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Coherent THz Spectroscopic Studies of Magnesium-Doped

Indium Nitride Semiconductor

Student : Chih-Wei Chia Advisor : Prof. Hyeyoung Ahn
Department of Photonics and Display Institute College of Electrical

Engineering National Chiao Tung University

ABSTRACT

In this thesis, terahertz time-domain spectroscopy (THz-TDS) has been used to
investigate optical and electrical properties of c-plane magnesium doped indium
nitride (c-InN:Mg) and undoped a-plane-InN epitaxial films. By using this method, we
can obtain the frequency:.dependent complex conductivity and refractive index
information.

In the experiment on=c-InN:Mg, we observed the transmittance for undoped InN
film is less than 20%, whereas that-for InN films.doped by magnesium acceptors was
enhanced around three times (>60%). We found the terahertz transmittance does not
have particular dependence on' carrier concentration. From the analysis, the complex
conductivity of c-InN:Mg was obtained and its frequency dependence could be well
described by the Drude model. Since THz-TDS cannot provide the type of
conductivity of semiconductors, we assumed both p- and n-type conductivity for
InN:Mg and calculated the carrier concentration and mobility. With an assumption of
electron effective mass of 0.075m,, the electron mobility and electron concentration
of the samples were calculated and they are consistent with those measured by Hall
effect measurement method. With the assumption of p-type conductivity, the hole
concentration and mobility were calculated and they agree with the previously

published results.



For a-plane InN, we found the anisotropy of refractive index and electrical
conductivity along parallel and perpendicular to in-plane c-axis direction. The
structural anisotropy formed during the growth of a-plane InN causes the
directionality of defects and strain and results in the anisotropy of optical and

electrical properties of nonpolar InN.
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Chapter 1 - Introduction

1.1 - Terahertz Spectroscopy

The electromagnetic waves are widely application of anything with the progress of
human’s technology, such as communication, national defense, medical science and
others applications. In the 19th century, Maxwell equations proved light is a type of
electromagnetic wave. Therefore, a lot of scientists study in every gap in the
electromagnetic spectrum and doing the related experiment. After a long research,
scientists in various frequencies for spectrum have understanding in a way. Only one
frequency gap has not been extensively studied. Terahertz radiation (THz), it lies in
the frequency gap between infrared and microwave as shown in Fig. 1-1 that is
typically referred to as the frequencies about 100 GHz to 30 THz. 1THz is equivalent
to 33.33 cm™ in wavemnumbers, 4.1 meV photon energy, or-300 um wavelength, so
THz waves are also called sub-millimeter wave.

Before 1980s people don’t.know much about THz because the generation and
detection technologies are not well-established.. Since the development of
femtosecond laser, THz technology has been rapidly studies. In 1981, Auston™
successfully used the photoconductive switching to drive the antennas generate and
detect coherent terahertz in free space. In 1995 Q-Wu and XC-Zhang® used ZnTe
crystal to detect THz radiation by free-space electro-optic sampling (FS-EOS) which
increases the detection bandwidth and signal to noise ratio (SNR).

Since the photon energy of the terahertz wave (4.1 meV) are smaller than X-ray, so
the applications of THz are extended®*!, such as THz imaging, non-destructive

measurement, studies on semiconductors, security, biology and medical sciences.
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(http://department.fzu.cz/lts/en/intro.html)

For semiconductors measurement, ‘conventional four point and Hall effect
measurement can measure the characteristics including mobility (, concentration N
and resistivity ¢ of the:semiconductor materials by direct.sample contact. All these
electrical measurements measure only DC value of the sample. For some
semiconductors with high resistivity andlow concentration, the electrical properties
are difficult to be measured by simple  direct contact because at the
metal-semiconductors interface, the.Schottky barrier may disturb the measurement
value. Therefore, THz-TDS (Terahertz Time-Domain Spectroscopy) with advantages
of non-contact and frequency-dependent measure is desirable for semiconductors
characterization. In 1990 D. Grischkowsky et al® successfully measured optical
properties including refractive index and conductivity of GaAs wafer and the results
fit well with the Drude model.

In comparison with traditional far-IR source and detection, THz-TDS is a coherent
technology that can measure both amplitude and phase information at the same time.
This technology can avoid the uncertainty of Kramers-Kronig relation that simplifies
the analysis process. Besides, we can analyze variety of materials, such as liquids,

superconductors and nanostructure materials.


http://department.fzu.cz/lts/en/intro.htm

1.2 - Issue in InN:Mg and a-plane InN semiconductors

Compared to all other TI- Nitride semiconductors, InN has the lowest effective
mass, the highest mobility, highest saturation velocity and narrowest direct bandgap.
Recent research has shown that the revision of the band gap to the now almost
universally accepted value of approximately 0.7 eV ® as shown in Fig. 1-2. Since InN
is a narrow band gap semiconductor, it has attracted much attention because it extends
the fundamental band gap of II- Nitride alloys can cover a wide spectral region,
ranging from near infrared to ultraviolet. This characteristic has generated great
interest in InN for high potential in applications such as high efficiency solar cells,
near-infrared optoelectronics. But the InN film growing along the c-axis had a great
effect which depends on<the polarization-induced internal electric fields.”®! These
electric fields are due to piezoelectric “and spontaneous polarizations. The
strain-dependent piezoelectric polarization along the c-axis {0001} of the wurtzite
crystals which increases.with the lattice mismatch.in. the nitride layers. However, the
layers grown along a- {1120} or m-axis {1100} direction, on the other hand,
polarization-induced electric field perpendicular to the layer interface can be
minimized and the efficiency of the electronic devices can be increased.

In terahertz research, the narrow band gap and remarkably large gap between the
conduction minimum and the next local minimum of InN also make it a favorable
candidate for terahertz emitter.>*% Moreover, InN has high prospect as a material for
high-frequency electronic devices.***? To realize the InN-based devices, it is
essential to fabricate both n-type and p-type semiconductors. However, due to its high
electron affinity, as-grown InN is typically n-type and difficult to be doped p-type.!*®!
Nowadays, the fabrication and the investigation of basic properties of p-type doping

of InN has become a importance issue. One of the reasonably accepted methods to



produce p-type InN is doping Magnesium.**** Since Jones et al.' have reported
indirect evidence for p-type doping in InN, many groups have verified hole
conduction p-type bulk Mg-doped InN films (InN:Mg) buried under the surface

layer.l!*°1 However, it is still under debate whether Mg-doped InN film is p-type
semiconductor.

