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ABSTRACT OF THESIS ENTITLED:

The fabrication and characterization of terahertz wave photoconductive dipole
antennas on oxygen ion implanted GaAs
Submitted by Chen, Kejian

For the degree of Doctor of Philosophy in Electronic Engineering

at The Chinese University of Hong Kong in January 2009

In the recent decade, lots of funds are provided to investigate terahertz (THz)
wave and its applications in Fundamental Physics, Homeland Security, Biomedical,
Astronomy and THz Communication. The main reason is that terahertz wave has
some advantages of microwave, like the relatively long wavelength and
transparency to some materials, and also some advantages of light, such as good
directionality and high capacity for information transmission.

Lately, oxygen ion implanted GaAs (GaAs:0) has caught alot of attention and
been studied as an alternative material to Low Temperature Grown (LTG) GaAs
material (which is commonly used to generate terahertz wave by photoconductive
method) for its good performances in THz wave generation. GaAs:.0 has a
reasonably high resistivity and ultra-short carrier lifetime close to those of LTG
GaAs material. The preparation of GaAs:0 is easy to control and reproduce
compared with LTG GaAs material. A higher saturation level of both pumping and
bias field of GaAs:0 THz wave emitter is observed, which will lead to a higher
output power of THz wave.

In this work, the GaAs:0 materials are further studied. The preparation
conditions of GaAs:0 materials are optimized by adjusting the implant process and
annealing temperature. The performance of devices made from GaAs:0 in terms of
THz wave generation is investigated under both pulsed and continuous-wave (CW)
modes. The saturation behaviors and screening effectsare also studied in this work.

The main results and original contribution of this research are summarized as
follows:

1. Material:

A uniform defect distribution was obtained in oxygen ion implanted GaAs



materials by a multi-implantation process followed by Rapid Thermal
Annealing (RTA).
A dark resistance higher than 108 Ohm/square was obtained after RTA in
GaAs:0. An ultra-short carrier lifetime (around 0.35ps) was achieved with high
implant dosage and a suitable annealing temperature.
Compared with the LTG GaAs tested in this work, GaAs:0 has a relatively
higher saturation threshold, which alows it to generate higher CW THz
power than thistype LTG GaAs.

2. Photoconductive devices:
For high-dose GaAs:0 based PC antenna, under the pulsed generation mode,
around BIljiW average power was achieved under the condition of 35mW
pumping power and 70V DC bias. Under the CW generation mode, 0.35 THz
single frequency wave is generated at the level of tens of nW, which is around
2-3 orders smaller than that under pulsed generation mode.
For low-dose GaAs:0 based PC antenna, about 48jiW average power was
achieved under pulsed generation mode, which is the highest power ever
reported to our knowledge by such kind of devices. An analysis of the power
saturation behavior suggests that power levels at ~200"W may be achievable in
GaAs:0 materials. CW THz wave at jiW level was aso achieved from this
device at 0.358THz under 180mW pump power and 80V bias voltage.
The THz spectra of some GaAs:0 devices are similar to that of LTG GaAs,
which suggests GaAs:0 can yield as good THz spectra as the LTG GaAs sample
tested in this work.

3. Device modeling:
Screening effect in the PC antenna, especially under CW background
illumination, has been studied experimentally and theoretically. A simple
empirical model has been proposed to explain the mechanism of the screening
effect.
We propose an enhanced theoretical model of CW THz generation which can

adequately explain the bias-dependent saturation behavior of the PC antenna, as



evidenced by the good matching of simulation results and experimental data.
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The carrier trapping time

The momentum relaxation time
The carrier recombination time

The lifetime of the excited carriers
The carrier drift time in abias field
The pulse width of the radiated field

The cross section for band-to-band transitions and the cross section
for absorption from the traps to the excited states in the conduction
band, respectively

The surface photoconductivity

The capture cross section of each point defect

The relative static dielectric constant of the material and a fitting
parameter, respectively

The effective dielectric constant, 8e=(I+£dy2, where & is the
dielectric constant of the substrate material

The permittivity of the substrate

The wavelength of injection light

The concentrations change of free electrons and holes

The concentration of free electron or holes and The critical
concentration of freecarriers, respectively



Chapter 1.
| ntr oduction

1.1 Background
Terahertz wave is the electromagnetic wave which is located between microwaves
and infrared light (see Figure 1.1). The range from 0.1 THz to 10 THz is named as

THz gap, where 1 THz is equivalent to 33 wave numbers or 300 um or 4mev.
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Figure 1.1: Terahertz range within the em. spectrum, (from Nature Material!lj)

Terahertz wave is harmless to biological cells (like human body), because its
corresponding low photon energy (4 meV @ 1 THz, around one million times
weaker than an X-ray photon) will not cause the damage associated with ionizing
radiation such as X-ray. This leads T-ray diagnostic technique to be an interesting
complement to X-ray radiography technique (ionizing radiation). As each material
has its own intrinsic absorption and reflection characteristics in the THz region,
such kind of spectrum could be used for their identification. Another property of
terahertz wave is that, it is highly transparent to most non-metallic and non-polar
mediums (like paper, plastics), but highly reflected by metal and absorbed by liquid
(like water) or vapor. This kind of behavior can be used to see though package and
find metal inside, without causing any damage on the package (nondestructive
detection). So, terahertz wave have tremendous applications in biomedical science
(like skin cancer detection[2], DNA analyzer[3]) , THz imaging[4] (security

screening in airports[5], mail inspection[6]), materials science (semiconductor[7],



drugs[8]), high speed communications[9, 10], and Astronomy/[l 1].

Because of these special properties and their tremendous application area,
"Terahertz" comes to be a very hot word in the eyes of scientists and researchers.
The research papers on "Terahertz" research area increase dramatically during the

past 20 years, especially the past ten years (see Figure 1.2).

Year

Figure 1.2: Paperson " Terahertz" area during
the past years.

The most important element of terahertz science (technology) isterahertz source.
Without a suitable terahertz source, those potential applications can't come to be
reality. Normally, the terahertz sources can be classified into two branches. One is
broadband (Pulsed) terahertz sources, and the other is narrow band (CW) terahertz
sources.

The broadband terahertz wave can be generated by a number of different
mechanisms, including photocarrier acceleration in photoconductive (PC)
antennas[12], optical rectification[13], plasma oscillations[14] and electronics
non-linear transmission lines[15], or even just from air (plasma)[16]. With such
kind of broadband source (bandwidth could be as high as 4 THz[17]) one can
obtain the THz spectrum of materials just by one round scan (about kHz scan
rates[18]). The common used spectroscopic tool is the well known "Terahertz
Time-Domain Spectroscopy (TDS)". In a TDS system, the THz wave is measured
coherently, which provides both high sensitivity and time-resolved phase

information.



Nowadays, most of those approaches list above need an ultrashort (femtosecond)
laser (for example, mode-locked Ti:sapphire laser), which limits the size of the
whole system to be compact. But, fortunately, the evolution of fiber based fs laser
provides the possibility of miniaturization for broadband THz source (Mini-Z
1000[19]).

Unlike broadband THz source, whose spectral resolution is about 50 GHz, the
narrow band (CW) THz source provides a chance to study material spectrum with a
resolution around 4 GHz [20]. The narrow band terahertz wave can be generated by
different approaches. For examples, the photomixing technique using
photoconductive antenna, optical parametric oscillator (OPO)[21], Back Wave
Oscillator (BWO)[22], Gunn diode[23] and Quantum cascade Laser (QCL)[24].
Among them, the photomixing approach combines the advantage of both electric
and optical technologies. room temperature operation, narrow linewidth,
compactness, and wide-range tenability).

As PC devices can generate both broadband THz wave (photocarrier
acceleration) and narrow band THz wave (photomixing), the photoconductive
method comes to be one of the most popular approaches for THz wave generation
used in laboratory experimental setup or commercial systems. The photoconductive
approach uses high-speed photoconductors as transient current sources for radiating
antennas. For example, LTG GaAs [25], ErAsiGaAs [26] for 800nm light, and LTG
InGaAs, InGaAs:Br+ [27] for 1550nm light. As the dark resistivity of materials
corresponding to 1550 nm light is several orders smaller than those materials for
800nm light, there are still a lot of spaces for them to improve. Therefore, the
800nm pumped PC devices (materials) are still in the dominative status.

Among them, LTG GaAs is the common used material for 800nm pumping PC
devices, for its advantages of high dark resistivity (>10" Qcm [28]) , short carrier
lifetime(0.25 ps[29, 30]) high carrier mobility (200 ~im/V.s [31]), and high
breakdown voltage(>5x1V/cm[32]). However, these excellent characteristics are

difficult to be reproduced from sample to sample, because the quality of the LTG



GaAs depends critically on both the preparation temperature and the post thermal
annealing conditions. Some materials grown by ion implantation method have the
potential to be the good complement of LTG GaAs, because the precise control over
ion dosage and implant energy helps ion implantation method to overcome the
reproducibility limitation of LTG GaAs.

In recent years some ion implanted semiconductors (GaAs:As [33], GaAs:H [34,
35], GaAs:N [36]) have caught a lot of attention and been studied as the possible
substitute materials for LTG GaAs. For example, Salem et a.[37] implanted O+
ions to optimize the GaAs and generated Pulse THz wave from it. And, Mayorga et
al. [38] used high energy oxygen implanted GaAs to generate CW THz wave.

As the energy level formed by oxygen ions in GaAs is close to the Fermi level,
it makes the 0+ implanted GaAs amost electrically neutral, and hence a
comparatively higher resistance.

This thesis aims to do further study on such kind of oxygen ion implanted GaAs
material and its THz wave generation properties under both pulsed and CW mode
(Broadband and narrow band).

Before embarking in a detailed study of GaAs:0 and related PC devices, one
should know what the advantage of GaAs:0 materials is, and also its disadvantage.
Its first advantage comes from its preparation method. The ion implantation method
has two main advantage compared with the Low temperature MBE (Molecular
Beam Epitaxy) or MOCVD (Metalorganic chemical vapor deposition). One is its
reproducibility. User can easily repeat the preparation condition time by time,
without changing too much in the material characteristics from sample to sample.
The other one is its tailor ability. The properties of material can be tailored by
selected suitable implant energy, ion dosage and the post annealing temperature.
With this kind of preparation method, one can grow materials with certain
characteristics easily, according to his (her) own purpose. And, as the oxygen is
common component of air, it is easy to be found and extracted for implantation

usage comparing with other kind of ions, which need to be bombarded out from



bulk material or powder. And oxygen is harmless (nontoxic) and cheaper comparing
with those ions like As+, Er+, and therefore it will cause less risk on Environmental
pollution

The defects caused by the 0+ ion in GaAs material endows other advantages
for GaAs:0 materials, aslisted in the following:

1. High dark resistance. As mentioned above, the energy level formed by
Oxygen ions in the material is close to the Fermi level, which makes the material
close to electrical neutral. The general resistivity of GaAs:0 can be as high as
[O”ncm.

2. A reasonable carrier lifetime (in subpicosecond range). 0+ ions form lots of
defects (carrier trapping center) in the GaAs material during the implantation
process. The higher defects concentration in it, the shorter carrier lifetime (carrier
trapping time) it will have.

3. High saturation level. The existing of 0+ defects increases the saturation
level of GaAs:0 material. Comparing with LTG GaAs material, GaAs:0 has higher
pump power saturation level and bias field saturation level. These allow one to add
higher pump power and bias onto the PC devices, which a the end generate higher
output power of THz wave.

Although there are lots of advantages discussed above, there still exist some
imperfect aspects, for examples:

1. The dosage layer is close to the surface. It is difficult to get deeper into the
inner of substrate (material), which limited by the implant energy and the atom
mass of ion. For example, implant energy 1200 keV can only achieve 1.4 jim depths
for O+ ion in GaAs substrate. (One should be mentioned, the real peak of ion
concentration after post annealing process should be thinner than the original one
just after implantation process.) And the implantation time will increase with the
implantation energy dramatically, because of the decreasing of implant ion current.
This, at the end, will cause the cost of material preparation to increase.

2. The ion distribution can not be very uniform by mono-implantation, even



after annealing process, which forces one to do multi-implantation if he (she) needs
a good uniform ion distribution profile. Then it will double or triple the time of the
growing process, supposing the multi-implantation process includes two or three
different implant energies.

Although there some imperfects exist, considering its advantages the oxygen
ion implanted GaAs material (GaAs:0) is still avery interesting material for THz
PC devices. In the material preparation area, one can optimize the ion implant
energy, ion dosage and annealing temperature, to improve the performance of
GaAs:0 material for THz generation. Because the material's resistivity and carrier
lifetime are sometimes on the opposite direction (which both are critically related to
defects concentration, but with reverse proportional), the best preparation condition
of those three parameters for carrier lifetime maybe is not the best one for resistivity.
Therefore, it needs one to balance the requirement of these two factorsin a certain
case, and select the best preparation condition for both of them (a compromise
between carrier lifetime and resistivity), by sufficiently testing of the performances
of GaAs:0 materials grown under different conditions.

To minimize the effect of those imperfects discussed above, one could do much
simulation work to design the multi-implantation process before going into the real
operation process.

As mentioned above, in THz generation area, GaAs:0 material has been
demonstrated in pulsed generation mode by B.Salem, et al.[37, 39] (A group in
Canada). They used multi-implanted GaAs:0 with a dosage level I0Vam™ to study
its THz wave generation performance, and compared it with other kinds of
ion-implanted material, such as GaAs:As, GaAs:H, and GaAs:N. But they haven't
compared the generation performance of GaAs:0 with LTG GaAs, which occupies
the dominative position of PC devices a 800 nm pumping range. And they haven't
gone further and compared the effect of dosage in the power generation and THz
spectrum. There still lots of space were left for one to do further study on this area,

even without including the possible application using GaAs:0 based PC devices



Following their work, we have demonstrated our partial study work on GaAs:0
based THz PC devices in pulsed generation mode [40], and the CW THz generation
mode in the middle of 2007[41],which will be discussed in the Chapter 4 and 5
respectively. For CW terahertz generation from GaAs:0, it is amost a the same
time (a little early than ours), another group from Germany, LCamara Mayorga et al.
[38] published their very detailed study works on the high energy ion (2 and 3 MeV)
implanted GaAsiO material. It should be cheerful that on this road we are not lonely.
They have compared the THz wave generation performance of GaAs:0 material not
only with different implant energy and dosage, but also other material like GaAs:N.
Their hard work promotes the study on GaAs:0 material in CW THz area to a new
high level. But unfortunately, they also haven't compared its performance with
LTG GaAs materials.

For one who is interested in the properties of GaAs:0 in terahertz generation
area, there are still alot of study directions can be gone deeper. For example, THz
generation performances comparing with LTG GaAs, the saturation behavior and its
material reason, maximum output power of THz wave from GaAs:0 based PC
devices, the screening behavior under CW background illumination. And others like
the generation performance optimizing, system compacting, and the specia

applications are also the valuable research areas for GaAsiO based PC devices.

1.2 Aim of thiswork

A compact, high power and low cost terahertz source is something what desired for
laboratory and commercial usage. Terahertz photoconductive device is one of best
choices, if they can combine with fiber laser or diode laser, which are normally
compact and low cost comparing with solid laser. As introduced above, a high
reproducibility method for material preparation is also avery important factor to the
am of low cost. The ion implantation method and Oxygen ion type give one not

only an easy way to reproduce high quality material samples to samples, but also



the possible very good properties of materials. So, this thesis aims to do further
study oxygen ion implanted GaAs material and its properties in terahertz generation
area, especially focusing on the THz output power (both pulsed mode and CW
mode). The related pump light saturation and bias saturation behaviors, and the
effect of DC current on THz generation (Screening of CW background illumination)
will also be studied to construct this thesis. To best exhibit the special performances
of GaAs.O material in THz area, as much as possible comparison will be carried out
between different preparation condition, or between different materials (especially
with LTG GaAs). Some different antenna structures will also be adopted in this

work.

1.3 Organization of the thesis

The structure of this thesis is as follows:

In Chapter 2, the ion implantation method and its parameters selection are
discussed at first. The approach used to recover some crystal lattice damages, which
were induced by the ion implantation process, is aso mentioned in this part.
Considering the energy states created by the defects in material after implantation
process, a set of rate equations for carrier dynamic is introduced to analysis the light
absorption characteristic of GaAs:0 material. At the end, to optimize the
preparation condition, some important materials properties like the carrier
concentration, resisitivity, carrier mobility and the carrier lifetime were tested with
different ion dosages and annealing temperatures.

