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Coherent THz Spectroscopic Studies and THz Emission Mechanisms
of Magnesium Doped Indium Nitride Compound Semiconductors

Student: Yi-Jou Yeh Advisors: Dr. Hyeyoung Ahn

Department of Photonics and Institute of Electro-Optic Engineering
National Chiao Tung University

ABSTRACT

We investigated the terahertz (THz) emission mechanisms of undoped and
magnesium doped indium nitride (InN:Mg). THz emission of c-plane and a-plane
Mg-doped InN films with different carrier concentrations have been studied by
free-space electro-optic sampling terahertz time-domain spectroscopy.

We observed the significant THz power enhancement from c-plane InN:Mg with
the carrier density near 1%10'™ cm™ (n¢), compared to c-plane undoped InN.
Depending on the carrier density, the polarity reversal. of THz emission was observed
for c-plane InN:Mg, indicating’'  THz " emission is governed by carrier
density-dependent emission mechanisms. For a-plane InN:Mg films, however, nearly
equally strong THz emission is observed over a wide variation of carrier density and
the dominant THz emission mechanism is due to the acceleration of photo-excited
carriers induced the in-plane electric field perpendicular to the axis which increases
the geometrical coupling efficiency but not the carrier concentrations.

For THz time-domain spectroscopic study, we discovered the experimental result
of undoped c-plane InN film can be well-fitted with the Drude model. Moreover, all
the results of c-plane InN:Mg films cannot be fitted by Drude or Drude-Smith model.
We tentatively propose that the carrier transport in c-plane InN:Mg films to be

dominated via electron hopping through these carrier compensation centers.
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Chapter 1 Introduction

1.1 Terahertz Radiation

Generating short laser pulses has remarkably advanced recently. The availability
of femtosecond laser pulses fosters a new field called terahertz optoelectronics.

Terahertz (THz) radiation, covering up the frequency gap between the infrared
and microwaves, is generally about 100GHz to 30 THz. 1 THz is equivalent to 33.33
cm™ in wave numbers, 4.1 meV photon energy, or 300 um in wavelength, therefore
THz waves are also known as sub-millimeter waves.

It was not until 1980s did people know about THz because the generation and

detection technologies are not well-established. Since the appearance of ultrashort

(1]
laser, THz has been rapidly studies. Mourou and Auston ~ in 1981 used the

photoconductive switching to drive the antennas emitted terahertz in free space. In

(2]
1995, Wu and Zhang applied the electro-optic effect of ZnTe crystal for free space

terahertz sensing which increases the detection bandwidth and signal to noise
ratio(SNR).

Since the photon energy of terahertz wave are relatively smaller (4.1meV) than
X-ray, so the applications of THz are diversified, such as THz imaging,
non-destructive measurement, studies on semiconductor nanostructures, medical
sciences and security. More applications are still being researched in many areas by

means of features of terahertz radiation.
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Fig. 1.1-1 The spectrum range of electromagnetic waves

(http://www.rpi.edu/terahertz/about_us.html)

For semiconductors, there are frequently characterized by three material
parameters, the carrier concentration N, mobility ¢ and the scattering time 7 .
Traditionally, mobility, carrier concentration and resistivity of semiconductor
materials can be obtained via conventional four point probe and Hall effect
measurement by direct sample contact: Yet, conventional four point probe and Hall
effect measurement can only obtain. DC value of the sample. For some
semiconductors with high resistivity and low 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. Hence, THz-TDS with advantages of non-contact and frequency-dependent
measurement is a desirable for semiconductors characterization. THz-TDS is a
coherent technology measuring both amplitude and phase information at the same
time, which can avoid the uncertainty of Kramers-Kronig relation and simplify the
analysis process. Besides, many researches have been performed on a variety of
materials, such as dielectrics, semiconductors, liquids, superconductors, and

nanostructured materials.

1.2 InN and InN:Mg Semiconductors
Indium nitride (InN) is a promising material for high frequency electronic

devices. Compared to all other I1I-Nitride, InN has the lowest effective mass, the
2



highest mobility, the highest saturation velocity and the narrowest direct bandgap.
Recently, indium nitride has received much attention since it extends the fundamental
bandgap of III-Nitride compound semiconductors over a wide spectral region, ranging
from near infrared to ultraviolet. It can be applied to high-frequency electronic
devices, near-infrared optoelectronics and high-efficiency solar cells. Moreover, the
narrow bandgap (~0.7eV) and the rather large bandgap between the conduction
minimum and the next local minimum of InN also make it a favorable candidate for
terahertz emitters.

To achieve the InN-based devices, it is important to fabricate both n-type and
p-type InN. However, due to its large electron affinity, InN is unintentionally doped
n-type and difficult to be doped p-type: Nowadays, p-type doping of InN has been
focus of intense efforts. To realize p-type InN, Mg 1s the most studied acceptor dopant
in InN. Since it is the first time that Jones et al.*! reported indirect evidence for p-type
doping in InN. Besides, many groups have verified hole conduction* and p-type bulk
Mg-doped InN films (InN:Mg) lies under a thin n-type inversion layer and a rather
thicker depletion layer.”! Nevertheless, whether Mg-doped InN films are p-type InN

is still under debate because there is no direct evidence.

1.3 Organization of this Thesis

In chapter 1, an overview of THz radiation and brief introduction of InN and
InN:Mg semiconductors. In chapter 2, the theoretical part of the THz generation and
detection related to our experiments are illustrated. In chapter 3, semiconductor
samples regarding to their basic properties, such as growth method and Hall
measurement results will be introduced. In chapter 4, the experimental setups
including the laser system and the free-space electro-optic THz-TDS system are

characterized. The experimental results will be analyzed and discussed in chapter 5.
3



Finally, concluding remarks and future prospect are shown in chapter 6.
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Chapter 2 Experimental Theories

2.1 Terahertz Radiation

THz pulses can be generated by many methods such as irradiation of
photoconductive antennas, semiconductor surfaces, or quantum structures with
femtosecond pulses. The most common mechanism are surge current and transient
polarization which acts as broadband terahertz sources. In this work, the THz waves

are generated via surge current.

