in crystal coordinate are different due to the different orientation.
One can predict that samples with different crystal orientation have different

azimuthal angle dependence of bulk contribution. The SHG rotational anisotropy

result of 77 is named as pp-SHG for the convenience of the following discussion.

As expected, the RSHG data for a-plane InN show that pp-SHG and ps-SHG are 90
degree phase shifted from ss- SHG and sp-SHG, respectively. The RSHG for a-plane
InN shows one-fold and three-fold symmetry, while that for c-plane InN only has
azimuthal angle independent response. Note that both ss-SHG and ps-SHG intensity is
zero and the ss-SHG is most sensitive to the symmetry of the surface structure since
its polarization combination contains-only anisetropic nonlinear susceptibility tensor
elements [3-17]. Therefore," in" the literature [3-18], to discover the surface
configuration of the ZnO thin films; the ss-SHG measurement has been used since the

ss-SHG intensity is zero for the bulk of c-plane orientation, as described in Table II.
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Figure 3-11. Normalized reflection SHG for different polarization combination from

a-plane InN surface.
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Figure 3-12. Normalized reflection SHG for different polarization combination from

c-plane InN surface.
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Therefore, the azimuthal angle dependencies can be fitted by the relation shown

: SHG _ : -3 2 SHG _
in Table II. For the a-plane InN these are [~ = [bising +cisin” ¢ |7, [/ =

[bycos g +eacos’# 1, 15'¢= [bsing+essin’ g >, and 13" = [bacos g+cacos’ ¢ I°. The

coefficients obtained from the best fitting were b; = 0.11256 £+ 0.00878, ¢; = -0.19858
+ 0.00993, b, =-0.17288 + 0.00586, c;=0.23627 + 0.00741, b3 =-2.58619 + 0.00741,
c3 = 3.33633 £ 0.09824, by = 0.10746 = 0.00622, c4 = -0.1936 £+ 0.00691. The
coefficient ratios in Table V, we find good agreement with experiments. In Table V,
the coefficient a and b are defined as ds/ds; and ds1/ds3, respectively. Both a and b
used in calculation were -0.5 according to the bond-charge theory [3-7]. The values
for the complex refractive indexwused in the calculations for the optical pump and

second-harmonic wavelengths were n = 2.424+i0.531 and N=2.259+i 0.561 [3-19],

respectively. The coefficients «f., f., F., Fo &, t,, 4

5 OV &S, p° s,

Ly, and A, in Table
V are as defined in Ref. 310,

In addition, we measured the reflection second harmonic generation from
c-plane InN, and fitting the data by using- /5, “=a,, I, “=a,, I)“=as and I} =
as. The fitting coefficient were a; = 0.04076 + 0.00221, a, = 5.8x10™ + 7><10'5, a =

0.02589 + 0.00143, and a4 = 0.00155 + 2.3x10™. The coefficient ratios in Table V for

c-plane InN also show the good agreement with experiments.
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Table V. The ratios of coefficients of SHG fitting functions are compared calculated

with measured values. The ratios are obtained by taking SHG fitting

functions and the azimuthal angle dependence of polarization combination

radiation fields extracted from Table II.

Expected for a-plane InN Calculated Measured
bl =[F.f.f.-2a—F.(f>(Qa+b)+ f*b)|/[-F.f>(1-2a—b)] -0.5784 —0.57+0.01
b/, =[f2Qa-1)— f2b]/[f*(1-2a—-b)] —0.7814 —0.73+0.09
b,/ ¢, =[~F.(1-2a)]/[-F.(b+2a~1)] —0.8000 ~0.76+0.03
b,/ c, =(~2a—b)/(2a+b-1) —0.6000 ~0.56+0.05
b /b= A[F f.f.-a=F.(f}Qa+b)+ f70)l/ A[f>a~1) - f7b] -0.7873 -0.73+0.08
¢ /¢, = A[-F [} (1-2a=b)]/ A[f7(1-2a~b)] -1.0636 —0.94+0.08
by, /by, =[-F.(1-2a)](2a+b—1)(~2a—b)[~F.(b+2a—1)] 1.3333 1.36+0.07
b, /b =[F [, f.-a=F.(f}2a+b)+ f[ID[-F.(b+2a~D/[-F.(1-2a)][-F_f(1-2a~b)] 0.7230 0.75+0.04
b, /b =[F [, f,-a=F(f}(2a+b)+ £7b)|2a+b~1)/(-2a~Db)[-F.f(1-2a~Db)] 0.9640 1.02+0.04
by, /b, =[ £} 2a~1)~ f7bI=F.(b+2a-D)/[-F.(1-2a)][£ (1= 2a = )] 0.9768 0.97+0.12
bye, /bc, =[f*Qa—1)— 2b)(2a+b—1)(~2a=b)L2(1=2a=b)] 1.3023 1.32+0.03
Expected for c-plane InN Calculated Measured
a,/a,=0 0 0.01+0.01
ay/a,==F.[££.1.2d, |+ FI6 f2dy it fdy ] B dyy 0.6753 0.64+0.14
a,/a,=0 0 0.02+0.01
a,/a, =0 0 0.02+0.01
a,/a; =0 0 0.03£0.02
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3-3.2. Azimuthal angle dependence of THz Emission from a-plane InN