Chapter 3 deals with the devices fabrication on GaAs:0 substrate. Dipole and
spiral antenna structures are selected for this work. The common photolithography
technology is used to transform the pattern onto the material surface, and electron
beam Evaporation forms the Ti/Au metal layer. After packaging, the wire bonding
technology gives the wire connection to the device with external circuit.

Chapter 4 reviews the physics of pulsed THz generation. Three theoretical



models are introduced on the different focusing aspects, especially on saturation
behaviors. Two series of GaAs:0 materials with different dipole antenna structure
were studied for their performances on photocurrent, THz power generation, THz
spectrum (measured by Fourier transform infrared spectrometer (FTIR) or Terahertz
Time-Domain Spectroscopy (TDS) system), comparing with LTG GaAs and
GaAsiAs. At last, the effect of DC current on output power of pulsed THz wave was
studied under CW background illumination. A theoretical model was suggested to
describe such kind of screening behavior.

In Chapter 5 two single-mode lasers system was setup for generating CW THz
wave by photomixing (optical heterodyne downconversion) mechanism. Three
kinds of materials (GaAs:0el4 [500keV/6x10"Mcm-"+800keV/6x10Mcm-"+1200keV
/IxIOMcem], GaAs:Oel3 [500keV/2.5x10Mem-* + 800keV/2.5x10Mem-" +1200keV

and LTG GaAs) based PC devices are studied in this Chapter. To
understand the bias dependent saturation behavior better, a CW pumping power as
high as 180mW is used to enhance such kind of phenomenon, and the comparing
testing was launched between low-dose GaAs:0el3 and LTG GaAs based PC
devices. At the end, a modified theoretical model is used to simulate this kind of
behavior and explain the possible reason in physics.

Chapter 6 gives a summary on the whole work and launches a brain storm on
the future work (material, device, system, and application). Some ongoing research

works are also introduced in this part.



Chapter 2:
Material preparation and Characteristics

A material with high dark resistance, short carrier lifetime, high breakdown voltage
and high power saturation level is desired for THz Photoconductive devices. High
dark resistance means one can get high signal-to-noise ratio (SNR) of THz wave
from such kind of materials, because the background electrical current will be a a
low level. Material with short carrier lifetime means that it could respond very fast
to the modulation signal, and can generate THz wave with more high frequency
components. And, the high breakdown voltage and high pump power saturation
level means the devices could be driven by higher applied electric field and higher
optical pumping power, which at the end could help devices to generate higher
output power of THz wave. This Chapter aims to prepare such kind of good

performance material by ion-implantation method.

2.1 Introduction

The carrier lifetime of direct bandgap materials (for example, GaAs) is generally
shorter than those of indirect bandgap materials (for example, Silicon). Figure 2.1
shows the energy band structure of GaAs. When incident light photon is absorbed
by materials like GaAs, electron-hole pair will be generated. The electrons will
jump into the F-valley, and in a short time the excited electrons will jump back
and recombine with hole and emit a photon. This process would be very fast as it
doesn't need a change in crystal momentum for the electron. But, in indirect
materials like Silicon, a change of crystal momentum isrequired in such a transition,
which increases the duration. The carrier lifetime of GaAs is on piscosecond (ps)

level, but it is nanosecond (ns) or microsecond (fis) level in Silicon.
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Figure2.1: Energy band structure of GaAs

Although GaAs material has short carrier lifetime in ps level, but such level is
not enough for high frequency terahertz wave generation. Only material with carrier
lifetime lower than 1 ps could be used to generate >1 THz components. So, the
common used material for terahertz photoconductive devices is Low temperature
grown (LTG) GaAs, as it accumulates lots of Ast defects during the low
temperature grown process. The existing of these abundant As+ defects endows LTG
GaAs material with good performances on dark resistivity, carrier lifetime and
breakdown voltage [26]. But the preparation condition of LTG GaAs is not easy to
repeat time by time, for the difficulty of precise temperature control for the low
temperature preparation process.

Another approach isto induce high density defects by implanting some suitable
ions into the semi-insulator materials. The collision of incoming ions with the
lattice atoms forms varies defects such as vacancies, interstitials, antisites etc, so
that the material can exhibit similar carrier trapping mechanism as in LTG GaAs.
The ion implantation technique can allow user to control ion dosage precisely,
which allows a reproducible properties of the ion-implanted materials. lon
implantation can also generate depth-dependent damage profiles by choosing the
ion species, dosage, and implanting energy in the specific sample areas.

Ast ion should be the ion species which scientists will firstly consider for

preparing the ion implant GaAs, because after implantation process the chemical



composition of GaAs are the same as LTG GaAs therefore its performance should
be similar to LTG GaAg[33]. Other ions like H+ He+ N” and O+ are also utilized by
scientists in these years.[34-37]

In this thesis we will focus on 0+ ion, for the energy level of oxygen ion in
GaAs is close to Fermi level[42], which makes the oxygen ion implanted GaAs
material close to be electrically neutral and have comparative high resistance.

The ion distribution was simulated with software "Stopping and Range of lons
in Matter" (SRIM) [43]. For light with wavelength 800nm, the absorption depth is
around li“m in GaAs materials. Considering the condition of our high energy ion
implanter (a Rutherford Backscattering Spectrometry (RBS) facility from HVEE)
and the requirement of uniform ion distribution profile, we performed a
multi-implantation process with different implant energies.

After selecting the ion implant energies by SRIM simulation, we plan the ion
dosage needed for the materials. The carrier lifetime is generally related to the
intrinsic characteristics of material such as energy band structure, or the density of
the defects which embedded by manual work (for example, ion implantation). For
general Semi-insulating (SI) GaAs, the carrier lifetime does not reach the sub-ps
range, so we need to create more additional defectsin it by ion implantation method.
If just considering the carrier lifetime, higher dosage will be better choice. We also
have to take care of the other performances of material, like resistivity. If the startup
material is Semi-insulating, the material resistivity is normally inversely
proportional to the concentration of defects. Although the O+ implanted GaAs
should be close to electrical neutral, it is still act as slight N-type. (The detail will be
discussed in "Chapter 2.4 Material properties’). So, we prepare our GaAs:.0
samples with different dosage-energy sets. For example Oel3, Oel4, 02el4 and
Oel5 (Their detailed definition will be showed in Chapter2.2.5), each st is a
combination of implant energies and implant dosage. The implantation process
detail will be presented in “Chapter 2.2 Process of Implantation”.

After implantation process, a post annealing process was taken. The annealing



temperature is a critical parameter, because the small changes of this parameter will
cause great effect on dark resistance, mobility and carrier lifetime. So, several
annealing temperatures were tested for optimizing the properties of GaAs:0
samples in this thesis. The detail can be described in "Chapter 2.3 Annealing
process".

The performances of GaAs:0 materials will be characterized in "Chapter 2.4
Material properties'. In that part, light absorption, resistivity, free carrier mobility,
the concentration of free carrier and carrier lifetimewill be measured and discussed.
A theoretical mode would also be introduced to explain the change of light
absorption and the relationship of defects concentration and absorption efficiency.

Finally, an optimized condition of material preparing would be presented.

2.2 Process of Implantation

lon implantation and diffusion are the two key methods for impurity doping. Since
the early 1970s, many doping operations have been performed by ion implantation.
In this process the doping ions are implanted into the substrate by means of an ion
beam. Comparing with diffusion, the main advantages of ion implantation are its
more precise control on the account of dopant and the location of dopant, and
reproducibility of impurity doping, and its lower processing temperature comparing
with diffusion process. [44-46]

lon implantation is one of the simplest methods for synthesis a surface layer
with particular properties in selected regions (normally its depth is limited to the
order of a micron.). The user has to decide which electrical, optical, chemical,
mechanical properties are required in decided area of the surface. After choosing
suitable chemical composition, a well selected injection energies and implantation

time will help to get desired properties in certain depth with designed ion dosage.

2.21 The advantage of ion implantation

Besides those advantages mentioned above, ion implantation also have lots of other



inherent merits [44]. As it is amethod to introduce impurity atoms into the substrate
at a high velocity the modified new layer on the surface of semiconductor is not
formed in thermodynamic equilibrium. This is very useful because normal chemical
solubility rules are by passed. And the ion paths are also not straight because of the
collisions. As the number of collisions per unit distance and the energy lost per
collision are random variables, there will be a spatial distribution of ions having the
same mass and the same quite possible to achieve impurity levels, which are
impossible to be achieved by conventional treatments.

Chemical doping by an ion beam is a "clean" method. With accelerators and
high resolution mass separators, it is quite feasible to implant a single isotope. The
simplicity with which atoms can be added to a semiconductor also implies that a
second or athird impurity can be added under certain controlled conditions without
causing problems like material decomposition or the accidental incorporation of
unwanted impurities.

By ion implantation method, a precisely controlled dosage can be achieved as
the designed concentration of defect or impurity sites in the surface layer of the
semiconductor. This will let the user to get subtle control of properties which result
from the changes in the Fermi level.

As the ion implantation produces extensive damage and creates lots of defects
in the implanted layer, generaly, the minority-carrier lifetime and mobility are
severely degraded after ion implantation. So with this method, one could obtain
some material with ultra-short carrier lifetime for fabricating high speed devices, for

example, THz PC devices.

2.2.2 lon range and ion stopping
Implantation energies are normally between 1 keV to 1 MeV (some high-energy
implanters can reach 5 MeV), resulting in the ion distribution with an average

depths ranging from 10nm to 10|im for silicon. lon doses vary from 101 ions/cm‘)

for threshold voltage, to 10" ions/cm’ for the formation of buried insulati ng layer.



When ion pass through a solid (semiconductor material), they collide with
electrons and nuclei, then lose their energy and come to rest within the solid after a
distance. The average depth of ion implantation can be controlled by adjusting the
acceleration energy.

From Lindhard, Scharff and Schiott (LLS) range theory [47], the major reasons
of energy loss which lead to the incident ion stopping are caused by the following
two mechanisms. The first is by transferring its energy to the target nuclei. This
kind of collision will cause deflection of the incident ion and also dislodge many
target nuclei from their original lattice sties, thereby create damage in the
semiconductor lattice. So, a subsequent annealing treatment is needed to remove
this kind of damage. The second stopping mechanism is by the interaction between
the incident ion and the cloud of electrons surrounding the target's atoms. The ion
loses its energy in collisions with electrons through Coulombic interaction. The
electron which gained energy from incident ion will be excited to higher energy

levels (excitation), or be gjected from the atom (ionization).

2.2.3 Structure of ion implanter.

Figure 2.2 shows the schematic of implanter and our real implantation facility. The
ion source of implanter is a hot filament plasma source which ionize the source
gases or solids into charged ions [46]. An extraction voltage, around 12 keV (our
facility), extract the charged ions from the ion source chamber to the mass analyzer.
The magnetic filed of mass analyzer is set to alow the ions with desired
mass-to-charge ratio to travel through without being filtered. The selected ions then
are accelerated under high voltage to get desired implantation energy in the
acceleration tube. A focusing system isjust next to the acceleration tube to achieve
good collimation of the ion beam. The neutral beam trap and beam gate is used to
separated neutral beam and charged ion beam. With an electrostatic deflection
system, the ion beam is then scanned over the wafer (semiconductor samples)

surface, and is implanted into the semiconductor substrate. To minimize the ion



scattering by gas molecules on the path of ion beam, the implanter is normally

operated at a pressure below 0" Pa.

Figure2.2: schematic of lon Implanter [44] and our real implantation facility (the upper

and left figures)

2.2.4 Selection of Implantation conditions

For THz photoconductive (PC) devices, the materials should have better
performances on the response speed, dark resistance, break voltage, and quantum
efficiency etc. By selecting suitable ion type and using various combinations of ion
implantation energy and dosage, we can satisfy some of those requirements by ion
implantation method.

For example, the response time is normally related to the carrier lifetime which
directly related to the concentration of defects. To get short carrier lifetime, we can
fulfill this requirement by increasing the ion dosage during the ion implantation
process. For ultrashort carrier lifetime in ps level, the dosage of ion of 10 /cm
level should be the least value. For a given absorption coefficient, a sufficiency
thick absorption layer is needed to utilize most of power of incidence light. To
increase the light efficiency, one method is to increase absorption coefficient the
other is to increase the thickness of absorption layer. For GaAs materials pumping
by 800nm photon, the absorption depth is around Ijiim. So the depth of ion

implantation is also required to be near Ijim. To achieve such depth, an implant



energy as high as IMeV should be used for 0+ ions.

As the ion implantation process is a huge time and money cost work, the
simulation work is compulsory to evaluate the possible results after ion
implantation and optimize the preparation parameters before going on the real ion
implantation process. A free software "Stopping and Range of lons in Matter"
(SREVL) can be download from website authored by James F. Ziegler [43].

The transport of lon in Matter (TRIM) program in the SRIM software is a
program using Monte-Carlo calculation method which follows the ion into the
target, making detailed calculations of the energy transferred to every target atom
collision. It can calculate both the final 3D distribution of the ions and also al
Kinetic phenomena associated with the ion's energy loss: target damage, sputtering,
ionization, and phonon production.

By calculating the 3D distribution of ions with TRIM program, we can
optimize the ion implant energy and ion dosage for our case. As the
mono-implantation will create an ion distribution profile with a comparable shape
peak, it means the characteristics of material in such layer are not uniform. To get a
relative uniform profile of ion distribution, a multi-implantation process is required.
With the help of multi-implantation method, we could form a flat doping profile to
keep uniform material properties in certain thickness of new growth layer. And,
such kind of multi-implantation method can aso help to obtain a well controlled
doping profiles which unavailable from diffusion technique by using various
combination of implantation energy and implant dosage.

As we know the absorption depth is around Ijim in GaAs materials for light
wavelength of 800nm. So to fully utilize the pumping light power, a uniform
implant layer thicker than I|j,m should be required. By simulation with STRM
program, we found the ion range of oxygen in GaAs, for 500 keV is around 0.7]xm,
800 keV is I|lim and 1200 keV is close to 1.4 \im. Although the simulation result of
depth is deeper than 1 jxm for 1200 keV energy, the ion distribution will be close to

(or litter deeper than) the depth which we designed (from surface to absorption



depth) after the post annealing process.

To get auniform defects distribution layer, we should utilize multi-implantation
method to optimize the defects distribution profile. By combining 500 keV, 800 keV
and 1200 keV implant energy with different dosage (relative dose), we can obtain

an optimized simulation results as shown in Figure 2,3.
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Figure2.3. lon distribution of Oxygen ion implanted GaAs

Note: In this work, as the lowest implant energy is SOOkeV, 0+ ion distribution
has lower value in those areas just below the surface of material, athough after
implantation the redistribution process can happen during the annealing process. To
improve this, one can add a lower implant energy process into the implantation
process, or use some etching solution to slightly etch out such layer.

The implant dosage for each implant energy level should be based on the
requirements of THz PC devices. Then, what level of defects we need? From the
experiments, around IO"Vom" level is usually needed to achieve ultrashort carrier
lifetime. If the dosage is too low and the annealing temperature is high, the defects
what the implanted ion created would not be enough after annealing process. If
using too large dosage, some unwanted events will appear. For example, too high
dosage could bring some unwanted ionized bulk into the material, which would
change the properties of material.

Therefore, an optimized dosage is needed. The precise value of this parameter

can't be obtained just from simulation. The testing of real material properties is



needed in practice to optimize the preparation condition. So we tested material
performances with as many as possible samples with different growing conditions
such as dosage, annealing temperature, etc in this chapter. To test samples with

different implant energy and dosage, we have tried four sets of growing condition in

this thesis:

Set Implantion conditon
Oel3 500keV/2.5x10i3cm_2 + 800keV/2.5x10Mem'A+1200keV /4xI0Mem™ A
Oel4 500keV/6xI0rM " ecm-" + 800keV/6xIOM em-~ +1200keV/IxION WA

02el4 500keV/1.2x10Mem" N + 800keV/L2x10Mem"~ +1200k eV /2x10"W”

Oel5 500keV/6x10i4 cm™” + 800keV/6xI0Mcem'A+ 1200keV/IXIOM ecm™
The detail operation of RBS machine will not be discussed here. In the part of

“2.4 Material properties, some testing results are showed to help to optimize the

material preparing condition.