Surge-Current Model

Basic mechanism of surge current begins with an ultrashort laser pulse 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 radiated field is proportional to the time

derivative of the photo-current.
2.1.1 Surface Depletion Field

In semiconductors with wide bandgaps, such as GaAs (1.43 eV) and InP (1.34 eV),
the surface states exist in the forbidden gaps within the bandgap and Fermi-level
pinning occurs. The band bending leads to the formation of depletion region in which
the surface built-in field exists. The depletion field is a function of Schottky ! barrier

potential and dopant concentration




Where N is dopant concentration, = is permittivity, W is depletion width, V is the
. . kT .
potential barrier and — is the thermal energy.

The field direction is normal to the surface. Generally, the energy band is bent
upward for n-type semiconductor whereas downward for p-type. The built-in field in
p-type semiconductor drives the electrons and holes leading to surge current after
photon excitation. While in n-type semiconductors the electrons and holes are
accelerated in opposite direction by the built-in field to drive a surge current. Thus the
transient current radiates THz waves. The emitted THz radiation amplitude is

proportional to the time derivative of the photo-current.
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2.1.2 Photo-Dember Effect

In semiconductors with small bandgaps and small effective mass, such as InAs
and InSb, radiate THz via -Photo-Dember effect.. With near IR light excitation
(energy~1.55¢V), the absorption ‘depth-is_very small (~100nm)”), and the excess
energy of photoexcited carriers is very large in narrow-bandgap semiconductors. Thus
these conditions enhance the Photo-Dember effect.

The band bending in narrow-bandgap semiconductors is not obvious resulting in a
relative small surface depletion field. After the ultrafast laser excitation, the high
absorption coefficient due to a small bandgap causes a large gradient carrier
concentration. The excited electrons and holes diffuse in the same direction with
different velocities, and therefore the Photo-Dember effect dominant. Because the
electron mobility is always larger than the hole mobility, the direction of diffusion
current is the same for both n- or p-type semiconductors. The fast photo-current rise

and decay time due to the small electron mass and high mobility which often increase



with decreasing band gap is helpful for efficient THz generation. The need of photon
energy is comparable small that makes the free carriers have large excess energy as

well. The steady-state Photo-Dember voltage can be expressed by [*):

Ve = Kg(Teb—Ty) 1 In (1 (b + 1)An)
P e b+1 ny,b + p,

Where n, and p, are the intrinsic concentration of electrons and holes, (.and u,are

the mobility of electrons and holes, mobility ratio b = Ll—e ,and T and Th are the
P €

temperature of photo-excited electrons and holes. Several properties can be derived

from the equation: Photo-Dember effect is enhanced by larger electron mobility

= k), higher electron excess energy (. T.) and low intrinsic carrier concentration.
[§]

The electric field E4 = % (d 1s the absorption depth) is inversely proportional to

absorption depth. Therefore, the Photo-Dember effect is'stronger in narrow bandgap
materials than in wide bandgap materials.and.is further enhanced by the small
absorption depth. InAs are very interesting semiconductor, especially as a strong THz
emitter with high intensity. The high conversion efficiency has made InAs drawn
much attention and be one of the most widely used THz emitters. InN has also been
considered to generate THz waves via Photo-Dember effect”. In this project we will

focus on the terahertz emission of InN and InN:Mg for different lattice structures.
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Fig. 2.1-3 Schematic flow of diffusion current by photo-excited carriers near the

surface of a semiconductor

2.2 Optical Rectification

If the applied optical field is considerably strong, it causes nonlinear optical
phenomena. THz radiation field generated by the optical rectification, Erp,(t), is
proportional to the second-order nonlinear polarization in the near field. We can

express the nonlinear polarization induced by optical rectification in the far field as

9?P(t)

E9R, () =eeEpy, aes oz

Where € is the unit vector, which is normal to the observation direction at the
observation point.

The strong dependence of the emitted THz radiation intensity on the crystal
orientation to the pump polarization is the most unambiguous evidence for the
contribution of the ¥ process. By rotating a sample regarding to its surface normal,
the relative contribution of the azimuthal angle-dependent component to the total THz

radiation can be estimated.

2.3 Terahertz Detection

General methods for THz detection are photoconductive sampling and free space
9



electro-optic sampling. These methods are coherent detection which can get both

amplitude and phase information by scanning THz time-domain waveforms.

2.4 Electro-Optical Crystal and Free Space Electro-Optic Sampling (FS-EOS)
The EO sampling method is based on a birefringence in a 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! '”

2T
AT = 7 dn3y41 Ethz

Where d is the thickness of the crystal, n is the refractive index of the crystal at the
wavelength of near IR probe beam, A is the probe beam wavelength, 7 4 is the
electric-optic coefficient, and Etyyis the electric field of THz waves. Among all
crystals, ZnTe is commonly used for EO sampling of the THz pulse since it has
relatively large electric-optic-coefficient and is transparent at the wavelength of both
Ti:Sapphire laser and THz radiation. The THz pulses are best detected by using free-
space EO sampling method than photoconductive antennas due to the non-resonant
method and is suitable for broadband detection.

The linearly polarized laser probe beam co-propagate with THz beam inside the
crystal and its phase is modulated by the refractive index change induced by the
electric field of the THz pulse. Suppose z is the probe beam and THz beam
propagating direction, and x and y are the crystal axes of the EO crystal. When an
electric field is applied to the EO crystal, the birefringence axes induced by electric
field x* and y’ are at an angle of with respect to x and y axes. If the input probe beam
is polarized along x with amplitude E,, then the output beam after rotating the

coordinates and calculations can be expressed by

10



11 n : 11
°4 0 2 g [Eo] Eo[e® +1
11 O 11 T[ 2 leid — 1
Where O0=1"otI" is the phase difference between the x’ and y’ polarizations,

including dynamic term I caused by THz field and static term " o.

The intensity of probe beam in x and y direction are

F0+F
= |E4|? = Ijcos? ———
2
I +T
_ 2 _ [ 2.0
—|Ey| = Ipsin —5

Where 1,=E,’ is the input intensity. After the beams travel through the Wollaston

prism I, and I, can be extracted independently. The static term T'ois often set at =

which provided by a quarter-wave._plate for operating at the linear region to avoid
distortion. We can measure the signal difference between I, and I, by a balance
detector.