The azimuthal angle dependence of THz emission from a-plane InN film is
investigated, which exhibits the influence of optical rectification effect on THz field
[3-23]. Fig. 3-13 shows the time-domain waveform and their corresponding amplitude
spectrum of THz emission from a- and c-plane InN. Each sample is excited at the
pump fluence of 0.24 mJ/cm’. It is seen that the amplitude of p-polarized radiation
component from a-plane InN is at least ten times stronger than that from c-plane InN.
The common contribution of THz emission from InN epilayer is referred to
photo-Dember [3-20, 3-21, 3-22] effect due to the narrow electric accumulation layer
and large excess energy. However, since the photo-Dember current is proportional to
electron mobility and independent to crystal growth direction, its contribution to the
radiation from a-plane InN.(z = 298 cm® /V).is expected to be even smaller than that
from c-plane InN (z = 1036 cm® /V). Hence, the intense enhancement from a-plane
InN cannot explained by photo-Dember effect.

The motion of the .charge carriers is treated within a Drude-Lorentz
approximation, in which the carrier velocity is determined by dv/d¢ + v/t = (e/m*)
[E+(v/c)xB]. Here m* and 7 are the effective mass and the mean scattering time of the
charge carries, respectively. The electric field E includes photo-Dember field and
in-plane intrinsic electric field E = E,p Z + EinpaneX (X and Z are in principle
plane), and B = 0 in our case. Imposing the initial condition v(t = 0) = 0, we then find
for carrier acceleration induced time-derivative of current density

JO)=e-a(t)=e"/m'e" (Ey2+E, k). (3-27)

ep
For this configuration, the s-polarized radiation vanishes (Es; = 0) and the

p-polarized THz field is given by Ey(t)oc Jsinf. As can be seen from Eq. (3-27), the

in-plane intrinsic field coverts some of the current initially flowing along the surface
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normal Z to the component parallel to the surface x. Because of the limited surface
emission cone due to total internal reflection, current flowing parallel to the surface
radiates much more efficiently than an equivalent current moving perpendicular to the
surface [3-16]. Therefore, if the intrinsic electric field is in-plane direction, in-plane
current induced THz radiation can escape the emission cone more efficiently. This
may explain the drastic power enhancement of the azimuthal angle independent of

p-polarized THz radiation for a-plane InN.
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Figure 3-13. THz emission amplitude from-a- and c-plane InN film. Inset shows the

comparison between n-type InAs and a-plane InN.

The apparent azimuthal angle dependence of THz emission has also been
observed for a-plane InN, as shown in Fig. 3-12, while c-plane InN hardly shows the
azimuthal angle dependence (Fig. 3-13). The azimuthal angle dependence of THz
emission from InN can be well described by the angularly dependence of optical
rectification [see Section 3-1.2].

The polarity of photo-carrier-induced THz field reflects the direction of

transient current, hence opposite current direction leads to opposite polarity of THz
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field. The photo-Dember current always directs to the surface) and we set the polarity
of THz field induced by the photo-Dember effect positive. For dielectric materials, the
direction of dipole moment is determined by the external electric field. On the other
hand, the THz polarity induced by instantaneous polarization can be considered as the
direction of dipole moment.

We monitor the peak amplitude of THz amplitude dependent on the azimuthal

angle. First, we examined the azimuthal angle experimental data for the a-plane in Fig.