2.3 Annealing process

After ion implantation, the implanted material has poor electrical characteristics, for
example, severely degraded in mobility. Furthermore, only a fraction of the
implanted ions are located on the substitutional sites and contribute to the carrier
concentration.

To eliminate the detrimental effects of ion implantation, the material has to be
annealed at an appropriate temperature for optimized time. By this procedure, the
defect density would be reduced because of the annihilation of some of the
vacancies. And the implanted dopant atoms in the interstitial sites could migrate to
the lattice sites and become electrical active.

Conventional annealing uses atube furnace which system which iswidely used
for thermal oxidation. This kind of annealing normally requires a long annealing
time, and also will cause the dopant ions diffusioninside of the implanted material.

If one wants to anneal those dopant ions and minimize the dopant redistribution, a



Rapid Temperature Annealing (RTA) method will be used.

Figure2.4: Facility of rapid thermal annealing

In the RTA machine (Figure 2.4), the wafers on the quartz holder are heated by
the optical radiation which passing through the quartz window from tungsten quartz
lamps. The annealing temperature can be selected from 200 °C to more than 1000°C.
In the chamber of RTA machine, the temperature rises rapidly, and reaches to a high
temperature from room temperature within afew seconds.

To prevent some unwanted chemical reaction between wafer and the
components in air under high temperature, some inert gases are blown into the
chamber, such as N2, Ar gas. For GaAs:0 material annealing, a GaAs cap will aso
be covered onto the sample surface to minimize the escaping of Ast+ from the
substrate into the air, under such kind of high annealing temperature. (The process
detail is showed in Appendix A.)

For the temperature lower than 300 C, the effect of annealing process
(especially RTA method) will not be obvious for GaAs materials (LTG or ion
implanted). For temperature near 650°C, the carrier concentration will be greatly
changed by the annealing process and the defects will come to disappearance. An
even higher temperature will not change the material characteristics further.

So, here we only selected some annealing temperature in the range of
300°C-650°C. As the best temperature for dark resistance may not be the best one

for the carrier lifetime, the best annealing temperature for materials is required to



consider for all the desired properties of material.

2,4 Material properties

Whether a material could be used for fabricating THz PC devices depends on its
material properties like carrier lifetime, dark resistance, breakdown voltage, carrier
mobility, and etc. As what we discuss in this thesis is the photoconductive devices,
the light absorption character is also an important factor needs to be considered.
From the material preparation method introduced above one could prepare GaAsiO
materials by various combination of implantation energy and implant dosage to
fulfill the requirements for materials, and using suitable annealing technology to
optimize the performances of material in some degree, after ion implantation.

Now, let's review at whether the GaAs:0 materials grown by ion implantation

method can meet those requirements on the material properties.

24.1 Infrared light (IR) Absorption

The defects created in the substrate by implantation will create additional mid-gap
states within energy bandgap. They will act as trapping centers of excited carriers,
such as EL2-like defects. How can these mid-gap defects affect the material
properties like light absorption and carrier lifetime? A theory model should possibly
give us some details. S.D. Benjamin[48] suggested a model to observe the behavior
of these mid-gap trap states with arate equation formalism in 1996.

Figure 2.5 shows the band diagram including the mid-gap states. Assume Noerd
is the population of carrier at the bottom of the conduction band and Ntrep is the
population of carriers in the trap centers. The is assumed as the population of
carriers in the excited states within the conduction band. Photon whose energy { hco)
is slightly larger than Eg will excite electrons to the bottom of the conduction band
from valance band. After some time, some of these carriers will recombine by decay
back to the valance band from conduction band in a decay time T! and the others

will be trapped in the mid-gap states (Ntrgp) in a decay time xj. These carriers which



trapped by trapping centers in the mid-gap states can be optically excited to upper
state in the conduction band. This kind of re-exciting process gives rise to an
additional absorption mechanism in ion implanted GaAs or LTG GaAs, and can
produce a substantially larger carrier concentration in the conduction band than

those materialsjust have band-to-band absorption.

Figure2.5: Band diagram of ion implanted
GaAs showing the key excitation and decay
processes in the rate equation model.

The time dynamics of carriers in ion implanted GaAs is described by a set of

rate equations like following:

AN g la. Ngaa  Npa N

2.1
dt flG) 1)

where | is the intensity of incident light with photon energy hco, a" is the

band-to-band absorption coefficient;
0N .oV 2.2)
dt hco

where o p isthe absorption coefficient from the traps to the upper excited states

(Ninne) iH the conduction band. And

dN I\‘Ii;mef N.inner te ‘A

(2.3)
dt hco Iho)



Where p is the two-photon absorption coefficient. The decay times (r) refer to

the relaxation processes indicated in Figure 2.5.
From these equations, we can easily deduce the total absorption coefficient as:

a

= . (1 - T +W,  (24)

AA band (0) AN trap(0)
Where Nobado and NrggO are the saturation carrier density near bandgap in
conduction band and the density of defectswhich act as trapping center respectively,

is the cross section for band-to-band transitions, and is the cross section

for absorption from the traps to the (Ninne) excited states in the conduction band.

From the equation, the total absorption coefficient is firstly contributed by
band-to band absorption coefficient which having a maximum value equals to
Nbend(@) (Nbend(0y~1.9X10"erm™ [49]). The second contribution factor to the total
absorption coefficient comes from the trapping centers in which the trapped carriers
could be re-excited to upper excited states in the conduction band. The contribution
factor also has a maximum value which equals to the concentration of ion
implantation induced defects. The last factor is also related to the mid-gap states,
but its contribution is mainly caused by two photon absorption process.

Now, we can clearly know the effect of defects on the phonon absorption from
the second and third terms of total absorption coefficient equation Eq. (2.4). More
defects introduced into the material by ion implantation or low temperature grown
will lead to the increasing of Ntrgo(0), directly increasing the possibility of absorption
caused by re-excitation. And the existing of mid-gap states also increases the

chance of two photon absorption process under high pumping condition, p is

found to be at level of 35 cm™/GW [48] . Without trapping centers, there are no
other mechanisms that would contribute to the photon absorption process except
band-to-band absorption, for example in intrinsic semiconductor.

From the previous analysis, one can get some ideas. For example, by measuring



the changing of photon absorption with photon energy islower than energy bandgap
but higher than one half of the energy bandgap, one can easily get to know the
relative account of concentration of defects from different samples of the same

substrate by qualitative analysis.
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Figure2.6: System of IR transmission measurement

Using the IR transmission measurement system, the absorption at various
wavelengths can be measured. Figure 2.6 shows the experimental setup, the quartz
halogen lamp source is used to generate broadband lights (from UV to IR ). A
monochromator is used to select the wavelength of interest. By scanning the
wavelength of light selected by monochromator, the absorption as a function of
wavelength of pumping light will be obtained. In this thesis, the scanning range is
from 740nm to 940nm.

Firstly, let's take a look on oxygen ion implanted GaAs materials with different
ion dosage. Semi-insulator GaAs (100) wafers are cut into several 1x0.5 cm
samples, some of them are marked as HI-HI 6. Among them, samples are material
grown by multi-implantation method, whose implantation parameters (energy/dose)
are like following:

No. Set Implantation condition
H1-H4 GaAs(100):0el3  500kev/2.5x10" cm-v800k ev/2.5x10'* cm-vi200k ev/4x1 0 cm-"

H5-H8 GaAs(100):02el4  500keV/1.2x10'WA+800keV/1.2x10'WA+1200keV /2x1 0AWA



H9-H12  GaAs(100):0el5  500keV/6xI0idcm 2 + 800keV/6x10" 1200keV/IxI0" cm”
H13-H16 GaAS(00) un-implanted

(Note: the un-implanted samples sometimes are also called as undoped samples in
some figures for convenient reading)

As mentioned before, the implanted materials should be annealed a certain
temperature before being used for practical applications. Firstly, we annealed
samples at 400°C for 60 seconds (real annealing parameters is with a short warming
time under 300°C for 5s before that 400°C/60s) for sample H4, H8, H12 and H16.
After annealing process, these samples are loaded into the IR transmission
measurement system. The measured results are shown in Figure 2.7. From the
figure, one can find the transmission of im-implanted GaAs sample which annealed
at 400 °Cis similar to the un-implanted GaAs sample without any annealing process
(asgrown sample, cut from wafer directly). This means under this annealing
temperature, the characteristics of substrate is almost unchanged by the annealing
process. For those three other samples, the transmission intensities are different
with the un-implanted samples in the range of 875nin to 940nm (whose wavelength
is larger than that related to the bandgap energy of GaAs (1.42eV)). The main
reason of this difference should come from the defects induced by the ion
implantation process. After 400°C annealing, the defectsin these three 0+ implanted
GaAs samples (H4, H8 and HI2) still exist. From the equation of total absorption
coefficient (Eq.(2.4)), one can find more defects existing in the material will lead to
the higher absorption of incident lights, whose energy isjust higher than half of
bandgap energy . So, one can easily find the transmission intensities decrease step
by step from un-implanted GaAs samples (asgrown sample and HI6) to the low
dosage implanted GaAs (H4-GaAs:Oel3), then to the middle dosage level sample
(H8-GaAs:02el4), finally to the high dosage level sample (H12-GaAs:Oel5).

These results directly show us the relative concentration of defectsin these ion
implanted samples. In another word, the high dosage implanted sample (HI2) has

more defects existing in the material than those lower dosage samples (H4 and H8)



after 400 °C annealing process. And the defects in those three implanted samples are
not annealed out under such low annealing temperature, as they still have different

absorption behavior compared with those two un-implanted samples.

H4 (Oel3, 400C) 0 X H2 (O3 AT
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Figure2.7: IR Transmisson of GaAs:0 Figure28: IR Transmission of GaAs:.0
materials with different implant dosage after ~ materials ~ with  different  implant
400°C annealing. dosageafter 500°C annealing.

Now, let's increase the annealing temperature to 500°C to see what will happen.
Figure 2.8 shows the measurement results. The same as the Figure 2.7, 400°C
annealing, the characteristics of materials do not have significant change under this
annealing temperature. But the differences between the transmission intensities of
ion implanted samples (H2-GaAs:Oel3, H6-GaAs:02el4 and H14-GaAs:Oel5)
and those un-implanted samples (asgrown one and HI 6) become less. That means
more defects in these ion implanted samples are recovered by annealing process
comparing with the 400 C annealing temperature, but there still some defects exist
in these samples because of the existence of the difference between them to the
un-implanted samples.

A higher annealing temperature as 550°C (300°C/5s + 550°C/ 60s) has also
been tested. Figure 2.9 shows the transmission spectrum of samples under 550 °C.
In this figure, we can find the transmission intensity of un-implanted GaAs material
is changed a lot by high annealing process comparing to the sample without any
annealing process (asgrown one). At the same annealing condition, the ion
implanted samples also have significant change in their properties. Unlike Figure

2.7 and Figure 2.8, the transmission intensity of middle level implanted sample



(H5-GaAs:02el4) is the smallest one among these three implanted samples(other
two are HI-GaAs:0el 3 and H9-GaAs:Oel5). It seems that the defects in the sample
H5 has more opportunity to exist compared with that in sample H9, under this high
annealing temperature. The detail why the high level implanted sample having
lower concentration of defects than middle level implantation is not clear yet. It

needs other methods to have detailed study on this phenomenon.

H1 {Cel3, 550C) HI (Oel3, 550 Q)
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Figure2.9: IR Transmisson of GaAs:0 Figure2.10: IR Transmission of
materials with different implant dosage after GaAs:Oel3 materials with  different
550°C annealing. annealing temperatures.

One thing should be mentioned. The surfaces of 550°C annealed samples are
not as shining as those samples annealed under lower temperature. It looks like
something (gray color) covering the surface. Two possible reasons will cause this
kind of phenomenon. One is the preparation of thin oxide layer on the surface,
maybe caused by the imperfect inert gas atmosphere (blowing speed of N2 gas is not
enough) during the annealing process. The other possible reason is the escaping of
Ast ions from the surface of GaAs samples. Although we have covered the samples
with another GaAs sample to avoid the escaping of Ast, the possibility of escaping
of Ast dtill exists, because this method can only decrease but not prohibit the
escaping. These cause the analysis of defect concentration to be more complex.

For our case, the information of related magnitude of defect concentration is
adequate for the study. So we haven't obtained into deep study of the actions in
materials during the higher temperature annealing process. But the conclusion about

defects concentration looks acceptable, because the results come from another



measurement method also leads to this conclusion. The detail about that method
will be discussed later (in chapter 2.4.2).

After comparing the concentration of defects from different level implantation
after certain annealing temperature, let's take a look at the relationship of defect
concentration to the annealing temperature.

Figure 2.10 shows the IR transmission results for GaAs:0el3 samples with
different annealing temperatures. From the figure, a clear increase of transmission
intensity with the increasing temperature can be obtained, except the sample HI
(annealed under 550°C). This result tells us, the concentration of defects in these
GaAs:0el 3 samples are decreased with the annealing temperature increasing. The
main reason is the defects are annealed out (or to say recovered) during the
annealing process. Some one maybe will question, why the higher annealing
temperature will have more concentration of defects still existing? As showed
before in Figure 2.9 in such level annealing temperature the characteristics of
substrate (un-implanted sample) are changed much. This reminds us, the reference
level is changed from the lower annealing temperature (400  450°C and 500 °C) to
the higher annealing temperature (550°C), and we cannot compare those data from
different reference systems directly. In anther words, the anaysis for the
concentration of defects in the implanted material with higher annealing will be
more complex, because it needs to consider the factor of the changing of substrate
too. So, in this thesis, the detailed analysis for the sample with higher annealing

temperature (550°C) will be lied over first.
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Figure2.11: IR Transmission of GaAs:0 Figure 2.12: IR Transmission of GaAs:0
2el4 materials with different annealing el5 materials with different annealing
temperatures temperatures

Again, we can aso get the results for GaAs:0 2el4 samples and GaAs:0el5
samples with different annealing temperature (The data of 550°C are still plot in the
Figure sjust for reference). From Figure 2.11 and Figure 2.12, the transmission
intensities increased from 400°C to 500°C under both dosage conditions. So, we can
obtain the same conclusion that the concentration of defects decrease with the
increasing of annealing temperature as GaAs:0el 3 samples.

At the same time we also tested some S| GaAs(l10) substrates, the dosage are
the same as SI GaAS(IO0) discussed above. In this thesis all the GaAs materials are
semi-insulating, and the SI GaAs(l10) material has originally higher resistivity than
Sl GaAs(I00). It is too high to be characterized by the facility (Hall effect and
resistivity measurement) what we have, which will be introduced later. To simplify
the mark of samples in the following parts in this Chapter (only in this chapter), Sl
GaAs will be used to present SI GaAs(llO) samples, if there is no additional
mention.

Figure 2.13 shows the parts of data from SI GaAs(I10) samples. The results are
similar to those of GaAs(IOO) samples above. Higher dosage will lead to the lower
IR transmission. Other performance related to the annealing should be also similar

to those of GaAs(I00) samples, here we will jump over these data and figures.
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Figure2.13: IR Transmission of GaAs(110):0
materials with different dosage.

From the discussion above, one can know the relationship between IR
transmission performance (Or light absorption) and the ion implant dosage, and the
change with different annealing temperature. One can also get some ideas like the
following, that the change of transmission performance should be tightly related to
the concentration of defects. As the defect concentration will also affect other
characteristics of material like carrier lifetime, refractive index, etc., besides the
light absorption. And carrier lifetime is one of the most importance parameters of
material for fabricating high speed devices like THz photoconductor switches. So,
using some convenient method to get a peek of the relative magnitude of defects
concentration in certain materials, it will be a very meaningful approach for
material study. The IR transmission method together with the theory of carrier
dynamic of ion implanted GaAs just gives us such kind of an approach to take a
peek of the defect concentration of ion implanted materials. From these
experimental results showed above, we can easily find the proofs for the existence
of defects in the ion implanted materials, and the fact that concentration of defects
will decrease with the annealing temperature increasing.