=l =1L, =1,

2T
= Tdn YarEThHz

From above, we can obtain the whole time-domain waveforms by measuring the

signal difference at the balance detector as a function of the THz pulse and laser probe

pulse.

v Wollaston prism
' Y’ fast axis 4

* slow axis
x’

‘ Lock-in

Quarter-wave plate
P Balance detector

Fig. 2.4-1 Schematic figure of Electro-optic sampling
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2.5 Pump Probe Technique

General principles of pump probe methods need two ultrashort pulses: one is
called “pump” pulse which perturbs the sample at time t=0, and the other one is called
“probe” pulse which crosses the perturbed sample and acts as probe. In order to
investigate the transient dynamics, fine-scale analysis requires detection methods with
response times which are as short as possible so we need an ultrashort laser to

overcome this problem.

At=2AL /c

aL
| detector

Probe beam

umpbeam

Fig. 2.5-1 Typical scheme of “‘pump-probe” experiment

2.6 Models and Analysis Methods

A terahertz time-domain spectroscopy (THz-TDS) waveform transmitted through
or reflected from materials provides frequency-dependent optical constants, due to its
shape is modified by the material’s characteristic frequency response. The process of
utilizing THz-TDS in determining the frequency-dependent optical constants of
samples can be obtain by Fast Fourier Transform (FFT) of reference and sample
signals without the need for Kramers-Kronig analysis. In general, the parameter

extraction process of time-domain spectroscopy is stated as follow.
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Amplitude detection

E(t) measured both amplitude and phase

Elefm‘ Eagallt)  THZz-TDS measurement

Parameter

Fast Fourier Transform (FFT) extraction

E{w) both amplitude and phase information

Parameter Extraction

Optical constants

Fig. 2.6-1 The flow chart of THz-TDS measurement and the parameter extraction
process

In the following section, we will explain the electromagnetic theories and

analysis methods for thick samples &

2.7 Thick Samples
clearly separated echoes which caused by m e reflections in the sample. That is to
say, the terahertz signal drops to nearly zero between two echoes. Thanks to the
sample thickness, only the terahertz pulse transmitted directly through the sample is
taken into account. Thus, we can cut the echoes to simplify the analysis, as shown in
Fig. 2.7-1. The diagram of the electromagnetic model is shown as Fig. 2.7-2,
assuming plane wave and normal incidence. Now, let us consider Eq(®), Ef(®) and
Esample(®) as the incident terahertz field, the reference field and the signal field
transmitted through the sample with thickness d, respectively. nj = 1 and
n, = n, + ik, are refractive index of air and thick sample extracted from terahertz

time-domain measurement.

i24a ied
Eref(w) = Eg(w)e ¢ = E (w)e ¢
13



wd wd
c

wd__ .
< ==n, .-k
Esample(w) = Eo(w)tlthIel c "2 = Eo(w)t12t21el N2 o~ ¢ K2

t;» and t,; are transmission coefficient from air (medium 1) to sample (medium 2)

and from sample to air, which can be expressed as follow:

t 27 2
12 = = — = —
1+n, 14+,
2 2m;
1 = =—= —

From Eq(2-16) and Eq(2-17), the complex transmission coefficient T(w) of the

sample is obtained by dividing the signal recorded with the sample Egapmpie(w) by

recorded without the sample E .¢(w)

T(w) = Esampre(@) = eide(“z_l) = —4n~i
Eref(w) (1 + nz)z

Complex transmission coefficient T (w)ofthe sample as function of frequency
can be derived from Fast Fourier Transform (FFT) of experimental time-domain

signals Eef(t) and Egampre (D).

Esample (w) _

e—iAcp
Eref((l))

T(w) =

Thus, complex refractive index can be obtained as

C 4n,

ky=—In——
2 oodnp(1+n2)2
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0.0003
0.0002 - Cut Reflection signalg
0.0001 | 1 \

0.0000 4

E-field (a.u)

{8001 A

Crystal reflection signal

-0.0002 4

4.0003 T r T v T r T T
4] 10 16 20 26

Delay time {ps}

[+

Fig. 2.7-1 Terahertz time-domain waveform transmitted through thick silicon and both

first and second echoes are well separated from.the main signal

air
E°(w) fla | N2 E:ample(lw)
EO (w) Eret'(:w)
d

Fig. 2.7-2 Diagram of the electromagnetic model of thin sample

2.8 Thin Samples

In the case of thin samples, the overlap between successive echoes in
time-domain prevents us from dividing the terahertz signal transmitted through the
sample into its successive echoes. Thus, when we extract the complex refractive index

of the sample, we have to take the multiple reflections within the thin film into

15



account. Fig. 2.8-2 displays a schematic of the interaction of the THz pulse with the
sample. Let Eo(w), Eref(w), Efilm(w) and Esignal(®) be the incident terahertz field,
the reference field transmitted through substrate with thickness d’, the signal field
transmitted through the thin film with thickness d and the signal field transmitted
through both the thin film and the substrate, respectively. n; = 1, n; = n, + ik, and
n; are refractive index for air, sample and substrate. Eref(w), Esignal(w) is expressed
as

wd’ .wd wd .wd __
nz

i—

Eref(®) = Eg(@)tystsie’ ¢ e c ™ = Eg(w)tystze' ce ¢
ref o 13431 o 13t31

.wd’
Esignal(m) = Efilm(w)t3lel O

We suppose that it is a plane wave impinging on the front surface of the sample
at normal incidence so that we do not have to consider the tilting angle in our
following calculation. Consider the multiple reflections within the thin film, Efilm(w)
is expressed as

Efiim (@) =

.od .3 Swd.
Eo(w)tyotaze e "2 + Eq(w)tyotaaTairaze’ ¢ 2 + Eg(w)tyataarar“raz’e e 72 +

wd__
n

.(2q+1)mdﬁv
4 Eg()typtysry  drpgde ¢ 2

Where q is the number of multiple reflections. t;; and rj;, reflection coefficient at
the i-j interface and transmission coefficient from medium i to medium j, referred to
the Fresnel equations describe the transmission and reflection of the THz wave at

each interface.