3-12. The THz rotational anisotropy result of E;fz is named as pp-THz for the

convenience of the following discussion. Large angularly independent contributions
for the pp-THz field and virtually no emission in the ps-THz field have been observed.
This may be due to the photo-carrier effect which only generates p-polarized THz as
discussed before. However, OR effect may partly contribute to the azimuthal angle
independence as well. According to the experimental results, pp-THz field has the
pronounced azimuthal angle dependence compare to ps-THz field. The fitting results
show that azimuthal angle dependence of pp-THz radiation is dominated by bulk
electric dipole contribution. According to the calculations, there is no azimuthal angle
independence from bulk electric dipole contribution for a-plane. In other words, OR
effect almost didn’t contribute to the azimuthal angle independence of pp-THz field.
Then the remaining origin of azimuthal angle independence of pp-THz may be
in-plane photogenerated current. For ps-THz, the angularly varied portion is quite
small compared to the angular dependence of pp-THz (only 2:100). It means that OR
effect of ps-THz can be ignored. We conclude that pp-THz from a-InN has a large
in-plane current modulated by a pronounced bulk OR and virtually no ps-THz
emission.

For s-pump arrangement, an asymmetry two-fold symmetric property has been
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observed for p-polarized THz and there is almost no s-polarized THz emission as well.
About the polarity of THz, we assumed that the direction of photo-Dember current of
InAs is positive, and then we obtain the positive amplitude of pp-THz and negative
amplitude of sp-THz field. Since the independent part is impossible to distinguish via
fitting, we again start from azimuthal angle dependent fitting results which show that
both SEF and bulk contribution to determine the azimuthal dependent data of sp-THz.
From the calculation results, we know SEF induced optical polarization has two-fold
symmetry; however, bulk optical polarization has both one-fold and three-fold. Due to
the bulk contribution, the original two-fold SEF induced THz field becomes
asymmetric. According to the dependent fitting results, the angle-independent signal
can be attribute to in-plane current and SEF OR'since the independent contribution of
OR originates in SEF OR for a-plane InN.

Here we compare the azimuthal dependence of pp-THz with that of sp-THz.
For pp-THz, bulk electric'dipole contribution dominates other surface effect; on other
hands, both bulk and SEF OR determine sp-THz azimuthal characters. It is interpreted
as the physical observation is different for p- and s-polarized pump beam. Since
s-polarization is parallel to crystal surface, one can expect that the physical
phenomenon of surface effect is most obvious under s-polarized pumping. Therefore,

sp-THz has a pronounced SEF OR contribution.
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Compared to a-plane orientation, there is virtually no angular dependence as it
is seen in RSHG. This angular independent behavior agrees with our calculated
second-order optical response. However, this leads to the difficulty in separating
photo-carrier effect and optical rectification from azimuthal angle dependent results.
These results of pump polarization dependence show that both photo-carrier and

optical rectification contribute to THz emission in c-plane orientation.
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Figure 3-15 Azimuthal angle dependence of THz emission from c-plane InN. It
shows p-pump THz field. Open circle represents p-polarized field and
open square represents s-polarized field. The solid curves are fits to
THz data based on the expectation of linear combination of bulk and

SEF induced optical rectification.
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3-3.3. Pump polarization dependence of THz emission from InN

Fig. 3-16 shows that pump polarization dependence of emitted THz field from
a- and c-plane InN films. Both samples show the large two-fold symmetry when the
pump polarization rotates 360 degrees with a pump polarization-independent
component. The maximum emission occurs when the pump polarization is
p-polarized. As we have observed in section 3-1.2, THz emission can be due to either
the transient current effect or OR effect. However, only OR effect has the pump
polarization-dependent component. The polarity of THz field from a-plane is varied
when pump polarization is changed from p- to s-polarization, while the polarity of
THz field from c-plane remains the positive. Meanwhile, s-polarized THz field from
both samples is very small compared to p-polarized one and since the wire-grid
polarizer used to determine the polarization has the extinction ratio of less than 100:1,
it may cause the leakage .of non-s-polarized component to-the detector. Therefore, in
the following, we will only discuss p-polarized THz field responses.

Substituting the refractive indices of fundamental and THz waves into bulk
second-order optical response, we obtained the pump polarization dependence of
p-polarized THz field due to the bulk OR contribution [see Table I]. (Fig. 3-18) For
this calculation, the azimuthal angle of the sample is fixed at the one gives the
maximum pp-THz.

From the azimuthal angle dependent experimental results, we observe that
pp-THz from a-InN has a large transient current modulated by the bulk OR-induced
current. The pp-THz from a-plane InN is large and has positive polarity since it
results from the sum of positive bulk OR and positive photo-carrier current.