From the analysis above, we can also get a deduction (or hypothesis) as
following: the increasing of defects concentration will lead to the increase of the
light absorption saturation level, which means more pumping light can potentially

be absorbed to generate THz wave if al these absorbed power could transfer to THz



power.

2.4.2 Carrier concentration, Resistivity and Carrier mobility

For common users, a more common used direct measurement method for analysis
defect concentration should be carrier concentration measurement, but it needs to
fabricate some metal pattern on the material before testing. The carrier
concentration in semiconductor may be different from the impurity (defect)
concentration, because the ionized impurity density depends on the temperature and
the impurity energy level. But the carrier concentration should be proportional to
the defect (impurity) concentration in certain temperature and impurity type. So,
one could aso get some idea on defect concentration by measuring the carrier
concentration in the semiconductors.

The common method used for carrier concentration measurement is Hall Effect.
Hall Effect measurement is a method bases on the defection of charge carriers
moving in a magnetic field. By measuring Hall voltage, one can get the carrier

1 IBW
concentration {p = = ’2\ and the type of free carriers (when p O it is
oH oK
p-type, and p<0 it is n-type). An extensive review of Hall Effect has been given by
D.K.Schroder [50]. Figure 2.14 shows the carrier concentrations of GaAsiO
samples with different annealing temperatures measured by Hall Effect method.
The sign of the measured carrier concentrations of these samples are al negative,
which means the samples (HI-HI6) are al n-type. The un-implanted GaAs
(asgrown GaAs) samples have alow carrier concentration. By implantation process,
the free carrier concentration of the ion implanted GaAs samples (H1-H4:
GaAs:0el3, H5-H8: GaAs:02el4 and H9-H12: GaAs:0el5) increase. From low
temperature annealing (400 C) which most defects are kept well in the materials,
one can easily find the relationship between material carrier concentration and ion
implant dosage. The high level implantation (GaAs:0el5) has highest carrier

concentration level among them, then is the middle level implantation



(GaAs:02el4). By increasing the annealing temperature, we can get lower carrier
concentration from all these three levels ion implanted materials, until at the end
they come back to the carrier concentration level of asgrown sample, where the

defects are closely to be annealed out.
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Figure2.14: Carrier concentration VsAnnealing
Temperature for O+ implanted GaAs.

So, from the trends obtained by these results, one can also get the same
conclusions as those from IR transmission method. lon implantation can increase
the defect concentration in material and the concentration of defects is proportional
to the ion dosage level. And the annealing process can lead to the recovering of
defects.

Now, come back to the question we raised above in the chapter 2.4.1, why the
high level implanted sample will have lower concentration of defects than middle
and low level implantation by 550°C annealing process? Is that method readly
suitable for defect concentration analysis? From carrier concentration measurement,
one also can find the GaAs:0el5 sample has the lowest carrier concentration among
these three type implanted GaAs samples, under 550°C annealing temperature. This
kind of results shows the magnitude sequences of defect concentration for these
three kinds of samples are the same from this method (carrier concentration
measurement by Hall Effect method) as those from IR transmission method
discussed before.

So, we can say, these two approaches are both suitable for studying the relative



magnitude of defect concentration in ion implanted materials. And they can prove

each other perfectly.

For THz PC switches, the dark resistance is one of the most important
parameters which determining the performances of devices. Higher dark resistance
means the higher signal to noise (SNR) can be obtained from the devices fabricated

on such materials. The most common method for resistivity (p) measurement is the

four-point-probe method [42]. To get material resistivity more close to the condition
of material for fabricating THz PC switches, we also make these four separated
metal contact pads by depositing a Ti/Au thin film layer on the oxygen ion
implanted GaAs. This process and fabrication conditions are all the same as the
fabricating of THz PC devices in this thesis. The detail of fabrication will be

introduced in Chapter 3.
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Figure2.15: Resistivity of GaAs:0 materials Vs
Annealing Temperature

After contact pad fabrication, alow temperature (300 C) annealing process can
be selected to achieve good alloyed contact for metal to substrate. Figure 2.15
shows the results of resistance measurement. The un-implanted GaAs (asgrown one)
samples have a high dark resistivity. By implantation process, the resistivities of the
ion implanted GaAs samples decrease. When the annealing temperature increases,

the resistivities of GaAs:0 materials from all these three dosage levels increase too.



Under higher annealing temperature around 550°C, the material resistivity comes
back to the high resistivity level like asgrown sample. So, if just considering the
resistivity factor for the THz PC switches, the annealing temperature range from
400°C to around 550°C is acceptable for low level ion implanted GaAs
(GaAs:0el3), and 475"'C to 550°C range is acceptable for middle level and higher
level implanted GaAs materials (GaAs:02el4 and GaAs:0el5).

Besides resistivity, another important parameter for THz PC devices is carrier

mobility (//), which directly impacts the current under certain electrical bias. As we

know, the output power of THz PC devices is proportional to the photocurrent
(exactly, it is derivative of photocurrent) generated by incident light. Under the
same optical pumping power and electrical bias voltage, the materials which have

higher carrier mobility would generate larger photocurrent enju VA, wheren is

carrier density, e is elementary charge, Wis the electrical bias.), leading to a higher
output power of THz waves.

The carrier mobility can be calculated from carrier concentration and resistivity

by equation ju= . Figure 2.16 shows the results of carrier mobility. Although
enp

the carrier mobility is calculated from them, the fact should be reminded is that the
carrier mobility determining the resisitivity with carrier concentration in physics,
but not opposite way. So from the point view of material alternation, we only can
change the carrier concentration (relates to the impurity concentration) and the
carrier mobility of material which will lead to the change of resistivity.

So, by analyzing Figure 2.14, Figure 2.15, and Figure 2.16 together, when O+
ion are implanted into the GaAs materials, the carrier concentration (defect
concentration) increases and the carrier mobility decreases from their original level
of asgrown GaAs. Higher implant dosage will create more carrier concentration as

mentioned before. But the change of carrier mobility with different dosage looks



more complex.
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Figure2.16: Carrier mobility of GaAs.0
materials Vs Annealing temperatures

For the samples with the same implant dosage level, when the annealing
temperature increases, the carrier mobility will rise again. This means the damage
on the crystal lattice of material is recovered step by step which leads to the
recovering of carrier mobility. But carrier mobility is not changed as carrier
concentration in some annealing temperature range (lower than 450°C). It isn't
always proportional to the carrier concentration under such annealing temperature.
This phenomenon may be caused by other physical reason which is not only the
defect concentration, but also the form of the existing defects and the relative
position of defectsand atoms.

Under higher annealing temperature around 550°C, most effects on carrier
concentration and carrier mobility by ion implantation process aimost disappeared,
which leads to the resistivity to recover in physics. As mentioned before, the carrier
mobility and resistivity are two very important parameters for THz PC devices. A
higher carrier mobility and resistivity together is desired by users, like LTG GaAs.
But the resistivity and carrier mobility is in inverse proportion, an increase of carrier
mobility will cause the dark resistivity of material to decrease. Then, the only
choice to keep them high a the same time is to decrease the free carrier
concentration.

As discussed above, the carrier concentration is proportional to the defect



concentration which generated by ionimplantation or low temperature grown. An
increase inimpurity (defects) concentration will cause the free carrier concentration
to increase. But, as we know, the free carrier concentration is also determined by the
temperature and the impurity energy level at same time, besides the impurity
concentration. As we still require defects to decrease the carrier lifetime of material
(the reason wewill discuss later), sothebest choice isto find some type of ion
which can generate defects but give little contribution to the free carrier

concentration. What kind of ion can be?
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Figure2.17: The ionization energies for various impurities in GaAs. [42]

Physically, the ion whose energy level generated insuch material (for example,
GaAs substrate) isclose tothe Fermi level can beused. Figure 2.17[42] shows the
measured ionization energies for various impurities in GaAs material. From it, we
can easily find oxygen ion isone of good choices. This isone of main reasons why

we investigate oxygen implanted GaAs materials in this thesis.

2.4.3 Carrier lifetime

The most important parameter isthe carrier lifetime of material, which determines
if the material can be used for generating THz wave by photoconductive approach.
Only those materials which have short carrier lifetime, (not longer than 10 ps for
responding to 0.1 THz, the lowest value for THz gap), could have better

performance on high frequency THz generation. Normally, carrier lifetime shorter



than 1psis desired. Note: It doesn't mean the material with longer carrier lifetime
couldn't be used for THz wave generation by photoconductive method. For
example, normal Semi-insulating GaAs, which has a carrier lifetime around several
hundred picoseconds, can also be used for such purpose. But its performance would
be not as good as those with shorter carrier lifetimes, on high frequency THz
generation [51].

As this carrier lifetime level is difficult to be studied by electrical method, in
practice, the common approach is optical method, like Time-domain
photoreflectance method (pump-probe detection). In simple words, the
Time-domain photoreflectance method is a method, which measures the change of
reflection (or transmission) rate of light against time (the time delay from probe
light to the pump light) to quantitative the carrier lifetime of material. The reflection
(or transmission) rate can be changed under (relative high power) light injection,
mainly through band-filling effect, bandgap shrinkage (renormalization) effect and
free-carrier absorption effect.

(1) Band-filling Effect [52 53]

To electron, the density of energy state in conduction band is low, so the bottom
of conduction band can be filled by only a few free electrons, which forcing the
energy required for the electron excited to the conductive band from valance band
should be larger than the energy gap. And, it also leads to the decreasing of the
absorption efficiency of light which energy is larger than energy gap.

As the band filling effect is caused by free-electrons, some approaches like
"injection" or "doping" ,which can bring additional free electrons into the material,
can cause this kind of effect. The refractive index of material changed with the
carrier density can be expressed by the following equation:

An(AN, AP, E)= A =dE (2.5)
exp(2) © A
Where AN and AP are the concentrations change of free electrons and holes,

respectively, E (E =fico) is the photon energy. Aais the change of absorption



efficiency of material, which is a function of the additional concentration change of
carriers (AN, AP) and the certain light energy (wavelength). And e is the electron
charge.

(2) Bandgap shrinkage (renormalization) effect [52]

The injected electrons will also occupy states at the bottom of the conduction band.
If the concentration of electrons is large enough, the electron wave functions will
overlap and forms a gas of interacting particles. The electrons will repel others by
Coulomb forces. In addition, for statistical reason, electrons with the same spin will
avoid in the same state. The net result of them is a screening of electrons and a
decrease in their energy, lowering the energy of the conduction band edge. For
holes, the similar correlation effect exists, which increases the energy of the valence
band edge. The sum of these effects of electrons and holes leads to the band-gap

shrinkage. The model of this effect is like:
irk
=0 Z<Zcr> (2.6)

where ~ is the concentration of free electron or holes, and jf™is the critical

concentration of freecarriers, *and k aretherelative static dielectric constant of

the material and a fitting parameter, respectively.
The change of bandgap will lead to the absorption curve to ared shift:

ACciX.E) _Eg_AEg - S"p-Eg (27
where Eg is the bandgap energy. And C is a fitting constant. Then, by the
Kramers-Kronig integrals[54], one can get the relationship between bandgap
shrinkage and the change of reflective index. To mention, the bandgap shrinkage
effect is determined by free-carrier density, and it is nearly independent of impurity
concentration[55].

(3) Free-carrier absorption

The band filling and band-gap shrinkage effectsare caused by interband absorption,



in addition, there exists another absorption mechanism like intraband absorption. A
free carrier can absorb a photon and go up to a higher energy state within an energy
band. In the Drude model, this kind of intraband free-carrier absorption is also
known as the plasma effect. The change of reflective index by this kind of
absorption is directly proportional to the concentration of electrons and holes and

the square of the wavelength. The theoretical model is given by[56]

eXp(2A" AN

A Sl mnir o
Where ¢ and & are light speed and the permittivity of free space, meand nih are
effective electron mass and hole mass. X isthe wavelength of injection light.
Note: n in the equations (Eq.(2.6)-Eq.(2.8)) of these three effects means the
reflective index of material. It isnot carrier density in the equations in other parts of
this thesis.

These three effects are al related to the carrier concentration. When the pump
light injects into the material (sample), these three effectswill be created and cause
the change of the reflective index of material. After turning off the pump light, these
effects will disappear within a time range, which relates to the lifetime of these
additional carriers generated by pump light in material. So by measuring the change
of reflective index of certain sample against the time (pump-probe technology), one
can finally get the carrier lifetimein such kind of material.

The common Time-domain photoreflectance system (pump-probe detection
system) is like Figure 2.18 shows. A Mode-locked Ti: sapphire Laser is used as the
laser source. Its pulse width and repetition rate are about 100fs and 80 MHz
respectively, and the center wavelength can be adjusted from 750 nm to 850 nm as
required.

The laser beam will be divided into two beams (4:1) after the first beam splitter
(BSI). One is the high power pump beam, and the other is the low power probe

beam. These two beams are attenuated by adjustable-filters separately, and around



several ten times power difference between them is adjusted to reducing the effect
on the sample caused by the probe beam itself.

The light path difference can be controlled by a delay system. Its minimum
difference depends on the precision of stepper motor. In this experimental setup the
precision can reach 0.5nm, converting to the delay time is 3.3 fs. To make sure the
samples were excited only by the pure horizontal polarization light, a polarization
spectroscope is used to filter the vertical polarization light of pump beam. At last,
the pump beam is focused onto the samples with 500[im spot diameter by a convex
lens (focal length 10cm).

The Probe beam will go through a half-wave plate. The polarization direction
of probe was changed to vertical from its original horizontal. So, the probe light is
perpendicular to the pump light. To avoid the pump light going into the
photodetector, a polarization beam splitter is placed before the photodetector to

filter the horizontal light.
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Figure 2.18: Time-domain photoreflectance system (Pump-probe system) for carrier lifetime
measurement. (With permission from Prof.Chao-Kuei Lee of National Sun Yat-Sen
University (NSY SU)).



In the light-detection section, there is another time-delay system. The main
purpose is to finely vary the optical path difference, so the stepper motor on the
road of pump beam can have the longest load path to study the change of
transmission ratio and refractive index in time scale.

To achieve better SNR (Signal to Noise Ratio), the diameter of probe (200]im)
is set to be smaller than that of pump light, and the probe light is covered by pump
light completely. So, all the change of reflection rate detected by probe light can be
looked as caused by the pump light.

In the balanced-photon detector, a reference probe beam is loaded which split
from the probe light at very beginning. With the help of this reference light, the
background noise can be diminished in some degree and leads to the increasing of
SNR. A lock-in detection technology is also used to increase the signal-to-noise
ratio. The chopping frequency is set at 1.6kHz in such experiment.

With this kind of pump-probe measurement system, we can test the carrier
lifetime of our oxygen ion implanted GaAs materials. As introduced above, the SI
GaAs(I10) substrate materials have higher dark resistance than GaAs(I00) substrate
material, here we will test SI GaAs(llO) based GaAs:0 materials at first. Six
GaAs(110):0el3 samples are tested. Five of them are annealed by RTA process
under 350°C, 400450°C, 550°C, 600respectively. And the last one is an
un-annealed sample (as-grown one) to help getting a reference level, then we can

find the effect of anneal process (temperature) on the carrier lifetime of material.

Fast decay: exp(-t/T)

Sow decay: exp(-t 72" -

Time Delay (fs)

Figure2.19: Mechanism of photocarrier decay.



Figure 2.19 shows one of Carrier lifetime data measured by the pump-probe
method. The reflection rate is fast decayed in the first few hundreds picoseconds,
and then comes to a slow decay range with a large constant around 1 picosecond.
This shows that there should be a least two decay mechanisms of carrier
concentration in the material. LS.Gregory [57] suggested a two-trap model to
describe this kind of phenomenon in LTG GaAs materials. In that theory model, the
point defects and the precipitates are the main mechanism for carrier trapping or
recombination. For point defects, it will be eliminated with increase of annealing
temperature. As the concentration of defects is related to the carriers trapping time
(SRH model[5, 58]), the decreasing in defects concentration will leads to the carrier
trapping time to increase. The trapping time caused by point defects can be

expressed by:
= ) (2.9)

Where o® and U™ are the capture cross section of each point defect and the

thermal velocity of the electrons, respectively. Ndd is the point defect trap density,
and noe is the occupation of the point defects states.

The more unoccupied trap centers left, the smaller trapping time Xdf will be
found.