_ -1y
Ay
1 ]

2n,
R i
1 ]



By assuming the number of multiple reflections are infinite, that is q—oo, the

Efiim(®) could be expressed as

4
Efilm((l)) = Eo(m) 2wd
1 —rprpzec 2

The theoretical complex transmittance can be given by

= i (75-1)
~ . Esg(w)  typtyzee™
Tthe((*)' n2) - B ((1)) - ood_
I—n
ref t13(1 —rpirpze ¢ %)

With complex refractive index of thin film n; = n, + ik,.
After collecting transmission time-domain THz signals by electro-optic sampling
THz system. By virtue of fast Fourier transform (FFT), the time-domain signals are

transformed into frequency domain,By dividing Eg;,(w) and E,.f(w), we have the

sig
theoretical complex transmittance. Apparently, there'is no exact solution for the

complex refractive index. For the sake of extracting complex refractive index, we use

a numerical method and define error function as

| Texp (@, 03, k5) — Tepe (0, nz, ky)| = Error function(w, ny, k)

If there exists a complex refractive index which makes the error function closest

to zero at the certain frequency , we can extract the value at each frequency by using

programs.

17



bo003
Main signal mixed with
mulfiple reflection signals
o002
b
..;“f. 00001
=
B
M 00080 - N
[1H
£4.0001
£4.0002 . ; .
o & i+ 15 20

Delay time {ps}

Fig. 2.8-1 Terahertz time-domain waveform transmitted through thin samples and the

main signal is mixed with multiple reflection signals

E (w
THz b Eref{w)l>
n,
d d’

film substrate
air air
Eo (@) i
™, Y
THz Esignai(w
n, |n, n,

Fig. 2.8-2 Diagram of the electromagnetic model of thin sample

2.9 Determination of Optical Conductivity and Mobility from Drude Model and

Drude-Smith Model

From numerical methods discussed above, we approached the frequency

18



dependent complex refractive index of thin films. The frequency dependent complex
optical conductivity can be obtained from complex refractive index. First of all, we
briefly introduce the theoretical part starting from Maxwell equations with simple

conducting medium. The flowing current of the medium is T = oF and the formula is

UxH=j+ 2] B
X H= — =] —iweyEs
ot 0
(20~ 7m) E
= —lWE € — = —lWEpHE
0 lweg 0
. O
€E=€p +i—
WEe,

Where & is the contribution of the bound electrons and ¢ is the effective
dielectric constant. We can get ¢ by
£ = (gekig) = (n + ik)?
, and therefore the complex conductivity can be obtained from
6(w) =0, + io;) =iwegy(es — €)
Oy = WEHE;

0;= wey (€ — &)

It is well-known that Drude model explains the transport properties of electrons
in materials, especially metals. This model considers that the microscopic behavior of
electrons in a solid may be treated as freely moving particles subjected to random
collisions under the influence of an applied field. According to classical simple Drude

model!""), the conductivity can be expressed as follow

2
€oWp°T
~ . p To
6(w) =0, +i0; = T—ioc.
- l(l)TO
2

o = EoWp“To
"1+ w?ty?
2. 2
_ WEHW, T

o, =——
Y1+ w?t,y?
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. Ne? . . .
The plasma frequency is defined as w, = o where N is carrier concentration,
m

e is the electronic charge, m* is the effective carrier mass, and 1 is carrier relaxation

time. The DC conductivity is given by opc = eNp, where carrier mobility is p = Tnﬁ

The simple Drude model reveals that the collision process is random and the velocity
of carriers is damped with time constant 1o. Many semiconductors in terahertz region
obey the simple Drude model, but still some materials, such as nanostructured
materials cannot explain by simple Drude model. In recent times, Smith introduced a
modified Drude model "%, which can explain the deviations from the simple Drude
model, especially for the negative values of imaginary part. Smith proposed the

complex conductivity in the Drude-Smith model by

Where c is a parameter describing fraction of the original velocity of electron
after scattering and varied from <1 and 1.In the Drude-Smith model, carriers retain a
fraction c 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 opc = eNpu(1 + c¢)and thus the

reduced macroscopic DC mobility is given by p, = (1 + c)p.
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Chapter 3 Sample Properties
Indium nitride (InN) is a narrow bandgap semiconductor with bandgap energy
around 0.7eV. It has received a great attention due to its small effective mass, high
mobility and high saturation velocity which are very suitable for high frequency
electronic devices. Moreover, the distance to next peak is 2.8eV preventing electrons

from intervalley scattering. Fundamental properties of InN are listed below.

InN
Bandgap (eV) 0.7
Energy gap to next peak (eV) 2.8
Effective electron mass 0.07m,"!
Mobility at 300k (cm?/Vs) 4000
Saturation speed (107 cm/s) 4.2

Table 3-1 Physical properties of InN!'*!

In this thesis, 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.2.9-1
and Fig. 2.9-2. In the c-plane InN film, the stacking series of its wurtzite structure is
ABABAB...along the -c-axis direction. In this growth direction, there are either In- or
N-terminated polar surfaces in the surface layers. For a-plane InN, both In and N exist

along the surface as shown in Fig 2.9-2. [
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(0001)
—¢-plane

{1120}
a-plane

Fig.3-1 Crystal structure of InN!'®

[11-20]

[10-10]

Fig.3-2 Atomic arrangement of InN along the ¢- and a-plane[1010] and [1120] are
[15]

crystal axis growth directions

The a-plane InN epitaxial film (~1.2 pym) was grown by plasma-assisted
molecular beam epitaxy (PA-MBE) on r-plane {1102} sapphire wafer, while the
c-plane (0001) InN epitaxial film (~1.2 um) was grown on Si (111).

The a-plane InN:Mg films(~1.2 um) were identical to a-plane InN grown on
r-plane {1102} sapphire wafer by plasma-assisted molecular beam epitaxy(PA-MBE)
while the c-plane (0001) InN:Mg films was grown on Si (111). The thickness is
various as listed in Table 2. Mg doping was performed with a high-purity Mg(6N)

Knudsen cell. The Mg doping level was controlled by regulating the cell temperature
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between 180 and 270 °C. The electron concentrations and mobilities were determined

by room-temperature Hall effect measurements.

