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ABSTRACT

Terahertz frequency (10 Hz) electromagnetic radiation possesses many
exciting cross-disciplinary applications in the fields of astronomy, telecommunications,
biology, physics, chemistry, and industry. Recent advancements in the field with the
availability of high power sources, sensitive detectors, and efficient scanning systems,
make it possible to use the terahertz (THz) radiation very effectively for applications
such as biomedical imaging, security screening, and material property analysis. The
real-world applications, however, are still limited by the lack of compact and cost
effective systems, which can be achieved by having better sources and detectors

working in this range.

In this thesis, I will focus on the examination of semiconductor materials as
potential sources of THz generation without having any need of external bias voltage.
Coherent, pulsed THz radiation may be generated under excitation of ultrashort near-
infrared pulses from different semiconductor materials such as InAs, GaAs, InP,
GaBiAs, InGaAsN, and ZnTe. The mechanisms behind THz generation from these
materials will be discussed in detail. Terahertz time-domain spectroscopy (THz TDS) is
used in order to measure both the amplitude and phase of THz generated from these
materials. Information about different material parameters can be attained by
investigating their response as THz emitters.

In the absence of external bias, the THz radiation from a semiconductor sample
may be generated due to mechanisms such as optical rectification (OR) and transient
current (TC) effects depending on the material properties, incident excitation fluence,
and experimental geometry. There are different ways to extract the information about
the mechanism responsible for THz generation. These include effect of angular rotation
of the crystal, the effect of magnetic field on the generated THz, and the effect of
varying the optical fluence of the excitation radiation. Here | will present the general
theory of optical rectification for zincblende 43mstructures for any arbitrary
crystallographic direction, along with experimental results for high-index GaAs (11N)
crystal planes for different experimental geometries. Using this, it is possible to extract
information about the intrinsic surface field of the material and the contribution of it to



the THz generation. External magnetic fields enhance the THz radiation efficiency of
transient current emitters. The theory of the effect of in-plane magnetic field rotation on
THz generation for TC emitters is presented and the results for the (100) InAs emitter
are compared with theory. Heavy noble gas ion irradiation can improve the THz
emission efficiency of InP bulk and honeycomb nanoporous samples. Epilayer growth
of GaBiAs layers on GaAs substrates increases the surface field contribution in THz
emission which in turn increases the overall THz radiation from these samples. On the
other hand, epilayer growth with dilute nitride doping in GaAs quenches the overall
THz signal with an exponential decay with nitrogen content. The post-growth annealing
of the semiconductors up to a critical temperature improves the THz emission

efficiency.
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1 Introduction

1.1 Basics of terahertz electromagnetic radiation

Terahertz (THz) frequency electromagnetic radiation lies between infrared and
millimeter wave radiation in the electromagnetic spectrum with frequency range of 100
GHz to 10 THZz', corresponding to submillimeter wavelengths. The position of THz
frequencies in the electromagnetic spectrum along with specifications about frequency,
wavelength, and other important parameters are given in Figure 1.1. Many materials
have their characteristic energies in the THz frequency region. Also the energy of
vibrational and rotational modes of molecules lies in this range. Hence, THz radiation
can be very useful to characterize materials based on their intrinsic properties. However,
the field has not been exploited fully in comparison to the surrounding electronics and
optics fields, due to previous scarcity of generation and detection systems which can
operate at these frequencies®, underlining the inaccessibility of the THz regime known
as “THz gap™.

The field has seen major advancement in last two decades. Newly developed
ultrafast optical techniques, fabrication of materials with ultrashort carrier lifetimes, and
solid state lasers such as quantum cascade laser are bringing a revolution in the field
with the technology quickly approaching the “Tera-Era™.

There are many different approaches for the generation and detection of THz
radiation which include both coherent and incoherent systems. Incoherent thermal
emission from blackbody radiation sources such as the mercury arc lamp and the SiC
globar and detectors such as the bolometer were among the first used in Fourier
transform spectroscopy which enabled material characterization from THz frequencies
to infrared wavelength'®. However, these sources have weak emission at longer
wavelengths. Also, the bolometer needs to be operated at liquid-helium temperatures.
Other commonly used but less sensitive incoherent detectors are Golay cell and
pyroelectric detectors®.

Coherent systems can be divided into two parts depending on the nature of

generated THz radiation being continuous wave or pulsed.
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Figure 1.1 A representation of the electromagnetic spectrum from radio frequency to y-
rays, along with specifications about frequency, wavelength, energy and temperature for
terahertz range.
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1.1.1 Continuous wave (CW) THz systems

A range of different techniques are available for CW THz generation and detection.

The solid state quantum cascade laser’ (QCL) works on the principle of
intersubband transitions in semiconductor hetrostructures. It can be used in both pulsed
and CW systems with output powers of a few hundred mW. However, these lasers need
to be operated below room temperature®. Recently, a study on room-temperature
detection in a QCL using antenna-coupled field-effect transistors in InAs nanowires and
graphene channel material have been presented’, indicating the possibility of room-
temperature operation of QCL in the near future. Other solid state lasers, such as p-type

germanium lasers'%**

, are also used for narrowband CW THz generation. However, they
have low THz generation efficiency, low output power, and need cryogenic cooling.
Free electron lasers (FEL) and backward-wave oscillators (BWO) are high-power THz
sources able to generate both CW and pulsed coherent THz radiation. The principle of
THz generation in both these systems is similar. The FELs occupy a large space and are
very expensive, while BWOs are small laboratory sized equipment™.

Gas vapor lasers such as methanol lasers™® and HCN lasers** work on the
principle of rotational and vibrational resonances of molecules in the THz range. Such
lasers use carbon dioxide lasers as the excitation. Gas vapor lasers are high-power lasers
with mW THz output, but have finite THz bandwidth and cover limited THz
frequencies. Photomixing methods based on two laser sources with slightly different
wavelengths combined in a nonlinear material are also used. The beat frequency
corresponds to the THz range and can be observed using appropriate laser sources such
as diode lasers which operate between 800 nm and 850 nm and an appropriate nonlinear

material for photomixing™.

1.1.2 Pulsed THz systems

Pulsed THz radiation enables coherent, broadband THz radiation spectroscopy
and imaging systems which can be operated at normal atmospheric conditions without
any need of cryogenic cooling. They are used quite extensively for the majority of
current THz applications. Pulsed THz emission under excitation of ultrashort laser
pulses has been observed from different materials such as metals, semiconductors,

superconductors, organic and inorganic materials, and air plasmas. The emission of
17



pulsed THz radiation can be attributed to various effects. Notably among these are the

1617 transient current effect'®,

coherent polarization oscillations, coherent phonons'®?!, coherent plasmon

22,23

photoconductive antenna structure™, optical rectification
oscillations?*?, transitions in coupled quantum wells?®, intersubband transitions in
quantum wells®®, and ultrafast modulation of the superconductivity in high T
superconductors. More recently, the THz generation and detection with laser-induced
gas plasmas has attracted much attention”®%.

The commonly used excitation wavelength for THz generation is near-infrared
pulses with center wavelength around 800 nm. Other possible excitation wavelengths
such as 1550 nm and 1030 nm have also been a point of research interest**** due to the
availability of inexpensive and compact lasers working at these wavelengths. It can be

also useful for applications in telecommunications®.

1.2 Pulsed terahertz generation mechanisms

The most common mechanisms for broadband pulsed THz emission from
semiconductor materials using ultrashort excitation pulses are photoconductivity,

optical rectification, and the transient current effect.

1.2.1 Photoconductive (PC) mechanism

Bias voltage

NIR pulse L THz pulse

Photoconductive
antenna

Figure 1.2 Photoconductive emission mechanism. Photocarriers, generated from the
antenna substrate under excitation of NIR pulses, are accelerated by the external bias

voltage and emit transient THz pulses.
18



In this mechanism, electrode structures with a micron scale antenna gap are
fabricated on a semiconductor substrate. The substrate is photoexcited with above
bandgap ultrashort laser pulses at the antenna gap which cause electron-hole pairs to be
generated in the semiconductor. These photocarriers are then accelerated by the applied
external DC bias voltage, which creates a transient current gradient and radiates THz
pulses.

In the far-field approximation, the THz electric field E,,,(r,t) emitted from a

PC antenna at the observation point r and observation time t can be represented as>

1 aj(r’,t’)} sin@
Epyp, (1, 1) = — d’x, 1.1
me(r) =7 I[ o]

where, ¢ and c are the dielectric constant of the medium and the speed of light,

/c. @ isthe

respectively. The time-derivative is taken at the retarded time, t, :t—|r —r'

angle between the generated photocurrent and the direction of detection. j(r,t) is the

current density on the photoconductive antenna, which is related to the applied bias
voltage E,,,. as

. E.

J(t)_ G(t) bias 12

- G(t)ZO +1’
1+n,

where o (t) is the conductivity, Z, is the characteristic impedance of vacuum, and n; is

the refractive index of the substrate.

Interference of field components generated from different points on the antenna
produce the overall pattern of THz radiation. The first demonstration of pulsed THz
generation and detection was using a PC antenna™ and is still used very effectively due
to its high conversion efficiency from optical to THz power and relatively high stability
in comparison to other emission mechanisms™.

Generation of THz radiation through the PC mechanism depends on various
factors such as antenna geometry, optical pulse duration, applied bias voltage, along
with properties of the PC substrate such as bandgap, carrier lifetime, and carrier
mobility**. The efficiency of the PC mechanism strongly depends on the type of antenna
structure. Different antenna structures such as “Auston switch™®, Hertzian dipoles,
strip-line antenna®, logarithmic-periodic antenna®’, Ag-paint dots®, and bow-tie antenna
have been reported. The typical antenna gap size is of the order of few micrometers. It
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can be further reduced. However, doing so causes a decrease in the effective active
region where the THz electric field is generated. The applied bias voltage can be
increased only up to the damage threshold of the material.

Low-temperature grown (LT) GaAs is the most commonly used
photoconductive emitter due to its ultrashort carrier lifetime, high carrier mobility and
high breakdown field*”. A THz bandwidth up to 30 THz using a LT-GaAs PC emitter®
and THz power of the order of 40 uW using a semi-insulating GaAs as PC antenna®
have been observed. Radiation-damaged silicon-on-sapphire (RD-SOS), prepared by
implanting argon, silicon, or oxygen into SOS samples, is another frequently used as PC
emitters*®. Many other materials, such as ion-implanted GaAs, InGaAs, GaAsN,
GaAsBi, and GaAsSb, have been studied as PC emitters**2,

1.2.2  Optical rectification (OR) mechanism

There are some mechanisms which do not rely on external bias voltage to

produce THz radiation****. Among them, the most commonly used mechanism is

optical rectification'®*’.

Second harmonic
pulse

NIR pulse 7”7~ (0, + o)

| 72
THz pulse
Wy, 0, \
nonlinear
crystal (0, - ©,)

Figure 1.3 Optical rectification mechanism. The incident NIR pulse exploits the
nonlinearity property of the crystal and generates sum frequency (second harmonic) and
difference frequency (THz) components.
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In this mechanism, the optical excitation causes a change in the polarization of
the crystal by exploiting the nonlinearity of the material to produce sum-frequency and
difference-frequency polarization components. For ultrashort NIR pulses, the
polarization components with difference frequencies are in the THz range while the sum
frequency components correspond to second-harmonic generation are in the visible or
ultra-violet range. The OR effect can be second order bulk OR effect® or higher order

4847 ‘also known as Franz-Keldysh effect®.

surface-electric-field induced OR effect
The THz field in terms of second-order nonlinear polarization components can

be written as*®

2p(2) 2
OC53&_2(9):a_%igf(g:wl—wz;wl,—wz)E,MR (@)E" (), 13

EiTHZ (Q) atz

where z{ is the second-order susceptibility tensor, E'™® and E;™ are the incident
excitation electric field components at frequencies @, and ,, respectively; and
P?(Q) and E'(Q) are the i component of induced second-order polarization at

frequency Q =, —w, and corresponding THz field, respectively.

Since THz generation through the OR effect relies on the nonlinearity property
of the material and not on generation of electron-hole pairs, the THz radiation can be
observed even with below bandgap excitation via this mechanism. This makes it distinct
from other mechanisms involved in THz generation. However, nonlinear coefficients of
a material can be enhanced by above bandgap excitation, which can effectively improve
THz output power>**",

The OR emitters are used quite extensively due to simplicity of operation and
broadband nature of generated THz radiation. The efficiency of optical rectification
mechanism depends on the incident excitation pulse properties, non-linear coefficient of
the material, crystal orientation, the crystal damage threshold, THz absorption in the
material, and the phase-matching conditions®” 4>

Many nonlinear materials have been investigated for THz emission via the OR
mechanism. This include semiconductors such as GaAs>?, ZnTe>, InP*®, InAs**, InSb*,
GaSe>®, cdTe*’, CdznTe®®; dielectric crystals such as lithium niobate (LiNbO3)**®,

-I-63,64.

lithium tantalate (LiTaO3)°*%% organic materials such as DAST®*®*: polymers; and

metals such as gold®®.
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1.2.3 Transient current (TC) effect

The transient current or current surge mechanism is a linear effect which can be further

18,67 54,68

divided into the surface-field effect™"" or photo-Dember effect

(a) Surface-field (SF) effect

(a) p-type semiconductor (b) n-type semiconductor
C
————————————— E.
EV
Depletion field Depletion field
Surface Surface

Figure 1.4 Surface-field effect for p-type and n-type semiconductors. The photocarriers
generated due to excitation of NIR pulses are accelerated by the internal surface-
depletion field and emit THz pulses.

For many semiconductors, a surface-depletion field is present due to Fermi level
pinning and band bending of the conduction band and valence band at the surface. In the
event of above bandgap ultrafast photoexcitation, electron-hole pairs are liberated in the
semiconductor. The intrinsic surface-field drives the two kinds of carriers in opposite
direction and produces a photocurrent with formation of the dipole in the direction of
the surface normal. This transient dipole emits THz pulses.

Thus, the surface-field effect relies on the intrinsic field as opposed to the
external bias in the case of photoconductive emission. Furthermore, in the case of PC
effect, the current flow is in the surface plane, while for surface-field effect the current
flow is in the direction of surface normal. The direction of the surface-depletion-field

depends on the doping type and the position of the surface states with respect to the
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Fermi level. In general, the band bending at the p-type and n-type materials are
downward and upward, respectively*®.

The surface depletion field E,(x) as a function of the distance x perpendicular
to the surface can be represented as'®
E,(x)=(eN/k)(W —x), 1.4
where N is the impurity concentration and W is the depletion width, which can be

given as

W =/(2k/eN)[V - (KT /¢)], 15

where V s the potential barrier and KT /e is the thermal energy.
The generated drift current of photoexcited carriers due to this surface field and
corresponding THz radiation field can be represented as™

Jaiee = €E(Nt, + puy) 16
and
A
E., oc——dift 1.7
THz at

The surface-field effect is more pronounced in wide-bandgap semiconductors,
such as GaAs and InP, due to the presence of a strong depletion field and a relatively
long absorption depth®* .

(b) Photo-Dember (PD) effect

In the photo-Dember mechanism, following the excitation by above bandgap
optical pulses, a strong spatial gradient is formed near the semiconductor surface,
caused by difference in the diffusion rates of electrons and holes. The higher mobility
electrons tend to diffuse rapidly away from the surface, while holes remain in the
vicinity of the surface due to their comparatively lower mobility. The resulting transient

dipole, generated along the surface normal direction, emits THz pulses.
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Figure 1.5 Photo-Dember effect. THz is generated by above bandgap excitation due to
different rates of diffusion of electrons and holes.

The diffusive currents of the electrons (J;) and the holes (J ) can be

represented as®®

JnoceDe%andJ oc—ethﬂ. 1.8
dx P dx

Here e is the electron charge, An and Ap are the densities of photo-excited electrons
and holes, respectively. D,and D, are the diffusion coefficients of electrons and holes,

respectively.
Also,
D=kgTu/e, 1.9

where k, is the Boltzmann constant, T is the carrier temperature, and u is the

mobility of the carriers.

The diffusion current J =J, +J,, hence, is proportional to the carrier mobility.

diffusion

Further, the diffusion current of the electrons is much larger than holes due to
large mobility and kinetic energy of electrons compared to that of holes. Hence, the THz
radiation amplitude is approximately proportional to the electron mobility

THz

oJ
oo —" oy (T). 1.10
t e (T)
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The photo-Dember effect is more pronounced in narrow-bandgap
semiconductors, such as InAs and InSh, due to the higher electron mobility, weak

depletion field, and short absorption depth®*®.

Among different pulsed THz generation mechanisms, the PC emission has
highest THz conversion efficiency. However, PC emitters saturate at high excitation
densities due to screening of the applied DC bias. Also, high bias voltage increases the
dark-current™. The OR emitters, on the other hand, can be used at high excitation power
so can be stronger than PC emitters. Further, in order to observe high emission
efficiency, PC emitters often require proper focusing due to finite size of the antenna
gap. On the other hand, the focusing may not be a crucial requirement for the OR and
TC mechanisms. OR and TC emitters are easy to use as they do not require external
biasing. The OR emitters are better at high optical fluence of the excitation beam
compared to TC emitters as TC emission may saturate at high excitation power.

In order to distinguish the linear TC mechanism and non-linear OR mechanism,
geometrical parameters may be used. For OR emitters, a change in the THz signal is
observed by rotating the emitter azimuthally about its surface normal, while TC emitters
are invariant with azimuthal rotation. On the other hand, the TC emission changes with
application of an external magnetic field, while OR emitters are not affected by an
external magnetic field.

For many semiconductor materials the THz is generated by more than one
mechanism, depending on material properties and the experimental set up. One such
example is GaAs. Along with LT-GaAs as PC emitter, bulk GaAs is also capable of
generating THz in the absence of external bias. Further the mechanism can be a mixture
of both linear transient current and non-linear optical rectification mechanisms and

either of the mechanisms can dominate under appropriate experimental conditions®.

1.3 Pulsed terahertz detection methods

The most commonly used pulsed THz detection methods are photoconductive detection
and electro-optic detection.
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1.3.1 Photoconductive detection

In this detection method, an unbiased photoconductive antenna is placed in the
THz beam path. The excitation probe beam, which initially splits from the pump beam,
is incident on the antenna gap and excites photocarriers. The THz electric field biases
the antenna and accelerates the charge carriers, so generating current proportional to the
THz field. The resultant current, flowing through the antenna gap, is measured using
high-sensitivity current amplifier. By employing a substrate with subpicosecond time
response and scanning the excitation beam relative to the THz beam, the entire electric
field profile of the THz pulse can be mapped.

The averaged THz current, i, (z), detected with the PC antenna for a relative

time delay 7 can be represented by convolution of the transient photoconductance of

the PC antenna, G(t) and the incident THz field, E.,, (t) as*®
i, (7) o [ G(t—7)Eqy, (t)dt 1.11
For a substrate with extremely short carrier lifetime, G(t) can be approximated
as a delta function, and the current i, (z) is proportional to THz electric field E.,(t).
For a substrate with long carrier lifetime, G(t) can be approximated as a step function
and the current i;,,,(z) is proportional to the time-integrated waveform of E., (t) 3,

Earlier PC antennas suffered from lower THz bandwidths’®. However, with the
development of ultrashort laser sources and better antenna structures, the detection
bandwidth has been improved to be comparable to electro-optic detection®™. LT GaAs
and ion-implanted silicon on sapphire”™ are the most commonly used materials for

photoconductive THz detection.

1.3.2 Electro-optic detection (Pockels effect)

In this detection method, the THz beam and excitation probe beam propagate
collinearly through an electro-optic crystal. The incident THz field modulates the
birefringence of the crystal, via Pockels effect, and causes a rotation of the polarization
of the optical probe pulse.

The detected THz output in terms of the change in the probe beam polarization
can be represented as
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E™M(w,) o % = %;Zé? (0; 0,0, —a)z)EJN'R (0,)E" (0, ~w,), 112
where EI'® is the j" electric field component of the probe pulse at a frequency a,,
E/™ is the electric field component of the terahertz pulse at frequency o, -w,,
P®(w,) and E™(w,) are i™ components of the effective second-order polarization at
frequency w, and corresponding THz output, respectively.

The THz detection using EO effect depends on the nonlinear coefficient y® of

the detector crystal and the quality of phase matching between THz and optical pulses.
Many EO materials such as ZnTe’®, GaP”’, GaAs’®, multilayered EO polymer films'®,
poled polymers®®, and DAST crystal®* have been used for THz detection. For commonly
used 800 nm optical excitation, ZnTe is the most suitable nonlinear crystal for emission
and detection of THz radiation, due to its large nonlinear coefficient, excellent phase
matching, and high transparency at optical and THz frequencies**.

EO detection is widely used due to its broad-bandwidth capacity and ease of
implementation. OR emission and EO detection provides coherent broadband THz
generation with bandwidth of the order of 100 THz®?. However, there is a trade-off
between the output power and bandwidth determined by the crystal thickness. A thicker
crystal generates higher THz output because of a greater interaction length, however it
reduces the detection bandwidth due to mismatch between group velocity of optical

pulses and phase velocity of THz pulses®.

1.4 Applications of terahertz radiation

The THz emission ability of semiconductor materials allows one to obtain
information about material properties such as transient carrier mobility, impurity

concentration, doping type, strength and polarity of the static internal field, and crystal

orientation*®*3,

THz radiation transmits through many packaging materials such as paper,
plastic, clothing, and cardboard, while it shows distinctive absorption features for
explosives such as TNT, RDX, HMX'® and drug-of-abuse such as cocaine, heroin,

morphine? concealed within packaging materials. Hence, THz radiation can be very

83-85

useful in security screening™™°. THz spectroscopy is used for quality control in

8887 and food inspection®. It can also be used for air pollution
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detection and gas sensing as many polar molecules, such as H,O, C, N2, O,, O3, HCI,
CO, CH3CN, and SO,, have absorption peaks in the THz frequency range®**’.