Unlike point defects, the precipitate does not only affect the carrier trapping
time by its concentration, but also its capture cross section which relates to its

diameter. The expression for precipitates on carrier lifetimeis similar to Eq.(2.9):

V=AV " (2.10)

)2. (2.11)

Where Npreis the number density of precipitates, dureis the precipitates cross section,
dogp is the extent of the depletion region. The thermal velocity at room temperature

ison the level 3.8x10™ m/s[57].



The density of precipitate will increase with annealing temperature at first, and
after reach to its maximum it will come down again like point defects eliminated
under high temperature annealing process. The spacing of precipitate, which relates
to the effective precipitates cross section, will decrease at first and then increase
later with the annealing temperature from low level to high level. These two trends
lead to the trapping time caused by precipitate unlike point defects. From
Eqg.(2.10)-Eq.(2.11), one can find the trapping time Xpewill decrease at first and
increase at higher annealing temperature.

As the effective carrier lifetime of material is the integrate contribution of these
two main trapping times (xddf and Xpe), one can expect to get the lowest carrier
lifetime at the best match point (temperature) of the curves of these two trapping
times.

By measuring those six GaAs(110):0el3 samples, we can get several figures
like Figure 2.19. Taking out the fast decay time constant (if) and the slow decay
time constant (TS in each figure, we can get the curves of them with the different
annealing temperatures (see Figure 2.20).
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Figure2.20: The carrier lifetime of GaAq110):0e materials with different annealing
temperatures, (a) the fast decay time constant, (b) the slow decay time constant.
When the annealing temperature increases, the slow decay time constant (X9
decreases. It looks more like the behavior of precipitates in their low annealing
temperature range. And the fast decay time constant (if) is aimost keeping little

change in his constant in the range of (150fs-350fs), this looks more like the



behavior of point defects before they were annealed out. So we can look the fast
decay time constant Xf is mainly related to Xdd, and the slow decay time constant (is)
ismainly related to the Xpe in Eqg.(2.9) and Eq.(2.10).

From Figure 2.20 one can expect the lowest carrier lifetime of
GaAs(110);0el3 should be in the range of 600°C-650°C, comparing with the curve
in the Figure (FIG.5) of the reference paper[57].

The different match point (temperature) between our data and that paper, one
should consider to take into account the effect of the deferent type of ion in the
material. In that paper, As+ is the main source of defects during the Low
temperature growing process, but in our case, the oxygen ion is the additional ion
which we implanted into the GaAs substrates.

By using the Time-domain photoreflectance method, we can get two
conclusions:

1).The fast decay time is in the range of 0.15-0.35 ps when the annealing
temperature was set in the range of 350°C-650°C, and the slow decay time isin the
range from 0.15 ps to several ps. The effective carrier lifetime of this kind of
GaAs(110):0el 3 is shorter than 1 ps, and its main range should be 0.15-0.4 ps when
the annealing temperature is in the range of 500 °C-650 C.

2).The shortest effectivecarrier lifetime maybe could be achieved near 650 °C.

Recalling the memory for the resisitivity and carrier mobility of materials under
different temperature annealing, we found the best condition for both resistivity and
carrier lifetime should be in the range of 500 C-600°C, The precise value in the

range should be different for the different ion dosage level.

2.5 Summary

For THz generation through photoconductive method, at first, the material should
have ultrafast carrier lifetime (shorter than 1 ps) to respond to the fs laser pumping
and generate broadband THz wave (supposing the generation is under pulsed mode).

Second, to achieve a better performance on THz generation, the resistivity of



material should be as high as possible to enhance the signal to noise ratio. A high
resistivity is also inherently related to the possible high breakdown field of material,
which would allow the higher output power of THz wave to generate from the
devices on such material. Other parameters like carrier mobility and light absorption
are also the important factors one needs to consider during the material design and
preparation process.

lon implantation method allows us to tailor the properties of materials as
designed for fulfill those requirements discussed above. So, in this work, we tried
this kind of material preparation method to introduce O+ ion into the SI GaAs
substrate, for searching apossible substitution material of LTG GaAs.

Before implantation process, a simulation work has been done with TRIM
program. From simulation results, three different implant energies (500 keV, 800
keV and 1200 keV) are selected for the multi-implantation process, considering
those important factors like the absorption depth of 800nm light in GaAs materials
and the uniform distribution of ion defects creased in the material by implantation.
For selecting the best preparation condition of GaAs:0, several different implant
dosages are tried in this work for example, Oel3 and Oel4 (the maximum level for
certain multi-implantation process).

After apost annealing process, the carrier concentrations of materials are tested
at first. By the method of Hall Effect method and the IR transmission method, the
inverse proportional relationship of the carrier concentration with the annealing
temperature, and the proportional relationship of carrier concentration with ion
dosage are both exhibited before us. Combining with the rate equations of ion
implanted materials, IR transmission method could come to be a possible simple
method for quantitative analysis of carrier concentration. (With such kind of method,
the material sample can be used again in other situation after the testing, unlike Hall
Effect method which the metal pattern on material limits recycle use of such
sample.)

From the testing results of resistivity and carrier mobility, their values for ion



implanted samples come back to the level of asgrown one under high annealing
temperature (higher than 550°C). This suggests that the defects in the GaAs:.0
materials are going to be annealed out under high annealing temperature. For
keeping a relative high resistivity for THz generation usage, an annealing
temperature higher 450 °C is desired for those three implant dosage level which
tested in thiswork, (Oel3, 02el4 and Oel5).

At last part of this chapter, we tested the carrier lifetime of GaAs:0 under
different annealing temperatures, the carrier lifetimes are in the range of 0.15-0.35
ps (xf). The trends from the measurement results suggests the shortest carrier
lifetime of GaAs:0el 3 materials should be under 650°C annealing condition.

As the preparation condition (especially the annealing temperature) of GaAs:0
materials is a compromise between al those important parameters discussed above,

from the testing of material properties, we found the best annealing temperature

should be in the range 500°C-600°C for the dosage level lessthan 10" cm”.



Chapter 3:
Device Fabrication

3.1 Introduction

After getting suitable materials for such purpose the following step comes to the
device fabrication. This chapter will show 4 important processes for the device
fabrication.

Firstly, a suitable antenna structure should be selected for special requirement.
For example, to get narrow band with power enhancement in certain frequency, a
dipole antenna[59] is a good choice. But for broad band THz generation, a spira
anteima[60] or bow-tie antenng[61] will be the first choice. For CW terahertz
generation, we also need to consider the Bias field utilization, then adding some
fingers structure in feed point of such antenna[31].

Second process is photolithography. Photolithography process is a very
common process in semiconductor industry. Almost every modem electrical device
which fabricated from semiconductor material has such kind of fabrication process
before it works. By the help of photolithography process, the antenna structure can
be transferred onto substrate materials easily in the form of photoresist pattern.

In this work, the following step is metal deposition. We use E-beam evaporator
method to deposit Ti (Titanium) and Au (Gold) metals onto the substrate. As the
substrate is patterned with photoresist already, only those substrate areas which
uncovered by photoresist will have been metal deposited directly and form the
device structure. The other areas will be no metal on them after lift-off step, because
those metals over them are insulated by the photoresist layer and will be removed
with the photoresist during the lift-off step.

The last process for device fabrication in this work is device package and
wire-bonding. For easy handling, we have done some simple package work to hold
devices onto the holder before testing. And then, a wire-bonding machine is used to

create (gold) wire connection between contact pad of device and the metal contact



pad on the holder.

After those four important processes, a THz PC device is born. A high quality
controlled fabrication process is the second important factor for PC devices to
achieve good performances on THz generation. The first important factor, as we

discussed in Chapter 2 isthe material on which the devices fabricated.

3.2 Antenna structure.

In this work, we are more interested in the frequency around 0.3 THz and its
possible highest output power of THz wave from PC devices. So we selected dipole
antenna structure (a common used simple structure) for this study, for its good
resonance performance, which can enhance the certain frequency component of

one's interest.

Figure3.1: Dipole antenna structure. (Insert window is the photogap

area of device.)

For a dipole antenna structure like Figure 3.1, the resonance frequency can be

approximated as [62]:
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fr
T 2L n ... — 2L . 3
r ae ref _index ae e
Where is the resonance frequency of a dipole antenna, is the resonance

wavelength, is the effective length of dipole antenna, & is the effective



dielectric constant defined by s*'= + [51], And s is the dielectric

constant of the substrate material, it is about 13.08 for GaAs in THz frequencies

range. [63]
[51] (3.2
Ls is the separation of two strip lines, W" is the width of stripline. W" is the

width of antenna (electrode).

In this work, we selected the following parameters for our dipole antennas
(Table 3.1), to test the THz generation performances of GaAs:0 material. Their
calculated resonance frequencies are 0.255 THz, 0.461 THz, 0.761 THz and 1.125
THz, respectively. One thing should be mentioned, the real resonance frequency of

such kind of device isnormally smaller than the value of calculated one.

Type of
4( ((um) 4o m /.(THZ)
dipole “
T_D1 170 25 25 20 221.42 0.2553S
T—D2 70 25 25 20 122.58 0.46121
T D3 20 25 25 12 74.330 0.76057
T_D4 30 10 5 5 50.249 1.1251

Table 3.1: Parameters of dipole antennas and their calculated resonance frequencies.

To transform the antenna structure onto the GaAs:0 substrate, a photomask is
required for photolithography process. Considering our current device fabrication
condition, we chose the laser printing method (minimum linewidth: ljam) to
fabricate this photomask. For this kind of photomask, the Chromium metal is used

as the cover on normal sodalime glass.

3.3 Photolithography (process and parameters)

Photolithography is a fundamental process in Semiconductor Industry and related

research area[45, 64]. It is an optical process of transferring patterns from a mask



onto athin layer of photosensitive material (called photoresist) which covering the
surface of a semiconductor wafer (like Silicon, GaAs, etc.). Then, with the formed
patterns on photoresist, user can do etching or metal evaporation (or deposition)
process to fabricated devices on the substrate asthey designed.

The most common photolithography technique is contact printing. When the
alignment is achieved, the mask bearing opaque-and-transparent patterns is pressed
into hard contact with the photoresist coated wafer, which is then exposed through
the mask with a flood beam of ultraviolet light. The minimum feature size that can
be formed using photolithography is ultimately limited by the wavelength of the
exposing light. After that, the layer is developed with developer to form the pattern
in accordance with the mask pattern.

The brief processes of photolithography are showed in Figure 3.2.
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Figure3.2: Process of photolithography

To get good quality of pattern transferring, photolithography process should be

done very carefully, including the preparing works.



So, in this work the photolithography processes include: A.)Surface
Preparation; B.)Photoresist Coating; C.)Pre-Bake(Soft Bake); D.)Alignment and
Exposure; E.)Post-Bake(Hard Bake, to reverse photoresist polarity.); R)Flood

Exposure (post exposure, to confirm patterns); G’)Develop.

3.3.1 Wafer Cleaning

Photolithography is a plane technique and the minimum linewidth of device pattern
isnormally inthe [im level. Even a small dust (or contaminant) on substrate (wafer)
will cause the photoresist layer distortion or poor adhesion between photoresist and
wafer, which will bring failureinto the pattern structure during the photolithography
process. So, a good surface preparing for substrate is the first important step for the
following photolithography processes.

Several typical contaminants (as following shows) must be removed before
photoresist coating (supposing the surface of wafer is already polished to be
smooth):

5.1 Dust from scribing or cleaving.

5.2 Atmospheric dust (Need a good clean room practice, <100 particlesm” level)

5.3 Photoresist residue from previous photolithography (could be minimized by
performing oxygen plasma ashing).

5.4 Bacteria (could be minimized by good DI water system).

55 Films from other sources. For example: solvent residue, H20 residue,
photoresist or developer residue.

In a standard clean room working condition, user only need to consider
removing type 1,34 and parts of type 5 by (DI) wafer cleaning process, and
removing H20 residue by blowing with N2 gas and hot baking.

A standard wafer cleaning steps are like following:

i) Acetone 3-5min (with ultrasonic agitation)
ii) DI water 3-5min (with ultrasonic agitation)

iii) 1PA (isopropanol) 3-5mm (with ultrasonic agitation)



iv) DI water 3-5min (with ultrasonic agitation)
v) Blowing with N2 gas
vi) Drying by Heater  (oven or hot-plate)

Note: Acetone is flammable liquid.

3.3.2 Photoresist Spin Coating
After cleaning and drying, wafer (sample) is moved to spinner to coat a thin
photoresist layer.

Wafer is held on a spinner chuck by vacuum pump, to avoid the wafer flying
off during the high speed spinning. Several drops of Photoresist (AZ5214, an
amphibious photoresist used in this work) liquid are deposited onto the center of the
wafer (or substrate).

Normally, spinner is working in 3000-6000rpm range for 15-30 seconds to get
uniform thickness photoresist layer. The final thickness of photoresist after spin
coating is primarily related to resist viscosity, and secondarily to the spinner

k™ i * per
rotational speed, dhdees= "spir/1\ ~ . Where Kk is spinner constant
(typically 80-100), pa™™™ is photoresist solids content in percent, and the co—

parameter is related to spinner rotational speed (equal to rpm/1000).
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Figure3.3: Photoresist Spin Coating

For AZ5214 photoresist used in this work, we select the parameters of spin
coating process like SOOOmpm for SOseconds, to obtain a photoresist layer (around

2\im thick) on GaAs:0 substrates. The sketch map of photoresist spin coating is



showed in Figure 3.3.

Note: To get better performance, during the coating process, one should add a
slower rotating step before high speed rotating. The final parameters of spin coating
are like this: 1200r pm for 9s and 3000 rmp for 30s.

The precise thickness of photoresist layer can be measured by a-stepper facility

(Tencor Alpha-Step 500 Surface profiler).

3.3.3 Pre-Bake (Soft Bake)

After spin-coating, the photoresist layer contains 1to 3% residual solvent and may
contain built-in stresses caused by the shear forces encountered during the spinning
process. In order to remove residual solvent and anneal any stress in the thin layer,
one must use a baking step before exposure step. Residual solvents will adversely
affect both subsequent exposure and developing cycles, and the stress in the layer
may result in loss of adhesion or erratic developing during the subsequent
processing.

The percentage of solvent leaving in the photoresist layer will directly affect
the subsequent exposure and developing time. Good selected parameters
(Temperature and Time) will help the following processes run more smoothly and
be more controllable. But, it is important to note that the problems caused by an
incorrect pre-baking step are not fully realized until after the developing step.

Normal facilities used for baking are convention oven and hot plate. With
convection oven, the solvent at surface of photoresist will be evaporated first and
develop an impermeable skin at the surface, which will trap the remaining solvent
inside. To avoid solvent burst effects, the heating of convection oven must go
slowly that lead to more time cost for this method (more than 20min is normally
required). Unlike convection oven baking, with hot plate baking, the temperature
will raise starting at bottom of substrate (wafer) and work upward to the photoresist
layer. So, this kind of heating will not grow an impermeable skin on the photoresist

surface like convection oven baking. This will help the solvent in photoresist layer



evaporate more thoroughly. So, hot plate baking is much faster than convection
oven baking, it only needs several tens seconds. But, for this kind of baking, an
extremely smooth surface of plate is needed to get good thermal contact and heating
uniformity.

Considering the condition of device fabrication, in this thesis we select the hot
plate baking for the pre-baking process, not only for its faster, but also for its more
controllable and suitable for automation.

By systematically parameters testing with the subsequence processes like
exposure and developing, we finally select the working temperature at 80°C and
baking for 80 seconds. The baking temperature should not be selected too high,
otherwise it will easily cause the photoresist lose its sensitivity to the UV light for

oven.

3.3.4 Alignment and Exposure

Now the process comes to Exposure step. For only one layer fabricating process,
the alignment work will come to be easier. It just needs to move the pattern onto the
center of sample (wafer) or suitable position, requiring on layer to layer overlap
alignment like multi-layer fabrication. As the fabrication in this thesis is only one
layer process, so the introduction for the detail of alignment will be neglected.