Sample Thickness(pum) Mobility(cm?®Vs)  Concentration(cm™)
-c-plane 1.5 1036 3.1x10"
a-plane 1.2 298 7x10'®

Table 3-2 List of Undoped InN samples

Thickness(um) = Mobility(cm?Vs)  Concentration(cm™)

-c-plane 080523 1.14 408.45 1.15x10"
-c-plane 080525 1.00 175.90 1.63x10"®
-c-plane 080611 1.27 137.43 2.14x10"
-c-plane 080624 1.23 530.13 4.33x10"
-c-plane 090317 1.20 192.00 9.90x10"
a-plane 071125 1.20 62.04 4.09x10"

Table 3-3 List of Magnesium doped InN samples

\ | carrierconcentration\

£~ 5.0x10" 7/
£ 4.5x10"
\o/ 18
c 4.0x10
-9 18
= 3.5x10°
S 30x10"
£ 3
o 2.5x10"®
g 2.0x10"
(S |
_Z_T» 1.5x1018_—
. 18
§1.0x10 _
5.0x10" | "
0 200 250

Mg cell Temperature(°C)

Fig.2.9-3 Magnesium cell temperature versus carrier concentration
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Chapter 4 Experimental Setups

4.1 Femtosecond Laser System

In this work, we use an oscillator titanium sapphire laser and a titanium sapphire
regenerative amplifier. The oscillator Ti: Sapphire laser is used as the seed laser which
is guided to the Ti: Sapphire regenerative amplifier. Ti: Sapphire laser is pumped by a
frequency-doubled diode-pumped Nd: YLF laser at 532nm with SW power and
provides 35fs pulses with wavelengths ranging from 750 nm to 850 nm. The pulse
repetition rate is ~82MHz and the output power is up to 0.4 W. The seed laser is
stretched to avoid damaging the amplifier crystal. The pump laser for the amplifier is
Q-switched Nd:YLF laser at 527nm and output power 20W. The pulse width of the
amplified beam is approximately 50fs with wavelength about 800nm. The repetition

rate is 1 KHz and the output power is-about 2W corresponding to 2mJ pulse energy.

diode-pumped N i
Nd:YLE laser Ti: Sapphire laser
(532nm, 5W) (seed)
35fs, 82MHz, 800nm, 200mW
Ti: Sapphire
Q-switched . ifi
Nd-YLE lasor regenerative ampiner
(527nm, 20W) 50fs, 1kHz, 800nm, 2W

Fig. 4.1-1 Femtosecond laser system
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Long pulse,
high energy

Short pulse,
high energy

Fig. 4.1-2 Schematic figure of pulse amplification

Ti: Sapphire laser

Regenerative amplifier

Wavelength 800 nm 800 nm
Pulse width 35fs 50 fs
Repetition rate 82 MHz 1 kHz
Energy 0.6 nJ 2m]
Polarization Vertical, linear Horizontal, linear

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

4.2 Experimental System (Electro-Optic THz System)

The setup of the Electro-Optic THz system is shown in Fig. 4.2-1. 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 two

separated beams by a beam splitters. The reflected beam from the beam splitter is

used as the probe beam to detect the THz signal and the transmitted beam from the

beam splitter is used as the pump beam to excite the sample generating carriers which

radiate THz pulse respectively. Polarization of the pump beam is rotated to p-
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polarized by a half-wave plate (HWP). The p-polarized pump beam generates linearly
p-polarized THz pulsed in a semiconductor surface emitter at the incident angle of
74.3° respect to the surface normal which is close to Brewster angle. All the reflected
beam from the emitter is blocked by a Teflon sheet provided a high transmission to
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 0.7-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 0.7mm-thick(110) 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. In order to increase the
signal to noise ratio, an optical chopper and a lock<in amplifier are used.

Polarization of the probe beam modulated by the THz radiation is converted to
ellipsoid polarization by a quarter-wave plate. Then the transmitted probe beam with
polarization changed by EO effect is separated into a linear s-polarized beam and a
p-polarized beam via a Wollaston beam splitter. These two orthogonal beams are
coupled into balance detector with two photodiodes 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. Balance detector is connected to a lock-in
amplifier to amplify the signal respect to noise, and then the signal can be obtained by

a computer. The whole THz beam path is enclosed by an acrylic box which can be
26



purged with nitrogen gas to decrease the environmental humidity in order to avoid

water vapor absorption.

Wollaston prism

Balance detector /
, Zl "[ Te_pellicle

R 'T'

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

G

TDS {sample)

Emitter (sample)

Fig. 4.2-1 Electro-Optic THz system
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Chapter 5 Experimental Result and Discussion
In this chapter, we first discuss the results of terahertz emission from c-InN,
c-InN:Mg, a-InN and a-InN:Mg samples. Afterward we discuss the terahertz

spectroscopic study of c-InN and c-InN:Mg samples.

5.1 Terahertz Emission of c-plane InN:Mg Epilayer

For research works related to terahertz, it is indispensible to develop a strong and
efficient terahertz emitters. We investigated terahertz emission of several c-InN:Mg
films with different carrier densities. To realize the effect of magnesium doping in the
terahertz radiation of InN films, we measured the time-domain terahertz emission by
free-space electro-optic sampling method. The pump laser fluence was around 200 ¢ J
/em®. The terahertz waveforms of the several samples are shown in Fig. 5.1-1. We
noticed that several samples exhibit negative terahertz polarity with concentration
below 1x10" cm'3, while those of samples with concentrations around 1.2x10" ,
1.6x10" and 2.1x10"® cm™ and the undoped InN (n=3:1x10'®) have the positive
polarity. The terahertz polarity of the InN:Mg samples is confirmed by comparing it
to those of n-type and p-type GaAs wafers, which shows the opposite signs of polarity
depending on the doping type. The observed negative polarity of InN:Mg samples
with concentrations around 4.3x10'", 9.9x10'” cm™ are the same as that of the p-type

GaAs.
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undoped-InN

i _InN:Mg (1.6x10"° cm”®)

- InN:Mg (9.9x10" cm”

InN:Mg (4.3x10"" cm™)

THz Amplitude(a.u.)

n-GaAs
___——/\/_/—»—q—___’p—-EL_
0 2 4 6 8 10 12

Time Delay (ps)

Fig. 5.1-1 The time-domain THz waveforms of the undoped InN and Mg-doped InN
films with different electron concentrations. THz waveforms of n- and p-type GaAs

are also shown for comparison:

We further plot the terahertz peak amplitude versus carrier concentration of each

film as shown in Fig. 5.1-2.