In the section 3-1.2, we found that sp-THz is due to the summation the transient
current effect and bulk- and SEF-induced OR effects. The bulk OR effect has a large

negative amplitude contribution at s-polarized pump and the combined bulk- and
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SEF-induced OR contribution may lead to a negative signal because the positive
contribution from photo-carrier current is not large enough at s-polarized pump
arrangement.

From the azimuthal angle dependent results for c-plane InN, we could not
separate the photo-carrier effect and OR effect since both of them are azimuthal angle
independent for c-plane InN. From the pump polarization dependence, we observe a
large offset signal modulated by a small dependence for p-polarized THz. We attribute
the large offset signal to photo-carrier effect which dominates p-polarized THz. Due
to large photo-carrier effect, although bulk OR is negative at s-pump, the whole signal

for p-polarized THz maintains positive during the rotation of pump polarization.
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3-3.4. The comparison between SH generation and THz emission from InN

From the present results, THz field is dominated by both bulk and surface field
induced optical rectification effect which dependent on the pump polarization,
whereas second harmonic generation is predominated by bulk electric dipole
contribution. Based on recent work [3-25], it seems likely that the surface contribution
of THz emission results from surface field induced optical rectification rather than a
pure surface response. Since optical rectification and second-harmonic generation are
complimentary processes, it may seem strange that they are not governed by the same
process in the present study.

The several important observations in azimuthal angle dependent experiment
are discussed next. First is that THz field isattributed to bulk and surface field
induced optical rectification, whereas second harmonic generation is dominated by
bulk electric dipole contribution. Second, at high excitation, THz emission from InP
[3-26] and InAs [3-9] are'dominated by bulk optical rectification and surface electric
field induced optical rectification, respectively. For InN film, the main emission
mechanisms are photo-carrier effect modulated by bulk and surface field induced
optical rectification at such excitation fluence. Additionally, the modulated
contribution is determined by pump polarization.

The bulk electro-dipole response contributes to both THz radiation and SHG,
which shows second-order susceptibility is important for both of them. Third-order
susceptibility in the narrow band-gap III-V semiconductors (InAs and InN) is
expected to be strong relative to the larger band-gap semiconductors (InP, GaAs),
based on the theoretical calculations by Ching and Huang [3-27]. That is interpreted
that THz emission from narrow band-gap semiconductor has significant surface
electric field induced optical rectification than large band-gap semiconductor. Jha and

Bloembergen [3-28] indicated that the third-order susceptibility is expected to be
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dispersive in frequency ){(3)(-604; W1, Wy, w3)x l/wiwywsws. This means that the
far-infrared response of the third-order susceptibility is significantly larger than the
response at the second-harmonic frequency. Therefore, one would expect a much
weaker surface electric-field-induced SH intensity in comparison to the electric field
induced optical rectification signals due to the dispersion in the third-order
susceptibility.

The modulated contribution from InN is referred to the dependence of pump
polarization. It may be interpreted as the physical observation is different from p- and
s-polarized pump beam. Since s-polarization is parallel to crystal surface, one can
expect that the physical phenomenon of surface effect is most obvious under
s-polarized pumping. Therefore, s-pump THz has a pronounced surface field induce

optical rectification contribution.
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Chap 4. Carrier Dynamics of InN
4-1. Background
4-1.1 Transient Photo-Reflection

Scattering and recombination mechanism affect the dynamics of optically
generated carriers in a semiconductor material. Unlike direct current approaches to
measure scattering such as DC Hall mobility experiment, the high time resolution of a
femtosecond optical pump-probe arrangement can be used to investigate ultrafast
carrier dynamics in semiconductor. The transient photo-reflection technique is based
on the modulated injection of carriers in a semiconductor sample. The observation of
the probe beam reflection yields information about the refractive index of the material.
The reflectivity change AR depends linearly on the index of refraction change An

for normal incident:

R :(H——IJ 4-1)

n+1
o (4-2)
R (n -1

where n is the index of refraction. The change in the refractive index may depend on
several factors [4-1] such as band filling effects, bandgap renormalization and free
carrier absorption. In this work the quantitative analysis is limited to the free carrier
absorption. The index of refraction change can be modeled through an increase in the

plasma frequency [4-2]. This approach gives

2
an_ (2”—e2JAN 4-3)
n EmMm w

where AN is the density of photoinjected carriers. Therefore,

ﬂ 4n [ 27ze’ jAN (4-4)

R (n* =D\ em &’
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Here it can be concluded that the transient photo-reflection signal due to free
carrier absorption depends linearly on the photocarrier density. Due to this property
and because of the high time resolution of the ultrafast pump-probe setup, this
technique can be used to perform a direct measurement of the carrier recombination
rates in the ultrafast regime.