THz radiation provides a low power, non-ionizing, and non-destructive method
of material characterization. Hence, it can be used very effectively for personnel
scanning and biomedical applications®®. Many medical applications such as diagnostics

9091 teeth® and cancer®®®

of skin burns using THz spectroscopy and imaging have been
reported. Dielectric properties of biological molecules such as DNA, RNA,
nucleogases, proteins, polypeptides, and biological liquids can also be investigated
using THz spectroscopy” %,

THz spectroscopy and imaging provide useful way for investigating the history
of artwork® and cultural heritage related materials®. Also, reproduction of three-

dimensional structure of objects can be obtained using THz tomography®**%.
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2 Terahertz Time-Domain Spectroscopy Apparatus

2.1 Introduction

Terahertz time-domain spectroscopy is one of the most efficient and widely-used
system for THz spectroscopy and imaging. The principle of this system is based on
using a medium which generates coherent THz pulses by the means of ultrashort pulses
of excitation radiation. The THz field amplitude with femtosecond (fs) time resolution
can be obtained by using part of the excitation beam as gating pulses and mapping the
change in the field amplitude by scanning the excitation probe beam relative to the THz
beam. The time-domain system can measure electric field rather than power and hence
provide information about both phase and amplitude simultaneously.

Time-domain THz equipment can be broadly divided into three different types,
based on its applications: THz time-domain spectroscopy (TDS), THz imaging, and
THz time resolved time-domain spectroscopy (TRTS), also known as optical pump
terahertz probe spectroscopy™™%. All of these systems can be obtained in a single
experimental set up with some modifications in the system components.

In a conventional THz-TDS system, the time-domain THz signal is measured
with the sample (sample scan) and without the sample (reference scan) in the THz beam
path. Different properties of the sample can be obtained from analysis of these
Scan32'89'1°3.

THz imaging provides two-dimensional image of the sample under
investigation. In conventional imaging set up, the sample is placed on two crossed
motorized translation stages which translate the sample in the plane perpendicular to the
incident THz beam. The THz time-domain scans are obtained at different positions of
the sample by translating the sample’®. Current imaging techniques enable real-time
imaging of the sample using CCD camera for detection. Such systems can be used very
effectively for security screening and tomography study%>*°.

TRTS works on the principle of studying the photoconductivity of material
excited by above bandgap excitation in the subpicosecond timescale using THz pulses
as the probe beam. The carrier dynamics properties of many nanomaterials such as
GaAs nanowires'®™, ZnO nanowires'®, CdSe nanoparticles'™®, TiO, nanoparticle
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films'®, single-walled carbon nanotubes™?, and InP quantum dots and arrays'! have
been studied using this method.

Other time-domain setups are also in use such as differential THz time-domain
spectroscopy (DTDS)'? and the double modulated DTDS technique**® which are
particularly used for spectroscopy of thin film materials.

2.2 THz-TDS system specifications

The free space THz time-domain apparatus used in this thesis is shown in Figure 2.1.

The visible laser (Spectra Physics - Millennia Pro 6sJ diode pumped laser)
produces continuous wave output with the fundamental wavelength of 532 nm (564
THz). With the capacity of maximum power output of 6.0 W, the laser is usually
operated at 3.5 to 4.0 W. The beam path of visible laser is covered with a box in order
to avoid laser exposure. This laser is used as pump laser for Ti-Sapphire oscillator based
laser (Femto Lasers - Femtosource Compact CPRO laser), which generates <12-fs near-
infrared (NIR) pulses with 80 MHz repetition rate and 790 nm center wavelength
(frequency 379 THz; photon energy 1.57eV). The laser is capable of producing both
continuous wave and mode locked signals. For pulsed THz measurements, the mode
locked signal, with average power of 400 mW, is used as the excitation radiation. The
beam is horizontally polarized.

In the free space path, the NIR beam first passes through a mirror pair in order to
reduce dispersion, followed by a 98:2 beam splitter which splits a small fraction of
beam towards the spectrum analyzer (Avantes - AvaSpec 2048 fiber optic spectrometer)
for continuous monitoring of the beam profile. The beam is then split into two parts
using a second beam splitter in order to divide the beam into pump beam (for THz
generation) and probe beam (for gating) with 85:15 ratio.

On the pump beam side, the NIR beam is modulated by an optical chopper
(Stanford Research Systems - SR540) in order to allow phase sensitive detection. The
chopper frequency is set at 1 kHz and connected to lock-in amplifier (Stanford Research
Systems - SR830). A variable power attenuator maybe placed in the beam path in order
to vary optical fluence. The manual delay stage is used in order to adjust the pump beam
path length.
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Figure 2.1 Terahertz time-domain spectroscopy - quasireflection geometry set up
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Components used in THz TDS set up as shown in Figure 2.1

1.  Visible laser: 532 nm wavelength (564 THz frequency)

2. Cover box for visible laser
3. Near-infrared laser: 790 nm wavelength (380 THz frequency)
4.  Near-infrared dielectric mirror pair
5. Beam splitter 1: 98:2 power ratio
6.  Near-infrared spectrometer
7.  Beam splitter 2: 85:15 power ratio
8.  Optical Chopper: 1 kHz chopping frequency
9.  Variable power attenuator
10. Near-infrared dielectric mirrors
11. Manual optical delay stage
12.  THz emitter
13. Permanent magnet
14. Parabolic mirrors
15.  Wire-grid polarizer
16. Sample for THz spectroscopy
17. Mechanical optical delay stage
18. Polarizing filter
19. Lens: 15 cm focal length
20. Metallic mirror
21. Detector: (110) ZnTe electro-optic detector
22. Quarter-wave plate
23. Lens: 10 cm focal length
24. Wollaston prism
25. Balanced photo detector
26. Lock-in amplifier
27. Computer screen
28. Water coolant
29. Purging box
NIR beam path messss  THz beam path
---------- Electrical connections —— Water coolant tubes

33



The NIR beam is then incident on the THz emitter, which generates THz pulses
by different mechanisms. The angle of incidence of the excitation beam to the emitter
crystal is either 45° (quasireflection geometry) or 0° (transmission geometry) with
respect to the surface normal. A permanent magnet (0.15-T magnetic field strength)
may be placed on the back of the emitter mount in order to observe the effect of an in-
plane magnetic field. The generated THz beam is then propagated and collimated using
four off-axis gold-coated parabolic mirrors.

A wire-grid polarizer may be placed between first and second parabolic mirrors
in order to observe only horizontal or vertical THz polarization components. The
sample for THz spectroscopy study is placed between second and third parabolic
mirrors at the common focal point of these two mirrors. For analyzing different emitter
and detector responses, a NIR filter (polystyrene) is placed at the sample position in
order to block any NIR beam leaking through with the THz beam. After the fourth
parabolic mirror, the THz beam is focussed onto the THz detector. A 1 mm thick (110)
ZnTe electro-optic crystal is used for THz detection.

On the probe beam side, the NIR beam passes through a mechanical optical
delay stage (Oz-optics ODL300) which can be scanned with minimum step size of 719
nm, corresponding to the double transit time of 4.8 fs for the NIR excitation beam. A
polarizing filter is placed in the probe beam path in order to allow only the horizontally
polarized components to pass through to the detector. A 15-cm focal length lens focuses
the NIR gating beam on the small metallic mirror placed between the fourth parabolic
mirror and the ZnTe detector. The metallic mirror is placed in such a way that the THz
beam and gating NIR beam copropagate inside the detector crystal.

The THz beam changes the polarization of the gating pulse due to the
birefringence property of the ZnTe detector. A quarter-wave plate is placed after the
detector which produces two orthogonally polarized components. A 10-cm focal length
lens is used in order to focus the beam further. The Wollaston prism splits the two
orthogonally polarized components. A balanced photodetector, consists of two
photodiodes (BPW34, SIEMENS) connected to OPA655 with 47 kQ resistor, is used to
measure the differential voltage across these components, which is proportional to the
THz field at a particular pump-probe delay.

The output of the photodetector is fed into the lock-in amplifier. The mechanical

delay stage is operated using a Labview program. The THz time-domain signal is
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obtained by scanning the probe beam delay stage with small steps and measuring the
photodiode response at each step. In normal operation, the lock-in amplifier is used with
100 ms time constant, which may be increased to a higher value for better sensitivity
and higher signal to noise ratio, if required. The Fourier transform of this signal gives
the frequency response in the THz range.

The visible and near-infrared lasers are connected to a water cooler (Thermotek -
T255P recirculating chiller) in order to keep a constant flow of cool water circulating in
both laser units. The temperature is maintained at 20 °C in the water coolant. The
purging box may be placed over the THz beam path, covering from THz emitter to
detector, in order to purge the system with dry air or nitrogen and remove any water
vapor absorption components present in THz signal.

2.3 Effect of different components used in the system

2.3.1 Near infrared excitation beam

Frequency (THz) Frequency (THz)
500 450 400 350 300 500 450 400 350 300
16 T T T ] I I I
| () continuous wave signal | ol (b) mode-locked signal |
S 12+ - e
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Figure 2.2 Continuous wave and mode-locked near-infrared signal measured by
Avantes spectrometer. The mode-locked signal with output power of 400 mW is used as

excitation radiation.

Figure 2.2 represents the response of Avantes spectrometer to the NIR beam.
The mode-locked signal is used for pulsed THz measurements. The spectral range of
700-900 nm wavelength with 790 nm centrer wavelength is observed. The NIR beam is

continuously monitored while taking measurements on the TDS system.
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Figure 2.3 Near-infrared beam diameter and divergence. Beam diameter FWHM of 0.81
mm and 1.84 mm is measured at distances of 50 cm and 250 cm from the Femtosource
output, respectively. The inset shows the overall beam divergence of the beam which is

0.52 mrad. The beam waist at the Femtosource output is roughly 0.5 mm

The beam diameter is affected considerably by the divergence of the laser beam.
This is calculated to be about 0.52 mrad. The diameter of the beam at the emitter

position is ~2 mm, which can be reduced to 0.2 mm using proper focusing.

2.3.2 Terahertz time-domain signal and corresponding frequency and phase spectra

Figure 2.4 shows terahertz time-domain signal for p-type Zn-doped (100) InAs
(MTI Corporation, USA) in quasireflection geometry. The peak-to-peak voltage
observed is 9.8 mV with typical signal to noise ratio of 800, measured over 25 ps scan
with 100 ms time constant. The corresponding frequency spectrum and phase response
can be obtained by taking the Fourier transform of this signal. The observed frequency
range is 0.1 to 1.2 THz. The estimated absolute THz power is of the order of nano
Watts.

Small oscillations after the main peak in time-domain signal and sharp features
in frequency spectrum at frequencies 0.56 THz, 0.75 THz, and 0.95 THz are results of
absorption of the water vapor present in the atmosphere. These absorption lines may

serve as references for the THz frequency spectrum. However, these lines can cause
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difficulty for spectroscopy of materials which show characteristic features around these
frequencies. In order to eliminate these absorption lines, an enclosed system can be used
which covers THz beam path as shown in Figure 2.1. The system is then purged with
dry air or nitrogen. It is also possible to remove water vapor absorption features using

numerical calculations***,
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Figure 2.4 (a) THz time-domain signal from (100) p-type InAs emitter. The signal is
obtained by measuring photodiode response at different time delays between pump
beam and probe beam with step size of 48 fs. (b) Corresponding frequency spectrum.
The observed frequency is in the range of 0.1 to 1.2 THz. The absorption lines at 0.56
THz, 0.75 THz, and 0.99 THz arise from the water vapor molecules present in the air.

The inset in figure (b) represents phase Fourier transform for this signal
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The THz output of 9.8 mV does not represent actual THz electric field amplitude
but depends on experimental parameters such as type and thickness of the detector, the
balanced photodetector used and the intensity of probe beam on two photo diodes.

The actual THz electric field amplitude E.,,, can be obtained from™®

AP on’Ep, L

Pprobe c 2.1

where

AP =P, —P, is the difference in the intensity of the two photodiodes of the balanced

photo detector,
P

probe

= P, + P, is the intensity of the probe beam
r,, is the electro-optic coefficient of the ZnTe detector = 3.9 pm/VV

L is the length of the ZnTe detector crystal = 1 mm

nis the near-infrared refractive index for ZnTe detector = 2.8

@ is the near-infrared angular frequency

and cis the speed of light in vacuum

For the particular experimental measurement of InAs presented here, the value of
AP/P, . is around 3%107%. Hence, the peak THz electric field can be calculated to be

robe
44 Vicm.

Although, the THz electric field obtained this way shows the absolute THz
radiation fields generated from the emitter, THz output for various semiconductors
presented in this thesis are shown in terms of signal measured by balanced
photodetector. Since, the local experimental parameters are kept constant for all sample
measured as emitters, the THz signals can be represented directly in terms of

photodiode response for convenience,
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2.3.3 THz emitter geometries

(a) Transmission Geometry (b) Quasireflection Geometry

Figure 2.5 Emitter experimental geometries. (a) Transmission geometry, where the
excitation beam is in the direction of the surface normal. The THz is detected in
straight-through detection. (b) Quasireflection geometry, where the excitation beam is at
45° angle with respect to the surface normal and THz is detected in specular-reflection

direction.

Two different emitter geometries have been used in the THz-TDS system.
(a) Transmission geometry

In this set up, the NIR beam is incident on the emitter crystal in the direction of
the surface normal of the emitter. The THz radiation is generated in the front surface
and transmitted through the emitter crystal before propagating in the free space towards
the detector. Photoconductive antennas are used in this geometry as the current flow for
PC emission is in the surface plane and hence maximum signal is expected in the
direction of surface normal. Other materials can be used in this geometry to generate
THz radiation depending on the material properties and mechanism involved in THz

generation.

(b) Quasireflection geometry:

In this set up, the NIR beam is incident on the emitter crystal at a 45° angle with
respect to the surface normal and THz is detected in the specular-reflection direction.
The transient current emitter produces the dipole in the direction of the surface normal
which then radiates THz pulses. Hence, in order to observe this emission mechanism,
the emitter needs to be placed in non-normal incidence with quasireflection geometry
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being most favourable due to simplicity in detection of THz. Also, the emitters with
high THz absorption can be used in this geometry.

Other non-normal incidence angles can also be employed, in particular the
Brewster angle of emitter crystal where maximum radiation output is expected™®**°. The
emitter geometry plays an important role in generating THz radiation via particular
emission mechanism. Different geometries may lead to different behavior for same THz

emitter.

2.3.4 Different emitter properties

A range of semiconductor materials have been tested as potential sources of THz
radiation. These include InAs, GaAs, InP, GaBiAs, GaAsSh, InGaAsN, and ZnTe. The
experimental results and detailed analysis for these samples are given in following
chapters. Different responses for THz emission from these materials are observed due to
the involved emission mechanism and material properties such as carrier concentration,
doping type, crystal growth temperature, and crystallographic direction. One such
parameter, the effect of post-growth annealing of the emitter crystal is presented here.

Post-growth annealing effect for GaAsSh

Low-temperature grown GaAsSb and GaBiAs epilayers deposited on GaAs are
able to generate THz radiation under NIR photo-excitation*****. The post growth
annealing of GaBiAs on epitaxial layers improves the structural and optical properties
of the material'*’. The electrical resistance of LT-GaAsSb and LT-GaAs increases with
increasing annealing temperature™®. The decrease in surface defects due to annealing
may be able to improve the THz emission efficiency of the material. In this study, LT-
GaAs, GaAsSh, and GaBiAs samples were annealed at temperatures above 500 °C. The
GaAsSb samples used in this study were provided by Prof. Hans Hartnagel from
Technical University of Darmstadt, Germany.

An ULVAC-RIKO MILA-5000 vacuum furnace was used to anneal the
samples. The annealing of samples was carried out at three different temperatures of
550 °C, 600 °C, and 650 °C. The samples were annealed for 10 minutes under vacuum
and then allowed to cool under vacuum to 100 °C before being exposed to air for
cooling to room temperature. The samples were then measured as THz emitters without
applying any external bias. The measurements of THz emission, X-ray diffraction
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(XRD), and resistivity data were performed'*®. One such result, for effect of annealing
the (100) GaAsysSho4 sample at different temperatures, is shown in Figure 2.6.

As can be seen from the figure, the THz emission improves by a small fraction
with annealing the sample at 550 °C. Further improvement in the signal strength is
observed for 600 °C annealing before it reduces for 650 °C annealing. The signal
observed for 650 °C annealed sample is even lower than the signal for the as-grown
sample. Thus, improved THz emission can be obtained using post-growth annealing up
to a critical temperature, after which the emission efficiency reduces. Similarly, an
improvement in THz emission efficiency has been observed for GaBiAs with 550 °C
annealing. The variation in THz emission efficiency of these samples may have been
caused by change in the defects in the samples while annealing. It is also possible that
As loss during the annealing is the reason for change in THz emission properties as the
precautions such as annealing in an atmosphere of arsine gas or under a wafer of similar

material in order to limit As loss were not taken.
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Figure 2.6 THz time-domain signals from GaAsysSbos sample with different post-
growth annealing temperatures. The signal strength increases with annealing up to 600
°C, then reduces at 650 °C. The inset shows change in the THz signal amplitude with

annealing temperature.
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2.3.5 Effect of bias voltage for photoconductive antenna

For photoconductive emitters, since the generated THz field is proportional to
the applied external bias, the THz signal amplitude directly depends on the applied bias
voltage. This is illustrated for a commercially available LT-grown GaAs Tera-SED 3
(Serial #1-5C3, GIGAOPTICS GMBH, Germany) emitter in Figure 2.7.
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Figure 2.7 (a) Effect of changing external bias voltage in PC THz emission for Tera-
SED emitter. The inset shows change in the THz signal amplitude with varying bias
voltage. The signal strength increases linearly with increase in the bias. (b) Effect of
changing direction of applied voltage. The signal reverses with all features in the signal
flipped, including the water vapor oscillations after the main peak.
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As shown in the inset in Figure 2.7(a), the THz signal amplitude increases
linearly with applied bias voltage. Also, by changing the direction of the bias, the
polarity of THz field reverses, as the current flows in opposite direction in this case.

2.3.6 Incident excitation power dependence
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Figure 2.8 Incident excitation fluence dependence for (100) InAs emitter. The inset
shows THz signal amplitudes with respect to varying incident excitation power level.

The THz signal increases linearly with increasing incident NIR power level.

For all biased and unbiased THz emitters, the incident excitation power level
directly affects the THz generation efficiency'®. In the case of transient current (TC)
mechanism, the THz power saturates at high optical fluence, due to screening of the bias
field by photocarriers'®. The change in THz signal with varying incident excitation
fluence for a (100) InAs emitter is shown in Figure 2.8. THz signal amplitude increases
linearly with excitation fluence, with no evidence of screening. Although, InAs isa TC
emitter, the incident excitation might be too small for screening to occur.

During experiments it is often observed that the Femtosource NIR power output
deteriorates with time and can be reoptimized by mirror realignments. Hence, the
incident power level needs to be considered while making comparison between emitters
measured at different point of time. Different behavior can be expected for different

THz emitters with changing the incident power levels, on the basis of emission
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mechanism. Further study of incident power dependence for other emitter crystals will
be discussed in following chapters. Also, other important emitter properties, such as the
effect of azimuthal rotation of the emitter crystal and in-plane magnetic field, will be
detailed in next chapters.

2.3.7 Sample geometries for THz spectroscopy or imaging

As for the emitter transmission and reflection geometries, so also the sample
transmission and reflection geometries are possible, where the THz signal is transmitted
through or reflected off the sample. The sample reflection geometry is useful in
particular when the sample surface properties need to be investigated, or if the sample
under investigation does not transmit THz.

It is possible to calculate number of material parameters using THz time-domain
and frequency-domain signal. This includes frequency dependent refractive index,
absorption coefficient, complex permittivity, and dielectric constant. As an example,
THz spectroscopy of a 1 mm thick b-cut BiB,O, (BiBO) crystal in the sample

transmission geometry is presented here. This sample was provided by Prof. Ali
Hussain Reshak from the Institute of Physical Biology, South Bohemia University,
Czech Republic.

Spectroscopy measurement for BiBO crystal

BiBO is an anisotropic crystal and is a useful material for second harmonic and
third harmonic generation applications'?*#, The THz spectroscopy measurements were
performed for different orientations of the BiBO crystal using the THz-TDS system
with InAs as the emitter. The time-domain signal is collected for the sample with a
particular side being parallel to the THz electric field and compared with the reference
scan measured without the sample in place. The sample is then rotated by 90° and again
the time-domain spectrum is collected, with the sample side now being perpendicular to
the THz electric field. As we can see in the Figure 2.9, two signals observed for
different orientations of BiBO crystal have different signal strength and different time
delay with respect to the reference scan. This observed change for two signals reflects
the anisotropy of the BiBO crystal. Similar variation is observed with further rotation of
the sample.
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We can measure the broadband values for refractive index N, and transmission
T, in the THz range using equations™®
t,C
n, =1+-—
X 2.2

and

T, (%) =100
VR 2.3

where, t; is the time delay between reference scan and sample scan

C is speed of light in vacuum

X is the thickness of the sample

V, is peak-to-peak voltage of the sample scan

and  Vj is peak-to-peak voltage of the reference scan.

Using these equations, the broadband refractive indices for two different sample
positions are obtained as 3.61 and 2.63, while the transmission for two orientations are
calculated to be 53% and 69%.