6.5 *AIIN | -

_ 1 (0001)
W

558 W

> 50 Y

@ Py

~— 45 L ¢

> '_' Y

D 40 i

e

g 3s

% 3.0

- 5% e e s s 4 et b b et e et

= :

o

o e e B PR ‘.‘:4—4
0.5 o |

nN(o
3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0
In-plane Lattice Constant (&)

- e

Fig. 1-2 The energy band gaps of Group -l Nitride semiconductors!”



1.3 - Organization of this Thesis

In chapter 1, an overview of THz radiation and introduction of InN and InN:Mg
semiconductors. In chapter 2, we mainly describe the theories including THz
generation and detection, analysis methods. In chapter 3, the basic characteristics
information, such as growth method, properties of samples and Hall measurement
results of semiconductor samples. In chapter 4, the experimental setups including the
laser system and THz-TDS system are introduced. In Chapter 5, we will analyze data
and discuss the experimental results. Finally, the experimental conclusions and future

work are shown in chapter 6.



Chapter 2 - Experimental Theories

2.1 - Terahertz Generation

There was a lot of methods can generated terahertz such as irradiation of
photoconductive antennas, semiconductor surfaces, or quantum structures with
femtosecond optical pulses laser. The most common mechanism are surge current and
transient polarization which acts as broadband terahertz sources. In this work, the
terahertz waves are generated via surge current, therefore we will briefly introduce

this mechanism.

Surge-Current Model

The basic mechanism-of surge current begins:with an ultrashort pulse laser which
creates electron-hole pairs in semiconductors. Then the carriers accelerate in the
external or internal electrical field to form -a transient: current which radiate THz
waves. In the far field approximation, the field" amplitude of the radiation is
proportional to the time derivative of the photo-current.

From the Maxwell’s equation!?®! :

® VxE=-— ‘Z—f (Faraday’s Law) (2-1)
® V-D=p (Gauss’s Law) (2-2)
® VxH=]+ g (Ampere’s Law) (2-3)
e V-B=0 (2-4)

From Equation (2-1), (2-2), (2-3) and (2-4), we get

—

VXA (2-5)

esl}
Il

2_ _gy_ 04 )
E=-w-2 (2-6)



And we know :

o ﬁ = Soﬁ + l_)) (2-7)
e BE=uH (2-8)
® J=cE (2-9)

Because of Lorentz gauge V2V + e”% = 0 and from equation (2-1) to (2-9) that we

can get
— aZK -
VZA — eNog = —yJ (2-10)
2y _ . 2V _ _p -
VeV — e preaialiie (2-11)

We got two inhomogeneous.wave equations (2-10 and 2-11) in terms of magnetic

potential A and electric potential V that J isthe current density and p is the charge
density. These equations'describe the propagation of the electromagnetic disturbances.
From equation (2-3), the:continuity equation of free carriers is obtained.

iS

L ol -
)= V- TEE=0 (2-12)

V- (VxH) =V (+2

The current is a transverse. current which is perpendicular to the direction of
propagation, so we got vV-]=0. Eq (2-10) and Eq (2-12) implies that the charge
density is constant in time and does not contribute to the time dependent radiated

electric field. Therefore, from Eq (2-6) we have

- oA
i =75

The solution of the vector potential A in Eqg (2-10) leads into the expression for the
time-dependent radiated electric field E(F,t) at a displacement ¥ from the center of

the emitter :

7 (= F_F,
. 1 0 ]S(r't_l c l)
E@t) = — f da’

Amieyc? Ot

Where c is speed of light, g, is the permittivity of free space, E is the surface



current in emitter evaluated at the retard time, and da’ is the increment of surface
area at displacement ' from the center of the emitter. In the far field and assuming

]_S) is a constant at all points in the emitter, the radiated field can be written as

. b dJ(t
EEY =1 ]d‘E)

where b is a constant, and the radiated field proportional to the time derivative of
photo-current. In general, the semiconductors with a wide bandgap, such as GaAs (Eg
= 1.43eV) and InP (Eg = 1.34eV) which by surface depletion field® to generate
terahertz wave. However, the semiconductors with small bandgaps and small effective

mass, such as InAs and InSb, radiate terahertz via the photo-Dember effect.?2%!

2.2 - Terahertz Detection

The most common methods-for THz detection are photaconductive sampling and
free space electric-optic sampling (FS-EOS). Both of‘them=are coherent detection
which can get both amplitude and phase information by scanning THz time-domain
waveforms. They have highssignal to noise ratio (SNR) in‘comparison with bolometer.
In our experimental setup, free space electric-optic'sampling mechanism was used for

our detection. The properties are described below.

2.2.1 - Free space Electro-Optic Sampling (FS-EQS)

The EO sampling method is based on a birefringence in an EO crystal induced by
the incident radiation, or Pockels effect. Under the external field, the phase retardation

induced in the EO crystal can be expressed as!*”

2m
AT = Tdn Y41ETHZ

Where d is the thickness of the crystal, n is the refractive index of the crystal at the



wavelength of the near IR probe beam, A is the probe beam wavelength, Y,; is the
electric-optic coefficient, and Ety, is the electric field of THz waves. The detector of
EO sampling has broad bandwidth spectrum and is easy to implement. There are
many different materials for EO sampling such as ZnTe, GaP, GaSe, and InP. Among
all crystals, ZnTe is commonly used for EO sampling of the THz pulse because ZnTe
crystal has relatively large electric-optic coefficient and good group velocity match.
The linearly polarized laser probe beam co-propagates inside the crystal with the
THz beam and its phase is modulated by the refractive index change induced by the

electric field of the THz pulse as shown in Fig. 2-4.

QWP Wollaston prism

EO Crystal

Balance detector

Fig. 2-1 Schematic figure of Electro-Optic Sampling

The principle can be explained as follow. Suppose z is the probe beam propagating
direction, and x and y are the crystal axes of the EO crystal, respectively. When an
electric field is applied to the EO crystal, the birefringence axes are induced by
electric field x> and y” at an angle of 45° with respect to x and y axes. If the input
probe beam is polarized along x with E, amplitude, then the output beam can be

expressed by

TC

[EX] cosg —sin% [eiS 0] cos% sinz [Eo] E, [ei8+1
Ey] sing cosg 0 1 —sing cosg 01 2 ]eid—1q



Where 6 =T, + T is the phase difference between the x’ and y’ polarizations,
including dynamic term I' caused by THz field and static term, T,.

The intensity of probe beam in x and y direction can be expressed by

T,+T

I, = |E4|? = I, cos?