Several recombination processes can take place in a direct bandgap
semiconductor. Non-radiative recombination, interband radiative recombination and
Auger recombination are possible. Non-radiative recombination [4-4] is related to
localized recombination centers such as impurities, physical defects and surface
defects. The non-radiative recombination lifetime can be expressed through the

Shockley-Read-Hall theory [4-3] as:

an = ; (4_5)
N it Cict Vi

where N def is the density of defects, o 18 their cross section and vy, is the carrier

thermal velocity. From this equation it can be concluded that for a constant carrier
temperature the non-radiative recombination lifetime depends on material and sample
parameters (defect density and cross section) and is independent of the photocarrier
density.

Interband radiative recombination is proportional to the carrier concentration,
and in the case of doped semiconductors the recombination is limited by the minority

carrier concentration. The recombination lifetime [4-4] is defined as:
T 0=— (4-6)

where 7 is the minority carrier concentration and B is a proportionality constant.
Finally the Auger recombination is the transfer of the electron-hole pair energy
to a third carrier. For this reason the Auger recombination time has a higher order

dependence on the carrier concentration [4-5]. In summary, the recombination rates
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arc GXpI'GSSCd as:

L+ n, +An N (n, +An)’
Tor Brad C

nr Auger

1. (4-7)
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This equation is important because in transient photo-reflection experiments the
photoinjected carrier density is high compared to the native carrier density. By
observing the lifetime dependence on the photoinjection density, it is possible to

distinguish among these recombination mechanisms.

4-1.2 Scattering Processes in Ultrafast Regime
In this section several processes that affect THz emission from optically excited
semiconductor surfaces will be presented. Many direct bandgap semiconductors
exhibit THz emission when they are optically excited by femtosecond pulses;
however, their performance as THz emitters varies dramatically [4-6]. The radiated
field strength depends on the electronand hole mobility. In the quasi-classical
approach to electron transport in semiconductors, the mobility parameter is used to
describe the scattering events taking place in-the material. In general, carriers in a
semiconductor suffer the following scattering and recombination mechanisms [4-7]:
® Acoustic phonon
®  Optical phonon
® Defect related recombination
® Radiative recombination
® Intervalley scattering
Typically in III-V semiconductors, acoustic phonons have relaxation times in
the order of tens of picoseconds [4-4]. In the ultrafast regime (picosecond range),
where the THz emission process takes place, it is unlikely that these events occur;

therefore, this scattering mechanism is immaterial for the THz emission process.
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Nevertheless, these events will decrease the mobility measured by DC currents
through the Hall effect.

Optical phonon emission occurs at shorter times and this form of scattering
does influence the THz emission process [4-8]. Further, optical phonons are expected
to play a significant role in scattering in I1I-V semiconductors due to their polar nature.
Table V shows electron-phonon scattering times for some I1I-V semiconductors.

Non-radiative recombination is a process associated with localized defects. The
recombination lifetime for this process is inversely proportional to the defect density
as shown in Eq. (4-5). In semiconductors with a high defect density, such as the InN
films studied in this work, the defect-related recombination lifetime can have
picosecond and sub-picosecond values, and for this reason it negatively influences the

THz emission process.

Table V. Electron-phonon scattering times for some I1I-V semiconductors

. Electron-phonon LO-phonon
Material L o
scattering time scattering time
InN 200 fs
InP 2.3 ps
InAs 450 fs 1.8 ps
GaAs 2.5ps

Table VI. Radiative recombination lifetimes for some I11-V semiconductors

Material Rad. Lifetime

InAs 15 us
GaSb 9 ms
InSb 0.62us
InN 350us

Radiative or direct recombination depends on the majority and minority carrier

concentrations, but in general the lifetimes for direct recombination in a doped
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semiconductor are in the nanosecond range and higher. Table VI shows typical
recombination lifetimes for some III-V semiconductors. The table shows radiative
recombination lifetimes for intrinsic semiconductors. As the density of carriers
increases, the lifetime decreases. However the recombination lifetimes do not reach
the ultrafast regime, therefore the probability of a radiative recombination event
during the THz emission process discussed in this work is very low.