More detailed analysis can be carried out by taking Fourier transform of time-
domain signals and calculating phase and frequency components for these signals. The

frequency dependent refractive index N, can be calculated using the formula'®

_ 2nf(n, —1)x
c | 2.4

¢x _(I)O

where ¢, and ¢, are phase values of the signal and reference, respectively.

Figure 2.9(e) represents the frequency-dependent refractive indices for two
sample positions. Constant values of 3.6 and 2.6 are obtained for sample position 1 and
2 within range of 0.1 to 1.2 THz, which are consistent with the calculated broadband
refractive indices. Thus, it is possible to observe the birefringence property of BiBO
crystal in THz range using TDS measurements. Figure 2.9(f) shows the frequency

dependent transmission for both sample positions.
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Figure 2.9 Spectroscopy of BiBO sample using THz-TDS system. (a) Time-domain
signal with and without BiBO sample. The black dotted line is the reference scan
measured without sample. The red line is the time-domain signal with sample in place.
The green line is the signal measured by rotating the sample by 90° with respect to the

surface normal. n, and T, represent the broadband values of refractive index and
transmission, respectively. (b) Two different positions of the sample with respect to
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incident THz electric field. (c) and (d) represent phase and frequency spectra obtained

from Fourier transform of time-domain signals. (e) and (f) represents frequency-
dependent refractive indices (N, ) and transmission ( T, ) for both sample orientations,

respectively.

2.3.8 Detector angular dependence
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Figure 2.10 (a) Vertical polarizer grid set-up in order to observe horizontally (p)
polarized THz components only. (b) Detector azimuthal rotation behavior for
horizontally (p) polarized THz components. Each line represents THz time-domain
signal, measured over a period of 3 ps, at particular azimuthal angle of detector crystal.
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Figure 2.11 (a) Horizontal polarizer grid set-up in order to observe vertically (s)
polarized THz components only. (b) Detector azimuthal rotation behavior for vertically
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(s) polarized THz components. Each line represents THz time-domain signal, measured

over a period of 3 ps, at particular azimuthal angle of detector crystal.

In the case of electro-optic detection, the THz output is sensitive to detector
crystal orientation. The rotation of the crystal leads to change in detected THz signal.
Such effect for (110) ZnTe (Cradley Crystals Corporation, Russia) is presented in
Figure 2.10 and Figure 2.11.

For horizontally polarized NIR excitation pulses, the THz components parallel
(p-polarization) and perpendicular (s-polarization) to this excitation radiation can be
obtained by placing a wire-grid polarizer in the THz beam path with vertical and
horizontal alignment of wire-grids, respectively.

Azimuthal rotation of the ZnTe crystal gives a distinctive three cycle
dependence for both polarization components. Thus, while measuring the response of p
and s-polarized THz components, it is important to adjust the azimuthal angle of the
ZnTe detector in order to observe the maximum possible signal. In normal experimental
conditions the detector azimuthal angle is set to detect maximum horizontally (p)
polarized components of terahertz electric field.

2.3.9 Detector thickness

Another important property of the detector is the thickness of the detector
crystal. Phase matching is an important property for electro-optic detection; the thinner
crystal may be used in order to reduce the mismatch between the generated THz pulse
and the gating NIR pulse, which increases the THz bandwidth. However, thinner
crystals suffer from low interaction length and hence produce lower THz power. Hence,
there is a trade off between the higher bandwidth and power depending on thickness of
the crystals.

Figure 2.12 shows the effect of changing the detector thickness on THz signal
generated from InAs emitter. The general trend is that the THz signal strength increases
with increasing detector thickness from 0.3 mm to 1 mm. An interesting observation
that can be made from the signals is the appearance of secondary peaks and shift of
these secondary peaks with increasing thickness. These secondary signals arise due to
multiple reflection of the THz beam at surfaces of the detector crystal. This behavior of
Fabry-Perot oscillation is shown in Figure 2.12(b).
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Figure 2.12 (a) Effect of changing detector thickness. The THz signal increases with
increasing detector thickness within range of 0.3 to 1.0 mm. The graphs are shifted
vertically for clarity. The secondary signals are observed for all measured detectors due
to reflection of THz within the detector crystal. The secondary peaks are shown with
arrows. (b) Fabry-Perot oscillations in the detector crystal. (c) The frequency spectrum
for different thickness ZnTe detectors. The oscillatory behavior in frequency spectra is

observed due to multiple peaks present in the signal.

The practical consequence of this effect is that we can use these features for
calculating refractive index of the detector crystal in THz frequency range by using
information about thickness and time delay between peaks. However, due to these
Fabry-Perot oscillations, the frequency spectrum shows oscillatory behavior, which can

interfere with the spectroscopic analysis. This unwanted feature can be eliminated by
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stopping the scan before the secondary reflection occurrence; but by doing so the
frequency resolution reduces. It is also possible to remove this effect by using numerical
analysis.

Such oscillatory behavior may be observed for some emitters and spectroscopy
samples as well which reflect a considerable amount of THz radiation within the

sample.

2.3.10 Photodiode properties
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Figure 2.13 Response of different silicon photodiodes. Three Si photodiodes - Daylight
filter (BPW 34 F, SIEMENS), blue enhanced (BPW 34 B, OSRAM), and no filter
photodiodes (BPW 34, VISHAY) - were used. The data are shifted on both axes for

clarity.

The final output for the THz signal is measured from differential voltage across
the photodiode pair. Thus the photodiode used for the measurement directly affects the
overall system behavior. The response of different photodiodes has been tested for
varying spectral sensitivity and different filtering options. One such example of using
three different silicon photodiodes with different properties is shown in Figure 2.13.

2.3.11 Optical alignment and focusing

Another important factor is the alignment and focusing of different optical parts
used in the system. Since the routine realignment of the system needs to be undertaken
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for better NIR excitation output, the THz signal may be affected with variations in these
parameters.

Also small fluctuations in the laser power and electrical connections generate
noise in the THz signal output which may interfere with the data analysis particularly
for less efficient THz emitters. This can be minimized to some extent by using a larger

time constant and lower dynamics reserve setting.

2.3.12 Temperature

THz emission efficiency is affected considerably with variation in operating
temperature’®**11>124126 " The change may be attributed to material properties or other
experimental parameters in the system. While low temperature operation is the
fundamental requirement for the thermal detection using bolometer, TDS systems have
an advantage of being able to perform equally well at room temperature.

Thus, in normal system performance, there are many factors which need to be
taken into account while collecting data and comparing results from different materials.
In the following chapters, the focus will be on analyzing semiconductor materials which
generate THz emission by all-optical means without using any external bias. In order to
make proper comparison among different emitters, experimental parameters such as
detector, NIR filter, and photodiodes are kept fixed. Further, (100) InAs and (110) ZnTe
crystals are used as reference emitters for emitter reflection and transmission geometry
measurements, respectively. Also the measurements were taken at normal atmospheric

conditions and fixed temperature (20 °C).
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Chapter 3
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3 Optical Rectification and GaAs (11N) Crystal Planes in Transmission

Geometry

3.1 Introduction

In this chapter, the theory of bulk optical rectification (bulk OR) and surface
electric-field-induced optical rectification (surface OR) for zinc-blende 43m crystal

planes with arbitrary Miller indices (hkl) is presented. The simpler case of emitter
transmission geometry for (11N) planes is then discussed and the experimental results
for GaAs (11IN) planes with N = 0, 2, 3, 4, and 5 are compared with theory. The

results suggest both bulk OR and surface OR play roles in THz generation from high-
index crystal planes. Furthermore, different azimuthal behavior is observed for the two
opposing A and B faces for GaAs samples, where the A face is the Ga-rich face and the
B face is the As-rich face.

Non-linear crystals may be able to produce sum frequency (second harmonic
generation) and difference frequency (optical rectification) polarization components by
exploiting the excitation beam. Using femtosecond near-infrared optical pulses, the
difference frequency components in the THz regime can be obtained, and hence such
non-linear crystals are able to generate THz radiation under appropriate conditions. The
OR effect is known to depend strongly not only on the angles of incidence and detection
but also on the excitation beam polarization, the crystallographic plane on which the
surface is cut, and the azimuthal angle of the sample about its surface normal. In order
to take all parameters into account, we need to make transformations of the laboratory
frame of axes to crystal axes, where the bulk OR and surface OR contributions can be
calculated, and then perform inverse transformations to bring this back to the laboratory
frame to detect the generated THz. The incidence excitation beam may have any
arbitrary polarization with respect to the crystal surface and can strike at any arbitrary
angle at the sample. Also, the detector can be at any arbitrary position.

Early experiments on THz generation by OR were made in transmission
geometry**212° The transmission geometry is useful in order to eliminate the effect of
the transient current mechanism (as it cannot be observed in normal incidence of the
incident excitation) and hence make it simple to observe the effect of OR components

only. Earlier, the theory for second-order bulk OR has been developed and compared
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with experimental results for (100), (110), (111), (112) faces*®*"8128.130 ang for higher
indices (113) and (115)*. The third-order surface-field-induced OR is also discussed in
few works*®*’. Recently, the effect of elliptically and circularly polarized excitation
with energy below bandgap, slightly above bandgap, and far above the bandgap of non-
linear crystal have been presented for THz emission from GaAs (100) and (111) crystal

planes*®

. With some exceptions, the previous work only dealt with the overall THz
field variation with azimuthal rotation of the emitter crystal without paying close
attention to other parameters such as the relation of the polarization components at a
particular azimuthal angle, the exact in-plane direction of measurement of azimuthal
angle and sense of rotation. In this chapter, a complete cohesive study of optical
rectification for any arbitrary crystal plane is presented with the general behavior of
other important parameters such as the orientation of the incident excitation beam and
arbitrary detector position. The theory is then compared with experimental results for
GaAs (11N) planes with N = 0, 2, 3, 4, 5. High-index crystal planes are particularly
interesting as they show interesting electronic properties******. Further, it will be shown
that the information about the intrinsic surface field can be obtained from OR effects for
high index planes. Such information is not accessible from low index planes such as

(100), (110), and (111).

3.2 General theory of optical rectification

Various transformations are taken from laboratory frame to the crystal frame in
order to calculate the polarization within the crystal and then back to the laboratory
frame to determine THz emission with respect to the detector crystal orientation.

3.2.1 Excitation radiation in (X', §', Z2') coordinate system

The excitation radiation may be propagating in any direction in space. First of
all we start with single-primed coordinate system specified by unit vectors X', ¥', and '
in order to represent the directional properties of the excitation radiation. The excitation
radiation is assumed to be linearly polarized. We define ¥’ to lie in the direction of the
polarization of the excitation radiation, X' to lie in the direction opposite to the
propagation of the excitation beam, and z' = X' x y".

The electric-field vector, with magnitude of the electric field E,, can be written as,
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E 0
E=|E,|=|E, |=|1|E,. 3.1
E 0

3.2.2 Angle of Incidence ¢’ and (X", §"”, 2") coordinate system

The excitation radiation strikes the emitter crystal sample at an arbitrary angle of
incidence ¢’'. We define a double-primed coordinate system with unit vectors
X", y", and 2" to represent the coordinate system fixed to the crystal surface. The unit
vector X" is in the direction of outward-directed surface normal. The plane in which X'’
and X" lie defines the plane of reflection for non-normal incidence (¢’ = 0) and the unit
vector z'" is defined to be in the direction perpendicular to this reflection plane in the
direction of X'x X" In the case of normal incidence of the excitation radiation (¢’ = 0),
the direction Z'" = 2'. The unit vector y"' is defined as y"" =2"xX".

Although the angle of incidence of the excitation beam to the sample is ¢', the
angle within the crystal will be different due to refraction. Using Snell’s law the

resultant refracted angle within the crystal ¢, can be given as

., .
Mo nig SIN 9= Nerystainig SIN Pair s 3.2

where n and n are refractive indices at pump photon frequency of the

air,NIR crystal,NIR

ambient atmosphere and of the emitter crystal, respectively.

3.2.3 Angle of polarization ®

In order to represent polarization of the excitation radiation with respect to the
emitter crystal, the polarization angle @ is defined as the angle that the polarization
direction of the incident radiation (y’) makes with the X" —y" plane. This plane is
perpendicular to the crystal surface and for non-normal incidence (¢'=0), is the
reflection plane. The polarization angle ® is positive for a clockwise rotation with

respect to the direction X' and for ® =0, Z' is parallel toz"" .

The two polarization components of the excitation radiation can be written as
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E, cosd
=| . E,. 33
E, sin®
For normal incidence, ®=0, X" =X, ¥"=V’, and 2" =2Z'. Further, for normal
incidence, the “reflection plane” is not defined, but the incident beam polarization
components will be still written as p and s components.
The electric field of the excitation radiation E,y’ can be represented in the

double-primed coordinate system by taking into account the angle of incidence ¢’ and

the angle of polarization ® as

E. +C0S¢yr +SINGyz O O Sin @,z COSD
E, |=|-Singyg +C0S¢yr 0| COSD |E;=|COS¢yz COSD (E,. 3.4
E,. 0 0 1|sind sin®

z

3.2.4 Azimuthal angle 6 and (X", y"”, Z"") coordinate system

The azimuthal angle 6, which represents the rotation of the emitter crystal about
its surface normal, is denoted in terms of a triple-primed coordinate system with unit

144

vectors X, §",and 2. X" and X"' unit vectors lie perpendicular to the crystal
surface, the triple-primed system is defined as the double-primed system being rotated
counterclockwise about the X" =X""" axis through an angle 6.

The transformation matrix for the triple-primed coordinate system in terms of

double-primed coordinates can be written as

X" 1 0 0 X"
y"1=10 +cosd —sind ||y"|. 3.5
z2" 0 +sin® +cosO || Z”

Hence the electric field components can be written as

E,. 1 0 0 E,. Sin @y, COS D
E,. |=|0 +cosb —sinb || E, |=|cosOcosdyycos®—sinOsin® E;.3.6
E,. 0 +sin® +cosO || E,. sin 0 cos @y, cos D+ cosOsin D

Figure 3.1 represents the single-primed, double-primed and triple-primed

coordinate axes along with the angles ¢', @, and 0 as defined above.
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Figure 3.1 The coordinate axes and angles used for determination of optical rectification

components. The incident excitation radiation is polarized in the y’direction and
propagates in the —X’ direction. The angle of incidence of the excitation radiation is ¢’.

X" represents the out-ward pointing surface normal. The triple-primed frame rotates
with the crystal about the surface normal by the azimuthal angle6. The angle of

polarization is @ . (The figure is redrawn from Hargreaves et al.**)
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3.2.5 Crystal axes in (X, y, Z) coordinate system

The crystal axes are defined by the unit vectors X,y,andZ and can be
represented in terms of the triple-primed coordinate system. The vector hX +ky +1Z is
normal to the surface, where h, k, and | are Miller indices of the crystal. The axis
system in this case is chosen in such a way that the vector X" is perpendicular to the
emitter surface along the crystallographic direction [hkl] and Z"” lies along the
projection of the crystal Z axis onto the crystal surface. (This choice is not possible for
the (00I) crystal plane, where the Z axis is normal to the surface. However, these cases
can be treated as (h00) or (0kO) crystals.)

The transformation matrix from triple-primed axes to crystallographic frame can

be written as

| h K _hl |
5 Jh2+k2+12 Jhi+k?  Jh2+k% +12/h? +K? o
gl k h —kI g
; Jh2+k2+12 Jhi+k?  Jh2+k% +12/h? + k2 -
| h? 4+ k2
- 0
| Jh2 4 k2412 Jh? +k? +12/h? + k2 |
Al Alz 'A13 )’ZH! 5‘(!!!
= A21 A22 A23 9”' =A 9”' . 3.7
Aal 0 'A33 2”! 2!!!

From above equations, it can be seen that the crystallographic directions
corresponding to the triple-primed axes X", 9", and 2"are [hki], [kho] and
[— hl,—kI, h? + kz], respectively.

Now at this point, we would like to extend the theory further in order to

incorporate two opposing crystal faces into the general theory of optical rectification.

The semiconductor material cut along the (hkl) plane will have two opposing faces in
such a way that the surface normal for one face will be along the [hkl] direction, while

for the other face the surface normal will be along the [HIZI_] direction. Let us consider

these two faces as A face and B face respectively.
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[110]

Figure 3.2 GaAs (11N) crystal planes with two opposing A and B faces. Filled circles
represent gallium atoms, while empty circles represent arsenic atoms. The distinct
feature of opposing faces can be understood as A face having more gallium atoms
compared to arsenic and B face having more arsenic atoms compared to gallium.
Further, the surface normal for faces A and B are along [LIN] and [T TN respectively.

The planes such as (001) and (110) have higher symmetry and both sides of cuts along

these planes are equivalent.

ir” ~ I
y
“
x" A
" J/[hkd £k |
$" //|cho) §" 1]

2" Il - hl—kl, W + k|

Figure 3.3 The triple-primed coordinate system for two opposing A and B faces. For the
A face X" //[hkl], §" #[kho], and 2" /1|~ hl,kI,h? +k?]. For the B face X" /[hKT],
§" li[kho], and 2" /i[- hl,—kI,h? + k?]. Note the expressions for X" and §" are

inverted but for Z'” remains the same.
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The experimental results for GaAs (11N) for two opposing faces A and B will be
presented and comparison will be made with the general theory for different
experimental conditions. The distinction between these two opposing faces in the case
of (11N) GaAs crystal planes is shown in Figure 3.2.

As discussed above, if we consider X" lies along the [hkl] crystallographic
direction for the A face then it will be along the [ﬁEf] direction for B face. Similarly,
y""" lies along [IZhO] and [kﬁo] directions for A and B faces, respectively, 2" lies along

|- h1,—ki,h? +k?] direction for both faces. Figure 3.3 illustrates the triple-primed

coordinates for opposing A and B faces. In order to reduce complexity during further
transformations, only the components for the A face will be shown. We can

accommodate the results for B face by simply replacing (hkl) values with (hkI).

Using the transformation matrix from Equations 3.6 and 3.7, the electric field

components in the crystallographic frame can be written as

E,] [B,+B,cos0+B,sin6 B, B, B, 1
E, |=| By + By, C0S0+Byysin6 |[E, =| B, B,, By || cosd|E,. 3.8
E,| |B,+B,,c0s0+B,sinf B, B, B, | sin6

Here our emphasis is on the effect of varying azimuthal angle 0. Hence, the
electric field components are written in terms of 6 and B;. The quantities B; depend
on number of factors such as Miller indices h, k, | ; incidence angle ¢, and polarization

angle @ . The values of B; are given in Appendix A.

3.2.6 Bulk optical rectification polarization components

The detailed study for optical rectification in a nonlinear medium has been
presented in Boyd'*. In the case of a nonlinear medium under excitation of very intense
light, the induced polarization can be written as

P=PY+P® 1Py L =yYE+y?PEE+y®EEE+..... 3.9

The first three terms in the Taylor expansion correspond to the linear, second-
order and third-order polarization. Also, ¥'? and ¥ are the second-order and third-

order susceptibilities, respectively.

The second-order polarization component can be written in more detail as*,
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RP(Q) = 1 (% @, ,) Ej (@) E, () 3.10
Here Pi(z’(Q) is the i™ component of the second-order polarization at frequency
Q=w +w,, while E;(w) and E,(w,) are the electric field components at frequencies
o, and ,, respectively. Optical rectification is observed for frequency o, =—w, (and
Q) leads to THz frequency), while @, = @, generates second-harmonic components.

For zinc-blende 43m crystals, there are six nonvanishing elements of y® and
all of them are equal by symmetry**. These components are
Xz = Xyox = Xy = Xy = Xy = Xy - 3.11
Thus the second-order bulk optical rectification polarization components can be

written as

0 d, d, 0 0 |EE, |, 3.12

where d,, is nonlinear optical susceptibility constant.
Again, using symmetry arguments for E,, E , and E,, the bulk polarization

components can be written as

beulk EyEZ
P |=2d,| E,E, |. 3.13
szulk EXEy

Now as shown in Equation 3.8, the electric field components E,, E , E, involve
cos® and sin® terms. So the terms EE; in Equation 3.13 will involve cos6, sin®,

cos 0sin 0 (which can be represented in terms of sin 20), and cos’0 and sin?6 (which

can be expressed in terms of cos 20 ). So, the bulk polarization may be rewritten as,
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pPulk C,+C,,cos6+C,,sin0+C,, cos20+C, sin26
P |=|Cy +C,, €050+ C,y8in0+C,, cos 20+ Cyq sin 26 | 3.14
pPuk C,, +C,,c080+C,,sin0+C,, cos20+C,, sin 20

Here the components C; depend on terms h, k, I, ¢', @, d,,, and E,, and are detailed in

14>

Appendix A.

3.2.7 Surface optical rectification polarization components

Along with bulk optical rectification, the third-order nonlinear components may
give rise to a polarization in the presence of a surface electric field. Let us consider a
constant electric field normal to the crystal surface, F=F X" . The effective second-
order susceptibility can be thought of having contributions from both bulk OR and

surface OR and can be written as*®

I = 23 215
The susceptibility tensor for surface OR is represented by i (Q-®,®,0),

where zero term corresponds to the DC surface depletion field. Again for 43m crystals,
this third-order susceptibility tensor has four unique nonzero elements, which gives the

polarization components for surface OR as*®*"*3

P a'F +B'E +7'E’F,
P |=|a'F, +B'E, +7'ELF, |, 3.16
Pt a'F,+B'E, +y'E’F,
where @' =3y, (E; +E; +E7)
ﬂ, = 6Zzzxx(Exe + EyFy + Eze)
7/’ = 3(%2222 X _ZXZZXX)'

The terms involving «' and B’ can be written in the double-primed coordinate system

as
Pl 1
P |=]0|a'F, 3.17
P 10

and
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P | [ 'sin gy, COSD
P | =| cosgyg COSD | B'E,. 3.18
P sin®
Here the contribution due to «' is normal to the surface and the terms with S’
only involve the incidence angle and the polarization angle and do not have any
contribution from the azimuthal angle. Hence, these terms can be ignored while
considering the effect of azimuthal dependence.