I, = |Ey|” = Isin? F"; !

where I, = EZ is the input intensity and l«+1y=l, is the total energy. A Wollaston

prism is use to extract the I, and I, independently. A quarter-wave plate for balance
detection that the static term [}, is often set at g It’s operating at the linear region to

avoid distortion. In the most cases.of EOQ sampling, I' is much smaller than 1, so we

can measure the signal I, and Iy by a balance detector.
|
—= EO (1—1)

I
Iy =7(1 +F)

I moe

2m
o Tdn Y41 Eriiz

The signal difference that is proportional to the phase change I' IS induced by THz
field. Thus, we can obtain the total THz time-domain waveforms by measuring the
signal difference via the balance detector as a function of delay time between the THz

pulse and the laser probe pulse.
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2.3 - Time-Domain Measurement Technique

Pump-and-probe technique can be used to obtain the time-domain information on
ultrafast phenomena. The general principles of pump-probe method need two
ultrashort pulses: one is called “pump” beam which excites samples and the other
one is called “probe” beam which can detect the temporal evolution of the perturbed
sample. The time-resolved study of the photoexcited samples can be obtained by
adjusting the time between pump and probe beamsThe single-cycle waveform of

terahertz field can be obtained by this pump-and-probe method.

TimeDelay b |
ample

Detector

Pump beam

Fig. 2-2 The typical scheme of pump-probe experiment
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2.4 - Models and Analysis Methods

The THz time-domain spectroscopic (THz-TDS), both of frequency dependent
amplitude and phase information can be obtained by Fast Fourier Transform (FFT).
We can use these information to calculate the material’s frequency dependent optical
constants of samples that including complex refractive index and conductivity without
via Kramers-Kronig analysis. The information extraction process of time-domain
spectroscopy is expressed as shown in Fig. 2-5. In this section, we will discuss the
electromagnetic theories and analysis methods for two kinds of samples that are thick

samples and thin samples, respectively.

E(®) both amplitude and phase information

Parameter Extraction
Optical constants (n, k values and conductivity)

Fig. 2-3 THz-TDS measurement and the parameter extraction process
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2.4.1 - Thick Samples

In general, the samples of thickness are hundred microns (typically > 100um), the
temporal terahertz reflection signal in time domain is clearly separated which caused
by multiple reflections in the sample. We can reduce the reflection signal to simplify
the analysis as show in Fig. 2.6. The schematic figure of the electromagnetic model is
shown as Fig. 2.7, assuming normal and plane wave incidence. We assumed E,(w)
is the incident terahertz field, E..rf(w) is the reference field, Egympie(w) is the
transmitted through the sample with thickness d, and c is speed of light in free space.
n; =1 and n; = n, + ik, are refractive index for air and measured thick sample.

The reference Eer(w) and signal Eg;mpie(w) field can be expressed by

.wd - .wd
Eper(w) = Eo((’o)elTn1 =E, (w)elT

.od__ jwd wd
= T 2on, —2Ck
Esample ()= Eo (@)tiat1€7¢ ™2 = Eg(w)ty;tp 8¢ 2e” ¢ 2

Where t;, and t,; are-transmission: coefficient that is air-(medium 1) to sample

(medium 2) and sample to-air, respectively. The formula can:.be expressed by

: 2, .2
el v\
21, 215

From above equations, the complex transmission coefficient T(w) of the sample can

be expressed by

Esample(w) — ide(nz—l) —wTdkz 4n2

2 eibd
Eref((*)) (1 + nZ)Z P

T(w) =
The complex transmission coefficient T(w) can be obtained from the Fast Fourier
Transform (FFT) of experimental time-domain signals E¢(t) and Egympie(D. If k;
is much smaller than n, (n, > k;), we could ignore the influence of k,. Thus,

complex refractive index can be obtained as
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C 4n,

ky=—In——
27 wd lrlp(1+n2)2

0.0008
0.0007 5 Main signal
0.0006 -
0.0005 - x
0.0004 (

0.0003 - Cut Reflection Signal

0.0002 l /

0.0001 ~

0.0000 -
-0.0001 - \ ‘ /
-0.0002 - Crystal reflection'signal

-0.0003 r T r T . T . T .
0 5 10 15 20 25

Delay time (ps)

E-field (a.u.)

Fig. 2-4 Terahertz time-domain waveform transmitted through substrate of thick

silicon and the reflection signal is clearly separated from the main signal

Air Air
Eo (w) Esamyple (
| > a—Y
n,
Eo (W) I 1 Eref (W)
| AR D
— ' d le—

Fig. 2-5 Diagram of the electromagnetic model of thick sample
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2.4.2 - Thin Samples

In general, the thickness of the samples was several micron meters or even only
several hundred nanometers. So the reflection signal couldn’t be clearly separated in
time-domain as shown in Fig. 2.8. The Fig. 2.9 illustrate with a schematic of the
interaction of the THz pulse with sample. We assumed E,(w), Eief(®), Efijm(w)
and Egignai(w) be the incident THz field, the reference field through substrate with
thickness d’ (substrate only), signal field transmitted through the thin film with
thickness d and the signal field transmitted through both the thin film and substrate,
respectively. In the formula, ¢ is speed of light in free space. n; = 1, n; = n, + ik,
and n3 are refractive index for air, thin sample and thick substrate. E,..¢(w) and

Egignai(w) is expressed as

' T wd .wd . wd

.od L 3
Erer(w) = Bg(®)tyztazge ¢ "2 e = By (w)tysts e ¢ 2ie

wd!__
Esignal(w) = Efilm(‘"~))t3le1 c 'f

We suppose a plane wave of impinging on. the surface of the sample at normal
incidence. Consider the multiple reflections within the thin film, Eg,(w) can be

represented by

.od__ Bwd__
Efiim(®) = Eq(0)tityze ¢ 2 + Eq(w)typtysryiraze ¢ 2

Swd__
+ Eo((*))t12t23(r21)2(r23)2e1 c M2 ...l

.(2q+1)wd__
+ Eo(@)tyoty3(ry)d(ryz)de™ ¢ ™

Where g is the number of multiple reflections, and t;; rj; are Fresnel amplitude

transmission and reflection coefficients which can be expressed by

_ -7
TR+ m
1 ]
2,
R i
1



Assuming the number of multiple reflections are infinite (q - o) the Egp,(w)

could be expressed as

25
tiptize ¢ 2
Efiim (@) = Eq(w) Sad

1 - r21r236 C

The theoretical complex transmittance can be determined by

= i29m-1)
~ ~ Efiim () tiptize
Tthe((‘)JHZ) = ’E" =

- 20d__
ref(®0) ty3(1 — rygryze’ ¢ 2)