500
) undoped InN
s ST 7 " O InN:Mg
< 300} P \
S I \
o 200} [ |
S ! \
%- 100 } l ~
e o} I »
e il S
:IEI -100 O EI’
~

= 200} o

-300 L L .

0 1 2 )

. . 18 -3
Carrier concentration (x10~ cm™)

Fig. 5.1-2 The peak THz amplitudes of InN:Mg and undoped InN samples as a

function of the electron concentration. Each sample was photoexcited at the pump
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intensity at 200 pJ/cm?”. The dashed line is drawn for eye-guiding.

From our previous study!'”), we know the terahertz emission mechanism for
small bandgap semiconductors is photo-Dember effect. However, in recent times, Lin
et al."® discovered the negative polarity of terahertz wave from an undoped n-type
InN excited at very low fluence below 590 nJ/cm?, indicating that the dominant
radiation mechanism in InN is the drift current induced by the internal electric field.
For highly excited InN, terahertz radiation induced by the surface electric field is
overpowered and is dominated, conversely, by the photo-Dember field so that its
polarity is positive.!'” The InN epilayers are grown on c-plane sapphire and Si(111)
substrates by MOCVD. In Fig. 5.1-3, the polarity of the terahertz radiation field from
InN is opposite to that from p-InAs whose radiation mechanism is dominated by the
photo-Dember effect. As a result, terahertz emission from narrow bandgap InN is no
longer dominated by photo-Dember effect but dominated by surface depletion field

under low excited pump powetr.

THz Amplitude (a.u.)

=3 -2 A4 0 1 2 3
Time (ps)
Fig. 5.1-3 Time-domain wave forms of terahertz emission from p-InAs, SIN-InAlAs,
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p-GaAs, InN-A, and InN-B samples with 310 nJ/cm? excitation density. '™

Terahertz pulses can be generated either externally by separated electrodes in
photoconductive antennas (PCA) or interally by the photo-Dember effect or by the
surface depletion field close to the surfaces of semiconductors. In general, as we have
mentioned in the previous chapter, the distinction between the photo-Dember effect
and surface depletion field acceleration can be made by monitoring the polarity of
terahertz wave. In wide bandgap semiconductors, such as GaAs (1.43 eV) and InP
(1.34 eV), the surface states exist in the forbidden gaps within the bandgap and
Fermi-level pinning occurs. Fermi level-pinning occurs to bend the bands and lead to
the formation of surface built-in field in the depletion region at the surface. The
direction of the bulit-in electric field induced by band bending for wide bandgap
semiconductors depends on the dopant types.-Fig. 5.1-1-shows that the directions of
drift current and terahertz wave polarity are opposite for n-type and p-type GaAs.

The band bending in narrow bandgap semiconductors is not obvious due to the
relative small surface depletion field: And InN-(0.7 eV) has the surface Fermi level
located above the conduction band minimum and thus the surface band bending for
both n-type and p-type InN is downward, as shown in Fig.5.1-4. Correspondingly, the
terahertz wave polarities of n-type and p-type InN caused by surface depletion field

are both negative.
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Fig. 5.1-4 The band bending and carrier distribution of (a)n-type and (b)p-type

a-InN are illustrated, where Eg, Eg, IL, n(z), and p(z)denote the bulk Fermi level,

surface branch point energy, electron inversion layer, free electron, and free hole
(5]

spatial distributions.
Nevertheless, in our work, we observed the several samples with negative
terahertz polarity and terahertz emission caused by both the photo-Dember effect and
surface depletion field is closely related to carrier coneentrations. Both terahertz peak
amplitude and polarity can be attributed the competition between these two
mechanisms at the certain concentration. The negative terahertz wave polarity is an
exceptional result for c-InN. From previous research, the terahertz emission from
c-InN is dominated by the photo-Dember effect and therefore the terahertz polarity
must be positive regardless of dopant types. In addition, there is no azimuthal angle
dependence of terahertz radiation for c-plane samples, the contribution of optical
rectification effect is ruled out, as shown in Fig.5.1-5. Hence, the one and only
possible explanation for negative terahertz wave polarity is the dominant surface
depletion field effect due to the severe downward surface band bending from

magnesium doped InN films.
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Fig. 5.1-5 Typical azimuthal angle-dependent terahertz radiation from InN:Mg film.
(The negative sign of THz peak amplitude is'due to the THz negative polarity of the

sample.)

Besides, the concentration-dependent enhancement i terahertz radiation is
observed from our InN:Mg samples. In Fig.5.1-2; we observe that the peak amplitude
of terahertz radiation increases while the.carrier concentration decreases from that of
undoped InN film. The maximum positive terahertz wave polarity occurs for samples
with n=1.2~1.5x10"® cm™. In addition, for samples with lower carrier concentrations
(<n.~1x10" cm™), the amplitude of terahertz radiation is converted to smaller
negative terahertz wave polarity. At the same time, we measured the optical pump
fluence dependence of samples with both positive and negative polarity and observed

that terahertz emission increases linearly with pump fluence as shown in Fig. 5.1-6.
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Fig. 5.1-6 The amplitude of terahertz emission field vs. pump fluence for InN:Mg
films with n=4.3x10"” and 1.6x10"® cm~". The sign of data of InN:Mg film with

n=4.3x10"" cm™ is inverted to be positive:

The electron concentration decreases as the Mg doping level increases,
indicating that Mg dopants act as acceptors compensating those unintentionally doped
n-type InN films. Consequently, Mg acceptors reduce the electron concentration in
the InN:Mg films. In agreement to the surface depletion field model, the strongest
terahertz emission and the largest depletion width (W o« \/%) occur for a highly

compensated semiconductor with na~np. [19]

Negr = [Ny — Np|

W jZereows ~ kg T/e)

€Neff

The band bending and charge distribution of p-type and n-type InN near the

]

surface can be numerically simulated by solving Poisson equation''¥), as shown in Fig.