The exposure process is one of the most important steps in the whole device
fabrication. It is to make the photoresist to take a chemical reaction under the
certain wavelength light exposing (normally, UV light in the range of 200—450nm.)
For positive photoresist, the photoresist molecules in the area of exposed parts will
break the cross-links between each other and make these parts of photoresist layer
come to be solvable in the developer. For negative photoresist, the opposite
chemical reaction it will happen, those exposed parts of photoresist layer will stay
here after developing. A commercial facility (Karl Suss MA4 Mask Aligner) is used
for exposure process in this lab. And, contacting exposure is used in this work. For

this kind of exposure, we can get high spatial resolution of pattern and 1:1 pattern



transfer size. But, as it is contacting exposure, the scraping between wafer and mask
will happen if the operation is not carefully. And the contaminants of photoresist on
photomask from previous photolithography works will cause the failure of the
following samples' photolithography. So to make sure the mask cleanness before
the exposure process is very important too. (To clean the mask, acetone can be
selected to remove those photoresist contaminants.)

There are several processing considerations that must be taken into account,
including energy density and uniformity of UV light, exposure time and exposure
ambient, etc. In this thesis, after systematical parameters testing, we choose

15mW/cm” asthe UV light intensity, and 80 seconds for exposure time.

3.3.5 Post-bake (Hard Bake) and Flood Exposure
As the post-bake and flood exposure are using the same facilities like pre-bake and
exposure, this part just mentions something important in these two steps together.

For AZ5214 photoresist (an amphibious photoresist) used in this work after
one cycle exposure process, the photoresist is working as positive photoresist.
Because negative photoresist is more suitable for lift-off process, we have to change
the polarity of AZ5214 photoresist by post-baking and flood exposure. If one uses
some negative photoresist (unlike AZ5214) directly, then these two steps can be
jumped over.

The most critical parameter of the image reversal process is post-baking
temperature. In this thesis, we set it as IOCC (hot plate baking), Be careful, if the
image reversal baking (post-baking) temperature is chosen too high (>130°C), the
photoresist will thermally crosslink also in the unexposed areas, giving no pattern at
the end. The baking time is selected like 80 seconds.

A flood exposure step is aso needed for reverse polarity of such kind of
photoresist. In this step, the exposure will be taken without photomask. All areas of
photoresist layer are flooded under UV light. Those areas which have been exposed

in the first round exposure will be convert its polarity and will be solvable in



developer. The selected final parameter for this flood exposure step is 90 seconds.
This parameter selection is considered with the developing process together, to
make the develop time more controllable.

By these treatments, the pattern transferred on photoresist layer will be image
reversed, and the top part of this photoresist layer will have a lower dissolution rate
comparing with the deep parts, which will help a T-shaped profile with overhanging

lips to be formed after development.

3.3.6 Development
Once the latent image has been formed in the photoresist layer it must be developed
to produce the final three-dimensional relief image. The developing process is the
most complex one among these processing steps. It has the greatest influence on the
pattern quality. In order to optimize the developing process, severa criteria are
showed below:

1.)No (or least) reduction in original layer thickness.

2.)Minimum developing time (less than one minute)

3.)Minimum distortion and swelling during the developing process.

In this work, we used AZ300 MIF developer as the developer. The optimized
develop time is found at around 45 seconds.

A rinse step should be taken immediately after developing to prevent the
pattern being over-developing with the residual developer on the surface of
photoresist (or substrate). After the completion of the developing process, it is
necessary to dry the substrate (wafer) thoroughly of all residual developers and
rinses. Thiswork can be done with nitrogen gas blowing.

Figure 3.4 shows a demo of alignment mark after those processes discussed

above.
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Figure3.4: Photo of an alignment mark after

development.

3.4 E-beam Evaporation and lift-off

To make THz photoconductive devices (emitter or detect), a thin film metal is
required to be deposited on the surface of GaAs:0 substrate to form antenna and
electrical contact. After photolithography processes, the pattern have been formed
on the photoresist layer which will act as a mask during the metal deposition
process. There are severa deposition techniques are currently available for
producing such metal films: 1) Evaporation, 2)Electron beam(e-beam) evaporation,
3) sputtering, 4) chemical vapor deposition. In our department, the e-beam
evaporation and sputtering facilities are available. Considering the metal selected
for deposition and the qualities of metal films after deposition, in this work, we

select e-beam facility to do this kind of deposition work.

3.4.1 E-beam evaporation

Electron Beam (e-beam) evaporation is one of the most common methods of
physical vapor deposition (PVD) of metals. Others methods are like sputtering,
plasma spray deposition, evaporation. By e-beam evaporation, the metals and metal
compounds such as Ti, Au, Al, Cu Ni TiN, TaN, can be deposited on the substrate
asthin film layer.

Evaporation occurs when a source material is heated above its melting point in



a chamber, which is evacuated to a base pressure lower than 10" torr. Under this
low pressure condition, the evaporated atoms will travel at high velocity in
straight-line trajectories. E-beam evaporation is a method which uses accelerated
electron beam as its heating source to heat material (metal or metal compound) to

its melting point.

Water-Codled Hearth Electron Beam

Figure3.5:Electron-Beam evaDoration source

The Figure 3.5 shows the schematic structure of e-beam evaporation source
[45]. Electrons are obtained from a hot filament and are then accelerated through a
voltage of 10 keV before striking the source material. Appropriate provisions can be
designed into the system so that impurities from the hot filament do not reach the
melt. The electron beam can be scanned over the source surface to prevent
non-uniform evaporation. By incorporating a number of sources in the deposition
chamber, films of different compositions can be deposited sequentially. Depending
on the source-substrate distance, deposition rate as high as 0.5lum/min isfeasible.

The samples are mounted onto a tunable plate which is directly above the
e-beam evaporation source. After evacuating the bell jar into a low pressure, the
source is heated to its melting point by electron beam, then the atoms or atoms
clusters of source material will leave the source and condense on the masked

substrate (GaAs:0 samples), leading to the deposition of metal films.

3.4.2 The material and deposition parameters selection
Normally, the metal used for PC antenna fabrication should be Aluminum (Al), as it

can be easily obtained by a low price. But Al is easy to be oxidized in air, which



will decrease the performance of device in along time scale. So some metal which
is more resistive to oxidization reaction will be the first choice. From papers, Gold
(Au) is the most popular metal selected for such kind of case. But, if only deposits
Au layer onto the surface of substrate, the Au layer will be not easy to stick on the
substrate firmly, because of the crystal lattice mismatching between the substrate
material and Au material. If the adhering performance of Au layer to the substrate is
not good enough, the metal layer will easily be al life-off and no pattern left during
the lift-off process. Then it will cause the device fabrication failure. So, one should
add some other kind of material to increase the stickiness between substrate and Au
layer.

Titanium (Ti) is the one selected metal for increasing the adhesion, because Ti
material has superior adhesion to GaAs substrate than Au. And, because the Ti and
Au are both metal, they are easy to be combined together firmly.

So in this work, we firstly deposited a thin Ti layer (500 A) to increase
adhesion of metal layer to GaAs substrate, and then deposited Au layer (2000 A) to

make devices.

3.4.3 Lift-off and the fabricated devices

Lift-off is the last step for antenna device fabricating on GaAs:0 substrate. The
metal deposited GaAs:0 samples are put into
a vessel with acetone solvent, and agitated
with ultrasonic. About 3-5 min later, the
, photoresist on the top of GaAs:0 surface will
be solved by acetone and make the metals

just above them to lift-off from the GaAs:
. substrate. Then, at the end, only those metal
. layers directly deposited on the surface of
GaAsiO will leave there and form the final

Figures.6: photo of an alignment
mark after lift-Off step. device pattern. A demo after lift-off step is



also showed in Figure 3.6. Note: A successful lift-off step is mainly determined by
the quality of those processes like photolithography and e-beam evaporation. The
only thing need to take care in this step is the energy of ultrasonic. Too strong
energy will cause those metals on GaAs:0 to lift-off too, even they were adhered on

the material.

3.5 Packaging and Wire Bonding

3.5.1 Packaging

The packaging work isjust giving user an easier solution of device handling during
the devices testing. A metal holder or normal printed circuit broad (PCB) can be
used as such kind of hold. In this work, we chose the PCB as the holder of our
GaAs:0 based PC devices.

A small square hole, which isjust little larger than Si lens, is dug on the back of
PCB. Then the device is fixed (adhered) onto the PCB insider this square hole with
Epoxy adhesive (H20E). This kind of Epoxy (H20E, www.epotek.com) can make
bond between materials (metal or plastic, and so on) under 120« for 15min oven
heating. If one wants to remove the device from certain holder, he (she) can put
them back to the oven, and increase the heating temperature to 175 . After 1 min
oven heating, the device can be taken off from the holder. So, this kind of adhesive

gives one more convenience for devices packaging.

3.5.2 Wire Bonding

To make the devices works, the last process have to be done at first. That is wire
bonding, atechnique for giving the wire connection between small size devicesto a
larger electrical contact pad. Although wire bonding is the oldest attachment method,
it still is the dominant technique for those devices with fewer than 200 connections.
With gold or aluminum wires, the device bonding pads and the contact points on the

package are connected by bonding method. Normally, ultrasonic, thermo-sonic, or


http://www.epotek.com

thermo-compression bonding could be selected for the boning work. The
thermo-compression technique normally needs to heat the substrate to a temperature
of 150 C to 200 C, and the bonding interface temperature range from 280"C to
35(rC. In this working condition, many epoxies cannot withstand such high
temperature. The ultrasonic bonding technique is a lower-temperature aternative
method which relies on a combination of pressure and rapid mechanical vibration to
form bonds. Considering the epoxy we used in the packaging step, we adopt
ultrasonic bonding method in this work.

Figure 3.7 [46] shows the operation process of ultrasonic wire bonding. The
wire is fed from a spool through a hole in the bonding tool. When the bonding tool
is move down onto the position which bonding pad is located, an ultrasonic
vibration at 20 to 60 kHz is added on the tool causing the end of metal wire to
deform and flow (even at room temperature). After finishing the first bond on
device bonding pad, the tool is raised up and move to the position of contact point
of package to do the second bond. This operation is the same but the bonding
parameters (ultrasonic energy, time, pressure, etc.) needs to be adjusted
corresponding to the package material, After the bond to the package is formed,
the tool is raised again and a clamp pulls and breaks the wire as showed in

Figure3.7(e).

=Y ©
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Figure 3.7: Ultrasonic bonding process, (a) Tool guides wire to the package, (b) pressure
and ultrasonic energy form bond, (first bond) (c and d) Tool feeds wires and repositions,

and ten form the second bond, (e) Wire broken at the bond.



3.6 Summary

In this chapter, we have discussed those important factors for fabricating a
photoconductive antenna on GaAs:0 substrate. After getting a good material though
the preparation method which introduced in chapter 2 we havejust finished the first
step to the success. Without good device fabricated on such kind of substrate, we
can not achieve good THz wave generation performance. So, for certain application,
a suitable antenna structure is required. For example, as we are focusing on the high
power generation potential of PC device at the frequency about 0.3 THz, we select
normal dipole antenna structure and design its scale to match the requirement.

To realize the design on GaAs:0 material, we used normal photolithography
and E-beam evaporation methods. Before them is a high quality cleaning process
to avoid those possible failure may caused by some contaminations during the
photolithography process. In a 100 class (<100 particlesm” level) working
condition and several times cleaning in those corresponding solutions (acetone, DI
water and isopropanol) are required for such kind of preparing work before
photolithography.

In photolithography part, one issue should be mentioned here, the parameters
selected for each step need to demonstrate the convenience and quality of those
steps after them. For example, alonger exposing time may cause the develop speed
to decrease. Too fast develop speed will cause the operating difficulty to user,
because a little un-precise time counting during this step will lead to the over
develop result and make failures on devices. Others like softbake temperature and
time, affect the sensitivity of photoresist to the UV exposure and at the end affect
the parameters selecting in the step of Expose and then pass to the parameters of
hard bake, flood and so on. So, even small change in the parameters in the earlier
steps will lead to those parameters in following steps to change accordingly.

And it is aso easy to understand that for different substrate materials and

photoresists, the parameters for each step of photolithography process will be



normally different, because each pair substrate material and photoresist should have
different viscosity between them. Although each kind of photoresist has its own
operating manual, considering the certain material use, those parameters should be
adjusted for achieving best photolithography result case by case.

So, to fabricate device successfully, one should optimize all those parameters in
the photolithography process for his certain material. A possible simple method for
finding the relative good working parameters is like following: At first, fix most
parameters as the manual suggests and leave one for optimize. And then, select
some possible values (discrete values with certain step) for certain parameter to test
their effect on the final result of photolithography. (The step for discrete value can
be large first and then decrease step by step.) After optimize this parameter, one can
use the same method to optimize other parameters, until all the parameters are
optimized at the end.

In this work, after this kind of parameters optimizing, we find the best

operating condition of photolithography for our GaAs:0 samples like Table 3.2

shows.
M aterial Coating Soft Hard Bake Flood Develope
Bake Expose (FEB) Expose
GaAs.0 1200 (99) 80C 80s 100°C 90s 45-60S
/3000(30s) /80s /80s

Table3.2: Parameters for photolithography.

After the E-beam evaporation process the Ti (500 A) /Au (2000A) metal layers
are deposited on the surface of GaAs:0 material. During this process, one should
keep the surface of samples clean and without H20 residue left before putting them
into the chamber, otherwise the metal can not adhere well on the material surface,
which at the end will cause device failure during the lift-off or wire-bonding
process.

After those processes mentioned above and the packaging and wire-bonding,

the whole device fabrication is finished. Now, the PC devices are ready for testing.



As there are several devices with different substrates and antenna structures will be

tested in the following chapters, for easy tracing, each device will be named. The

list of devices is showed in Table 3.3.

Substrate lon
Material type
SIGaAs
CT
(110)
LTG
GaAs
GaAs Ast
Substrate lon
Material type
S| GaAs
(110)
0+
GaAs
(100)
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GaAs

lon implantation
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500keV/6x10" cm-'
800keV/6xI10'cm-»

1200keV/IxIO" cm-2

500k ev/2.5x10iW 2
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Table3.3: Devices and their parameters
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Chapter 4.
Pulsed THz wave generation pumped by
femtosecond laser

4.1 Introduction

Pulsed THz wave generated by fslaser pumping is a very common technology used
in terahertz time domain spectroscopy (TDS)[65]. The transient photocurrent
induced by fslaser pump will emit EM wave to the space from the PC devices. A
higher strength of transient photocurrent is normally corresponding to a higher THz
output power. The potential THz power generation ability of the PC devices is
mainly determined by the material on which the devices fabricated. As discussed in
chapter 2, the LTG GaAs is common material used for THz wave generation by
Photoconductive method, for its high resistivity, ultrashort carrier lifetime and high
breakdown field. But it till has disadvantages on some aspects, for example, the
critical preparation condition and the relative low saturation level of pumping power.
Some possible substitute materials of LTG GaAs have been studied during the past
several years. In this work, we try to optimize the preparation condition of oxygen
ion implanted GaAs materials and to see whether it can obtain such kind of THz
generation properties like LTG GaAs materials, or has some prior aspects than LTG
GaAs. In this chapter, we will focus on the pulsed terahertz generation properties of
GaAsiO based PC devices.

At first, some theoretical models on pulsed terahertz wave generation and its
saturation behavior will be reviewed in the early part of this chapter. And then,
several experimental systems (power measurement and calibration, FTIR, TDS, and
CW background illumination) for our devices testing will be introduced. The third
part of this chapter is focusing on the THz generation properties of GaAs:.0

materials. Several samples with different preparation conditions and device



structures are tested and compared. Some devices fabricated on GaAs:As and LTG
GaAs materials are also contrastively tested for better understanding of the

advantage and disadvantage of GaAs:0 in the field of THz generation.

4.2 Generation mechanisms

When a biased semiconductor is pumped by an ultrashort (such as, fs) laser pulse

the rapid change of photocurrent through the emitter causes the emission of ultrafast
electromagnetic wave (such as THz wave). The transient photocurrent density J
(given by Eq.(4.1)) arises from the rapid change of carrier density via ultrashort
laser pumping and the acceleration of the photogenerated carrier under an electric

filed.

J env (4.1)

Where e isthe elementary charge, n is the carrier density and v isthe carrier

velocity.