Now let us consider the components involving y' terms. As can be seen from
Equation 3.16, the terms with ' involve E’, which can be again expanded in terms of

cos 6, sin® , sin 20 , and cos 26 and can be written in terms of components T, as

P [T,+T,c080+T,sin0+T, cos 20 +T,, sin 20
P | =| T,y +T,, €080+ T,y sin0+T,, cos 20+ Ty sin 26 |. 3.19
Pt T, +T,, €050 +T,, sin0+T,, cos 26 + T, sin 26

Here the T, components depend on the terms B, »', E;, and F, and are detailed in

Appendix A.

3.2.8 Transforming back to the laboratory frame from crystal axes

We have calculated bulk and surface OR components in the crystal frame of
reference. Now we need to transform the crystal frame to the external frame of
reference attached to crystal surface. First, moving from unprimed coordinates to triple-
primed coordinates, using Equation 3.7, the polarization components for these two
frames of reference are related as

Px”’ Px Ail A21 A31 Px
P.|=A"P [=|A, A, 0 |P] 3.20
Py Pl [As As Ag]lP
Hence, the bulk and surface optical rectification polarization components can be written
as
po D,, + D,, c0s0+ D, sin®+ D, cos 20 + D, sin 20
P | =| Dy + Dy, C0S0 + D, sin 0 + D,, cos 20 + D, sin 26 3.21
P> | | Dy, + D,,c0s0+ D, sin®+ D,, cos 20 + D, sin 20
and
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P U,, +U,, cos6+U,,sin0+U,, cos 20 +U , sin 260
P | =| U, +U,, €050 +U ,;sin0+U,, cos20+U . sin 20 |. 3.22
P | | Uy, +Uy, cos0+U,,sin®+U,, cos 20 +U., sin 20

Further, in order to transform the triple-primed coordinates back to double-

primed coordinates, using Equation 3.5, we can write

P. 1 0 0 P
Py,, =0 +4+c0sO +sinH Py,,, ) 3.23

P, 0 -sin® +cosH || P,.

So, the bulk and surface OR polarization components in the double-primed
coordinates will be
pou G, +G,, 080+ G, sin0+G,, cos20+ G sin 20 + G, cos 30 + G, sin 30

Pyt,’,“'k =|G,, +G,, c0s0 +G,, sin 0 +G,, cos 20 + G, sin 20 + G, cos 30 + G, sin 30 |3.24
pou G;, +G;, €050 + G, 51n 0+ G, c0520 + G, sin 20 + G4, cos 30 + G, sin 30

and

P | [V, +V,, c0os0+V,,sin®+V,, cos 20 +V,, sin 20 +V,, cos 30 +V,, sin 30
PiT | = |V +V,, COSO +V,; 8in 04V, 00820 +V,5 sin 20 +V,c cos 30 +V,, sin30 | 3.25
P V,, +V;, €0S0 +V,, sin 0 +V,, cos 20 4V, sin 20 +V,, cos 30 +V,, sin 30

The quantities D,, U.., G,

i Uy Gy, and V; are given in detail in Appendix A.

From Equations 3.24 and 3.25, it can be seen that, regardless of crystallographic
orientation, the angle of incidence or the angle of polarization, the expressions for both
bulk OR and surface OR can be represented in terms of azimuthal angle with terms

cos n® and sin nd , with n = 3 at most.

"

3.2.9 Detector axes in (X", y"",Z"") coordinate system and detected terahertz field

In the far-field approximation, the THz field can be assumed to be directly

proportional to the polarization field. Hence,

THz bulk surf
= POk 4 P
THz | _ bulk surf
E,” |=| P+ P2 (2, 3.26
THz bulk surf
E,. P+ P,

where Z, is a proportionality factor which depends on experimental parameters such as

the distance of the detector from the emitter crystal.
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Here we need to consider one more coordinate system which is fixed to detector
e il S il

crystal and defined by the X", y"",and 2" coordinate system. The unit vector X" is

defined as the direction from the point that the excitation beam strikes the emitter

crystal to the detector. The angle & is defined as the angle this direction makes with z"
axis. The unit vector ¥y lies in the X" —y" plane. Thus, the electric field components
in the quadruple-primed coordinate system can be written as
E | [+sinécosdy, -—sinésing,, +cosé ]| EN”
Ej |=|  +singy, +COS ¢y, 0 E," | 3.27
E7 | |—cosécosd, —Cosécosg,, +siné || EL"
Here the angle ¢.,,, is the angle of refraction within the emitter crystal and is related to
the angle of reflectiong””’, which is measured in the same way as the angle of incidence

¢" . Again using Snell’s law, two angles on the detection side are related by the equation

"

naif,THZ sin ¢ = ncrystaI,THz sin ¢THz ’ 3.28

where n and n are refractive indices at the THz photon frequency of the

air, THz crystal, THz

ambient atmosphere and of the emitter crystal, respectively.

Since the detector may be placed anywhere, the angle of incidence ¢' and angle
of reflection ¢’ do not strictly bear any precise relationship. In typical experimental
set ups, the detector is placed in reflection plane (i.e. &£ =90°) and detects the THz signal
polarized in the reflection plane, E;HZ, or in the direction perpendicular to the reflection
plane, E]™. These two orthogonally polarized THz polarization components can be
represented in terms of the angle ¢, and double-primed coordinate system as

E;™ | _| Ep | _| singr, B +cosgr, EL" 399
EM | | ENF Er ' '
So from Equations 3.26 and 3.29,

THz H bulk surf bulk surf
{Epm }:{sm G, (P + PX,,b |z+COS?THZ(Py” +P, )}Z. 330
E,™ P+ P

Here Z is a conversion factor and is fixed for particular experimental arrangement.

Let us define, P* =sing,,, P +cosgy,, P2,
bulk bulk
Ps ulk _ quu ’
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P =sindy,, Po +cosgy,, P,
Psurf — Psurf
S "
Thus, the THz polarization components for horizontal (p) polarization and vertical (s)

polarization can be written as
THz bulk surf
|:EPI'H:|:|:Ppb Ik+Pprf:|Z' 3.31
Es Z Ps u + PSSU
3.3 OR theory for (11N) crystal planes in transmission geometry

The general theory for optical rectification for arbitrary crystal faces, arbitrary
angles of incidence and reflection, and arbitrary polarization angle of excitation
radiation has been discussed above. Now let us consider some cases for particular
crystal faces and fixed angles of incidence, reflection, and polarization. We start with

choosing the crystal Miller indices as (hkl) =(11N) for transmission geometry where
the excitation beam is in the direction of the surface normal (¢,,; =0) and the THz field
is detected in the straight-through direction (¢, =0). For convenience, the angle of

polarization @ is also chosen to be zero. For this experimental set up the terms

involving «' and S’ will be zero.

From Equation 3.31 and for¢,,,, =0,
THz bulk surf bulk surf
E, _ P +P 7_ P +Py 7 3.3
E:’Hz Psbulk + Pssurf sz’)’ulk + st”urf

For the A face, p and s polarization components for the bulk and surface OR will be

e N =5 3(N?-1)sin6—3(N?+1)sin 30 333

P | J2(N2+2)%2 | (N*-1)cos®—3(N? +1)cos 30 '
and

P y'RES —3N(N?-1)sin®—N(N? +5)sin30 334

P | 2J2(N?+2)?| -N(N?—1)cos®—N(N?+5)cos30 | '
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For the B face, the THz polarization components will be

PP __uES (N -Dsin0-3(N"+ Dsin30 335

Psbulk \/E(N2+2)% (N*=1)cos®—3(N*+1)cos30 |
and

Ppsurf ~ yrFOEg 3N(N2—1)Sine+N(N2+5)Sin3e 3.36

P | 242(N?+2)? | N(N-1)c0s0-+ N(N” +5)cos30 | |

All coefficients from A; to V, for (11N) crystal planes in transmission geometry are

given in Appendix B.

Here p and s corresponds to the polarization components parallel and
perpendicular to the incident excitation radiation polarization, respectively. As we can
see from the equations above, both bulk and surface polarization components have 0
and 30 dependence. Further, the bulk polarization is same for both A and B faces.
However, the surface polarization is reversed between the two faces. As a result of that,
the overall THz field is enhanced for the A face, while it reduces for the B face.

It has been observed that (100) crystal planes have no contribution from OR
effect in transmission geometry. The particular case of (100) samples will be discussed

in later chapters.
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Figure 3.4 (a) Bulk OR and (b) surface OR polarization components for (110)A and B
crystal planes. The surface OR components for both faces are zero. The bulk OR

components gives three cycle variation with respect to the azimuthal rotation.
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Let us start with the simple case of a GaAs (110) crystal. As shown in Figure
3.4, the bulk OR components exhibit three maxima and three minima due to the 36
dependence with deviation from symmetrical variation due to the 10 dependence. The
contribution from surface OR is zero for both polarization components. Also for this
direction the A face and the B face are equivalent due to crystal symmetry. Hence the
(110)A and (110)B are actually same crystal faces and should exhibit the same
azimuthal dependence.

The polarization components for (111) crystal planes are presented in Figure 3.5.
In this case, the contribution of the 10 term i1s zero for both bulk and surface OR
polarizations and hence the variation is a symmetrical three cycle dependence. The
effect of surface OR reverses between the two faces with the same bulk OR
components. Hence, the resultant curve show increased and decreased 36 behavior for A
and B faces, respectively.

Turning now to high-index planes, several observations may be made from
theory graphs. The first observation is that all high-index planes have nonzero bulk and
surface polarization components with non-symmetrical three cycle dependence due to
both 10 and 36 dependence. For both bulk and surface OR components, the overall
shape is same for all high-index samples, but the signal strength decreases with
increasing value of N. Also, as N approaches infinity, the (11N) face approaches a (001)
face.
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() (111) Bulk Response
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Figure 3.5 (a) Bulk OR and (b) surface OR polarization components for (111)A and B
crystal planes. Due to the threefold rotational symmetry, the polarization components in

this case involve only cos36 and sin36 terms. The surface polarization components

reverse between the A and B faces.
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(a) (112) Bulk Response

/mm%%

bulk
P

i —— p-pol A/ B face
— s-pol A/ B face

L 1 1 1 | 1 T | 1 1 | 11 | 11

04} —— p-pol Aface --- p-pol B face _|
' —— s-pol Aface --- s-pol B face
1 1 | 1 1 ] 1 1 | 1 1 ] 1 1 | 1 1 ] 1 1 | 1 1
0 90 180 270 360

Azimuthal angle (degrees)

Figure 3.6 (a) Bulk OR and (b) surface OR polarization components for (112)A and B
crystal planes. In this case the observed three cycle dependence is non-symmetrical with

surface OR components reversing between the two faces.
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Figure 3.7 (a) Bulk OR and (b) surface OR polarization components for (113)A and B

crystal planes. A similar response as for N = 2 with a reduction in the overall

polarization signal strength is observed.
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(a) (114) Bulk Response
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Figure 3.8 (a) Bulk OR and (b) surface OR polarization components for (114)A and B
crystal planes. Both bulk and surface OR components reduce further compared to N = 2

and 3.
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(a) (115) Bulk Response
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Figure 3.9 (a) Bulk OR and (b) surface OR polarization components for (115)A and B
crystal planes. The signal strength for both bulk and surface OR components is reduced
further indicating the further reduction with higher N values and the crystal plane

approaches towards (001) for very high values of N where both OR components are

Zero.
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3.4 Experimental results for GaAs (11N) crystal planes

GaAs (11N) planes for N = 0, 2, 3, 4, and 5 were tested as THz emitters in a
conventional TDS set up in transmission geometry. All GaAs samples used in this study
and details about crystallographic directions and two opposite A and B faces were
provided by Prof. Mohamed Henini from the University of Nottingham, United
Kingdom.

The incident excitation laser was directed horizontally (in the —X" direction) and
was polarized horizontally to the right when looking down the beam (in the Y’
direction). Further, in the transmission geometry, y"” =y’ ran horizontally along the
crystal surface and z” =2" ran upwards along the crystal surface. The azimuthal angle
0 is measured in the clockwise direction when facing the crystal, with 6 =0 corresponds
to the y'" direction.

For the A face, the crystal directions parallel to the pump electric field with

azimuthal rotation can be identified as follows. For 6=0°, the pump electric field is in

the direction of y"’ axis, or the [I?hO] direction. For 6=90°, the pump electric field is
in the direction of 2" axis, or the [—hl,—kl,h2 +k2] direction; for 6=180°, the [kﬁo}
direction; for 6=270°, the [hl,kl,—(h2 +k2)J direction. For the particular case of (11N)
crystals these directions are [110}, [NNZ] [110}, and[NNE}, respectively.

For the B face these directions will be [110}, [NNZ] [110}, and [NNE],

respectively.

The signals for both horizontally (p) and vertically (s) - polarized components of
the THz field were measured separately using a wire-grid polarizer for the two opposing
A and B faces in (11N) planes. The GaAs crystals were azimuthally rotated and the
response of THz electric field was measured as the differential voltage across the
balanced photodiode pair.

It is important to note here that, since in this case the transmission geometry is
employed, no contribution from the linear transient current mechanism in THz
generation is expected, as for transient current effects, the dipole responsible for THz
generation is generated normal to the semiconductor surface. For the more complex

quasireflection geometry, however, these effects will be detected. The detailed analysis
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of the quasireflection geometry measurements for GaAs (11N) crystals is given in

chapter 4.
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Figure 3.10 GaAs (a) (110)A and (b) (110)B azimuthal angle dependence. Each mark
represents the peak-to-peak THz signal voltage measured at a particular azimuthal
angle. The horizontal and vertical diamonds represents the horizontally (p) and
vertically (s) polarized THz components and refer to the left axes. The full lines are the
theory results for (110) bulk optical rectification and relate to the right axis. Due to the
crystal symmetry of the (110) plane, two faces are theoretically equivalent.

Figure 3.10 represents experimentally observed THz polarization components
for (110) crystal planes for both A and B faces along with appropriate theory fit. The
THz response is measured with azimuthal angle rotation in the step size of 10° and
peak-to-peak voltage is plotted with respect to the azimuthal angle. All four polarization
components (p and s-polarized THz components for both faces) are plotted on the same

THz detector (uV) axis without any scaling. Likewise, the theoretical fit to these results
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are plotted on the same axis relative to Z without any scaling. The single fitting
parameter needed in order to compare the experimental results with the theory is given
by setting Z=1 corresponds to 300 uV. This value has been kept fixed in future
comparisons of the azimuthal dependence of all (11N) samples.

The (110) crystal plane has a symmetry axis and hence the A and B faces are
theoretically equivalent. The results for the (110) crystal plane for both A and B faces
can be fitted using bulk OR alone, consistent with the theoretical results for this crystal
plane; the contribution from surface OR is zero in transmission geometry. Such
behavior is also observed for (110) ZnTe crystals.

We next consider the case of GaAs (11N)A crystal faces with N = 2, 3, 4, and 5.
The THz field detected as a function of azimuthal angle is given in Figure 3.11. Several
observations may be made from the experimental results obtained for these faces. First,
the p-polarized components are dominated by a negative sin36 term and the s-polarized
components are dominated by a negative cos30 term for all faces, with p-polarized
components having one major maximum and two minor maxima while s-polarized
components have two major maxima and one minor maximum. Also, the signal strength
for the overall THz reduces with increasing N value. These results are consistent with
the observations made from the theory curves.

The experimental results for p-polarized (green horizontal diamonds) and s-
polarized (blue vertical diamonds) are fitted with theoretical curves. The same fitting
parameter for bulk OR is used as was already found for (110) plane. For bulk OR

polarizations, the value of d,,E? is set to 1 and the results are shown with dashed line

for both polarizations. The theory results for bulk OR broadly reproduces the
experimental features, however better agreement can be made by considering both bulk

and surface OR effects together. Keeping d,,EZ=1 and hence Z = 1 corresponding to
300 pV, the surface parameter y'F,E. has varied to get the best match between the
theory and experimental results. It has been found that for all A faces, the data fits well
with the theory for y'F,E;= (1.9+0.2)d,EZ or y'F,=(1.9+0.2)d,,. The combined

bulk and surface response is shown by full lines using this ratio for all (11N) faces.
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Figure 3.11 GaAs (112)A to (115)A azimuthal angle dependence. The dashed lines are

the theoretical curves for bulk OR with d,,E2=1. The full lines are the calculation from

combined bulk and surface OR with d,,EZ=1and y'F,=(1.9+0.2)d,,.
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Figure 3.12 GaAs (112)B to (115)B azimuthal angle dependence. The dashed lines are

the theoretical curves for bulk OR with d,,EZ =1. The full lines are the calculation from

combined bulk and surface OR with d,,EZand y'F,=(1.6+0.2)d,,.
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Figure 3.12 shows azimuthal dependence behavior for GaAs (11N)B faces.
Again the observed data has been fitted with the bulk OR theory as shown with dashed
lines, which does not match well with the observations. Hence, the combined bulk-
surface OR effects have been tested. Keeping same bulk term used for (110) and (11N)A

faces (d,E;=1) and varying the surface term (y'F,)), it is found that y'F,=
(1.6+0.2)d,, fits the data very well, as shown by continuous lines in Figure 3.12.

Further, there is no evidence from these data that the term y'F,varies between the

samples.
Thus, by adjusting surface OR parameter, it is possible to get information about

surface field F,in terms of bulk nonlinear susceptibility coefficient d,,and non-linear
optical constant y'. The surface fields for both A and B faces are positive and of the

same strength within experimental error, with the direction being pointing away from
the surfaces. By comparing the results for two opposing faces, the general trend for all
(11IN) samples can be seen - the data for azimuthal variation in the A face is more
symmetrical compared to the B face. This can be understood as being due to the fact
that the dominant 30 components are in phase for bulk and surface OR for the A face
(both being negative), while for B face, these components are out of phase (one positive
and the other negative). This behavior also affects the overall signal strength such that
the A face signal amplitude is higher than B face for all (11N) crystal faces.

[Note: In the paper Hargreaves et al.**, the data for A face have been presented as B
face for all (11N) samples. and vice versa. Further, the surface field direction does not
reverse between the A and B faces as presented in the paper. However, the overall

results for behaviour of (11N) crystal planes and observed magnitude of surface field F,

do not affected by this.]

It is important to note that using the general theory of optical rectification and
from the experimental results for all GaAs samples, the combined contribution from
bulk OR and surface OR have been estimated. However, it is not possible to
differentiate and find individual contribution from these effects using the theory

presented here, unless more than one experimental geometry is used.
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3.5 Conclusion

General expressions for bulk and surface electric-field-induced optical
rectification for zinc-blende crystals with arbitrary crystallographic orientation, arbitrary
polarization of the excitation beam, arbitrary incidence and detection angle have been
presented. The bulk and surface OR components for the particular case of (11N) crystal
faces in transmission geometry has been presented and compared with the experimental
results for GaAs (11N) samples with N =0, 2, 3, 4, and 5.

From the theoretical expressions and experimental results, it has been shown that
the A and B face for (110) are the same due to crystal symmetry. Further, no surface OR
contribution can be measured for (110) face in transmission geometry and the data can
be fitted with the bulk OR alone. Using the same value of bulk parameter obtained from
the (110) measurements, it is possible to determine the contribution of the surface-field
OR for high-index (11N) faces.

For high-index crystal planes, the total THz polarization is the sum of both bulk
and surface OR. Within the set (112)A, (113)A, (114)A, and (115)A, we find the surface

field in terms of bulk nonlinear susceptibility coefficient d,, and non-linear optical
constant y' as (F,), =(1.9+0.2)d,,/y". Similarly for the set (112)B, (113)B, (114)B
and (115)B, we find the surface field, (F,); =(1.6+0.2)d,,/y’. Thus the surface field

for both A and B faces are positive and of the same strength within experimental error,
with the direction being pointing away from the surfaces.

Thus, a clear distinction between different crystal planes and between opposing
A and B faces has been observed. Further, by fitting theoretical expressions with
experimental results for any crystal face makes it possible to identify the precise
crystallographic directions in the crystal. Hence, optical rectification may be used in the
analysis of semiconductor surface properties and to identify the precise crystallographic

orientation of a sample.
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4 GaAs (11N) Crystal Planes in Quasireflection Geometry

4.1 Introduction

In the previous chapter, the general theory for second-order bulk optical
rectification (bulk OR) and third-order surface-field-induced optical rectification

(surface OR) for zincblende 43m crystals with arbitrary Miller indices (hkl) along with
experimental results for (11N) GaAs in transmission geometry were presented. In this
chapter, the results for GaAs (11N) crystals in quasireflection geometry are presented
and a comparison is made with the general theory. The first noticeable difference in the
experimental results between the two different geometries is the presence of linear p-
polarized components for the non-normal incidence of the excitation radiation due to the
presence of transient currents along with azimuthally variable optical rectification. The
linear azimuthally invariant mechanism can be a photo-Dember effect or a surface-field
effect or a combination of both. It has been reported previously that for the wide-
bandgap semiconductor material, the mechanism is mainly due to photocarrier
acceleration due to surface-depletion fields rather than the photo-Dember effect™. The
measurements for these high-index crystal planes yield further information about the

crystallographic orientation and surface properties of the emitter crystal.