Intervalley scattering is the process by which excited electrons in the
conduction band are transferred to the satellite valleys. The effective mass in those
valleys is higher than in the Gamma valley, therefore the total carrier mobility is
lower when this process takes place. This process is triggered when carriers have an
energy comparable to that of the satellite valley minimum.

Table VII. Satellite valley energy difference for some I1I-V semiconductors

Material [ valley(eV) L valley(eV) Difference(eV)

InN 0.68 30-4.5 1.92 -4.02
InAs 0.35 1.08 0.73
Gasb *inAs ~ ! |nn\/
2 2 2+
_efﬁ\/\— J-"'f\/
ﬂ-__f\ ﬂlf\ '3':____ e
gk a =3 o i
-4 =1 =4
L A I A X L A | A ¥ I r A

Figure 4-1 Simplified band structure for GaSb [4-9], InAs [4-9] and InN [4-10].
Intervalley scattering is more likely in Gasb than in InAs, for excitation of
1.5 eV photons.

Intervalley scattering has relaxation times in the sub-picosecond scale, and it is
especially important in hot carrier diffusion, which is part of the THz emission
process from narrow bandgap materials. The relative energies of the L and X valleys

with respect to the I' valley for some III-V semiconductors are shown in Table VII
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and in Fig. 4-1. The displacement of electrons into the side-valleys is adverse for THz
emission, because the heavier effective mass of the electron in those valleys decreases
the total mobility.

From all the processes shown in Fig. 4-2, only optical phonon emission,
intervalley scattering and non-radiative defect-related recombination occur on a

timescale relevant to the THz emission process.

Carrier-optical-phonon scatt.
Intervalley scatt.
w
[
= THz emission
e
..% Carrier-acoustic-phonon scattering
Mon-radiative recombination
Radiative recomb.
108 fs 1 ps 10 ps 100 ps 1 ns

Figure 4-2 Typical timescales of several scattering-and recombination mechanisms.

Some of these affect the THz emission processes.

4-1.3 Effects of Carrier Generation
4-1.3.1 Band-Filling Effect

The band-filling effect, known as Moss-Burstein effect, describes a decrease in
absorption in semiconductor. In a doped semiconductor a relatively small number of
electrons can fill the conduction band edge. With the lowest energy states in the
conduction band filled, electrons from valence band require more photon energy
greater than the bandgap to be optically excited in to conduction band. Hence, there is
a decrease in the absorption coefficient at energies above the bandgap.

If parabolic bands are assumed, the optical absorption near the bandgap in a

direct-gap semiconductor is given by the square-root law:
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where £= ho is the photon energy, E, is the bandgap energy, and C is a constant.
In the case of bandfilling, there is a finite probability that a state in the conduction
band will be occupied by an electron and /or a state in the valence band will be empty.
If we denote an energy in the valence band by E, and an energy in the conduction
band by Ej, then the absorption coefficient of an injected semiconductor is

a(N,P,E)=a,(E)f,(E,) - f.(E,)] (4-8)
where N and P are the concentrations of free electrons and holes, respectively. The
bandfilling-induced change in absorption is

Aa(N,P,Ey=oa(N,P,E)=q,(E) (4-9)

The change in real refractive index 7z could be obtained by Kramers-Kronig relation

. 2ch ¢ a(E))
nEY=14=5 [ g

dE" (4-10)

The change in absorption and refractive index due to bandfilling has evaluated [4-11].

4-1.3.2 Band-Gap Renormalization

The basic mechanism is that injected electrons will occupy states at the bottom
of the conduction band. If the concentration is large enough, the electron wave
functions will overlap, forming a gas of interacting particles. The electrons will repel
one another by Coulomb forces. In addition, electrons with the same spin will avoid
one another for statistical reasons. The net result is a screening of electrons and a
decrease in their energy, lowering the energy of the conduction band edge. A similar
correlation effect for holes increases the energy of the valence band edge. The sum of
these effects is bandgap shrinkage. Shrinkage effects are determined by free carrier

density. The free carrier concentration dependent expression for bandgap shrinkage is
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where « 1is a fitting parameter &, is the relative static dielectric constant, and N, is

the critical concentration of free carriers (electrons or holes).