The transmission and reflection coefficients can be expressed by

2 2 21
t12_1+n~2 t13=1+n3 t23=n~2+n3
fig =1 5~ n;
r21=m r23=n~2+n3

The experimental data via the Fast-Fourier Transform (FFT) that the time-domain
signals are transformed-into frequency domain. By dividing Egjgnai(w) and Eper(w),
we obtained the experimental complex transmittance from THz-TDS data but there is
no exact solution for the.complex refractive index. For this:goal, we use a numerical
method and define an error function that can be expressed
| Texp (@, 17) — Tine(,13)| = Error Function (w, fi;)

If there exists a complex refractive index n; which makes the error function closest
to zero at a part of frequency w, we can extract the values at each frequency by use of
mathematical program. We set a range of values for calculation and extract the best
one that can makes the error function almost zero within them for each frequency to

have the complex refractive index values.
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0.0004 1 multiple reflection signals
0.0003 4
. ]
E-’ 0.0002 4
S ]
&  0.0001-
A ]
L 0.0000 4 V’Wm
-0.0001 1 w
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Delay time (ps)
Fig. 2-6 Terahertz time-domain waveform transmitted through thin samples and the

main signalis mixed with multiple reflection signals

ﬁo (w)
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=
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=
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Film—T> €—1—— Substrate
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Fig. 2-7 Diagram of the electromagnetic model of thin sample
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2.5 - Determination of Optical Conductivity and Mobility from
Drude Model and Drude Smith Model

In this section, we will discuss the optical conductivity and introduce Drude model
and Drude-Smith model. From numerical methods discussed above, we have the
frequency dependent complex refractive index of thin films. We can use the relation
to obtain the frequency dependent complex optical conductivity. We start from
Maxwell equation first of all. Assuming a simple conducting medium with flowing

current, ] = oF, and the formula can be expressed by

D .

— - — o — —
VXH=]4+—=]—iwegge E = —iwey(cs, —- E = —iweyeE
J ot J 0 o 0(8 1(1)80) 0
0
E=¢, +i—
wEey

Where ., is the contribution of the bound electrons.and e is the effective dielectric
constant. We can get e«-hy
£ = (g, +1ig) = (n + ik)?
and therefore the complex conductivity can be obtained from
o= (o, %+.i0;) = iwegg(eep =€)
Or = WE)E
0; = W&y(E — &)

The Drude model® was developed in the 1900s by Paul Drude that can be
describe the transport properties of electrons in materials (especially metals).
Consider the microscopic behavior of electrons in a solid as classical point electronic
charges subject to random collisions that affect by an applied field. The classical

simple Drude model that conductivity can be expressed by
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2
~ . €oWpTo
0(w) = o, +io; = P

1—-iwt
2
E0WATo
op=——
1+ w?t}
WEWATS
1+ wotg

2
The plasma frequency is defined by wp = Ne” where N is carrier concentration, e

(m~¢)
is the electronic charge, m* is the effective carrier mass and T, is carrier relaxation

€Ty

m*

time. The DC conductivity is given by opc = eNy, wherep = is carrier mobility.

The simple Drude model indicates that the velocity of carriers is damped with a time
constant t, and is randomized following each collision event. Many semiconductors
in the terahertz region have been-conform the simple Drude model, but still some
materials, such as nanostructured materials cannot explain by:simple Drude model.!®!
Recently, Smith introduced a modified  Drude model- 24, swhich can explain the
deviations from the simple Drude: model, -especially ;for.the negative values of
imaginary part of conductivity..Smith proposed the' complex conductivity in the

Drude-Smith model is given by

E0WA Ty c

[1+

6(w) =0, +io; = ]

1—-iwtg 1—iwtg

Where c is a parameter describing fraction of the electron’s original velocity after
scattering and varied between -1 and 1. In the simple Drude model, the carrier is
randomized after each scattering event, but in the Drude-Smith model, carriers retain
a fraction ¢ of their initial velocity. Mainly, ¢ = 0 corresponds to the simple Drude
conductivity and ¢ = -1 means that carrier undergoes complete backscattering. The
Drude-Smith model predicts a DC conductivity of ¢ = eNu(1+c) and thus the

reduced macroscopic DC mobility is given by p, = (1 + o).
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Chapter 3 - Sample Properties

In this chapter, we describe the growth method and electric properties of a-plane
and c-plane InN:Mg samples studied in this work.

3.1 - c-plane and a-plane InN and InN:Mg

Indium nitride (InN) is an interesting and potentially important semiconductor
material with superior electric transport properties. Compared to all other group III-
Nitride, InN has small effective mass, high mobility and high saturation velocity.
Therefore, it is very suitable for high speed and high frequency electronic device

applications. The fundamental properties of InN are listed below.

InN
Bandgap (eV) 0.7
Energy gap to next peak (eV) 2.8
Effective electron mass 0.07mg
Mobility at 300k (cm?/V/s) 4000
Saturation speed (10'cm/s) 4.2

Table 3-1 Physical properties of InN*%!

In this thesis report, a-plane and c-plane InN epitaxial films are studied. The crystal
structure and atomic arrangement of a-plane and c-plane InN are shown in Fig. 3-1.In
the c-plane InN film, the stacking series of its wurtzite structure is ABAB along the
-c-axis direction.B% In this growth direction, there are either In or N terminated polar
surfaces in the surface layer and a-plane InN, both In and N exist along the surface.

The built-in electric fields along the c-axis direction cause spatial separation of
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electron and holes that in turn gives rise to restricted carrier recombination
efficiency.®? The wurtzite structure doesn’t have a mirror plane perpendicular to
the c-axis and two surfaces can be defined by topmost single-broken-bond atom. The
group II- Nitride, such as In, Ga, or Al for cation-polarity (0001) plane and N for
anion-polarity (0001) plane. Therefore, the polarization form anion-cation pair cannot
disappearance by the inversion symmetry. In general, the growth direction along the
c-axis called polar face and the a-axis or m-axis, we called non-polar face. Fig. 3-2
shows the atomic arrangement of InN along c- and a-plane [1010] and [1120] are
crystal axis growth directions.

The thickness of InN films are in'the range of 1-1.5 um. The c-plane {0001}
undoped and Mg-doped InN-epitaxial films with different concentrations were grown
by plasma-assisted molecular beam- epitaxy  (PA-MBE) on Silicon (111) and the
a-plane epitaxial films were grown on r-plane {1102} sapphire wafer. Mg doping was
performed with a high-purity Mg'(6N) Knudsen cell and the Mg doping level was
controlled by resulting the cell temperature between 180.and 270°C. The electron
concentrations and mobilities: were. determined by room-temperature Hall effect
measurements. Fig. 3-3 is illustrated Magnesium cell temperature versus carrier

concentration and Hall mobility.