5.1-7.
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Fig. 5.1-7Band bending (a and b).and charge distribution’(c and d) near the surface of

an n-type (a and ¢) and p-type (b and d) InN film. The bulk doping level in each case
[14]

is labeled by N4 and N,, respectively.
The negative terahertz polarity of InN:Mg samples with n<n. (1x10'® cm™)
elucidates that the carriers in these samples are highly compensated and the large
downward band bending extends to cover the penetration depth(d~ 133 nm)®*® of the
pump pulse (800 nm). Even if the photo-Dember effect still exists in these samples,
the terahertz emission is dominated by surface depletion field effect. In contrast, for
those InN:Mg samples with n>n.(1x10'® cm™), the band bending occurs across the
space-charge layer should be much shorter that the penetration depth (d) owing to the
partial carrier compensation and the photo-Dember effect dominates terahertz
emission in the bulk region of InN:Mg.!"" In this bulk region, the reduction in
screening of the photo-Dember field must be more significant as n decreases further

from that of undoped InN. Hence, the enhanced positive polarity terahertz emission is
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obtained before the sharp increase in depletion depth occurs near n.

5.2 Terahertz Emission of a-plane InN:Mg Epilayer

Recently, our group has reported a-plane InN as an efficient THz emitter!'®. Tt
was reported that the THz emission from a-InN is enhanced when compared to that of
c-InN"®). The THz emission power of a-plane InN is two orders of magnitude larger
than that of c-plane InN. Moreover, the peak value of terahertz field of the a-plane
InN film is comparable to that of n-type InAs, which is one of the strongest

semiconductor terahertz emitter reported in many literatures.
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Fig. 5.2-1 Terahertz waveforms of a-plane and c-plane InN films !'*

The main reason is that, the structure of c-InN results in an electric field
generated by In-N layers directly perpendicular to the surface. Therefore, the
out-of-surface radiation would be significantly limited by the geometrical structure.
There would be merely less than 1% of the radiated terahertz power from this dipole
can escape the surface because of the small emission cone limited by the total
reflection within a material of high refractive index. On the other hand, the layers of

a-InN have the same portion of In and N atoms in each plane. The In-N pairs cause
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the in-plane intrinsic electric field perpendicular to the a-axis, as shown in Fig. 5.2-2.
Due to this in-plane electric field, the a-InN could create enhancement of terahertz

radiation without external applied magnetic field.

a-plane InN

in-plane electric field

Fig. 5.2-2 Ball-and-stick- model of the a-plane InN surface

We concluded that the evidence of the enhancement of terahertz radiation from
a-InN is primarily due to the acceleration of photo-excited carriers under the
polarization-induced in-plane electric field perpendicular to the a-axis, which
effectively enhances the geometrical coupling of the radiation out of semiconductor.
Furthermore, we are also interested in terahertz emission mechanism of Mg-doped
a-plane InN films.

We measured terahertz peak amplitude of a-InN:Mg films with different
concentrations and compared to that of the strongest c-InN:Mg film, as shown in Fig.
5.2-3. We observe that the terahertz emission of a-InN:Mg films are slightly stronger
than the a-InN film in the low concentration region. And the most significant thing is,
the terahertz peak amplitude of a-InN:Mg films is about the same order as the
strongest c-InN:Mg film even if the carrier densities of a-InN:Mg films are almost

one order higher than those of c-InN:Mg.
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Fig. 5.2-3 Terahertz peak amplitude of a-InN and a-InN:Mg films compared with the

strongest terahertz emission of c-InN:Mg film

There is one thing that has to be mentioned, c-InN:Mg films show strong
concentration-dependence, whereas a-InN:Mg films show weak dependence on
concentration. On the basis on ourHall-effect measurement, the mobility of a-InN:Mg
films are typically smaller than that of c-InN:Mg films. In consideration of
photo-Dember effect, the terahertz radiation peak amplitude is proportional to
electron mobility and regardless of the crystal orientation. Consequently, terahertz
radiation caused by photo-Dember effect is supposed to be much larger in c-InN:Mg
than in a-InN:Mg. Yet, a-InN:Mg still shows the same order in terahertz peak
amplitude as c-InN:Mg one. According to surface depletion model, the highest
terahertz emission occurs when the native donors (ng) are highly compensated by
acceptors(n,). For a-InN:Mg films, the concentrations are generally much higher than
c-InN:Mg films so there should be only partially compensation of donors achieved by

doping Mg as acceptors. In this scenario, the contribution of surface depletion field to
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terahertz emission is weaker. Meanwhile, it can also be supported by the positive
polarity from all a-InN:Mg films.

For all the reasons we discussed above, the possible explanation for terahertz
emission from a-InN:Mg is polarization-induced in-plane electric field along the
surface which is the same mechanism as a-InN films. Because the terahertz radiation
enhancement mechanism of a-InN and a-InN:Mg is associated with the orientation of
electric field rather than photo-excited carriers or compensation of donors and
acceptors, terahertz emission do not depend on wide variation of carrier concentration
by regulating the Mg cell temperature.

In addition, the azimuthal angle dependence measurement of a-InN:Mg and
a-InN is shown in Fig. 5.2-4. The result of doping Mg in a-InN is still the same as
undoped one. Therefore, doping Mg does not significantly affect on both terahertz

emission mechanism and azimuthal dependence.
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Fig. 5.2-4 The azimuthal angle dependence of undoped a-InN and a-InN:Mg films

5.3 Terahertz Time-Domain Spectroscopy Measurement

By using the THz-TDS system, the complex conductivity and refractive index
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can be studied from 0.3 to 2.1 THz. For parameters extraction, the temporal profiles
of the terahertz pulses are recorded twice, the first time without the sample to be
characterized, and the second time with the sample. The temporal profiles of the
terahertz pulse measured with and without the sample are shown in Fig. 5.3-1.

All the InN samples were grown on (111) silicon substrates. Fig. 5.3-1 shows the
time-domain THz waveforms transmitted through a silicon substrate (thickness~ 370
um) and free space. The amplitude and phase spectrums of air and silicon are shown
in Fig.5.3-2. The transmittance shown in Fig 5.3-3 is approximately 60% to 70%.