The change in absorption due to shrinkage is predicted to be

C C
AOt(N,E)=E\/E—Eg —AEg(N)—EJE—Eg (4-12)
As with bandfilling, the change in refractive index was calculated by applying the

Kramers-Kronig relation to the A« . The refractive index change due to bandfilling

also has calculated in Ref. 4-11.
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4-2. Experimental Setups

The infrared optical pump probe arrangement is shown in Fig. 4-3. The
Ti:sapphire regenerative amplifier laser (Spitfire) is split by 70:30 beamsplitter. The
stronger laser beam is used as pump beam excited on sample with an incident angle
10 degree and focused by a lens (f = 100 mm). An optical chopper was used to
modulate the pump beam at 150Hz to improve the signal-to-noise ratio. Another
weaker laser pulse is used as probe beam focused on sample (f = 50 mm) with
incident angle 45 degree and examined the magnitude by Si-diode detector. To reduce
the influence of laser frustration, the reference beam is focused on another Si-diode
detector. The time resolved photoreflection is obtained by a time delay between pump
and probe beam. The polarization of the pump beam is parallel to the plane of
incidence and perpendicular to the probe. beam polarization to avoid coherent
interference. In order to study the dependence of photoreflection signal with optical

pump power a variable neutral density filter was used.

Spitfire

chopper
‘\" QD S
B. S l

polarizer

N 7

Figure 4-3. The schematic of optical pump probe system.
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4-3. Results and Discussions
4-3.1 Fluence Dependent Carrier Dynamic in InN Film and Nanorod

Transient photoreflection was investigated with an optical pump-probe
arrangement. The samples are excited with a focused pump beam (diameter ~500 zm)
at 800 nm in degenerated pump-probe configuration. The polarization of the pump
beam is parallel to the plane of incidence and perpendicular to the probe beam
polarization whose fluence is adjusted to be more than ten times smaller than pump
beam. The photoexcited transient reflection is generally described by a variation of
complex refractive index through several effects such as band-filling (BF), band-gap
renormalization (BGR), free carrier absorption, and carrier recombination. Our
interpretation of the temporal evolution of the transient reflection of InN follows the
interplay of photoinduced absorption-and band filling.

The time evolution-of normalized transient reflection change (AR/Ry) of InN
epilayer is shows in Fig.“4-4. The reflectivity change signal is characterized by an
initial sharp drop, followed by a quick rise and a second much slower decay of the

reflectivity.

ARIR( (1072
[e)]

4 2 0 2 4 6 8 10 12 14 16
time delay (ps)
Figure 4-4. The solid line indicates transient photo-reflectivity of undoped InN
epilayer at pump fluence 0.509 mJ/cm?. The zero-delay time is

determined by autocorrelation.

67



We consider the initial fast decrease as the photoinduced absorption. It is known
that c-plane InN has strong electron accumulation at surface layer. The spatial
dependence of the band bending is described by a potential, V(z) which is given by
the solution of the Poisson equation within the modified Thomas-Fermi
approximation. As shown in Fig. 4-5, the surface Fermi level of InN was found, from
the charge-profile calculation, to be ~1.6 eV above the valence band maximum (E,)
[4-12]. Therefore, intrinsic electrons prefer to locate in surface accumulation layer and
to distribute above E, ~1.6 eV. Although the optical penetration depth of InN at 800
nm is about 150 nm, the most electrons are initially accumulated at surface
accumulation layer (<10 nm) due to the band bending. The transient reflectivity
change may be related to the surface electrons distribution. The photoinduced
absorption (PA) above E, ~1.5 eV has been observed for InN nanowire [4-13] and

rich-In Ing goGag 11N epilayer [4-14].

| 3
i
SU N TR S——
CEM
:; /
[ 1= ] [
-— vwBEM
r
Accumulation : r~type
- Region Bulk
)
=

Figure 4-5. The conduction and valence band edges (E. and E,, solid lines) and the
Fermi level (Er, dashed line) in the near-surface region of c-plane InN.
[4-17]



In this work, we monitor the carrier dynamics at photon energy 1.55 eV (800
nm) which is close to the surface Fermi level. Initially, pump beam excites the carriers
to conduction band and fill the states near to Fermi level. Meanwhile, photoinduced
absorption at this probe wavelength occurs, which increases absorption of probe beam
and results in reflectivity decrease. The reflectivity drop time is limited by system
resolution (or laser pulse width ~200 fs). However, due to the high accumulation of
the carriers at these energy states, the band filling bring the signal to positive values.
After that, the signal is recovered toward equilibrium within 16 ps. From fitting
results, since this time constant (~3.5 ps) of InN epilayer is independent to
photoexcited carrier density similar to the results of Ref. 4-14 and 4-15, we conclude
that it is defect-related recombination time. Henee, @s kinetic energy relaxes, carriers
may be trapped by defect or surface state.