(0001)

{1120}
a-plane

Fig. 3-1 Crystal structure of InN®!
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-c-Plane a-Plane

Fig. 3-2 Atomic arrangement of InN along c- and a-plane [1010] and [1120] are

2.2x10" - 1200
~2.0x10"
£1.8x10" ] 1000;;
E1.6x1018- 800
©1.4x10"; £
£1.2x10" {600 >
£1.0x10" 5
©8.0x10" - 1400 2
£6.0x10"] 1200 ®
34.0x10" ® $ e *

2.0x10"" +— Z 0

0 180190 200 210 220 230 240 250 260 270
Mg cell Temperature(°C)

Fig. 3-3 c-plane InN and InN:Mg Magnesium cell temperature versus carrier

concentration and Hall mobility
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c-InN and c-InN:Mg

c-InN 091110 1.5 0 1120 2.0 x 10"
c-InN:Mg 080611 1.3 235 137 2.1x 10"
c-InN:Mg 080525 1.0 195 176 1.6 x 10'®
c-InN:Mg 090317 1.2 225 192 9.9 x 10"
c-InN:Mg 080624 1.2 530 4.3 x 10"

Table 3-2 List of c-plane and a-p and Magnesium doped InN samples

a-InN 061229
(m-axis)

a-InN 061229 12 0 184 | 11x10%
(c-axis)

Table 3-3 List of a-plane Undoped InN sample

23



Chapter 4 - Experimental Setups

In this chapter, we will introduce the laser system and our experimental THz-TDS

systems (Electro-Optic THz system) used in this work.

4.1 - Femtosecond Laser System

In this work, we use two kinds of femtosecond laser systems that are oscillator

titanium (Ti) sapphire laser and titanium (Ti) sapphire amplifier, respectively. The

fundamental properties of two kinds of femtosecond laser systems are listed below.

Ti ¢ Sapphire laser

Regenerative amplifier

Wavelength 800 nm 800 nm
Pulse Width 35fs 50 fs
Repetition Rate 82 MHz 1 KHz
Energy 0.6nJ 2mJ
Polarization Vertical, linear Horizontal, linear

Table 4-1 Properties of Ti-Sapphire laser-and regenerative amplifier

(Millennia V)
Diode-pumped
Nd © YLF Laser

532nm, 5W

(Empower)
Q-switched
Nd © YLF Laser

527nm, 20W

=

=

Fig. 4-1 Femtosecond laser system

35fs, 82MHz, 800nm, 200mW
(Tsunami, Spectra-Physics)

(Seed)
Ti * Sapphire Laser

Ti * Sapphire regenerative amplifier

50fs, 1KHz, 800nm, 2w
(Spitfire, Spectra-Physics)
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The oscillator Ti:Sapphire laser (Tsunami, Spectra-Physics) is used as the seed laser
that is pumped by a frequency-doubled diode-pumped Nd:YLF laser at 532nm with
approximately 5W power (Millennia V). It can provide 35fs pulses with wavelengths
ranging from 750 nm to 850 nm. The pulse repetition rate is ~82MHz and output
power is up to 0.4W. The seed laser need stretched to avoid damaging the amplifier
crystal and a Q-switched Nd:YLF laser (Empower) is used to pump the amplifier at
527nm with repetition rate is 1KHz and output power about 20W.. The pulse stretcher
reduces the peak intensity and expending the pulse to several hundreds of picoseconds.
After amplification, the amplified beam due to compressor and the beam’s pulse
width compress about 50fs and output. This amplification process is called chirped
pulse amplification. The pulse width of the Ti:sapphire regenerative amplifier
(Spitfire, Spectra-Physics) beam is approximately 50fs with-wavelength about 800nm.
The repetition rate is 1KHz and provide the output power is about 2W corresponding

to 2 mJ pulse energy.

4.2 - Experimental System

In this section, we will introduce our experimental system (Electro-Optic system).
The setup of the Electro-Optic system is illustrated in Fig. 4-4. An amplified
Ti:Sapphire laser providing 50fs, 800nm, 2mJ pulsed at repetition rate of 1KHz is
used to drive this system. The linear s-polarized incident beam is divided into two
separated beams by a beam splitter. The transmitted beam is used for the pump beam
that to excite semiconductor to generating carriers and radiate THz pulse. The
reflected beam is used as probe beam to detect the THz signal. We take the p-type
InAs for emitter. Polarization of the pump beam is rotated to p-polarized by a

half-wave plate (HWP). It’s used to generate p-polarized THz pulse in a
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semiconductor surface emitter at the incident angle of 74.3 degrees to the surface
normal which is close to Brewster angle. All the reflected laser beam from the emitter
is blocked by a Teflon sheet which has a high transmission in the THz region. The
generated THz radiation is collimated and focused onto the sample by a pair of
silver-coated off-axis parabolic mirrors with focal 3 and 6 inches respectively. The
transmitted THz radiation is again collimated and focused onto a 0.7-mm-thick (110)
ZnTe crystal for free space electric-optic sampling by another pair of parabolic
mirrors with the same focal lengths with previous pair. A pellicle beam splitter that is
transparent to the THz beam and has a reflectivity of 5% for 800 nm 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 azimuth angle of the ZnTe crystal to achieve the highest modulation
efficiency.

The evolution of the-probe polarization is shown in series for the steps of the
polarization manipulation.with or without a THz field as shown in Fig. 4-3. The linear
polarization of the probe beam “without being” modulated by THz radiation is
converted to circular polarization and the probe beam modulated by the THz radiation
is converted to ellipsoid polarization by a quarter-wave plate. After the quarter-wave
plate, a Wollaston beam splitter is used to divide the modulated ellipsoid polarized
probe beam into a linear s-polarized beam and p-polarized beam. A balanced detector
with two 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 (SNR), an optical chopper and

a lock-in amplifier are used. The balance detector is connected to a lock-in amplifier
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to amplify the signal and the signal can be obtained by a computer. The entire
experimental setup is also located in a closed acrylic box for nitrogen purge which can

decrease the environmental humidity to avoid the THz signal absorbed by water

vapor.
Probe polarization EO pyL Wollaston  Balanced
crystal plate Prism detector

|
: o

without THz field 1 I O < ]
E l)
(I+AO)

with THz field I O' O <
«—> | = " -A@)

Fig. 4-3 Probe polarization with.and without a THz field are described before and

after the polarization opticst®
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Balance detector Wollaston prism

Time Delay

50fs, 1KHz, 2W
A =800nm

TDS (sample)

chopper

Emitter

Fig. 4-4 Electro-optic THz system
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Chapter 5 - Experimental Results and Discussion

In this chapter, we first discuss the results of optical properties of InN:Mg samples
measured by the electric-optical THz-TDS system. Afterward we discuss the a-plane
experimental results. In this work, we can obtain all the transmittance of terahertz
spectrum information.