4.2.1 Drude-Lorentz Model

To model this carrier transports in semiconductor, a simple one-dimensional
Drude-Lorentz model[66, 67] can be used. The time dependence of carrier density
IS given by equation (4.2), where Xtgis the carrier trapping time (Here we use Xigp
to present the effective carrier lifetime x, for 1/T=1/Ttrgpt+1l/Tr+1/Fdift, since the
trapping time is smaller than recombination time and the carrier drift time). G(t) is

the generation rate of free carriers generated by the laser pulse:
= +G . 4.2)

As discussed in Chapter 2, the carrier trapping time isrelated to the concentration of
defects (trapping centers). The generation rate is proportional to the incident light
power.

The time dependence of average carrier velocity isin the Drude-Lorentz picture



is given as:

o, (4.3)

where Xsis the momentum relaxation time, m* is the effective mass of carrier, and
the Eloc is the local electric field. The local electric field is smaller than the applied

bias field (Eb), because of the existence of the space-charges field Ec,

Ei c=Eb-Esc=E (4.4)

where Pt is the space-charge polarization induced by the carriers' separation in the
electrical field, rjgeo is the geometrical factor of material which equals to three for an
isotropic dielectric material, £ is the permittivity of the substrate. Without the
applied electric bias Eb, the effective carrier velocity will be slowed down by the
carrier-carrier scattering (collision) and the screening of space-charge.

The time dependence of the space-charge polarization is given as:

&t + (4.5)

where x* is the carrier recombination time. The band-to-band recombination or
Auger recombination is expected to be roughly on the order of 100 ps[68, 69].
Using the Green's function method, one can find the solution of Eq.(4.5) with
inserting Eq.(4.1):
=e.exp( \dfn{f)v{f)QM—)- (4.6)
Aro- Ar
The physical meaning of the convolution integral is that the photogenerated
carriers move in the applied electric field with avelocity v until they are trapped
by the defects[70]. The screening of space-charge field will stop increasing once the
photogenerated carriers are trapped by the defects. However, the trapped carriers
still continue to statically contribute to the screening on the applied electric field
until these carriers fades by recombination. As the decay time of recombination isin

the order of 100 ps, the static screening of trapped carrier is a long-living



phenomenon compared with the ultrashort pumping light which is normally on the
level of sub-ps (5~300fs).
In an elementary Hertzian dipole theory, the far radiation field etnz is

proportional to the change of photocurrent,

Eth. ~ 7 4.7
ot (4.7)

By inserting EQ.(4.1) into Eq.(4.7), the electric field of radiation can be

expressed as,
dv

"THzVe an | '('4.3)
dt dt

From Eq.(4.1-4.8) one can know the terahertz radiation field will increase with
the intensity of incident laser pulse at first, and then fall into a saturation state. This
is because the increasing of space-charge screening is aso proportional to the
intensity of incident light. And, terahertz radiation field etHz can aso be increased
by the increasing of carrier velocity which is caused by the increasing of the
electrical bias field.

From the above discussion, the saturation is related to the space-charge
screening, however, another screen effect also can give contribution to the
saturation behavior. The THz field generated from PC emitters is also related to the
impedance of antenna which will shares the applied electric field with the
photoconductive gap where the pumping light inject. An increasing of photocurrent
will aso increase the voltage on the antenna impedance leading to the decrease of
local electric field for carriers' acceleration in photoconductive gap area. This kind
of screening is called radiation field screening, and it is also considered as the main
reason for the pump saturation behavior.

For detailed study of the saturation behavior, two saturation models commonly
used by researchers will be introduced in the following subsection. One is for large
aperture PC emitterg[71~73] (Conducting electrodes with a spacing in the range of
0gLiIm to 30mm), and the other is for small-size PC emitters[74, 75].



4.2.2  Saturation behavior of Large aperture PC emitters
For THz PC emitters, whose dimensions are much larger than the wavelength of the
emitted THz wave, the saturation behavior is approximately described by equation

(4.9) for the radiation near electric field[72]:

(4.9)

Where Eb as mentioned before, is the applied bias field. And the Qyis the surface

photoconductivity, £ isthe dielectric constant of the photoconductor. And Z isthe

characteristic impedance of the free space, about 377Q[73].

The surface photoconductivity can be expressed by[76, 77]:

(0O=<I1-2)(l;exp(-al))-r T (4.10)
ho)

where R is the optical reflectivity, lopt(t) is the incident optical pulse intensity as
function of time, | is the thickness of semiconductor absorption layer, icaneis the
lifetime of the excited carriers, which is a function of trapping time Xt

recombination time Xr, and drift carrier lifetime Xdift

1 + _1 + 1 (4.11)
‘Ncarrier A trap r drift
From Ohm's law, the surface current Jsis given by [78] (4.12)

Insert Eq. (4.9) into EQ.(4.12) then we can get:
* Y?) b AL (413)
(1+Vv?h)
For those semiconductors under high electric fields, the Ohm's law does not
apply(i.e. greater than 5.0kV/cm[71]), the Eq.(4.10) and Eq.(4.12) should take into
account the electric field dependence of the surface conductivity.

The value of the radiation electric field on a distance z from the emitter is given



So-.
P w1 A (4.14)
T ..-Attsc' d z— Atvsc'z +

1+VF

where c isthe speed of light, A isthe illuminated area of the emitter.

From Eq.(4.14) one can easily find the amplitude of THz wave measured in a
distance z from emitter is proportional to the change of surface photoconductivity
and the applied bias. As the beam size of THz wave will expands with the
increasing of distance z, to collect all THz waves generated by emitter, one need to
use some components (like S lens, Parabolic mirror, and Picarin lens) to adjust the
beam shape and focus them.

As the Eq.(4.14) is still complex, it is not easy to grasp the sprit of saturation
behavior. To get simple expression for better understanding on the saturation
behavior, one could do following simplify work.

Suppose the surface current increases to its maximum on the order of the

pulsewidth of the radiated field Tp[71], then one can assume that

f s J E, oy (@+V? _E,
k~rdmax = - “ r\ - I (. J
Tp S Z0+(1+e) tr’ + , maA

@+vh)
So, the electric field of THz wave in a distance z from emitter will have its

maximum value as;

4 dt Z neczrm*” Q Z
(IWT)

Note the time asreaches it maximum is not the time of \i and lopt(t) reach their
maximum respectively, because the relatively slow increase in the conductivity
compared with the rapid varying optical intensity is presented by the slow change of
fj.(t) in this theory model. So, here uses the average incident optical fluency F to

simplify the question.



F= ‘oAt)dt=f | exp($dt =V~I1J (4.17)
7 A

Where Eopt is the measured average optical energy. A is as defined before, the
illuminated area of the emitter. Then,

= -iN - 4,18

'pt(Q—’\'IJ exp( Ty, (4.18)

Insert Eq.(4.18) into Eq.(4.10), then we can get:

&(I-R)il-Qxp{-al))F | -t t-f)
— VArro 7 Te

(4.19)

Now, let using [Xeff(0 to present the time dependant part in the Eq.(4.19),

_ o . (4.20)
MeffiYy= [dfjuit-nr"r"AAPiN) ‘exp[“( O]

\Y Tq Tcarrier
When jieff(t) reach its maximum |igffmax, the surface photoconductivity will also

reach its maximum value gsmax Insert Eq.(4.20) and Eq.(4.19) into Eq.(4.16), then

one can get the simple expression of far field THz radiation field:

E
ATHzfar,inax (Z) - Ps p + p (4'21)
,max
Where
(4.22)
A 1+ 6 (4.23)

With a given ultrashort pumping laser, the value of Fsmex will be different in
different materials, which presents the different saturation behavior of materials.
The main reason should be the different value of effective carrier mobility of
materials (Hcff), which mainly confined by the density of defects[79].

The value of Fsmx is also affected by the change of absorption coefficient

under high incidence light, which can both influence the refractive index of material

("refradive = )and the powecr efficiency of pumping light ((1- i?)(I - exp(-a/))) in



some level. Maybe this is a possible reason for some experimental results obtained
by J.Zhang [80], where the THz field amplitude will have an increase with the
increasing power of the additional CW pumping.

Normally, the curve of THz electric field versus the intensity of pumping light
will saturate a the value Ps when the surface photoconductivity becomes
comparable to the reciprocal of the impedance of antenna. The additional pump

light adding on the emitter after the saturation threshold will slight change the THz

electric field through the termyfs in ps. Under high pumping condition, the change

of refractive index will come to be obvious through the bandfilling effect, bandgap
shrinkage effect and free carrier absorption effect[52, 53]. The integration effect

normally causes the refractive index to decease[81]. When the refractive index

changed, it also presents the change of effectivedielectric constant, asyfs =n. This

may be the possible reason that the SI GaAs material will have a decay

phenomenon under higher pumping power in the paper[51].

4.2.3  Saturation behavior of small-size PC emitters

For a small-size PC emitter, the theory model of large aperture PC emitters will be
not valid all the time. Because large aperture PC emitters have much smaller center
wavelength compared to the current distribution dimensions, the radiated field can
be well approximated to plane waves. And that model assumes the inward and
outward radiated fields are equal, this is not true in case of a Hertzian dipole
antenna on adielectric material[82].

Normally, small-size THz PC emitter can be looked as a photoconductive
antenna with external circuits like Figure 4.1 shows. In this equivalent circuit
picture, we also neglect the capacitance presented by the photogap, because the
capacitance in photogap is on the order of-1OOaF for small dimensions of THz PC
emitter[75]. The planar antenna can be presented as a load with an impedance Za(A

resonant structure is assumed for the dipole antenna used in this work), which has



only resistive part.

Figured4.l: Schematic of equivalent circuit
of GaAs:0 based PC antenna.

Without light pumping on the photogap area, the applied bias are mainly
occupied by the photogap (because the impedance of photogap ZggO) is much
larger than that of antenna Zg), and generate constant dark current k in the emitter.
When the photogap area is illuminated by ultrafast pumping laser, the impedance of
photogap zgap(ty will decrease dramatically and be modulated by pumping laser
through the change of the density of photogenerated carriers. The change of Zgg
will cause photocurrent i(t) to be generated with a given applied bias. When the
photocurrent passes though the antenna, the THz waves are generated and radiate

away. So we can get the expression of Vg(t) as:

(4.24)

As we know, the photogenerated current density in the photogap is given by:

MO =en(OjuE®) =en(dju (4.25)

where dggp is the distance between the two terminals of antenna (metal electrodes).

If take look Egap(t) in detail, one can find the "screening" effect:

E (O = L d (4.26)

where



“Q =~ 4.27)

Ea is the electric field applied on the antenna and contributes to the generation of
THz wave. The increasing of Egwill cause the electric field Eggpwhich added on the
gap to decrease, like a screening effect. So this kind of screening caused by the
radiation field isnormally called as "radiation field screening".

The time-varying photocurrent i(t) can be obtained by multiplying the

photocurrent density with the acting area A as:

Al
m = (4.28)

“gop
Where A is the area of photogap which illuminated by pumping laser, | is the
absorption depth of substrate.
Insert Eq.(4.25) and Eq.(4.24) into Eq.(4.28), we can get new expression of i(t)\

entt)fj. Al

m =V, NN (4.29)
\ + Z7enft)ju
dgap

Using carrier mobility <7pdt) in the photogap to simplify the term of en(t)ju’ we can

obtain asimilar expression like Eq.(4.13)

. Al
PC... d
iit) = K A A (4.30)

| +Z,cT A

Then the far field THz can be deduced by taking time derivative of Eq.(4.30):

d<JpM
P« T b dt 4

From Eq.(4.30) and Eq.(4.31), we can find these expressions in this model are
similar to Eq.(4.13) and Eq.(4.14). So, small-size PC emitter should also have

similar equations like Eq.(4.21-4.23) to describe the saturation behavior,



(4-32)

Spe
The main difference of these two models in the expression equation of saturation is
the impedance of antenna, which relates to the dimensions of emitter. The antenna

impedance of small-size PC emitter can be calculated by[83]:

=10 ” 4.33)

In some paper, the saturation behavior is also looked as the depletion of the
electrostatic energy stored in the PC gap. This kind of energy is partly released after
the photoexcitation as THz radiation energy. So, one phenomenon should have not
only one possible explanation. Researcher should know the theoretical model is
only a simple description of natural phenomenon, but not the natural phenomenon

itself.

4.3 Experimental systems

As discussed above, when ultrafast light pulse incites the biased antenna which
fabricated on GaAs:0 (or LTG GaAs) substrate, the terahertz wave will be
generated. To test the Pulsed THz generation performances of the GaAs:0 materials
grown by us, we use femtosecond (fs) mode-locked Ti;sapphire laser as the
pumping source. The pulse width of this laser is around |0Ofs (FWHM), and the

repetition rate is about 82MHz. Its center wavelength is adjusted to ~800nm.

431 THz wave generation system

As Figure 4.2 shows, the fs laser pulse is focused by an objective lens onto the
photogap area of PC antenna which fabricated on GaAs:0 substrate. A DC bias is
also added onto the PC antenna to give an applied electric field on the photogap.
The generated THz wave beam will be reshaped by Si lens, and then be focused into
4.2K liquid-helium-cooled S bolometer by a pair of off-axisparabolic mirrors. The

intensity of THz wave can be measured by Si bolometer detector (described in mV



units). This kind of Si bolometer has a response from 0.09 to 3 THz and a noise
equivalent power of [.SXIO—] W/HZz":

As the output data of the Si bolometer is avoltage signal If one wants to know
the real power of THz wave in |iW units, a calibration work isrequired. In this work,
we use athermal source as the blackbody radiation source to radiate electric wave

to calibrate the Si bolometer detector [84].

Bolometer

Figured.2: Schematic of experimental setup for THz generation by fs laser

pumping. (THz Power measurement)

After very careful calibration, the relationship between the real power in jxW
units and the measured value of S bolometer in mV units is obtained. For our case,
ImV from the Si bolometer (channel 1000) output voltage refersto around 0.02[j,W
real THz power generated by PC antenna (ImV~0.02nW), without including the
chopping loss and calibration distance decay factor during the calibration. If count
them in, then one should multiply the original one with the chopping ratio 2 and

the calibration decay ratio 2.45 (Rcai(0)/Rcai(30)=35.7/14.56=2.45, Supposing the
distance is 7.5*2+15=30cm from device to bolometer,R™i(z) =1256+ 2 3

The 7.5cm in equation is the focal length of parabolic mirror). Then the modified
relationship will come to be ImV”0.98nW (0.02*2*2.45= 0.98).

But in this thesis, without additional mention, we use the former one
(ImV~0.02nW) as the calibration ratio for calculate the real THz power, to have

easier comparison with other reference papers supposing they were aso not



including the chopping loss and calibration distance decay factor.

Then, one can estimate the real THz output power generated from GaAs:.0
based PC devices in |iW unit through this kind of relationship, after getting the
measurement data from Si bolometer.

Note: The calibration method with blackbody radiation may have some errors
during the calibration procedure, like following: 1). As one can see the blackbody
radiation source used for this calibration is not really a blackbody, there should be
some difference in the relationship between the radiation energy (for certain
wavelength) and the operation temperature from that calibration calculated
assuming a true blackbody. 2). The dlight temperature instability of the blackbody
radiation source, the inaccurate calculated effective radiation aperture of blackbody
source compared with the aperture of bolometer detection window after passing
some distance, and the effect of inserted filter (crystal quartz or Black polyethylene)
in the bolometer, will al bring some calibration errors into the final calibration
results. 3). The spectral response of the bolometer is assumed to have a rectangle
shape here, but the real response of bolometer decreases slightly with the decrease
of the frequency.

To overcome some possible calibration errors encountered in this method, one
can try to use some laser sources, which has a higher temperature stability and a
better collimation beam shape, to replace the blackbody radiation source [85].

About the Si lens used in this experimental system, maybe someone will have
some question like, "As the pair of parabolic mirrors are used in the system, why
the S lens still be adopted?' The main reasons are as follow:

1) The large difference between the dielectric constant of SI GaAs substrate
(where GaAs:0 layer grown on) and that of air, will cause strong reflection at the
dielectric-air interface at the backside of substrate, like Figure 4.3(a) shows.

2.) The reflective waves will form standing waves for certain frequency
(wavelength) THz components in the substrate. The more power are reflected back

from the interface of dielectric-air, the substrate modes will be more obvious and



leads to more power to be trapped inside of the substrate.