InN epilayer and nanorods were photoexcited at the range from 0.254 to 0.509
mJ/cm®. The fluence dependent. time constant is extracted via fitting by dual
exponential function convoluted with system resolution. For InN epilayer, the
absolute reflectivity change is plotted in log-log scale as linear dependent on the
fluence. The negative amplitude displays rapidly increase than positive amplitude and
the ratio of them shows that at high fluence PA begin to dominate the signal at near
zero time delay. The cooling time increases as the fluence increases, which reveals hot
carrier relaxation process. The carrier lifetime independent on the fluence is
considered as defect-related recombination time.

The time evolution of InN LT nanorods is similar to that of epilayer within 3 ps.

A prolong relaxation time (>100 ps) is observed for nanorods. It may be due to the
high surface-to-volume ratio for nanorods and the reduction of carrier diffusion rate
near the surface. This abnormally long relaxation time for nanorods was also

observed for optical-pump THz-probe measurement [4-16].
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Figure 4-6. The time evolution of transient reflectivity change of InN epilayer and

the ultrafast carrier dynamic information.

70



’:T 1 ——254.76 i
o -0.04- ——305.71 -
vo 4 —— 356.66 X
- o — 407.62 L
D\: 0.06 ——— 458.57
Dé -0.08: 509.52 2 _
d unit: xJ/cm |
-0.10 « 3
'012 v ) v 14 v 4 v L} v 14 v 14 v L v L
-4 -2 0 2 4 6 8 10 12

time delay (ps)

10
0
£ L
o) 14 |
E A—A—A—A—A—AL—A [
c i
8
g o .
[
7
8
0.01 b=y T T T T T T
200 250 300 350 400° 450 500 550
Pump fluence (pJ/icm?)
©
4 =]
0.1 o 0.1 e
o S e/
5 " 3 g
s 2
e 5 3 s
z é/ 2 v
< - <
0.014 /
<
T T T T T T T 001 v ¥ hd o v \J v
200 250 300 350 400 450 500 550 200 250 300 350 400 450500550
Pump fluence (ud/cm?) Pump fluence (uJ/cm?)

Figure 4-7. The time evolution of transient reflectivity change of InN LT nanorod

and the ultrafast carrier dynamic information.
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4-3.2 Concentration Dependent Carrier Lifetime

In this work, the carrier dynamics of the free carrier concentration of Mg-doped
InN range from 4.33x10'7 to 3.7x10'® cm™ were investigated. The Mg-doped and
undoped InN are excited at the pump fluence of 0.356 mJ/cm®. Our observation nearly
shows an inverse relationship between carrier lifetime and free carrier concentration
due to the increased electron trapping by the defect. In addition to carrier
concentration, defect density in materials significantly influences nonradiative
lifetime as well. It may explain the deviation of inverse relationship between different

samples.
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Chap 5. Conclusions and Future Work
5.1 Conclusions

We calculated the second-order optical response of bulk and surface electric
field of InN. The calculated results resolve the divergence of larger incident angle of
THz due to Fresnel loss and they describes well the azimuthal angle- and polarization-
dependence of THz radiation, which is due to the competition between transient
current and optical rectification. From azimuthal angle dependence of second
harmonic generation, we demonstrated that bulk electro-dipole contribution
dominates any surface terms in noncentrosymmetric crystal. The parameters obtained
from the best fitting to the azimuthal angle dependent emitted THz radiation are well
consistent to the calculated results. We investigated the transient carrier dynamics for
InN epilayer and nanorods.via time-resolved optical pump-probe technique. The time
evolution of transient reflectivity change of InN was found to be the interplay of
photoinduced absorption ‘and band ‘filling. The fluence independent lifetime of InN

epilayer is regarded as defect-related recombination time:

5.2 Future work

From TREFISH measurement [4-17], Mg-doped a-plane InN film has observed
strong built-in electric field in surface. The strong surface electric field may influence
THz radiation from InN surface and carrier dynamics in surface region. We will base
on analysis in this work to examine optoelectronic properties of Mg-doped InN. Up to
now, there is little discussion about photon energy dependent carrier dynamics in InN
epilayer and nanorod. Large photon energy variation of probe beam has been used to
determine the photoinduced absorption in InN nanowire [4-13] and rich-In InGaN
[4-14]. From photon energy dependent carrier dynamics, we can determine that

specific dynamics (BGR, PA etc.) in InN epilayer and nanorod.
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