5.1 - THz-TDS Measurement of c-plane InN and InN:Mg films
Undoped InN film

By using the THz-TDS system, the calculated of complex conductivity (6(w) =
o, + io;) and refractive index (fi = n +ik) can be studied from 0.3 to 2.1 THz. The
details of sample description can be found in . For the" parameter extraction, the
temporal profiles of terahertz signal are"recorded twice, the first time without the
sample (only substrate);-and the second time with the sample. The substrate of InN
film is 370-um-thick silicon(111).

Figure 5-1(a) shows THz time domain waveforms with and without (in the free
space) the silicon substrate. The amplitude and phase spectrums of air and silicon
substrate are shown in Fig. 5-1 (b). The frequency dependent transmittance obtained
via Fast Fourier Transform (FFT) is approximately 60% to 70% as shown in Fig. 5-1
(c). The extracted frequency-dependent refractive index and extinction coefficient (n
and k value) are shown in Fig. 5-2 (a) and Fig. 5-2 (b), respectively. The
frequency-dependent refractive index value of silicon is 3.4 which is the same as our
previous result. Because the extinction coefficient (k value) is less than 0.05, it could
be ignored for later calculation. After analysis of silicon substrate, we measured the
terahertz time-domain spectrums of InN and InN:Mg samples. In the Fig 5-3 (a), the

transmittance of InN film is about 20%.
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Fig. 5-3 (a) The amplitude transmittance of InN film
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The complex refractive index and conductivity of the InN film were calculated by
using the methods at section 2.4 and are shown in Fig. 5-3 (b) and Fig. 5-3 (c),
respectively. The frequency dependent conductivity results can be fitted theoretically

by using the simple Drude model. The complex optical conductivity is defined by

2
~ . €oWpTo
0(w) = o, +io; = 1—_p

—iwTg

Ne2m,gq

The fit parameters, w, = is the plasma frequency and t, is the carrier

m.gg

scattering time or called carrier damping rate. The fitting curves agree with the
experimental data and two fitting parameters % = 40 THz and T, = 49 fs were

obtained. The real conductivity of undoped indium. nitride (091110 InN) decreases as
the frequency increases, imaginary conductivity_ slowly increases. The best fitting
curves for the real part‘and imaginary part of refractive index and conductivity are
shown in Fig. 5-3 (c). Assuming an electron effective mass m* = 0.075m, " for the

undoped InN film, these fit parameters carrespond to the carrier concentration about

2
N = 22250 — 1 5¢10'® ¢miand the carrier mobility == = 1155 cm?/V-s, in

e2 m,
reasonable agreement with room-temperature. electrical Hall effect measurement

result of 2x10* cm®and 1120.0 cm?/V-s.
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Fig. 5-3 (b) Experimental:data of refractive index and extinction coefficient of InN

film
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Fig. 5-3 (c) Experimental data (open symbols) and fitting data complex conductivity

(solid line) of InN film
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Mg-doped InN film

Fig. 5-4 (a) shows the terahertz time-domain waveform of silicon substrate and the
c-InN:Mg film. The amplitude and phase spectrums of silicon substrate and InN:Mg
film are shown in Fig 5-4 (b). The transmittance of undoped InN film is less than 20%,
whereas that of doping magnesium acceptors into InN films enhances the
transmittance of terahertz around three times (>60%). Fig. 5-5 (c), (d), (e), and (f) are
show the transmittance of each sample with different carrier concentration N from
4.3x10*" to 2.1x10" cm™. Interestingly, we found the terahertz transmittance does not
have particular dependence on carrier concentration. After doping magnesium
acceptors, acceptors and carries aretd0 combine in the semiconductor. Thus all the
transmittance of InN doping magnesium films “are sincrease that indicates the
conductivity were decrease. First, itis seen InN:Mg film with Hall measurement of
carrier concentration (N=2.1x10"® cm™) has similar to that of'undoped InN film, but
the transmittance is three times_higher than that of undoped. InN film. It is clearly
indicating doping the magnesium .acceptors: affect the material property of InN
semiconductor.

Fig 5-5 to 5-8 show the complex refractive index (i =n + ik) and optical
conductivity (6(w) = o, + io;) of four selected c-InN:Mg films with different carrier
concentrations. The calculated results shows the conductivity of imaginary part is
almost zero for the c-InN:Mg films. The carrier concentration of each sample
measured by Hall measurement is 2.1x10%, 1.6x10'®, 9.9x10", and 4.3x10*" cm?,
respectively. Despite of different carrier concentration, all the four samples of
c-InN:Mg have a nearly frequency-independent conductivity of ~50cm™Q ™. This
result can be fitted theoretically by using the simple Drude model. With the

assumption of me=0.075my, the whole best fitting parameters t, and :’—12 are given in
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Table 5-1.
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Fig. 5-4 (a) The terahertz time-domain signal transmitted.through silicon and InN:Mg
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Fig. 5-4 (b) The corresponding amplitude and phase spectrums of silicon and InN:Mg
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Fig. 5-4 (c) The amplitude transmittance:of AnN: Mg film (N=2.1x10'® cm™)
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Fig. 5-4 (d) The amplitude transmittance of InN:Mg film (N=1.6x10" cm™®)
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Fig. 5-4 () The amplitude transmittance:of AnN: Mg film (N=9.9x10'" cm™)
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Fig. 5-4 (f) The amplitude transmittance of InN:Mg film (N=4.3x10"" cm™)
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Fig. 5-5 (a) Experimental‘data (open symbols) and fitting data complex conductivity
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Fig. 5-5 (b) Experimental data of refractive index and extinction coefficient of InN

film (080611 | N=2.1x10"® cm™®)
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Fig. 5-6 (a) Experimental‘data (open symbols) and fitting data complex conductivity

(solid line) of InN-film (080525 | N=1.6x10" cm™)
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Fig. 5-6 (b) Experimental data of refractive index and extinction coefficient of InN

film (080525 | N=1.6x10'® cm™)
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Fig. 5-7 (a) Experimental‘data (open symbols) and fitting data complex conductivity
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Fig. 5-7 (b) Experimental data of refractive index and extinction coefficient of InN

film (090317 | N=9.9x10"" cm™®)
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Fig. 5-8 (a) Experimental‘data (open symbols) and fitting data complex conductivity