4.2 OR components for (11N) crystal planes in quasireflection geometry

For the non-normal incidence of the excitation beam, the angle of incidence ¢’

"

and angle of reflection ¢"""are not zero and hence nonzero terms with ¢, and ¢,

will represent complex behavior with respect to azimuthal rotation in this experimental
set up.
Let us start with rewriting the bulk and surface OR polarization components in
terms of the azimuthal angle 6. From Equations 3.24 and 3.25,
pou G, +G,, 080+ G, sin0+G,, cos20+ G sin 20 + G, cos 30 + G, sin 30

Pyt,’,“'k =|G,, +G,, c0s0 +G,, sin 0 +G,, cos 20 + G, sin 20 + G, cos 30 + G,; sin 30
pouk G;, +G;, €050 + G, 5in 0+ G, c0520 + G, sin 20 + G4, cos 30 + G, sin 30

4.1
and
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P | [V, +V,, cos0+V,,sin®+V,, cos 20 +V,, sin 20 +V,, cos 30 +V,, sin 30
PiT | = [V +V,, COSO +V,; 8in 04V, c08 20 +V,g sin 20 +V,0 cos 30 +V,, sin30 | 4.2
P V,, +V;, €0S0 +V,, sin 0 +V,, cos 20 +V,, sin 20 +V,, cos 30 +V,, sin 30

The polarization coefficients G; and V;for quasireflection geometry are given in

Appendix C.

It is important to note here that Equation 4.2 for surface-field-induced optical
rectification is written for the terms involving y' only, while the terms involving o'
and B’ surface-field-induced components have not been considered. The components
with o' and B’ terms are azimuthally invariant but nonzero for quasireflection
geometry as opposed to being zero for transmission geometry. However, the estimated
linear contribution from these components is very small compared to the transient
current effect; hence these terms can be neglected for quasireflection geometry as well.

The final results for bulk polarization components for (11N)A face can be

written in terms of N, the refracted angles of incidence ¢,,, and detection ¢,,,,, and the

azimuthal angle 0 as

6N COS g SiN Py COS ryy, ]

+3N (cos’ gy —25In” ) SN ryy,

N? -1 .
" ( \/E )(3C032¢N|R_4S|n2¢N|R)COS¢THz sin®
—4/2(N? ~1)COS y SIN e SIN iy, 4.3

2N (N? =1) cos ¢y, Sin cos
_ ( ) ¢NIR ¢NIR ¢THZ]COS 26

d14Eg
(N2+2)

Ik
Pbu —

+N(N? =1) cos® @y, Sin by,
_3(N*+1)

V2

cos® ¢, COS ¢, SiN30

and

[(N2-1 :
( )(c032 Brm — 4SiN° ¢, ) COSO

V2
+2N(N? =1) COS @y, SIN Py SIN 20 |. 4.4
_3(N*+1)

V2

d14E02
(N2 +2)%

Ik
Pbu —

C0S” ¢, COS 30
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Similarly, the bulk polarization components for the B face will be

_(GN COS Py SIN Pyyg COS Py, ]

+3N (cos” gy —25iN” By ) SIN Py,

(N" D) (3087 g — 45i0° ) COS
+ \/E sin®
—4/2(N? ~1)COS  SIN e SIN iy, 4.5
2N (N? =1)coS ¢, Sin cos

( ) ¢NIR - ¢NIR ¢THZ COSZO
N (N? —1) cos® ¢ Sin ¢y,

2
_IN D) (g Brym COS Py, SIN 30

L V2 |

d14Eg
(N?+2)”

Ik
Pbu —

+

and

[(N2-1 :
( )(c032 Bm — 4sin” ¢, ) COSO

N

—2N(N? =1) COS @, SIN Py SIN 20 |. 4.6
_3(N*+1)

2

From the above equations, it can be seen that the bulk OR components in

d14E02
(N2 +2)”

Ik
Pbu —

C0S” ¢, COS 30

quasireflection geometry include 10, 20, and 36 azimuthal angle dependences along
with an offset in the horizontal (p) polarization components, as opposed to only 10 and
30 dependence for transmission geometry. Further, the bulk polarization components
are no longer the same for the A and B faces. The signal offset in the p-polarized signal
and the components with 20 dependence are reversed for the A and B faces.

Turning now to the third order OR effect, the surface polarization components
for the (11N)A face will be
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surf — 7/’F 0 Eo2
P (N?+2)?

Psurf — 7/’F 0 EO2
: (N?+2)?

For the B face,

surf — 7/’F 0 Eo2
P (N?+2)?

Psurf — 7/’F OE(?
: (N?+2)?

242
_ - _
—N(ZN—\/El)(cos2 B —4SiN° ¢, ) COSO
+2(N? —1) COS ¢y, SiN Py SIN 20
N(N?+5
—%cos2 Py COS30 |

2(2N? +1) COS @y, SIN Py COS by,
+(2N? +1) coS? Py SIN @y, + (N +2)SIN% By 1e SIN Gy,

N(N?-1 .
_ —(2\/5 )(3C052¢N|R_45m2 ¢N|R)COS¢THZ sin®

—27/2N(N? 1) COS e SIN e SN ry,
2(N? =1)coS ¢y, Sin cos
_ ( ) ¢NIR ¢NIR ¢THZ]COS 26

+(N? ~1) cos® dyq SiN By,

2
_NIN®+9) o2 ¢k COS ¢y, SIN 30

+(2N? +1) coS® @y SIN dyyy, + (N +2)SIN% By 1q SIN Gy,
N(N2-1)
+ 2J2
—2v/2N(N? =1) COS s SN iy SIN iy,
2(N? —1) COS ¢, SIN Py COS

( ) ¢NIR -¢NIR ¢THZ cOS 26
+(N? ~1) cos® dyq SiN By,

(Z(ZN 2 +1) COS @y 5 SiN Py COS Py,

(3¢0S” gyz —4SiN° Gz ) COS Py |
sSin®

N(N%+5 .
+%cos2 Brym COS Py, SIN30
N(N?-1 : |
%(cos2 bur —4sin’ ¢,,5 ) COSO
+2(N? =1) OS¢y SIN By SIN 20
N(N?+5
+%cos2 Py €OS 30 |

]T

]T

4.7

4.8

4.9

4.10

Again a dependence on 10, 20, and 30 is observed with the signal offset in the p-

polarization components. For these polarization components, the terms with 10 and 30
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components are reversed between the two faces for both polarizations, while the p-

polarization offset and terms with 20 dependence remains the same.

4.3 Theory curves for (11N) crystal planes in quasireflection geometry

For quasireflection geometry, the angles of incidence and detection are 45°. For

GaAs, the refractive index at 790 nm is 3.67*%" (n =3.67) and at THz frequency is

crystal,NIR

3.58" (n =3.58). Hence, using Snell’s law from Equations 3.2 and 3.28, the

crystal, THz

refracted angles of incidence and detection will be ¢, =11.1°and ¢, =11.4°.

As stated earlier in regard to the transmission measurements, for (110) crystal
planes the faces A and B are equivalent. This can be observed from the equations for
bulk and surface OR in quasireflection geometry as well. From those equations, it can
be seen that for the (110) crystal face, the non-vanishing terms for bulk polarizations are
terms involving 16 and 36. These terms are the same for both faces. Hence, the signal
exhibits three maxima and three minima. Similarly, for surface polarizations, the non-
vanishing terms will be the terms involving 20 and the offset for the p-polarized
component, which are again the same for both faces. Here, since only a 26 azimuthal
angle is involved, the signal exhibits two maxima and two minima.

Due to the threefold rotational symmetry of the (111) face, the azimuthal angle
dependence contains only sin36 and cos36 terms. Hence, the variation in the bulk and
surface OR polarization with respect to azimuthal angle is a symmetrical three cycle
dependence. These results are in line with the results for (111) in transmission
geometry.

In the case of (111) crystal plane, the s-polarized components in the bulk
polarization are the same while the p-polarized components are shifted for the two
opposing faces. This result can be understood from Equations 4.3 to 4.6. By replacing N
= 1, the terms involving azimuthal angle 10 and 20 dependence becomes zero, while
terms involving 30 dependence and offsets are nonzero. Since these 30 terms have the
same sign, the overall signal is similar for both faces, while the offsets observed for p-
polarization have opposite sign for the two faces. Hence, the overall signal shifts
downwards and upwards for the A and B faces, respectively.
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Figure 4.1 (a) Bulk and (b) surface OR polarization components for (110)A and B
crystal planes. Bulk OR shows three maxima and three minima, while surface OR
shows two maxima and two minima. For the (110) plane, the crystal symmetry of the A

and B faces results in the same components for bulk and surface OR.
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Figure 4.2 (a) Bulk and (b) surface OR polarization components for (111)A and B

crystal planes. The s-polarized components for bulk OR are same for both faces, while

p-polarized components for bulk OR are shifted along vertical axis. The surface

polarization components for both p and s polarization are reversed between two faces.
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In the case of surface OR components, the sign for the nonzero 30 terms
changes between the two faces with no 10 and 20 dependence. Hence, the signal is
inverted for face B compared to face A. However, in this case the nonzero offset in p-
polarization has equal sign for two opposite faces, which again shifts the data for the
surface OR p-polarization vertically.

In the case of'a (112) crystal face, all terms involving 16, 26, 36, and the offset
for the p-polarized components are nonzero for both bulk and surface OR. The term in
20 and the signal offset reverses between the two faces for the bulk effect. On the other
hand, a reversal of the dominant 16 and 30 terms between the two faces is evident for
the surface-field induced effect. Thus, the behavior of all p and s polarization curves for
both bulk and surface OR are different for the two opposing A and B faces. Such
features are observed for all high-index crystals.

The behavior for higher N values are same as for N = 2, with the bulk and
surface OR depending on 16, 26, 30, for both polarizations, along with the offset for
the horizontally polarized signal. The overall signal strength reduces with increasing N
value which can be seen from the results for (112), (113), (114), and (115) crystal

planes, consistent with the observation made from transmission geometry curves.
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Figure 4.3 (a) Bulk and (b) surface OR polarization components for (112)A and B

crystal planes.
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Figure 4.4 (a) Bulk and (b) surface OR polarization components for (113)A and B

crystal planes.
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Figure 4.5 (a) Bulk and (b) surface OR polarization components for (114)A and B

crystal planes.
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Figure 4.6 (a) Bulk and (b) surface OR polarization components for (115)A and B

crystal planes.
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4.4 Experimental results for GaAs (11N) crystal planes

GaAs (11N) planes for N =0, 1, 2, 3, 4, and 5 were tested as THz emitters in the
conventional TDS set up in quasireflection geometry with the angles of incidence and
detection each of 45°. All GaAs samples used in this study and details about
crystallographic directions and two opposite A and B faces were provided by Prof.
Mohamed Henini from the University of Nottingham, United Kingdom.

The signals for both horizontally and vertically polarized components of the THz
radiation were measured separately using a wire-grid polarizer for the two opposing A
and B faces in (11N) planes. In the quasireflection geometry set up, the horizontal
polarization corresponds to p-polarization and vertical polarization corresponds to s-
polarization. The GaAs crystals are azimuthally rotated and the response of THz electric
field was measured as the differential voltage across balanced photodiode pair, which is
directly proportional to the THz field in the ZnTe detector.
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Figure 4.7 A waterfall plot of the s-polarized THz signal generated from (112)A GaAs
with azimuthal rotation. Each line represents the THz temporal profile detected at
particular azimuthal angle. The signal phase swaps between positive and negative THz
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signal with three maxima and three minima indicating OR being the generation

mechanism.

0 10 20 30 40 50
Time (ps)

Figure 4.8 A waterfall plot of the p-polarized THz signal generated from (112)A GaAs
with azimuthal rotation. Each line represents the THz temporal profile detected at
particular azimuthal angle. For this case, the surface field effect is dominant which is
invariant with the azimuthal rotation of the crystal and hence produces a large positive
offset. A small variation in the signal with azimuthal variation indicates the contribution

of a small optical rectification along with a comparatively large surface field effect.

Since the absorption length of observed samples is sufficiently short relative to
the depletion width, the surface depletion field can be considered constant over the

absorption length, and the effective surface field component »'F,/d, may be

determined by comparing the bulk and surface contribution to the signal.

In principle, for non-normal incidence of the excitation beam, both OR and TC
effects may be observed. By using waterfall plots, the three dimensional representations
for s-polarized and p-polarized THz time-domain signals measured with respect to
different azimuthal angles for (112)A GaAs are shown in Figure 4.7 and Figure 4.8,
respectively. It can be seen that p-polarized and s-polarized signals are distinct. The s-

polarized signals look similar to the results obtained for transmission geometry for
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(11N) faces, with alternating positive and negative signals being observed with
azimuthal rotation of the crystal. However, the p-polarized signal is quite different. The
p-polarized signal is stronger, with a large positive offset due to the contribution from
the acceleration of charge carriers (transient current effect) which is invariant with
angular rotation of the crystal. The comparatively small variation with angular rotation
indicates the smaller contribution from optical rectification along with the large surface
field effect. Since the dipole generated from surface field effect is in horizontal plane,
the s-polarized signal does not have contribution from it and hence the signal for s-
polarization shows greater temporal symmetry compared to the p-polarized signal.

Let us represent the azimuthal dependence data in the conventional two
dimensional approach by showing the peak-to-peak signal observed at different
azimuthal angles. The azimuthal orientation of the samples was not known beforehand,
but it could be obtained from the best fit between the theoretical curves and
experimental data, which in turn allow us to identify the crystallographic directions in
the surface plane. Figure 4.9 represents the azimuthal angle dependence of the (110) A
and B faces. Due to symmetry, the bulk structure of these two faces is equivalent hence
both faces show same azimuthal behavior. Such an observation is also made from the
theory curves shown in Figure 4.1. The experimental results show a large p-polarized
offset, due to the presence of an azimuthally invariant transient current. The offset for A
face, 1.61+0.02 mV, is slightly stronger compared to 1.21+0.02 mV for B face. The
difference may have been caused by difference in the surface of the two sides of the
sample. Although there was significant noise in the p-polarized (110)B azimuthal
dependence data, the s-polarized response for both faces and the p-polarized signal for
the (110)A face show a good fit to the theory with the fitting parameters of

Z = (170+30)mV and bulk and surface contribution ratio of y'F, =(1.5+0.8)d,,.

By retaining the same fitting parameters as used for the (110) face, the
experimental results for (111)A and B faces are compared with theory. As can be seen
from Figure 4.10, the experimental data fits very well with the theory using these
parameters. Since the (111) face possesses threefold rotational symmetry, the azimuthal
dependence contains terms involving 36 only, along with offsets for the p-polarized
signal. Also, the overall signal strength is larger for the A face compared to the B face

for both polarizations, due to bulk and surface polarizations being in phase and out of
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phase for these two faces, respectively. The offsets due to the transient current effect are
slightly smaller than for the (110) faces, at 1.15+0.02 mV and 0.79+0.02 mV for the

A and B faces, respectively.
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Figure 4.9 Measured terahertz signal amplitude in GaAs (a) (110)A and (b) (110)B as a
function of the azimuthal angle of the sample. Diamonds represent experimental data by
calculating the peak-to-peak voltage. The lines are theoretical fits using the parameters
Z=(170+30) mV and y'F,=(1.5+£0.8)d,,. An offset is observed for the p-polarized
signal for both faces. Due to symmetry of the (110) plane, the two faces are

theoretically equivalent.

98



(al) (111)A

20F 7

< p-polarization
¢ s-polarization

20F T
(b) (111)B

1.5 < p-polarization
¢ s

polarization

1.0

Terahertz signal (mV)

0 90 180 270 360
Azimuthal angle (degrees)

Figure 4.10 Measured terahertz signal amplitude in (a) (111)A and (b) (111)B GaAs as a
function of the azimuthal angle of the sample. The symbols are experimental data and
the lines are theory fits obtained by adding both bulk and surface polarization

components, along with an offset due to the transient current effect in p-polarization.
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Results for s and p polarized THz components for high-index (112), (113),
(114), and (115) samples are shown in Figure 4.11 and 4.12, respectively. The
theoretical fits are made using same fitting parameters used for the (110) and (111)
samples.

The s-polarized THz components for the A face are stronger compared to the B
face, as predicted by the theory. The experimental results for p-polarized signals also
represent the general features predicted by the theory, with distinguished behavior
between two opposing faces is quite evident. The transient current offsets for the (112)
sample for both faces were comparable to the (110) sample, at 1.37+0.02 mV and
1.67+£0.02 mV for the A and B faces, respectively. The offsets observed for higher-
index samples (113), (114), and (115) were in the range of 0.57 to 0.68 mV.

The results obtained for surface-field-induced optical rectification and transient
current (surface-field) components from these (11N) crystal planes indicate a surface
field pointing outward from the surface, consistent with the surface depletion field for
the n-type GaAs samples. The transient current components vary among different planes
as well as for the two opposite face of same plane. Such behavior is likely to be due to
small variations in the surface properties such as carrier concentration. The values of
offsets for all (11N)A and B samples are listed in Table 4.1.
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Figure 4.11 Measured s-polarized terahertz signal amplitude in (112), (113), (114) and
(115) GaAs for both (a) A and (b) B faces as a function of azimuthal angle. The

experimental results (shown with marks) compared with theoretical results (shown with

lines) for combined effect of bulk and surface OR.
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Figure 4.12 Measured p-polarized terahertz signal amplitude in (112), (113), (114) and
(115) GaAs for both (a) A and (b) B faces as a function of azimuthal angle. The
experimental results (shown with marks) compared with theoretical results (shown with
lines) for combined effect of bulk and surface OR, along with offsets due to the

presence of transient current effect.
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Table 4.1 The p-polarized THz signal offsets observed for (11N) A and B faces. The
offset is the property of the transient current mechanism involved in THz generation
from these faces. The values correspond to the peak-to-peak voltage measured at the

photodiode pair.
Surface plane A offset (mV) B offset (mV)
(110) 1.61+0.02 1.21+0.02
(111) 1.15+0.02 0.79+0.02
(112) 1.37+0.02 1.67+0.02
(113) 0.68+0.02 0.57+0.02
(114) 0.62+0.02 0.60+0.02
(115) 0.59+0.02 0.67+0.02

Both the surface-field-induced optical rectification and the surface-field effect
are the property of the surface-depletion field present at the semiconductor surface;
hence a correlation between these two effects is expected. However, due to uncertainties
in the surface-field-induced components, such a correlation could not be conclusively
identified.

Part of the uncertainty in finding a correlation arises from the difficulty of
separating the optical rectification and transient current components observed together
for p-polarized THz signals. The total peak-to-peak signal may not correspond to the
sum of the peak-to-peak signal for optical rectification and transient current. The effect
of comparatively higher noise level present in the system also has a profound effect on
the results. Further, it is also possible that the experimental results have been guided by
an additional unidentified azimuthally variable mechanism. Such discrepancy of results
has been reported previously for (100) InP samples*®.

4.5 Conclusion

In this chapter, the optical rectification components for (11N) GaAs crystal
planes for quasireflection geometry have been presented. The experimental results for
GaAs (11N) A and B planes with N = 0 to 5 in this geometry have been presented and
compared with the theory.
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The results for A and B faces are quite different for all measured samples, except
for (110) due to crystal symmetry along this direction. The general trend observed from
the results suggests presence of bulk optical rectification, surface-field-induced optical
rectification as well as transient current effect evident from angular dependence of the
THz signal along with a large offset observed for the p-polarized THz field components.
Information about the relative contribution from surface OR and TC effects has been
obtained. The surface field for GaAs (11N) samples in terms of bulk nonlinear

susceptibility coefficient d,, and non-linear optical constanty’ has been deduced to be

F,=(@.5+0.8)d,,/y", which is, within experimental error, consistent with the results

obtained from transmission geometry measurements. Thus optical rectification may be
used in the analysis of semiconductor surface properties in quasireflection geometry as

well as transmission geometry.

104



Chapter 5
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5 Transient Current Effect and (100) InAs Emitter

5.1 (100) InAs: TC and OR contribution

As discussed in chapter 1, the emission of THz radiation from semiconductor
surfaces may be due to ultra-fast screening of the depletion field by photoexcited charge
carriers (surface-field effect) or due to different diffusion rates of electrons and holes
(photo-Dember effect).

InAs has been found to have the highest THz emission efficiency among all
unbiased terahertz emitters under similar experimental conditions*®"°. Many works have
been presented for InAs as a THz emitter for different crystal planes such as (100)***%,
(110), and (111)°*°®. It has been observed that InAs is capable of generating THz
radiation through both optical rectification (OR) and transient current (TC) mechanisms
with the latter being the principal mechanism. The surface-field effects may be less
pronounced for InAs due to its small bandgap. The THz fields generated in n and p
doped InAs samples are not flipped™, indicating the photo-Dember effect is the
responsible mechanism for most of the radiation from this semiconductor. In addition to
the OR and TC effects, the effect of coherent phonons and plasma oscillations may also

2140 1t has been demonstrated that the emitted THz

give rise to THz generation
radiation may be produced by cold plasma oscillations activated by the photo-Dember
effect'®® or by coupled cyclotron-plasma charge oscillations*** or by coupled plasmon-
phonon modes™*.

In general, the THz electric field due to combined effect of TC and OR

mechanisms can be represented as**?
0 2
ETHZocJ.(%]+a P]dx, 5.1

where Jand P represent transient currents and nonlinear polarization components in

the direction of THz wave polarization, respectively and x is the direction of the surface
normal pointing into the emitter crystal.

For the (100) crystal plane, the bulk and surface polarization components in
terms of azimuthal angle 6 can be calculated using the general theory of optical
rectification presented in chapter 3. In this case most of the G; and V; components in

Equations 3.24 and 3.25 will be zero. Details about these components can be found in
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Appendix D. Further, the two opposite faces of (100) are the same due to crystal
symmetry. Hence, by considering the results for the A face (i.e. the direction X"’ lies
along surface normal or along the (100) crystallographic direction), the bulk OR
components can be written as

P 4 E2 (COS ¢y SIN iy, + 2COS By, SIN Py COS Br,, ) SIN 20 o
o 2.C0S ¢y, SN Py COS 20

Thus, bulk OR components exhibit 20 dependence with respect to azimuthal rotation of

the crystal.