The extracted frequency-dependent refractive index and extinction coefficient
are shown in Fig. 5.3-4 and Fig. 5.3-5. The refractive index value 3.4 is the same as
our previous results. Besides, the extinction.coefficient is less than 0.05 which could

be ignored for later calculation.
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Fig. 5.3-1 The terahertz time-domain signal transmitted through air and silicon
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Fig. 5.3-5 Frequency dependent extinction coefficient of silicon

After successful analysis of silicon substrate, we measured InN and InN:Mg
films. The THz time-domain waveforms of the undoped InN epilayer and silicon
substrate are shown in Fig. 5.3-6. The transmittance of sample is about 20%. The

calculated complex refractive index and conductivity of the InN film are shown in Fig.
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5.3-8 and Fig. 5.3-9, respectively.
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Fig. 5.3-6 The terahertz time-domain signal transmitted through silicon and InN film
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Fig. 5.3-7 The corresponding amplitude and phase spectrums of silicon and InN film
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Fig. 5.3-8 The amplitude transmittance of InN film
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Fig. 5.3-9 Experimental data of refractive index and extinction coefficient of InN film
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Fig. 5.3-10 Experimental data (open symbols) and fitting data (solid lines) complex
conductivity of InN film

The real part conductivity of undoped indium nitride film decreases with
increasing frequency, while the imaginary part slowly increases. This result can be
fitted theoretically by using the simple Drude model. We use least square fitting
method to fit experimental data. The best fitting curves are shown in Fig. 5.3-10. The
fitting result agrees well with the experimental result. The fitting parameters

P _

correspond to (:— 41.72 THz, and t, = 52.5 fs. Assuming m* = 0.075m, for

L=
InN with carrier concentration about 2x10'® cm™, these fitting parameters correspond

2 *
27 % —1.62x10'® cm™, and the carrier mobility p = o

to carrier density N = —— = .
e m

2
1231.17 cm /V-s, in logical agreement with room-temperature electrical Hall effect

2
measurement result of 2x10'® em™ and 1231.17 cm /V-s.
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Concentration(cm™) Mobility(cm™?/V-s)

Hall effect measurement 2.00x10'® 1120.00

TDS fitting 1.62x10' 1231.17

Table 5-1 Parameters comparison of Hall effect measurement and TDS fitting by

Drude model

Fig. 5.3-11 shows the terahertz time-domain waveform of silicon substrate and
the c-InN:Mg film. The transmittance of c-InN:Mg films are apparently much large
than that of the undoped InN film. Fig. 5.3-13 ,14 ,15, and 16 show the transmittance

of each sample with different carrier concentrations from 4.3x10'" to 2.1x10" cm™.

Doping magnesium acceptors into InN films enhances the transmittance of terahertz

around three times.
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Fig. 5.3-11 The terahertz time-domain signal transmitted through silicon and InN:Mg
film
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Fig. 5.3-13 The amplitude transmittance of InN:Mg 080624
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Fig. 5.3-16 The amplitude transmittance of InN:Mg 080611

Fig. 5.3-18 to Fig. 5.3-25 show the refractive index and complex conductivity
of each c-InN:Mg sample with different carrier concentrations. All of these samples
cannot be well-fitted by either Drude model or Drude-Smith model since the carrier
behavior no longer obey the free'electron model.

When it comes to doped semiconductors, it is useful to make a clear
distinction between heavy and light doping. In our case, the Mg doped InN films are
lightly doping because of the existence of both positive and negative terahertz polarity.
From our experimental data, the imaginary part of conductivity with a negative value
keeps decreasing as the frequency increases. As the explanation of Drude-Smith
model, the negative imaginary part of conductivity is attributed to the backscattering
of electrons at interface and surface or grain boundary. Unlike Drude-Smith model,
the free electrons are confined by the morphology of nanostructure, Mg doped films
are mainly due to the hopping carrier transport. To interpret our data, the carrier
transport may be dominated by electron hopping through these deep compensation

centers. After the InN:Mg films were compensated, the Mg acceptor states could be
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viewed as deep compensating defects. The transport is dominated by electron hopping
through deep compensation centers or through diffusion since there exists a small but

finite overlap of localized electron wave functions of defect centers.”*!! Therefore, the

negative imaginary part of conductivity can be tentatively due to the defects so the

carriers are no longer behaved as free carriers.
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(] (] (]
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Fig. 5.3-17 Schematic electron transport in InN:Mg films
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Chapter 6 Conclusion and Future Work

6.1 Conclusion

In this work, we investigated the emission mechanisms of both c-plane and
a-plane InN:Mg and terahertz time-domain spectroscopy of c-InN:Mg.

For THz emission study of c-plane InN:Mg, we corroborate by doping
magnesium as acceptors in InN films and found that there is a transition of dominant
terahertz emission mechanism between the photo-Dember effect and surface depletion
field depending on the carrier concentration. The polarity of THz waves can be
determined by the competition between these emission mechanisms at near the critical
concentration nc~1.0><1018 cm™. With the carrier concentration below n., the dominant
terahertz emission mechanism is surface depletion field so that the terahertz polarity is
negative. The significant intensified terahertz wave with positive polarity may be due
to the enhanced photo-Dember field with reduced screening in those partially
compensated samples.

For THz emission study of @-plane InN:Mg, we indentified that the intensity of
terahertz radiation from a-plane InN:Mg is at least two orders stronger than that of
c-plane InN film with a similar carrier density. The terahertz emission of both a-InN
and a-InN:Mg are polarization-induced in-plane electric field which is, unlike
c-InN:Mg, nearly independent of carrier density.

For terahertz time-domain spectroscopy of c-InN:Mg, we successfully
demonstrated that optical properties of undoped InN film can be described by Drude
model. In addition, we tentatively explain the large negative imaginary part of

conductivity of c-InN:Mg films is due to the hopping carrier transport.

6.2 Future Work

To make it feasible for high-frequency devices, it is crucial for growing p-InN to
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fabricate InN-based p-n junctions. However, if InN:Mg is p-InN is still under debate.
It is important to develop a direct method to identify the doping type of InN. Terahertz
emission measurement only tells the dominate mechanism of Mg:InN, yet still cannot
directly proof whether InN:Mg is p-type. Currently, we are trying to find the possible
solution of distinguishing p-type and n-type InN.

Monte Carlo dynamics model, finite-difference time-domain (FDTD) simulation
technique for doped materials can be further developed to confirm our experimental
data. To realize the transient carrier dynamics of Mg doped InN films, it is also

important to investigate the InN:Mg films by optical pump-terahertz probe system.
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