(solid line) of InN:Mg film (080624 | N=4.3x10*" cm™®)
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Fig. 5-8 (b) Experimental data of refractive index and extinction coefficient of InN

film (080624 | N=4.3x10"" cm™®)
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(c-plane InN and InN:Mg)
Parameters comparison of Hall effect measurement and TDS fitting

by Drude model
InN 40 49 15 2.0 1155 1120
(091110)
InN:Mg 39 11 1.4 1.6 255 176
(080525)

INN:Mg 21

(080624)

Table 5-1 Paramete
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5.2 - Discussion of c-InN:Mg results

Our calculated carrier concentrations of all the InN:Mg films in Table 5-1 that
agree well with those obtained by Hall measurement. The consistency of the results
between Hall effect measurement and THz-TDS has an important implication that are
n-type conductivity of InN:Mg films measured by Hall effect measurement may
represent the electrical property of the whole film. In contrast, if we change to the
hole effective mass (my,~0.2 — 0.3m,) to calculate the conductivity that is assumed
the p-type conductivity of InN:Mg.*'! Thus the corresponding carrier concentration
of each InN:Mg film can be much higher than the electron concentration and mobility
lower than carrier mobility measured: by Hall effect measurement. Despite the
THz-TDS method cannot ‘clearly make/sure the type of semiconductor. Nontheless,
we use electron effective mass to calculate the carrier concentration and carrier
mobility are similar Hall effect measurement that may indicate our result is n-type
semiconductor.

In Table 5-1, we found that the fitting of carrier scattering times t, of the InN:Mg
films in our results are significantly reduced compared to undoped to that of undoped
InN film. This result shows that magnesium doping induces the reduction of the
conductivity and refractive index reduction. For semiconductor, the major
contribution to the scattering time includes below : B7)
® phonons : both acoustic and optical
® ionized impurities
® neutral defects
@® other carriers (e. g. scattering between electrons and holes)

The photoluminescence (PL) intensity of the InN:Mg films is typically much weaker

than that of undoped InN, implying the inferior crystalline quality of InN:Mg films
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combined with impurities, defects, and dopants during the film growth.*® A
first-principles study also shows that dopants like magnesium in InN create the deep
formation energy and magnesium acceptors substituted on In or N sites lead to the
reduction in local symmetry associated with the relative positions of magnesium
dopant and provide the scattering centers.®! In addition, doped semiconductors,
which are typically ionized, are charged and higher ionized impurity scattering slao
occurs for highly doped semiconductor. Therefore, it clearly that impurity or defect
scattering introduced by magnesium doping shortens the scattering time in the
InN:Mg film and consequently leads to the terahertz transparency accompanied by

low conductivity.
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5.3 - THz-TDS Measurement of a-plane InN film

In this section, we will discuss the a-plane InN film experimental data. The
substrate of a-plane InN film is grown on r-plane {1102} sapphire and the thickness
is approximately 430-um-thick. Fig. 5-9 (a) and Fig. 5-9 (b) show the crystal structure
of sapphire. We know sapphire is an anisotropic material, rhombohedral crystal
structure. If the wave incidence to an anisotropic material that brings the birefringence.

Because the anisotropic medium supports two modes with distinctly different phase

velocities, therefore we can obtain different refractive index.

al
(0001) c Plane (1120) a Plane (1102) r Plane
Fig. 5-9 (a)/The crystal structure of sapphire

(http://www.namiki.net/product/jewel/sapphire/index.html)

Plane  Miller

i1 {1130)
m (1010)
c [onen1 )
r (1ioz)
n {1123)

5 {10i1]

Fig. 5-9 (b) The sapphire crystal orientation!*”’
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Common Crystalographic
Planes in Sapphire

d

“name” Index Spacing

zara A
1.375 A
2165 A
1864 A
1747 A
1.961 A


http://www.namiki.net/product/jewel/sapphire/index.html

Fig. 5-10 (a) shows the terahertz time-domain waveforms of sapphire substrate with
different polarization field which are c-axis perpendicular and parallel terahertz wave,
respectively. The time-domain terahertz signals of ordinary and extraordinary rays
have different time delay. The amplitude and phase spectrums of air and sapphire
substrate are shown in Fig. 5-10 (b). The transmittance of sapphire substrate obtained
via Fast Fourier Transform (FFT) is approximately 70% as shown in Fig. 5-10 (c).
The extracted frequency-dependent refractive index and extinction coefficient (n and
k value) are shown in Fig. 5-10 (d) and Fig. 5-2 (e), respectively. The
frequency-dependent refractive index value of sapphire is approximate 3.32 and 3.10
as terahertz field is parallel and perpendicular. to c-axis, respectively and the

extinction coefficient (k value) both orientations are approximately 0 (<0.02).

0.0016 . . . . .
0.0014 - —— E || c-axis
0.0012 - ﬂ — E 1 c-axis

— Air

0.0010
0.0008 -
0.0006 -
0.0004 -
0.0002 |
0.0000
-0.0002 -
-0.0004 -
-0.0006 - 1
-0.008 ++—+H—1F—7—"7T—"F—"—F—————

0 2 4 6 8 10 12 14 16

Time delay (ps)

Amplitude (a.u.)

Fig. 5-10 (a) The terahertz time-domain signal transmitted through air and sapphire

with electric field perpendicular and parallel c-axis
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Fig. 5-10 (b) The corresponding-amplitude and phase spectrums of air and sapphire

substrate with electric field perpendicular and parallel c-axis
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Fig. 5-10 (c) The amplitude transmittance of sapphire substrate with electric field

perpendicular and parallel c-axis
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Fig. 5-10 (e) Frequency dependent extinction coefficient of sapphire with electric

field perpendicular and parallel c-axis
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Fig. 5-11 (a) and Fig. 5-11 (b) show the terahertz time-domain waveform of
sapphire substrate and the a-InN film whose electric field is perpendicular and parallel
to in-plane c-axis, respectively. The amplitude and phase spectrums of sapphire
substrate and a-InN film for different polarization are shown in Fig. 5-11 (c) and Fig.
5-11 (d), respectively. The transmittance of a-InN film in Fig. 5-11 (e) is less than
20% when the terahertz polarization is perpendicular to the c-axis. After we change
the THz polarization, the transmittance of InN film is increased by 10%. Fig. 5-12 (a)
to Fig. 5-12 (d) shows the complex conductivity and refractive index of a-plane
measured at the orientation perpendicular to c-axis. Both results were then
theoretically fit using the simple Drude model. The best complex conductivity fitting
curves are shown in Fig. 5-12 (a) and Fig. 5-13 (c), respectively and the best fit values