On the other hand, the y'terms in the surface OR polarization components will be

psurf sin? sin
5] ]|

which shows the surface OR components are invariant with respect to azimuthal
rotation.
Further, the above equations suggests no contribution from bulk or surface OR

components for (100) crystal planes in transmission geometry (dyg =%, =0),

agreeing well with the observations made in previous works.

The azimuthal angle dependence for p-type Zn-doped InAs (100) crystal emitter
(MTI corporation, USA) in quasireflection set up is presented in Figure 5.1, along with
the theory fit using bulk OR obtained from Equation 5.2. As expected, two cycle
azimuthal dependence due to bulk OR along with an offset due to surface OR and TC
effects is observed. The results obtained here are consistent with the previously
published works*®**,

A large offset of 13.3 mV magnitude was observed for the horizontally-
polarized components on azimuthal rotation. The ratio between TC + surface OR and
bulk OR contributions can be estimated to be 90:10, agreeing well with previous works,

where the effective contribution from OR was obtained as 6% of the total signal®.
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Figure 5.1 Measured THz field amplitude in (100) InAs as a function of the azimuthal
angle of the sample for (a) horizontal - p polarization and (b) vertical - s polarization.
The diamonds are the experimental results and lines are theory fit with bulk OR effect
along with an offset. A large offset of 13.3 mV magnitude is observed which can be

attributed to surface OR and transient current effects.
5.2 Effect of in-plane magnetic field for TC emitters
5.2.1 Introduction

Many groups have investigated the effect of an external magnetic field on the
generated THz from different semiconductors. It has been observed that the THz
emission is enhanced many fold by the application of an external magnetic field for
transient current emitters. Various studies have been presented of the effect of magnetic
field on InAs and GaAs semiconductors 12241144151 "Fayy works have been presented
for other semiconductors such as InP, GaAs, InSb**"*491%2 \Work as early as in 1993 by
X. —C. Zhang et al.®® of the effect of magnetic field on THz emission from InAs has
been reported. Initially it was thought that the magnetic field enhanced the generated
THz by accelerating charge carriers into the sample, which improves overall THz
emission efficiency. However, later it has been confirmed that it is actually the rotation
of the dipole due to current flow towards the surface plane that causes the enhancement
in THz radiation efficiency, which would have otherwise flowed perpendicular to the
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surface*®™*2 The main focus of the previous work was the effect of increasing

magnetic field strength!?0-124141145,150.151

and increasing incident optical fluence with the
magnetic field applied in particular direction. Different theoretical models such as the
drift-diffusion equation’ and Drude-Lorentz model*** have been presented in order to
understand the physical origin of the phenomenon. Also Monte Carlo simulation™**°
have been used in order to differentiate the magnetic field enhancement in a GaAs SF
emitter and InAs PD emitter™.

To date the effect of the magnetic field has been observed for the magnetic field
in a particular direction (+B) and opposite direction to that (-B)™. The acceleration
components under the influence of the Lorentz force have been measured to determine
the generated THz field. The response of different levels of excitation fluence of
incident radiation and varying magnetic field strength have been investigated. The
generated THz signal increased linearly up to certain magnetic field strength. Results
for different magnet positions and geometries indicate an optimum THz radiation
emission for magnetic field direction parallel to the semiconductor surface and the angle
of incidence of the excitation beam at the Brewster angle'*®. However, no work has
included the rotation of the magnetic field, except for (100) InP*®. In this study, the
effect of rotation of B-field with respect to surface normal of the emitter crystal at low

excitation level using Drude-Lorentz model is presented.

5.2.2 Theory for magnetic field effect

The contribution from magnetic field on the nonlinear optical susceptibility is
expected to be very small. Hence, the OR components can be considered to be invariant
with application of magnetic field. In order to avoid any interaction from OR
mechanism, let us consider that this effect does not play any role in THz generation.
Figure 5.2(a) represents the general THz emission representation in non-normal

incidence in terms of (X, y,Z) coordinate system. The horizontally-polarized NIR
excitation beam is incident at the emitter surface at an angle ¢ with respect to the

surface normal in the X direction. Figure 5.2(b) shows the magnet position on the back
of the emitter holder.
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Figure 5.2 (a) General representation of the transient current effect. ¢’ and ¢"" are the
angles of incidence of the NIR beam onto the emitter and angle of reflection of the THz
beam out of the emitter, respectively. The quasireflection geometry is used. Ep
represents the surface depletion field in the direction of surface normal and points away
from the surface. The inset shows the (X,Vy,Z) coordinate system to describe the
emission phenomenon. (b) The direction of the in-plane magnetic field. A permanent
magnet (B, =0.15T ) is rotated at an angle 6 with respect to the surface normal. The

arrowhead on the magnet represents the north pole of the magnet.
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In the case of the transient current mechanism, the incident radiation causes
electron-hole pairs to be generated in the emitter crystal. The generated dipole causes
the THz transient due to diffusion or drift of these photocarriers. In this case, the plasma

157 also need to be taken into account.

oscillations and damping effect

The surface-depletion field is considered to be away from the surface in the —X
direction. In the case of photo-Dember effect, THz generation does not rely on intrinsic
surface field. However, for simplicity we assume an effective field is present (in the —X
direction) which can be thought of as being responsible for photo-Dember emission.
Such an assumption does not affect the overall results obtained for various transient
current emitters measured for change in THz emission with magnet rotation.

The in-plane magnetic field is provided by a permanent magnet attached to the
back of the emitter holder. The magnet is rotated counterclockwise around the
excitation beam direction starting from the incident-reflection plane.

For the angle of incidence of the incident excitation beam ¢’, and corresponding
internal refracted angle ¢, , the polarization components for the incident NIR beam

can be written in terms of (X, y, Z) coordinate system as

E, Sin ¢y, COs O
E, |=| COS@yr COSD |E,, 54
E sin®

where @ is the polarization angle of the excitation beam, which is taken to be zero.
The THz electric field components for horizontal and vertical polarization with
respect to the incident linear excitation polarization can be written as

THz H THz THz
{Ep }_{smq&szx +C0S ¢y, E .

E THz a ETHe !
S z
where ¢.,,, is the angle of refraction in the emitter crystal and is related to the angle of

reflection ¢ by

"

nair,THz sin ¢ = ncrystaI,THz sin ¢THZ ’ 56

n and n are refractive indices at the THz photon frequency of the ambient

air,THz crystal, THz

atmosphere and of the emitter crystal, respectively.
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Here we consider the Drude-Lorentz model to describe the effect of the
magnetic field. The acceleration components, considering the Lorentz force, plasma

oscillations and scattering effect, can be written as

dv , &
—+yV+oir=—|E+(vxB)|, 5.7
dt 4 P m[ ( )]

where yis the scattering rate of generated charge carriers and ®, is the plasma

frequency.
The surface depletion field is
E=-EX 5.8

X

and the in-plane magnetic is
B =0X+ B, cos0y + B,sinoz , 5.9

with B, =0.15 Tand @ is the angle of magnet rotation in the surface plane.

From the above equations, the acceleration components can be written as

dv, eE

=——*e " cosm tcosamt, 5.10
dt m
dv, eE . .
—L=""xeg 7 cosm tsinwtsing, 5.11
dt m
E .
v, __CE, oo cosw,tsin .t coso, 5.12

dt m
eB,
where @, = o = cyclotron frequency.

For the geometry presented in Figure 5.2, the Fresnel transmission components

for horizontal (p) and vertical (s) polarization can be written as*

t _ 2I’]crys Cos ¢THZ a _ 2ncrys Cos ¢THZ 5 13
"Ny, COSP" +COS T Ny COS gy, +COSP™"

where we have considered n; -, =1 and N, ., =Ny -

The THz field components for p and s polarized components can be written as

2n,,, COS oJ
= " ¢THZ (Sin ¢THZ aJ . + COS ¢THZ ’ )
E;HZ Nerys COSQY™" +COS By, ot ot
ES 2N, COSPr, &)

"
Nerys COS@ry, +COSP™ Ot

5.14

Z
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Further, in the simplified approximation with laser-pulse duration << carrier
scattering << carrier lifetime'*?,
oJ(t)

. oca(t) . 515
Hence,
[ 2n_.cos _ _ N
o ot (=singy,, cosw.t +cosd,,, Sin w.tsin0)
ETHe N, COSP™ +COS B E
p crys Hz e Y ot
g | & 5 " e cosa,t.
n,.. COS _ m
s — HZ " (_Sln a)ct cos 9)
Neyys COS Bryy, +COSP

5.16
Equation 5.16 represents the THz polarization components in terms of the angle

of internal refraction ¢,,,,, cyclotron frequency ., magnet angle 8, surface field E,,
scattering rate y, plasma frequency o, along with other parameters such as distance

from the emitter to detector and beam diameter, which are rolled into the proportionality

constant.

InAs as the emitter

Let us consider a special case of InAs as the emitter. For quasireflection

geometry, ¢’ = ¢ =45°. Using (n =3.821, we find (¢,,), . =10.66°. Hence,

crys ) InAs

the THz polarization components in terms of w_, y, @, and the proportionality constant

A will become

{E;HZ} B {0.3773coswct+2.0033in w,tsing

P |= _ e’ cosmt . 5.17
E,™ -1.6831sinwtcoso

Let us consider different magnetic field directions.

(a) We start with the situation when no magnetic field is applied. In this case, the THz
polarization components can be described in terms of the scattering rate and plasma
frequency as

= 0.3773] _,
P I1=A 0 eVCOSa)pt. 5.18

THz
Es

Thus in the absence of an external magnetic field, the s-polarized THz

component due to the TC effect will be zero. This is due to the fact that in the absence
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of magnetic field the current will be in the surface normal direction (X - axis) only,

which causes a THz signal for p-polarization while no current flows in the y direction

and hence the s-polarized signal is zero.

(b) For magnet angle 8 =0°, B=B,y
In this situation, acceleration of the carriers can be given as
a(t) = %e‘” cos o, t(—Ccos w tX —sin w,2). 5.19
The equation for acceleration suggests that the dipole is bent away from the
surface normal towards X Z - plane.
The THz field components will be
{EFZ} _ A{ 0.3773cos at

P i e " cos w,t. 5.20
E,™ —-1.6831sin ot

Thus the magnetic field in the y direction causes a very small change in the

electric field of the p-polarization; however, the s-polarized THz component is

introduced due to the current flow in-Z direction.

(c) For 9 =90°, B=B,2
In this situation, the acceleration of the carriers will be
eE, o -
a(t) =—>*e7 cosw t(-coso X +sinoty). 521
m
Thus the dipole is bent towards the X y - plane.

The THz field components will be

{E;HZ} ~ A{0.3773coswct +2.003sin ot

-t
ESTHZ = 0 }e 4 cosw,t . 5.22

The magnetic field in the z direction causes an increase in the p-polarized THz
signal while the s-polarized signal will be zero as no current is flowing in the z

direction.

(d) For 6=180°, B=-B,y
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In this situation acceleration of the carriers can be represented as
eE, N A
a(t) =—>*e7 coswt(-cos o tx+sin o tz) . 5.23
m

Thus the dipole will be bent towards the Xz- plane in the opposite direction
compared to 9 =0°case.

For this magnet position, the THz field components will be

EI 0.3773cosapt | _,
b= A . e’ cosm,t. 5.24
E.™ 1.6831sinw t

Compared to the angle 6 =0°, the magnetic field in the -y direction will have

same p-polarized component however the s-polarized component will be reversed due

to the current flow in the Z direction.

(e) For 6 =270°, B=-B,2

In this situation, the acceleration of the carriers will be
eE, . o -
a(t) = e e cosw t(-cosao X —sin o ty). 5.25

The dipole is bent towards the Xy plane and the THz field components will be,

{E;HZ} ~ A{O.S??Bcoswct —2.003sin @t
B 0

}e” cosm,t .
5.26
The magnetic field in the -z direction causes the p-polarized THz signal to be

reduced, while the s-polarized signal will be zero.
(f) For 6=360°, B=B,y

In this situation, the magnet is back to its initial orientation and the acceleration
and the THz components will be same as given in (b).
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5.2.3 Experimental results and discussion

Time delay (ps)
1195 1200 1205 121.0 1215 122.0 1225 1230
6 ; ; ; ; ; ;

p-polarization

- - - without magnet
—— 0 degree magnet
4F — 90 degree magnet
—— 180 degree magnet
—— 270 degree magnet
21— —— 360 degree magnet

Terahertz signal (mV)
N

6 T T T T T T
- - - without magnet s-polarization
—— 0 degree magnet
4F — 90 degree magnet _

—— 180 degree magnet
—— 270 degree magnet
21—~ —— 360 degree magnet

2 -

119.5 126.0 126.5 1211.0 1211.5 1212.0 1212.5 123.0
Time delay (ps)
Figure 5.3 (100) InAs p and s-polarized THz components for various magnet positions.
The p-polarized signal changes by a small amount in the signal strength. The peak for
the signal with 90 degree magnet position appears later on a picosecond timescale with
respect to signal without magnet, while the peak for the signal for 270 degree magnet
position appears earlier on a picosecond timescale. The s-polarized signal is smaller in
magnitude compared to the p-polarized signal. However, the change in the signal due to

magnetic field is larger than for the p-polarization.
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The above cases indicate a net dipole rotation in y z plane with rotation of

magnetic field and corresponding increased and decreased THz output for both
polarization components. These findings agree with the experimental results for (100)
InAs measured in quasireflection set up. A wire-grid polarizer was used in order to
separately measure the horizontal and vertical THz polarization components.

Figure 5.3 displays experimental results for p and s-polarized THz components
for (100) InAs for all six cases discussed above. The peak-to-peak amplitude for p-
polarized signal without the magnet is 7.2 mV, which is increased to 7.5 mV for the 90°
magnet position, while the signal at the 270° magnet position is reduced to 7.0 mV. The
signals for 0° and 180° magnet positions are almost the same as for the signal without
the magnet. An interesting observation that can be made from these signals is that the
peaks for 0° magnet and 180° magnet positions coincided with signal without magnet at
121.28 ps, while peaks for 90° and 270° occur at 121.35 ps and 121.23 ps, respectively.

The s-polarized components have lower signal strength compared to the p-
polarized signal. However, the percentage change in the signal strength is larger. Figure
5.4 gives the three dimensional representation for p and s polarized components for
360° rotation of the magnet. The magnet is rotated in the steps of 15° and p and s-

polarized THz signals are measured for each magnet position.
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Figure 5.4 Three-dimensional representation of p and s-polarized THz signals from

(100) InAs with rotation of the magnet.
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Equation 5.17 suggests that in the absence of magnetic field, the s-polarized
component should be zero. However, from Figure 5.3, it can be seen that there is an s-
polarized signal even in the absence of magnetic field. This is due to the fact that we
have considered in the theory that the THz emission from material is due to transient
current mechanism alone. However, as discussed in section 5.1, (100) InAs generates
THz signal due to both optical rectification and transient current mechanisms. Thus, the
nonzero signal present in the absence of magnetic field in the s-polarization can be
thought of appearing due to presence of OR. Similar OR components are present in the
p-polarized signals also. However, for p-polarization, the contribution from optical
rectification is very small compared to the large transient current effect.

The net change in the THz polarization components due to application of
magnetic field can be obtained by subtracting the signal without magnet from the
signals with magnet, which also eliminate OR components from the THz signals. From
Equations 5.17 and 5.18, the net magnetic field components can be written as
{E;HZ} _ A{O.S??B(coswct 1) +2.093sin gsin ooct}eyt st 7

—1.6831cosOsinw,t P

In above equation for p-polarized component, the first term (cos e t —1) will be
very small compared to the second term sin @sin .t . So the signal will be driven by the
second term with sin w t dependence as opposed to cosw,t for the signal with the
magnet. On the other hand, the s-polarized components will be also driven bysin ot .

Further, the overall change in the p and s polarized components will be nearly equal.
These features can be seen from the graphs shown in Figure 5.5. Three-dimensional
representations of magnet rotation for p and s polarization are given in Figure 5.6.
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Figure 5.5 Net effect of magnetic field for p and s-polarized THz components generated
from (100) InAs emitter. Both polarization components change as Sinwct with nearly

equal signal strength for varying magnet positions.

120



{A) jeubis zH |

(a) p-polarization

- 0.001

- 0.0005

(A} [eufils ZH]

- -0.0005

- -0.001

350 300 25 _._.; = ":121
Magn 0 150 100 gy —— g R
0P ey O T peseat

(b) s-polarization

Figure 5.6 Three-dimensional representation of net magnetic field effect for p and s-
polarized THz components from (100) InAs with rotation of the magnet.
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Figure 5.7 InAs p and s-polarized THz signal amplitude with rotation of the magnet for
net magnetic field effect. Each filled circle represents the THz peak-to-peak signal
measured at that magnet angle. Both polarization signal amplitudes follow a single
cycle dependence for magnetic field with p-polarization having sing dependence and s-

polarization having cosé dependence.

Figure 5.7 represents the peak-to-peak voltage for net effect from magnet
rotation for both p and s polarized THz field components. Such one cycle dependence
with magnetic field rotation has been observed for number of other THz emitters such
as GaAs, InP, and CdTe. Thus, effectively the enhancement in the THz field in the
presence of magnetic field may be attributed to rotation of the dipole due to current flow
away from surface normal, which reduces the effect of total internal reflection which is

quite pronounced in the materials with large refractive index mismatch®*.
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Further, it is not necessary to use a magnet in order to get the rotation of the
dipole. It has been shown that same sort of enhancement in THz generation may be

observed by modifying the dipole orientation using a prism or lens or by changing the

refractive index of the sample®*®

158

. A nearly 20-fold increase in THz power has been
observed with such set up™". Also, the special structure of nanowires or nanorods have
been fabricated on surface of different semiconductors in order to reduce the total
internal reflection of generated THz. InAs nanowires on GaAs substrate increases the
THz power efficiency by 15 times'*®, while an InN nanorod sample shows threefold
increase in THz field amplitude in comparison to InN thin film'. Similar improvement
has been observed for GaAs nanowires™".

As stated earlier, the optical rectification components are not influenced by
magnetic field. Hence, the magnetic field dependence can be used as an effective way to

differentiate TC and OR mechanism responsible for THz generation from any material.

5.3 Lateral photo-Dember effect

The THz generated in dielectric materials may be affected by total internal
reflection, which limits emission efficiency of these materials. Recently a new
mechanism for THz generation from semiconductor materials has been proposed which
is called lateral photo-Dember (LPD) effect. The basic principle of this mechanism is
same as the photo-Dember effect, where the THz generation relies on dipole generation
due to photoexcited carriers. However, in lateral photo-Dember effect the dipole is
generated in the sample surface plane as opposed to in the surface normal direction for
photo-Dember effect. Thus, improved THz efficiency may be obtained due to the
favorable reorientation of the dipole. This mechanism can be observed at the interface
of the metal-semiconductor structure by partially shadowing the excitation area’*%21%,
A large improvement in THz emission has been observed using multiplexed LPD
emitter with gold wedged strips on InGaAs and GaAs substrates’”. The THz output
improves due to multiple LPD effects observed at each metal-semiconductor edge. Also
simulation work suggests a similar effect may be observed by fabricating a material
with repeating masks using electron-beam lithography™®*. Two different models have
been proposed in order to understand the origin of this mechanism. One model relies on
the faster diffusion of electrons under the metal and formation of the net polarization in
the surface plane’, while other suggest suppression of radiation under the metal due to
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destructive interference between reflected and non-reflected radiation at the metal-
semiconductor edge®®. The pictorial representation for PD effect and LPD effect using

diffusion model is presented in Figure 5.8.

:I‘o o>
LY ) Y
o o
i Emitter surface %
NIR pulses NIR pulses
a. Photo-Dember effect b. Lateral photo-Dember effect

Figure 5.8 The dipole generation in (a) photo-Dember effect and (b) lateral photo-
Dember effect. Photoexcited electrons and holes are shown with filled circles and empty
circles, respectively. In the photo-Dember effect, the electron-hole pairs are diffused in
surface normal direction and the effective dipole is generated perpendicular to the
surface plane. In lateral photo-Dember effect, a metal structure is deposited on
semiconductor surface and the excitation beam excites the sample at the edge of metal-
semiconductor. Diffusion of electrons under the metal causes dipole to be formed in the

direction of the surface plane.

The results from both diffusion and interference models indicate THz field
amplitude from LPD effect is comparable to PC antenna. An attempt has been made to
observe this phenomenon by fabricating silver and gold strips on InAs, GaAs and
InGaAs samples. Being the best PD emitter, InAs can be thought of generating THz
radiation through this mechanism. In order to check this effect and confirm the emission
principle, a metal structure using silver/gold strip was deposited on this sample. The

sample was then mounted for transmission geometry measurement.
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Figure 5.9 Photo Dember and Lateral photo-Dember measurements for (100) InAs
emitter in transmission geometry with silver metal structure on the sample surface. Each
green line shows the THz signal obtained by focusing the NIR beam at particular point
on the sample. The red circle is the estimated diameter of incident NIR beam. The blue
lines and circles indicate estimated dipole direction for normal incidence of the NIR
beam. The THz is detected at the left and right edge of the semiconductor due to PD
effect (point a and d) with the signal being inverted at two edges. No signal is observed
on the semiconductor or on the silver paint as predicted due to normal incidence of the
excitation beam. The expected THz signals on metal-semiconductor interfaces (at point

b and c) due to LPD effect were also not observed.

Figure 5.9 shows the experimental results obtained for InAs emitter. The sample
was scanned with respect to the NIR beam and THz signals were measured at different
place on the emitter. The red circle indicates the estimated diameter of the excitation
NIR beam. Green vertical lines represent the THz signal measured across whole sample
by scanning the sample with respect to the excitation beam.

Since, the emitter is placed in the transmission geometry set up, no THz was
expected from the sample in the regions between ‘a’ and ‘b’ and ‘c’ and ‘d’. This is due
to the fact that the THz detection is in the direction of the dipole generated across the
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surface normal and hence no THz electric field observed in this case. The generated
dipole in this case will be pointing into the page as shown in the figure.

At the edges of semiconductor at points ‘a’ and ‘d’, the THz signal is observed
due to the dipole creation in the diagonal direction owing to the PD effect. The
generated dipoles are shown with blue lines. The signal observed due to this ‘sideways’
PD effect flipped on both sides as expected from the dipole directions. The unevenness
on the edge of the sample may have caused the signal strength being different on both
ends. At point ‘b’ and ‘c’, i.e. at the interface of metal-semiconductor, the THz signal
was expected due to lateral orientation of the dipole. However, no THz signal was
observed at interfaces on both sides.

Similarly GaAs and InGaAs samples have been tested for LPD effect but none
of them showed any THz due to this mechanism. The failure in observing the LPD may
have many sources. This includes requirement of special structure of the
semiconductor/metal, smaller beam diameter, high excitation power, or some other
parameter. Also, the THz absorption in these samples may have blocked any THz to be
detected.

5.4 Conclusion

THz emission from (100) InAs has been discussed. The measurement on
azimuthal angle dependence for this sample indicate less than 10% contribution from
non-linear bulk OR mechanism. The effect of in-plane magnetic field for transient
current emitters has been discussed and the results for (100) InAs have been compared
with theory. Both horizontal and vertical THz polarization components show increased
and decreased signal with rotation of the magnet as predicted. Further, the peak
observed for horizontally polarized components occurs at different time delay between
excitation beam and THz beam indicating an effective refractive index change within
emitter crystal. The lateral photo-Dember measurement for InAs crystal has been
presented with forming metal structure on emitter crystal. The expected result of THz
generation due to lateral dipole formation along the metal semiconductor surface could
not be observed, but a ‘sideways’ photo-Dember effect, due to geometrical factors, was
observed.
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6 Kr and Xe Irradiated InP Nanoporous Honeycomb Membranes

6.1 Introduction

In this chapter, the effect of heavy noble gas Kr and Xe irradiation on THz
emission efficiency of (100) and (111) InP bulk materials and nanoporous honeycomb
membranes is presented. THz emission from bulk InP depends on the doping type and
doping level, with transient current being the principal mechanism for THz generation
from these semiconductor materials**®. Porous membranes on (100) InP surfaces give
an enhanced nonlinear optical (NLO) response for both second-harmonic and terahertz
generation, which is related to optical rectification rather than to transient current
effects. The enhanced nonlinear response may be attributed to strong local fields in the
porous network'®®. Similar enhancement in the terahertz emission from porous (111)
InP samples has been observed'®. For porous InP samples, upward band bending at the
pore surfaces produces a lower density and lower mobility of charge carriers with much
longer recombination lifetime compared to bulk InP'®’. Here we extend the study of
bulk and porous InP structures with modification of the base material by the creation of
radiation defects through Kr and Xe heavy gas ion irradiation. It has been observed
from studies on GaN and ZnO that nanostructuring the surface improves radiation

hardness!®8:16°

. Terahertz emission efficiency is also improved for GaAs by As
implantation®™.

The samples presented in this study and details about pore growth and ion
irradiation are provided by L. Sirbu from Institute of Electronics Engineering and
Nanotechnologies, Moldova and I. M. Tiginyanu from National Center for Materials

Study and Testing, Moldova.

6.2 Sample specifications

(100) and (111)-oriented n-InP substrates with 500 um thickness were used as
base materials with free electron concentrations of 5 x 10'® cm™. In order to grow pore
structures, the samples were chemically etched at room temperature in a 5% HCI
aqueous solution in the potentiostatic regime using an electrochemical double cell*".
The sample, of exposed area 1 cm? was mounted between the cells. The electrolyte was

continuously pumped through both cells. Four Pt electrodes were used; a reference
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electrode in the electrolyte, a sense electrode on the sample, a counter electrode, and a
working electrode. The top nucleation layer was removed by isotropic wet etching.

The (100) and (111) bulk and nanoporous samples were irradiated at room
temperature by 85 MeV Kr™** ions at doses of 10*? and 10" cm™ and by 130 MeV Xe*?
ions at doses of 5x10™ and 5x10' cm?, at the IC-100 cyclotron of the joint Institute for
Nuclear Research, Dubna, Russia.

A VEGA TESCAN TS 5130MM scanning electron microscope with an Oxford
Instruments energy-dispersive x-ray (EDX) system was used to analyze the morphology
and chemical composition of the samples. The EDX microanalysis confirmed the
stoichiometric composition of the InP nanoporous skeleton both before and after

irradiation.

5 um

Figure 6.1 Scanning electron micrograph of a nanoporous InP (111) membrane. The

inset shows the hexagonal arrangement of the pores from a top view.

Figure 6.1 represents micrograph of a typical nanoporous structure for (111) InP.

The mean diameter of the hexagonal pores is 60 nm with interpore spacing of [1100
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nm. The total thickness of the nanoporous membrane is ~30 um. Similarly for the (100)

InP nanoporous structure, the mean diameter of 100 nm is observed.

6.3 Experimental results and discussion

The response of bulk and nanoporous InP samples irradiated with Kr and Xe at
two different irradiation levels (10 cm™ and 10"*cm™ for Kr and 5 x 10** cm™ and 5 x
10" cm™ for Xe) have been investigated for THz emission from these samples. The
results for both (100) and (111) crystallographic directions are presented. Also, the
results for unirradiated bulk InP crystal are shown for comparison. In total 18 samples
have been measured.

The conventional THz TDS set up is used to measure the response of InP
samples for THz emission. None of the observed InP samples transmit any THz through
them. Hence, it is not possible to measure their response in the emitter transmission
geometry. The results here presented are obtained in quasireflection geometry.

Figure 6.2 gives the response of (111) InP bulk and nanoporous samples as
terahertz emitters. The THz output is shown in mV range with the Kr 10 cm?
irradiated sample generating the maximum THz output of 0.66 mV peak-to-peak
voltage. Also, the picosecond time scale for the horizontal axis is shown by an arrow.
The numerical comparison of THz amplitude for these samples is given in Table 6.1.

As can be seen from Figure 6.2, the unirradiated sample generates negligible
THz radiation. Variation in the scan indicates the electrical and/or thermal noise level in
the system. For both bulk and nanoporous samples, the terahertz emission increases
with increasing ion dose. This holds for both Xe and Kr irradiations. Further, the Xe ion
irradiation is more effective than Kr ion irradiation in enhancing THz emission. The
nanoporous structures yield more terahertz radiation compared to bulk samples. Overall,
the best emitters in this series are the nanoporous Kr 10** cm? and Xe 5 x 10 cm™
irradiated samples.
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Figure 6.2 Measured terahertz signals for (111) Kr and Xe irradiated InP bulk and
nanoporous samples. The signal for an unirradiated bulk sample is also shown. In total
nine different InP (111) samples are compared. The signals are shifted on both axes for

clarity.

Table 6.1 Relative terahertz electric field amplitude from different InP (111) samples

shown in Figure 6.2

Bulk, unirradiated sample: THz emission ~0

Kr irradiated Xe irradiated

10* cm™ 10%cm?  5x 10" cem? 5 x 10* cm™
Bulk ~0 1 ~0 1
Nanoporous 4 14 5 12
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Figure 6.3 Measured terahertz signals for (100) Kr and Xe irradiated InP bulk and
nanoporous samples. The signal for an unirradiated bulk sample is also shown. In total
nine different InP (100) samples are compared. The same scaling factors are used as for
InP (111) samples to permit direct comparison of all 18 samples. The signals are shifted

on both axes for clarity.

Table 6.2 Relative terahertz electric field amplitude from different InP (100) samples

shown in Figure 6.3

Bulk, unirradiated sample: THz emission ~0

Kr irradiated Xe irradiated

10* cm™ 10%cm?  5x 10" cm? 5 x 10* cm™
Bulk ~0 2 ~0 3
Nanoporous 1 1 ~0 1
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As shown in Figure 6.3, the bulk unirradiated (100) sample generates negligible
THz radiation. Also, with increase in ion irradiation, THz signal amplitude increases for
both Xe and Kr irradiation as evident from the results for bulk (100) samples. Further,
the Xe ion irradiation is more effective than Kr ion irradiation in generating THz
signals. These results are consistent with the results obtained from the (111) InP
samples.

However, in the case of (100) samples, the nanoporous structures generate less
THz signal for both Xe and Kr irradiation. This is opposite to what we have observed
for (111) samples, where nanoporous samples emit more THz signal than bulk samples.

Put another way, we can say that (100) bulk samples emit better THz radiation
than (111) bulk samples for both Xe and Kr irradiation, while the (111) nanoporous
samples generates better THz output compared to (100) nanoporous samples. Among all
18 samples measured, the best THz emitters are (111) nanoporous samples with the
highest levels of Kr and Xe ion irradiation. The improvement in THz emission from ion
irradiated samples can be thought of due to change in the electronic structure caused by
irradiation which may have led to reduction in the carrier lifetime and hence gave better
THz response'™®.

Further analysis of these samples can be performed by knowing the mechanism
responsible for generation of THz radiation from these samples. For samples in
quasireflection geometry, both transient current (TC) and optical rectification (OR) can
play a role in THz emission. For precise knowledge of the mechanism involved, the
effects of changing a few experimental parameters were investigated. In particular, the
results for (111) InP samples are given here, as the THz radiation observed from (100)
samples was very small.

We start with the effect of in-plane magnetic field. As discussed in the previous
chapter, for TC emission mechanism, a single-cycle variation with rotation of the
magnet can be observed. On the other hand, for OR effect, the signal is invariant with
rotation of magnet.

Figure 6.4 shows the effect of an in-plane magnetic field on the terahertz
emission. Only samples identified having a strong THz emission were investigated for
this response. The InP samples do not show a strong angular dependence on the
magnetic field direction, in contrast to the work on InP from other sources*®. Also the

data from (111) InP sample with carrier concentration of 0.8~2.0 x10® cm® (MTI
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Corporation, USA) as shown in Figure 6.4(a) exhibits single cycle behavior with
magnet rotation. The non-varying behavior of THz signal for nanoporous samples
indicate that no role is played by TC mechanism in THz generation from these samples.
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Figure 6.4 Effect of rotation of the in-plane magnetic field on the terahertz field emitted
from (a) bulk InP (111) sample without ion irradiation, (b) nanoporous InP (111)
sample with Kr ion irradiation at a level of 10'* cm™ (circles) and the same sample, now
rotated through an azimuthal angle of 60° (diamonds). (c) nanoporous InP (111) sample
with Xe ion irradiation at a level of 5 x 10 cm™ (circles) and the same sample being
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rotated through an azimuthal angle of 60° (diamonds). The data shows that the transient
current effects are present in the bulk sample but not in the irradiated nanoporous

material.
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Figure 6.5 Effect of varying the incident excitation fluence on THz emission from
nanoporous (111) InP with (a) Kr ion irradiation and (b) Xe ion irradiation. The THz
emissions in all four samples vary linearly with excitation power level. There is no

evidence of saturation in the signal with increasing excitation fluence.

One of the important property of the TC mechanism is the saturation of the THz
emission at relatively low excitation fluences (<0.20 pJ/cm?)*"%. The saturation at high

excitation fluence can be attributed to the large amount of electron-hole pairs which
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increases the carrier-carrier scattering rate, which causes less efficient THz emission™®.
On the other hand, the OR effect does not saturate with increase in excitation fluence,
making it useful for high power applications.

Figure 6.5 shows the effect of the excitation pump fluence on the terahertz
emission. The data for all (111) nanoporous ion irradiated samples are shown. For all
four samples, the detected THz signal varies linearly with the pump fluence. There is no
evidence of saturation, which suggest negligible or no contribution from TC effects. It is
possible that the fluence is too small for saturation effect to be observed but the present
data give no support to a TC mechanism for THz emission detected in these samples.

Figure 6.6 shows horizontal (p) and vertical (s) polarization components for InP
(111) nanoporous Kr 10" cm™? irradiated sample with respect to the azimuthal angle
rotation. The observed signal is symmetric about zero with very small offset observed in
the signal. This result confirms very small or no contribution from TC effect in THz
generation from this sample. The data can be fitted with the general theory of optical

rectification.
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Figure 6.6 Azimuthal angle dependence for Kr 10** ¢cm? irradiated nanoporous InP
(111) membrane. Both horizontally (p) polarized and vertically (s) polarized
components of THz emission are presented. Three cycle symmetrical behavior along

with very small offset from zero is observed for both polarization components.

The symmetrical three cycle dependence results are consistent with the theory
results for bulk and surface OR. However, it is difficult to determine whether the

mechanism involved in THz generation is bulk OR alone or the combined effects of
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bulk and surface OR, as such information is only accessible for high-index planes using

the OR theory presented earlier.
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Figure 6.7 Azimuthal angle dependence for p-polarized THz components from Xe 5 x
10" cm?, Kr 10" cm?, and Xe 5 x 10* cm irradiated nanoporous InP (111) samples.

Figure 6.7 shows the azimuthal angle dependence for p-polarized THz
components generated from Xe 5 x 10 cm?, Kr 10" cm™® and Xe 5 x 10* cm?
irradiated (111) InP samples. The features observed for these samples are same as

shown in Figure 6.6 except for the reduction in overall signal strength.

6.4 Conclusion

It has been demonstrated that irradiating nanoporous membranes of (111) InP
with heavy noble-gas ions Kr and Xe enhances the terahertz emission. The effect of ion
irradiation for (100) InP samples reduces the terahertz emission efficiency of these
samples. Systematic investigation of the generated THz signal by varying in-plane
magnetic field, excitation pump power, and azimuthal angle indicate that the principal
generation mechanism for nanoporous (111) samples is an OR rather than TC effect.
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7 GaBiAs Epitaxial Layers on GaAs Substrates

7.1 Introduction

In chapter 3 and 4 the response of bulk GaAs (11N) samples as THz emitters in
transmission and quasireflection geometries was presented. In this chapter, the change
in THz emission efficiency by growth of epitaxial layers of GaBiyAsi.y using molecular
beam epitaxy on GaAs substrates will be discussed.

GaAs has been used extensively as a source of terahertz radiation™**"*",
Changes in the optical and structural properties caused by substitutional atoms and
dopants alter the efficiency of THz generation from the material. Different effects on
THz generation have been observed for substitution of atoms in GaAs such as
GaAsSb*, GaAs:Be'", and GalnAsN'".

The substitution of Bi for As in GaAs'"*® results in a dramatic decrease in the
bandgap, [1 90 meV per percent of Bi. Hence, GaBiAs is attracting attention for long
wavelength (>1 um) photonics applications including terahertz optoelectronics. Using

time-resolved terahertz spectroscopy measurements, it is found that the electron

mobility 1, does not reduce significantly with incorporation of Bi up to level of 1.4%'%,

Other studies'®**®* show a double exponential decay on picosecond timescales
corresponding to electron trapping and trap emptying. Photoconductive antenna
structures on GaBiAs can be used as effective THz detectors with a spectral width >4
THZ'® Also an all-GaBiAs terahertz TDS system has been developed by using
GaBiAs photoconductive structures™®.

Earlier work on GaBiAs as a THz emitter has been restricted to the
photoconductivity mechanism. However, GaBiAs is capable of generating THz
radiation by all-optical means via transient current (TC) and optical rectification (OR)

mechanisms.

7.2 Sample specifications

The epitaxial layers of nominal 1 pm thickness were grown by molecular beam
epitaxy (MBE) on GaAs (100) and (113)B crystal planes. These samples were provided
by Prof. Mohamed Henini from the University of Nottingham, United Kingdom. Details
about the MBE growth, high resolution X-ray diffraction, transmission electron
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microscopy, Z-contrast imaging, and optical transmission spectroscopy of these samples
have been given previously*®’. For both (100) and (113)B orientations, four GaBiyAsy.y
layers corresponding to four different As fluxes during growth (Figure 2 in ref 187) as
well as a control epilayer with y=0 and semi-insulating (SI) substrate were examined as
THz emitters; a total of 12 samples in all.

The samples were tested as emitters in the THz-TDS system in both
transmission and quasireflection geometry. Since the absorption coefficient of GaAs at
the excitation radiation of 790 nm wavelength (photon energy 1.57 eV) is

ayg =1.2x10%cm™, most of the interaction is with the epilayer, not the substrate. It is

also possible that some THz is generated at the interface between the epilayer and the
substrate. Before examining these samples as THz emitters, all GaBiAs samples in the
series were measured for terahertz transmission in the TDS system. All the samples
found to transmit THz radiation with little attenuation. These measurements indicate
that the charge-carrier concentration is not large in both epilayers and substrates and
confirm that terahertz radiation generated in the layers on the front of the sample may
travel with little loss through to the back of the sample.

7.3 Experimental results and discussion

Figure 7.1 shows the terahertz time-domain signals generated from (113)B
GaBiAs samples along with (113)B GaAs Sl substrate and the control (y=0) sample
measured in transmission geometry. All (113)B GaBiAs samples were found to generate
THz radiation, with GaBio3sASo.965 being best emitter in the series. The details about
peak-to-peak voltage observed for all samples are listed in Table 7.1.

In the case of the (100) GaBiAs sample series, except for one sample
(GaBio026AS0.974), None of the samples generated a noticeable signal in the transmission
geometry arrangement. Also, the signal strength for the only observed (100) THz
emitter is very small compared to the (113)B GaBiAs samples. This striking contrast
between two orientations immediately suggests that the THz emission observed from
these samples is related to the orientation of the pump beam polarization relative to the
principal crystal axes, which is the property of the OR mechanism.
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Figure 7.1 Response of GaBiAs samples with different Bi content as terahertz emitters.
Terahertz signal generated from (113)B GaBiAs samples along with (113)B SI GaAs
substrate and (113)B GaAs control sample were measured in TDS transmission

geometry set up. The signals are shifted along both axes for clarity.
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As we have discussed earlier, the OR components for the (100) direction in
transmission geometry are zero. Further, the transient current may not be able to play
any role in the THz generation as the dipole is generated at the surface normal, which
does not emit any radiation in the direction of detection for this geometry. Hence, no
signal is expected from (100) samples in transmission geometry. The signal observed
from one (100) sample may have appeared due to sample misalignment or some other
factor.

Now let us focus on the (113)B GaBiAs samples to further investigate the
variation in THz emission with bismuth content and the mechanism behind THz
emission from these crystals. The details about Bi content, As flux and THz amplitude
observed for all (113) GaBiAs samples are given in Table 7.1.

Figure 7.2 (a) shows THz amplitude with respect to the Bi content in order to
compare the dependence of Bi content on the THz emission efficiency. No specific
relationship can be made between the two from the results obtained for these samples.
Figure 7.2(b) represents the THz amplitude with respect to the As flux at which
different GaBiAs epilayers were grown. It can be seen from the graph that the THz
signal amplitude increases linearly with As flux, within experimental error, for GaBiAs

samples.

Table 7.1 Comparison of THz signal amplitude with respect to Bi content and As flux
for all (113)B GaBiAs samples including GaAs substrate and control sample.

Bi content As flux THz amplitude
(Torr) (mV)
Substrate - - 0.298
Control sample 0 12 x 10°® 0.287
0.012 6 x 10° 0.203
0.033 8 x 10° 0.254
0.035 12 x 10° 0.612
0.039 10 x 10°® 0.472
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Figure 7.2 Variation in terahertz field amplitude in GaBiAs samples with change in (a)
Bi content and (b) As flux. A linear relationship is observed between THz amplitude

and As flux for GaBiAs samples.
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Figure 7.3 Effect of (a) varying optical fluence of the pump beam and (b) rotation of
the in-plane magnetic field on THz field generated from the GaBioo3sAS0.965 Sample.
Each circle represents the peak-to-peak THz signal with the lines showing fit to the

data. The measurements are performed in quasireflection geometry.

In order to explicate the mechanism responsible for terahertz emission, the
dependence of the terahertz field on excitation fluence was investigated using a variable
power attenuator. The result for GaBiy.035AS0.965, Measured in quasireflection geometry,
is shown in Figure 7.3(a). The peak THz electric field is seen to increase linearly with
excitation power. At low optical fluence, this is expected behavior for both TC and OR
mechanisms. However, at high fluences, the TC effect is expected to saturate due to the
screening of charge carriers. For this sample, there is no sign of saturation and hence
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there is no evidence of presence of TC effects. However, the fluences employed here
may be too small for surface-field screening to be observed.

Figure 7.3(b) shows the effect of rotation of the in-plane magnetic field on THz
field generated from GaBioo3sASoges IN the quasireflection geometry. As we have
discussed before, the TC effects are influenced by in-plane magnetic field due to
rotation of the radiating dipole which causes an increase or decrease in the radiated THz
field. In rotating the magnetic field through 360°, one maximum and one minimum in
the THz signal is expected'®®. In order to investigate this behavior a permanent magnet
of 0.15 T magnitude was rotated behind the emitter crystal and the THz signal is
measured in the step size of 15° magnet rotation. Within experimental error, there is no
evidence of variation in the radiated THz field with rotation of the magnet. The
fluctuations in the measured peak-to-peak signals are caused by higher noise level
present in the system. This result further confirms the negligible role of TC effects in
THz emission from these samples.