of 1, and % are presented in Table 5-2. We assuming the.electron effective mass

m* = 0.095m, *® for=InN film, these fitting parameters=correspond to carrier

wjm,gg
o2

concentration N = = 0.8x10" cm?® whatever the electric field perpendicular

or parallel to the c-axis. These walues are similar.to' room-temperature Hall effect
measurement results of N = 1.1x10"® c¢m® The carrier mobility have difference
value when the terahertz polarization perpendicular or parallel the c-axis, respectively.
The experimental results measured for the electric field perpendicular to the c-axis
have higher mobility than those measured for the electric field parallel to c-axis. We
compared these results with those measured by room-temperature Hall effect

measurement and got the excellent agreement. The fitting parameters corresponding

to carrier mobility are u=%=333 (E Lc-axis) and u:;ﬁ=148 (E |l c-axis)

cm?/Vs, respectively which are similar to room-temperature Hall effect measurement

results as shown in Table 5-2.
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Fig. 5-11 (a) The terahertz time-domain signal transmitted through sapphire and InN
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Fig. 5-11 (b) The terahertz time-domain signal transmitted through sapphire and InN
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Fig. 5-12 (b) Experimental data of refractive index and extinction coefficient of InN

film (E Lc-axis)
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Fig. 5-12 (d) Experimental data of refractive index and extinction coefficient of InN
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(a-plane InN film)
Parameters comparison of Hall effect measurement and TDS fitting

by Drude model
InN
(061229) 83 18 0.8 1.1 333 359

(E Lc-axis)
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5.4 - Discussion of a-InN results

The THz-TDS experimental results show the anisotropy of refractive index and
electrical conductivity which depend on the in-plane c-axis orientation. Fig. 5-12 (a)

and (c) clearly show two difference complex conductivity, but the carrier

wfm,gq
o2

concentration N = = 0.8x10" cm® calculated from the conductivity is

independent on the orientation of electric field. In the Table 5-2, we found that the
carrier scattering time which determines the carrier mobility is largely different for

two orthogonal field orientations. And the calculated carrier mobility are p =

€To

— =333 (E 1c-axis) and 148 (E l|c-axis)=cm?/Vs, respectively. For comparison,

electrical properties were. measured by Hall “effect measurement. For Hall
measurement, the a-InN: sample was cut into narrow slabs with two different
orientation of m-axis and c-axis direction. The Hall measurements were done by Hall
bar configuration with asmagnet field of 0.5 T and the current of 10 mA. The results
are showen in Table 5-2; and are consistent-with the THz-TDS results. While the
carrier concentration of two crystal erientation is-nearly similar, the electric mobilities
are quite different. Usually, the carrier mobility is higher in better crystalline quality.
It suggests that the nonpolar InN crystalline qualities are different in c-axis and
m-axis orientation. X-ray diffraction (XRD) experiment was also done to obtain the
InN film crystalline quality. We measured x-ray diffraction rocking curve (XRC) of
INN(11-20) Bragg refraction in c-axis and m-axis orientation. The full width at half
maximum (FWHM) of InN (1120) Bragg refraction in c-axis and m-axis orientation
are 1.0 and 6.1 degree, respectively. This result is also seen in other groups./**!
Usually, the smaller XRC FWHM corresponding to better crystalline quality. It is

suggested that the crystalline quality in c-axis is better than in m-axis, which results in

the higher carrier mobility in c-axis than in m-axis. But in our THz-TDS and Hall
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effect measurement experimental results, we got opposite results. That means the
carrier in m-axis has higher mobility, but the crystal crystalline quality is not better
than c-axis. We come up with two reasons in this experimental results :

® Crystalline structure anisotropy

® Electronic structure anisotropy

We eliminate the first reason, because the carrier mobility is not dependence on
crystal crystalline quality. Thus, we try to use the second reason to explain our results.
It’s indicate that the InN structure induce the internal electrical field affect the carrier
mobility. We find that other groups has a similar results, but it’s not in the same
experiment.* Thus, we want doing' another idifferent experiment and got more

information that help us to find correct answer.
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Chapter 6 — Conclusion and Future Work

6.1 - Conclusion

In this work, we investigated terahertz time-domain spectroscopy of c-plane InN
and InN:Mg films. We studied the terahertz wave transmittance through undoped InN
and Mg-doped InN film and calculated the complex of conductivity and refractive
index. The transmittance of undoped InN film is less than 20%, whereas that of
doping magnesium acceptors into InN films enhances the transmittance of terahertz
around three times (>60%). Our results reveal that the optical conductivity of
Mg-doped InN films is almost frequency independent.and does not closely depend on
the carrier concentration. WWe use the simple Drude model to describe the InN and
InN:Mg films that can be obtained a best fitting. The calculated carrier mobility and
concentration of undoped InN“and Mg-doped  InN film which are consistent with
those from the Hall effect measurement. The refractive index and conductivity of
INN:Mg are much smaller than®those of undoped InN and the reduction of
conductivity is dominated by the carrier scattering time. We use electron effective
mass to calculate the carrier concentration and mobility are similar Hall effect
measurement that may indicate our result is n-type semiconductor.

For a-plane InN, we found the anisotropy of refractive index and electrical
conductivity along parallel and perpendicular to c-axis direction. The THz-TDS and
Hall effect measurement experimental results are opposite. The carrier mobility is
independence on crystal crystalline quality. It’s indicate that the InN structure induce

the internal electrical field affect the carrier mobility.
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6.2 - Future Work

InN is a prospect of material for high-frequency electronic devices. But the crucial
for growing p-InN is an advanced challenge. So it is important to successful develop a
direct method to identify the doping type of InN. It is inadequate to rely on the
terahertz time-domain spectroscopy to identify the type of InN. Currently, we need
trying to find other experimental methods distinguishing that is p-type or n-type InN.
Although the InN film growth direction is non-polar face (a-axis or m-axis), the lattice
mismatch still due to substrate and InN film and results a built-in electric field. So we
need to improve the lattice defect problems and increase the electronic devices
efficiency.

We want to obtain more.information of difference growth direction and material
(GaN) samples by the THz-TDS. Now we" are establishing the terahertz imaging
system which can help=us to understand the corresponding of material informational.
We need to understanding the transient carrier dynamics in the InN:Mg, so it is
important to investigate the InN:Mg films by the Optical Pumb-Terahertz Probe

(OPTP) system.
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