Having discovered the principal mechanism for THz generation from (113)B
GaBiAs samples, the variation of the THz field amplitude with respect to the azimuthal
rotation of the emitter crystal in transmission geometry was investigated. The observed
response can be compared with OR theory presented in chapter 3, which may be able to
give more insight about contribution from bulk and surface OR effects.

Figure 7.4(a) shows the horizontally (p)-polarized and vertically (s)- polarized
THz components with respect to the azimuthal rotation of the (113)A GaAs Sl substrate
sample. Both polarizations give three cycle dependence with respect to azimuthal
dependence behavior, consistent with the theory and results presented in chapter 3.
Thus, the OR effect is quite evident for this sample. Figure 7.4(b) shows the azimuthal
dependence for (113)B GaAs Sl substrate sample. The data for (113)A and (113)B can
be fitted with same surface electric-field-induced OR contribution with respect to the

bulk OR contribution with surface field being F,=(1.7+0.3)d,,/y’, Where d,,is
susceptibility tensor component and y'is non-linear optical constant. Hence, it can be

said that both bulk and surface OR effects are present in the generation of THz from
GaAs (113) Sl sample.
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Terahertz signal Amplitude (mV)

Figure 7.4 Measured THz signal amplitude for p and s polarized components with
respect to the azimuthal rotation of the sample for (a) GaAs Sl substrate - (113)A face,
(b) GaAs Sl substrate - (113)B face, and (b) GaBio 035AS0.965 epilayer - (113)B face. The
measurements are performed in transmission geometry. Diamonds are the experimental

data and lines are theoretical fits. The data fits well with theory for surface field

contribution of y'F,=(1.7£0.3)d,, and y'F, =(4.8+0.1)d,, for GaAs and GaBiAs

1.0 (a) (113)A - GaAs Sl substrate

< p-polarization
¢ s

10 polarization

1.0 (b) (113)B - GaAs SI substrate

< p-polarization
¢ s-polarization

-1.0

1.0 (c) (113)B - GaBij y35As, ¢55 Epilayer

0.5

< p-polarization
1.0+ 4 s-polarization

0 90 180 270 360
Azimuthal angle (degrees)

samples, respectively.

146



Now, let us discuss the effect of OR mechanism for epilayer samples. Figure
7.4(c) represents the p and s polarized THz components observed for (113)B
GaBipo3sAS0065 Sample with respect to the azimuthal angle. For this sample, the
behavior observed is different from (113) GaAs SI samples. Instead of having three
maxima and three minima, the polarization components exhibit one maximum and one
minimum with rotation of the crystal about its surface normal. The general trend is still
same with offset being zero for both polarized components indicating a zero or very
small contribution from TC effects.

In the case of (113)B GaBiog3sASogss epilayer sample, by varying the
contribution of surface OR components with respect to bulk components, it has been
found that the close fit between theory and experiment can be obtained by setting the

ratio y'F, =(4.8+£0.1)d,,. This is applicable to both p and s polarization components.
This result indicates enhanced surface-field OR contribution in GaBiAs epilayer
structure compared to GaAs substrate. Also, the overall signal strength for GaBiAs
sample increases threefold in comparison to GaAs substrate. The improvement in THz
signal strength for GaBiAs sample compared to GaAs substrate may have been caused
by different electric fields or strain for these samples.

[Note: In the paper Radhanpura et al.'®®

, the results for azimuthal dependence of GaAs
(113)A face have been presented as (113)B. However, the final outcome of GaBiAs
having threefold increase in THz signal strength and surface field contribution being

three times compared to GaAs is equally applicable to both A and B faces.]
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Figure 7.5 Measured THz signal amplitude with respect to azimuthal angle rotation for
GaBip039AS0.961 and GaBigo33ASe.gs7 for (a) p-polarization and (b) s-polarization. Both
GaBiAs samples exhibit a single cycle azimuthal dependence for both p and s
polarization components. Each mark represents the THz signal amplitude at a particular
azimuthal angle. The lines show theory fits for these data. The surface polarization

contribution is calculated to be y'F, =(4.7£0.5)d,,.

Figure 7.5 shows the azimuthal angle dependence for other (113) epilayer
samples. Both samples GaBig 039ASo.961 and GaBig033ASo.g67 €Xhibit one maximum and
one minimum with 360° rotation of the sample azimuthally. Comparing experimental
results for these samples with OR theory, the surface field contribution is calculated to

be y'F, =(4.7£0.5)d,,, which is consistent with the results for GaBio.035AS0.965 SaMple.
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Hence, it can be said that the surface-field OR contribution in the generation of THz

radiation increases in a GaBiAs epilayer structure on GaAs substrate.

7.4 Conclusion

Molecular beam epitaxial grown GaBiAs epilayers on GaAs substrates with
different Bi content have been investigated for terahertz emission properties. For
transmission geometry measurements, it was found that, except one, none of the (100)
GaBiAs samples emit any THz radiation. All (113)B GaBiAs samples emit THz
radiation with GaBio 035ASo.965 generating maximum terahertz output. Also, it has been
shown that the THz efficiency of GaBiAs samples increases with increasing As flux
used during the growth of the epilayers.

The results for varying incident optical fluence and in-plane magnetic field
rotation indicate TC mechanism playing a negligible role in the THz emission and OR
being the principal mechanism for generation of THz radiation in GaBiAs epilayer

samples. Further, the azimuthal dependence measurements indicate an enhanced surface

field OR contribution with the surface field being F,=(4.7+£0.5)d,,/y" for (113)B

GaBiAs epilayers as opposed to F,=(1.7+0.3)d,,/y" observed for (113)A/B GaAs

substrate. Hence, it can be said that the effective surface-field OR contribution, as well

as the surface field strength, increases in GaBiAs epilayers on GaAs substrates.
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8 GaAsN Epitaxial Layers on GaAs Substrates

8.1 Introduction

In the previous chapter, the effect of bismuth doping on THz emission efficiency
of GaAs (113) and (100) crystal planes was discussed. In this chapter, the effect of
nitrogen doping in GaAs (100) samples will be presented.

The substitution of nitrogen on the arsenic site causes a decrease in the bandgap
of GaAs by 100 meV per percent of nitrogen'®. Hence, it is possible to adjust the
emission wavelength in the near-infrared range. It is found that the optical and structural
quality of dilute nitrides degrades with increasing N content'®**®*. Using Deep Level
Transient Spectroscopy (DLTS), a number of shallow and deep traps have been detected

189

for GaAsN samples for different N contents™ . These non-radiative recombination traps

significantly modify the material’s optical properties. They also reduce the life time of

the charge carriers'’®*2

and affect charge transport properties, which in turn may be
expected to affect the THz generation efficiency of these materials. In this chapter, the
change in terahertz generation efficiency caused by different N substitutions in GaAs

over the range of N = 0% to 3% is presented.

8.2 Sample specifications

GaAsN epilayer

aAs buffer layer

Figure 8.1 Structure of GaAsN epitaxial layer of 1 pm thickness grown by MBE on n"
GaAs substrates. A highly doped 0.1 um thick GaAs layer is used as buffer layer
between the epilayer and the substrate.

The samples reported on here are 1 pm thick epitaxial layers of GaAsN grown
by Molecular Beam Epitaxy (MBE) on n+ GaAs substrates with (100) crystallographic
orientation. The growth temperature was 500 °C. A heavily Si-doped GaAs layer of 0.1
um thickness was used as a buffer layer between the epitaxial layer and substrate. In
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total seven samples were investigated as THz emitters: Vnl1256 - control sample
(N=0%), Vn667 (N=0.2%), Vn666 (N=0.4%), Vn669 (N=0.8%), Vn668 (N=1.2%),
Vn670 (N=2.5%), and InGaAsN Vn671 (N=3%) with In=8% substituted for Ga. These
samples were provided by Prof. Mohamed Henini from the University of Nottingham,
United Kingdom. The details of the MBE growth and DLTS results have been reported

previously'®1%,

8.3 Experimental results and discussion

All GaAs;xNysamples were tested for transmission of THz radiation through
them. None of the sample in the series, including control sample, transmitted any THz.
This is due to the fact that all these samples were grown on n* substrate. Hence, it is not
possible to measure the response of these samples as emitters in the transmission
geometry. The data presented here are taken in quasireflection geometry with angle of
incidence and detection being 45° with the surface normal. Further, it can be said that
for these GaAsN epilayer structures, most of the interaction with the NIR pulses is
within the epilayer or at the interface between epilayer and substrate.

THz spectra were observed from all GaAsN samples and are shown in Figure
8.2. The vertical axis is the THz signal measured as differential voltage across the
photo-diode pair and the horizontal axis is the time delay between the excitation pump
beam and the probe beam. A systematic decrease is observed with increasing nitrogen
content. The peak-to-peak signals for different N content are given in Table 8.1.

The general trend is that the THz signal decreases with increasing N content,
except for the N = 0.4% GaAsN sample. The GaAs (Vn1256) control sample generates
the maximum signal. InGaAsN with N = 3% shows a small improvement in the signal
strength compared to GaAsN with N = 2.5%.

The small increase in InGaAsN THz emission may be due to the incorporation
of indium. The variation in THz field amplitude with nitrogen content is shown in
Figure 8.3 for N = 0.2% to N = 2.5%. An exponential decay in THz field amplitude is
observed with increase in N content as shown by the fit. (excluding the N = 0.4%

sample)
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Figure 8.2 Response of GaAsN samples as terahertz emitters in quasireflection
geometry with different N contents. The THz electric field is measured as the
differential voltage across the photodiode pair. The horizontal axis is the pump-probe
delay time on a ps time scale. The signals are shifted on both axes for clarity. As can be
seen from the figure, the GaAs control sample generates maximum THz signal.

Incorporation of nitrogen quenches THz generation.
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Table 8.1 Response of GaAsN samples measured as THz emitters. Vn671 is a InGaAsN
sample with 3% nitrogen and 8% indium. Substitution of indium with gallium causes a

small improvement in THz output as compared to the GaAsN sample with 2.5% N

Sample N (%) THz signal amplitude (mV)

Vn1256 (control sample) 0 6.45

Vn667 0.2 1.42

Vn666 0.4 0.49

Vn669 0.8 0.85

Vn668 1.2 0.51

Vn670 2.5 0.14

Vn671 3.0 (with 8% In) 0.24

1.6 H I I I I |
Vn667
_laf (N- 0.2%) .
E 1.2+ .
D Vn669
3 10 (N- 0.8%) 7
2
5 08F Vn668 7
5 o6l (N- 1.2%) i
£ o
2 041 \Vn666 Vn670 ]
S o2k (N - 0.4%) (N- 2.5%)
|_
00po 1 1 1 1 L
0.0 0.5 1.0 1.5 2.0 2.5

N content (%)

Figure 8.3 Variation in terahertz field amplitude with N content for GaAs;.xNx samples
for x=0.2% to 2.5%. Each dot represents the peak-to-peak THz amplitude. The general
trend is that as N concentration increases, the THz signal decreases exponentially
(except for N = 0.4% Vn666 sample). Fitting the data ignoring N = 0.4% (Vn666) gives
the fit A=A, exp (-N/N,) withA; =1.7 and N, =1.1.
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Figure 8.4 Effect of rotation of in-plane magnetic field for GaAsN samples. Each dot
represents the THz peak-to-peak signal measured at different magnet angles and the
dashed line is the appropriate sinusoidal or straight line fit to the signal variation. For
the GaAs control sample, a systematic increased and decreased THz signal is observed
with the magnet rotation in the sample surface plane. On the other hand, for the
GaASp.998N0.002 and GaAsp.992No.00s Samples, the THz signal does not vary with magnet
rotation within experimental error. A similar non-varying response with magnet rotation

has been observed for all the GaAsN samples.
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In order to determine explicitly the mechanism behind THz generation from
these set of samples, the effect of an in-plane magnetic field on the generated THz was
measured. Figure 8.4 shows the in-plane magnetic field dependence for GaAs,
GaAsp9sNpo2, and GaAsyg2Noes using a 0.15-T magnet. A symmetrical change with
magnet rotation is observed for GaAs, indicative of a contribution of transient current
(TC) to THz generation. On the other hand, for the GaAsN samples, no change is
observed with magnet rotation. This result confirms that there is no or very little
contribution of TC effects in THz generated from the GaAsN samples. Such non-
varying response with magnet rotation is observed for all GaAsN samples. Hence, it can
be said that the effect of transient currents reduces by incorporation of nitrogen in GaAs
crystals.

As we have observed in previous chapters, the azimuthal rotation of the crystal
can reveal contribution from non-linear emission mechanism conclusively. Such
azimuthal angle dependence for p-polarized THz components from GaAs control
sample, GaAsyg3sNo.012, and 1ng0sGag 92AS0.97No.03 epilayers samples are given in Figure
8.5. All three samples show a single cycle azimuthal variation in the THz amplitude
with rotation of the sample azimuthally. This confirms the presence of optical
rectification (OR) in generation of THz radiation from these samples. A similar single
cycle dependence has been observed for all other GaAsN samples.

The offsets from zero of this single cycle behavior give an indication of the
contribution of transient currents in the THz generation. For (100) orientation, bulk OR
causes systematic change for emitter rotation, while no variation is observed for surface
OR™. Thus, in Figure 8.5, the azimuthal change observed for (100) GaAsN samples is
purely due to the bulk OR, while the offset observed represents the combined effect of
TC and surface OR components. Further, it has been observed that the principal
mechanism for linear effects in GaAs is the surface field effect rather than the photo-
Dember effect'®. Thus, the linear components observed for GaAsN samples are the
property of surface field present at the sample surface. The GaAs control sample has a
large offset of 5.40 mV, while the offsets for the GaAsN and InGaAsN samples are 0.31
mV and 0.19 mV, respectively, which immediately suggests substantial change in
surface properties of the latter two materials which causes a reduction in the overall
THz signal.
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Figure 8.5 Azimuthal angle dependence for p-polarized THz field components
generated from (a) GaAs, (b) GaAsyossNoo12, and (€) 1nosGapg2ASoe7Noos Samples.
Each data point represents the peak-to-peak voltage measured at particular azimuthal
angle of emitter and the dashed line is the appropriate sinusoidal fit. A single cycle
dependence is observed with the rotation of emitter through 360 degrees, which is the
characteristic of THz emission by optical rectification. Similar behavior is observed for
all the other GaAsN samples.
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These findings for GaAsN samples are opposite to what have been observed for
GaBiAs samples as presented in chapter 7, where it was observed that the Bi
substitution in GaAs improved the surface field contribution in THz generation and led
to enhanced THz emission from GaBiAs samples.

The cause of the drastic change in THz emission efficiency of GaAsN samples is
attributed to degradation of the surface and electron traps produced in these materials.
The DLTS measurements show only a single deep trap level in the GaAs control sample
with activation energy of 0.76 eV. In contrast, in GaAsN samples several electron traps
are detected, including both shallow and deep traps'®*%. These traps alter the charge
transport properties of the material significantly and hence directly affect the amount of

THz generated through surface emission.

T T T T | T T
GaAs control sample
0.42 - —4— s-polarization u

T T T T T T T T T T T T

0.40

0.38

0.36

0.34

Terahertz signal amplitude (mV)

0 90 180 270 360
Azimuthal angle (degrees)
Figure 8.6 Azimuthal angle dependence for s-polarized THz field components generated
in the GaAs control sample. Each data point represents peak-to-peak voltage measured
at particular azimuthal angle of emitter and dashed line is the appropriate fit.

Figure 8.6 shows s-polarized THz field components with respect to azimuthal
variation for GaAs control sample. Although the noise level was very high, the data can
be broadly fitted to one cycle dependence consistent with the results observed for p-
polarized components. The results for azimuthal variation obtained from these samples
can be compared with general theory of optical rectification. As discussed in chapter 5,
the THz polarization components for bulk and surface OR effects for (100) crystal plane

exhibit two cycle dependence due to bulk OR along with an offset due to surface OR
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and transient current effects. The behavior for (100) InAs sample match well with the
theory (Figure 5.1). However, the observed results for (100) GaAsN samples give one
cycle azimuthal dependence instead of expected two cycle change.

The 10 dependence for (100) GaAsN samples suggest that it is quite possible that
there is some unknown azimuthally varying mechanism also involved in generation of
THz radiation from these crystal planes. Such one cycle dependence behavior was

earlier observed for (100) InP samples®

which was thought to be due to crystal
twinning. Also, a quite distinct feature of four-cycle azimuthal angle dependence have

been observed for (100) InAs'"? and a-plane InN*** samples.

8.4 Conclusion

MBE grown GaAsN epilayer samples with different nitrogen concentration have
been studied as source of THz radiation. A significant reduction is observed in THz
emission efficiency as the nitrogen concentration increases. The GaAs control sample
generates THz through both optical rectification and transient current mechanisms,
while in the GaAsN epilayers the THz is generated mainly through bulk optical
rectification and the transient current effect is negligible. This behavior is attributed to
the change in surface properties caused by presence of multiple electron traps. Further,
from the azimuthal behavior of these samples, it can be seen that there is a possible

presence of other mechanism along with conventional OR and TC mechanisms.
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9 Conclusion

Various semiconductor materials have been investigated as sources of THz
emission in the absence of any external bias. A time-domain terahertz spectroscopy
system was used with electro-optic detection and different experimental geometries for
characterization of materials with respect to the different mechanisms involved in THz
generation. The measurements in turn provide information about important properties of

the material examined as emitters.

In chapter 3, the general theory of optical rectification (OR) for zinc-blende
structure with any arbitrary crystallographic direction was presented. The theory was
then fitted with the experimental results for (11N) GaAs crystal planes for normal
incidence of excitation radiation. The comparison of results with theory indicates a
contribution from both bulk and surface OR effects for THz emission from these planes.
Further analyses gave information about the surface-depletion field present at the
semiconductor surface. The OR measurements also make it possible to obtain the
precise crystal direction.

In chapter 4, the theory for OR was presented for non-normal incidence of the
excitation radiation and the experimental results for (11N) GaAs crystal planes in
quasireflection geometry were compared with theory. It is possible to obtain additional
information using this set up; in particular, about the surface field effect. The results
show presence of both bulk OR and surface OR, along with an azimuthally invariant

transient current mechanism.

In chapter 5, the experimental results for azimuthal angle variation for the
transient current emitter (100) InAs were presented. The effective contribution from
linear and non-linear effects was estimated. Further, the general theory for in-plane
magnetic field rotation on THz field for TC emitters was presented, along with the
experimental results for the InAs emitter. The external magnetic field may be able to
enhance the THz field strength due to rotation of the dipole responsible for generating
THz transient. Also, the lateral photo-Dember effect was discussed.
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In chapter 6, the effect of heavy noble gas Xe and Kr irradiation on (100) and
(111) InP was presented for bulk and nanoporous honeycomb structures. With ion
irradiation, the THz emission efficiency of (111) samples increases. On the other hand,
the signal strength for (100) InP does not improve with ion irradiation. Xe irradiation is
more effective than Kr irradiation. Further, the effect of in-plane magnet rotation,
varying optical fluence, and azimuthal angle dependence confirms that the principal
mechanism for THz emission from these samples is optical rectification rather than a

transient current.

In chapter 7, the investigation of epilayer structures of GaBiAs on GaAs samples
as THz emitter with different bismuth content was presented. Two different planes,
(100) and (113)B, were used for epilayer growth. The general trend is that the THz
signal strength increases with increase in the As flux used during epilayer growth. The
measurements of (113)B GaBiAs samples with optical fluence variation and magnetic
field rotation confirms optical rectification being the principal mechanism involved in
THz generation from these semiconductors. The results for azimuthal angle dependence
for (113)B GaBiAs with Bi = 3.5% shows a threefold increase in the signal strength
with respect to the GaAs substrate. Further, a single cycle azimuthal dependence
indicates a higher proportion of surface OR components in comparison to the GaAs
substrate.

In chapter 8, the study of epilayer structures of GaAsN on GaAs substrate as
THz emitters have been presented with varying nitrogen percentage. The THz field
amplitude decreases exponentially with increasing nitrogen concentration. Azimuthal
angle dependence and magnetic field dependence results indicate a large reduction in
the surface field contribution in THz generation. The quenching of THz emission
efficiency is attributed to the change in surface properties caused by presence of
multiple electron traps in GaAsN samples.

Thus, it has been shown that THz emission from semiconductor materials can be
improved significantly by modification of base materials in a variety of ways. Further
study on changing the sample properties and experimental conditions may lead to find

even better THz sources.
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n=+h?+k?,
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Appendix A — Optical Rectification Coefficients: General Case
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Optical rectification coefficients for (hkl) crystal planes as they appear in chapter 3.
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Appendix B - Optical Rectification Coefficients: Transmission
Geometry and (11N) Crystal Planes

Optical rectification coefficients for (11N) crystal planes in transmission geometry
experimental set up are presented as they appear in chapter 3. Equations for both A and
B faces are given.

Inthis case, h=k=1,1=N.Also ¢, =®=0.
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Appendix C - Optical Rectification Coefficients for Quasireflection
Geometry and (11N) Crystal Planes

Optical rectification coefficients for (11N) crystal planes in quasireflection experimental
set up are presented as they appear in chapter 4. Equations for both A and B faces are
given. Only the coefficients in the final equations of bulk and surface OR polarization

components are shown here, which areG;; and V;; , respectively.

Hereh=k=11=N. Also & =0.
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Appendix D - Optical Rectification Coefficients for (100) Crystal Face

Optical rectification coefficients for (100) crystal planes are presented as they appear in
chapter 5. Only the coefficients in the final equations of bulk and surface OR

polarization components are shown here, which are G, andV;

; » respectively.

Hereh=1k=1=0. Also ®=0.
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