So, to decrease these unwanted effects, a material with lower dielectric constant
(which is between GaAs and air), is desired. Silicon is one of the best choices for its
low cost and easy achievement. By fabricating Silicon bulk material into
hemisphere or hyper-hemisphere, the detection efficiency will be much enhanced,

like Figure 4.3(b) shows.

S lens

@ (b)

Figure4.3: The increase of detection efficiency with Si lens.

4.3.2 FTIR system for THz wave spectrum measurement

The system discussed above can only tell us information about THz power, it can't
tell us any spectrum information of the THz wave generated by GaAs:0 materials.
If one wishes to know the frequency components of such THz wave, a spectrum
measurement system should be added. One of spectrum measurement system is
Martin-Puplett-type  Fourier transform infrared spectrometer. M-P  type
interferometer (originally produced by Martin and Puplett in 1969 [86]) is a
polarization interferometer similar to the well-know Michelson interferometer. But,
comparing with the classical Michelson interferometer, M-P polarization
interferometer can get higher modulation efficiency with the polarizing beam
splitter and more uniform performance in a wide spectral range. M-P polarization
interferometer is the most popularly used interferometer system in THz frequency
range and sub-millimeter wavelength range. In this work, we also set up a
Martin-Puplett type polarization interferometer system, cooperating with Fourier

transform mathematic calculation method to get the information of THz frequency



components. The schematic of such system is showed in Figure 4.4.

Silicon lens
Antenna on GaAsiO
Parabolic mirror
Ti:Sapphire laser i : .
Wire Grid Polarizer
ChoDoer
| solator lens

Retror eflector
Martin-Puplett
I nterferometer

Bolometer

Figured.4: Schematic of Martin-Puplett-type Fourier Transform Infrared
Spectrometer (FTIR) System.

Two wire grid polarizers are used as the splitter and polarization selection
mechanism. The THz wave beam generated by PC device (emitter) will be reshaped
to aparallel beam with a Si lens and a parabolic mirror. Then use the first wire grid
polarizer near the parabolic mirror is used to select a certain percents of THz wave
beam and reflect them into the interferometer, by controlling the polarization of
wire grid. The propagating THz beam will be divided into the transmission beam
and the reflection beam by 50:50, with the second wire grid polarizer. Two
retroreflectors are used to reflect back these two separated beams. One of them is
fixed, and the other is mounted on atranslation stage. The two reflected beams from
the retroreflectors will come back and be focused into S bolometer detector by the
second parabolic mirror. By adjusting the path length of the movable arm, one can
get the interference curve (power intensity vs. difference of path length). The
different path length between these two propagation beams also means a different
time delay between them. Then, after changing the interference curve into time
domain (power intensity versus difference delay time) and using Fourier transform
calculation method, one can easily get the frequency domain information of such

THz wave generated by GaAs:0 based PC devices.



4.3.3 TDS system for THz wave spectrum measur ement

Another approach for THz wave spectrum measurement is TDS (time domain
spectroscopy) system. This kind of system is the mostly used technique for
measuring THz wave spectrum. Unlike M-P FTIR system, TDS system don't utilize
interference conception. It is more like the system for carrier lifetime measurement
as introduced before. As the semiconductors and some crystals also have slight
response effect to the THz waves like normal light. The fast varying effects of
materials caused by THz wave can also be detected by pump-probe technology.
Then from the measured data, one can know the relative intensity of THz wave
versus the time delay between the pump and probe light. Again, with the help of
Fourier transform mathematic method, one can finally get the information of

frequency components of THz wave generated by GaAs:0 based PC devices.
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Figure4.5: Schematic of Terahertz Time-Domain Spectroscopy System.

Figure 4.5 shows the schematic of the norma Terahertz Time domain
spectroscopy system. The ultrafast laser beam is separated by a beam splitter. One
beam is used as the pump light, and the other is used as the probe light. The pump
light will be focused onto the biased photogap of PC antenna, with an objective lens.

The probe light will propagate in a delay sub-system before it be focused onto the



unbiased photogap of PC detector, which can response to THz wave in broad
spectrum range. Normally such kind of PC detector is fabricated on the LTG GaAs
substrate. In this work, we also used a LTG GaAs based dipole antenna (with
antenna gap 35|j,m) as the detector.

By changing the delay line of this delay sub-system, the probe light will scan
the PC detector in time domain. The interaction of THz wave and the probe light in
the material will be presented as the intensity of photocurrent from the PC detector.
The time-domain waveform of photocurrent can be directly looked as the THz wave
intensity curve in time-domain. To increase the signal-to-noise ratio, a chopper is
used on the arm of pump light. The pump light was modulated at IKHz, and the
output photocurrent signal from PC detector was measured with alock-in amplifier.
This kind of lock-in measurement technique was also adopted in M-P FTIR system
and THz generation system above, in those case, the signal to amplifier is from S

bolometer detector and the chopping frequency is set around 200Hz.

434 Experimental setup for studying pulsed THz wave generation with CW
background illumination.

THz power will increase with the increasing of pumping power, and a the end
reaches to its saturation level for the reason of pumping power saturation behavior,
as discussed in the Chapter 4.2. The main reason is suggested as bias-filed screening
(space charge screening and radiation field screening) [51, 68, 87-92] . To
particularly investigate the screening effect a CW background illumination is
utilized to generate additional screening effect. In such experiment, we used a
Golay Cell detector to replace bolometer detector, and place it very close to the THz
PC emitter. The whole experimental setup is showed in Figure 4,6. The fs laser
beam and CW light beam are combined together with a beam splitter, and then
focused onto the PC antenna. In this experiment, the chopper only modulate fs laser
beam to take data of pulsed THz wave signal. The chopping frequency is set about
20Hz.
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Figured.6: Schematic of experimental setup for studying pulsed THz wave generation
efficiency as a function of CW background illumination

4.4 Results and Discussion

Now, with those experimental systems introduced above, we can test the THz
generation properties of GaAs:0 based PC devices, and comparing them with other

material based devices, for example LTG GaAs and GaAsiAs.

4.4.1 Photocurrent and THz power

As discussed in Chapter 4.2, the THz power is proportional to the derivative of
photocurrent. For a giving fs laser pumping source, a larger average photocurrent
normally means a larger THz power one can achieve. So, to investigate the THz
generation performance of our GaAs:0 samples, the first work is to get the
photocurrent relationship with bias or pumping power, and then to see how large
THz power we can achieve.

At first, we tested the device which fabricated on GaAs:0el4 material (Sl
GaAs(I10O) substrate, 0+ ion multi-implanted with 500keV/6x 10Mcm"A+800keV
/6x10"W~+1200keV/IxI10"W), which was annealed under 550°C. The device
structure is dipole, and the separation between the centers of these two striplines (Ds)
is 195pm This device is named as “dipole—1" the other details of this device can be

found in Table 3.3.
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Figure 4.7:1-V curve and Power-Bias curve of Dipole | (GaAs:Oel4 550 C, IPSfiin)

Figure 4.7(a) shows the 1-V curve of device dipole_I. Its dark current is very
small, because the dark resistance of this device is as high as 16.13MQ. A smaller
dark current is always what we desire, as it corresponds to a possible higher SNR
(signal to noise ratio) value. After injecting fs pumping light, the current increases
dramatically, which means the device has a good optical response, or to say, the
material is in a good semi-insulating state. The photocurrent (chopped) is about
0.075mA when the pump power and the dc bias are 3SmW and 70V respectively.

Under Gain=200 channel of Bolometer detector, the power of THz wave (in
Pulse mode) is about 0.31V when the pump power and the dc bias are 3SmW and
70V respectively. After optimizing the position of Si Bolometer detector and
Parabolic mirror to collect most of power into Bolometer detector the total power
in that condition should be about 1V. (A 0.133V output power of THz wave for the
condition of 15mW pump power and 40V bias after optimization, comparing the
0.0414V output power under the same condition before optimization. In other
testing conditions, the ratio should be the same-)-

As in this thesis the most of THz power data were measured with Gain=1000
channel, so the data in Figure 4.7(b) is aso adjusted by simple mathematic
calculation (multiply 5) to get the same order.

Note: without additional mentioning, the data in subsequent figures

represent measurements with bolometer detector Gain=1000.



As mentioned before, after carefully calibrated by using a blackbody source, we
know the relationship between the output data of Si Bolometer and the common
THz power in Watt unit, that is ImV=0.02iiwW under Gam=1000 for this Si
bolometer. Then from the Figure 4.7(b), we can know the possible power of this
device should be around 100 jiW . If considering the losses during the measurement,
such as chopper loss, propagation loss, the output power of THz-pulse wave should
be even higher. This means the material of oxygen ion implanted GaAs is a good

material selection for generating high power THz wave.
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Figure4.8: Electrical properties and THz generation performance of Dipole 2 (GaAs:Oel4
550 C 95 ).(a) |-V curve; (b) THz power vs. Bias voltage; (c) Current vs. pump power; (d)

THz power vs. pump power.

To study the I-V curve and Power-Bias curve under different pumping power in
detail, now, we switch to the next device, dipole 2 (SI GaAs(I10) substrate, 0+
multi-implanted with 500keV/6x10"cm"~+800keV/6x10Mem-"+1200keV/IxION cm,

550°C annealing. Ds=95"m), which is fabricated on the same substrate material, but



only different on the dipole antenna scale.

From Figure 4.8(a), one can easily find the dark current is also very low like
dipole_|. Its dark resistance is around I1.1IMO. The photocurrent increases with
bias by little nonlinear trends under low pump power, and slowly come to linear
curve profile with the pump power increasing. This suggests that under lower pump
power condition, the electric field is the dominate factor, even little increasing in
electric field will lead to the current increasing dramatically. With the pump power
increasing, as discussed in the Chapter4.2, the space charge field also increases
quickly, which will decrease the local field in photogap area and slow down the
current increasing with bias voltage. If the increase speed of space charge field is
higher than bias voltage, the |-V curve should be more like inversely nonlinear
curve profile compare with the situation under lower pump power in Figure 4.8(a).
The relationship between the pump power and current can be easily figured out
from Figure 4.8(c). Under a giving bias voltage, the photocurrent slowly closes to
its saturation level with the increasing of pumping power. The reason is the decrease
of local field in photogap area with the space charge field increasing (screening
effect). As we know, the THz power is proportional to the derivative of the
photocurrent, so from the saturation behavior of photocurrent we can easily suppose
the THz power will also be saturated under higher pump power. The curve of THz
power vs. pump power in Figure 4.8(d) gives us the evidence of THz power
saturation. The THz power versus Bias voltage curve is also showed in Figure 4.8(b)
for reference. In this figure view, the pump power saturation phenomenon can aso

be figured out from the congregated data points on the top.
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Figure 4.9: Saturation behavior of dipole 2
under OV bias.

Using calculation equation like Eq.(4.21) or Eq.(4.32) to fit the curve "IOV"
in Figure 4.8(d), we can get the calculate data in that kind of model, p~ 17.48257
and Ps~28.87414. The fitting result is showed in Figure 4.9. The THz signal looks
to be limited in the range of 14.5mV to 17.5mV, when pumping power is higher
than 120mW, which is only quarter to half of the total power that can be achieved
by common ultrafast laser sources. This means we only utilized part of capability of
current fs-laser source, because of the power saturation of device. To circumvent
this, one choice is to use temporally longer optical excitation pulses to generate
narrowband THz signal, as they have lower fluencies intensity for the same total
average power. The increasing temporal duration of the pulses, when appropriately
shaped[93-96], does not decrease the amount of THz emission in the desired
spectral range, but it really does diminish the saturation effects in the

photoconductive materials[87].

Above, GaAs:0el4 based devices have been tested. Then, how about the THz
generation performance of device fabricated on other kind of substrate materials? Is
it similar to the results above, or it is very different with those? Let's study the third
device (dipole_5) which has the same dipole antenna scale (Ds=95}j,m) as dipole—2,
but it is fabricated on GaAs:0el3 material (SI GaAs(llO) substrate, 0+
multi-implanted  with 500keV/2.5x10"*cm-"+800keV/2.5x10Mem'A+1200keV



/4x10Mcem, 500°C annealing). Figure 4.10 shows the I-V curve and Power-Bias
curve of this device. Its I-V curve isvery similar to dipole—2, which aso has a very
low dark current. The behavior of dipole 5 is almost the same as dipole—2 in small
voltage range (<16V). That means these two substrate materials have similar

electrical properties and THz power generation performance.
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Figure4.10: -V curve and Power-Bias curve of Dipole S(GaAs:Oel3 500°C, 95nm)

In this experiment, we also test the device under higher bias voltage, extending
to 70V level (see Figure 4.10(b)). Unlike dipole_| the THz power looks starting to
saturate under DC bias higher than 60V with relative high pump power level
(>35mW), athough the photocurrent is still increasing without any obvious
saturation behavior happened under the same conditions (see Figure 4.10(a)). Why
the THz output power doesn't increase with current linearly in this testing condition
range? There are some possible reasons which maybe cause this kind of result. One
is some of THz power loss in the substrate which device fabricated on, the high
density of free carriers in such device absorb part of power of THz wave. It is more
obvious under high current level. The second possible reason maybe is the increased
photocurrent is not al used to generate THz wave for some unclear reason (factor)
under such relative high current level. As we know, there exists along stay current
phenomenon in some semiconductor material [97]. When the pump power and bias
reach the threshold, the current will increase dramatically and stay at that level for a
relative long time, even the pump power was little decreased during that period.

Then the change of current will not follow well with pump power varying, which at



the end should lead to that the THz Power generation can not increase like those
under the normal situation.

The devices like dipole 6 and dipole_7 (which fabricated on the same type
substrate material as dipole_3), and dipole 8 (which fabricated on LTG GaAs
substrate) were also tested for THz power generation performance. The separation
distance between two stripline (Ds) of Dipole—6 is 45|am, other structure parameters
of this device are similar to Dipole—1 to Dipole 5. Unlike those devices, the
dipoe—7 and dipole 8 have most different structure parameters (Ls=30p,m,
Ws=10jim, Wa=5fim, and dgap=5jxm). Other details of devices can be obtained from

Table 3.3.
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Figure4.11: 1-V curve and Power-Bias curve of Dipole_6 (GaAs:Oel3 500°C, 45nni)

Figure 4.11 to Figure 4.13 shows the electrical properties and THz power
generation performance of device for dipole—6, dipole_7 and dipole_8 respectively.
From these figures, one can find some phenomenon like following.

For the dipole—6 and dipole—7, as they are fabricated on the same substrate
material, the behavior of |-V curve and THz power versus Bias curve are very
similar to dipole—5 under relative lower pump power and bias voltage. The only big
difference is their THz power is around one or two orders lower than dipole 5.
Their intensity sequence are dipole_5>dipole 6>dipole 7, just like the sequence of
their structure scale. This relationship also can be found between dipole | and
dipole—2 on the same substrate material, the larger scale device always potentially

can generate relative higher power. The reason maybe is that the resonance



frequency is relative lower for its larger scale device. Another possible reason
should be the enhancement of photocurrent caused by the different drift velocity

between electron and hole in such electrical bias field.
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Fi2ure4.12:1-V curve and Power-Bias curve of Dipole 7 (GaAs:Qel3 500°C, 40mn)
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Figure4.13:1-V curve and Power-Bias curve of Dipole S(LTG GaAs 40"in)

As fabricated on different substrate material (LTG GaAs) and with different
structure parameters, dipole—8 have very different behavior on these curves. The
photocurrents of dipole—8 in Figure 4.13(a) don't increase like other figures showed
above. The dark current of dipole_8 isthe lowest one among these devices, because
LTG GaAs material normally has avery big resistivity [98]. With light injection, the
photocurrent increase slowly comparing with those devices fabricated on GaAs:0
materials, and its increasing speed lowers down obviously under bias voltage >16v.
As discussed above, when the increasing speed of space charge field is beyond that
of applied bias field (which cause the increasing speed of local field slower down,



Eioc=Eb-E<C), the 1-V curve will bend down which is different with those in Figure
4.12(a), although they have the same antenna structure. This exhibits the difference
characteristics of materials.

But, it is interesting that the curve of THz power vs. Bias doesn't bend down
like 1-V curve under those testing conditions. It looks the LTG GaAs material
maybe has relative higher photocurrent utilization efficiency in such testing
situation compare with GaAs:0 materials.

To compare the pump power or DC bias field dependence behaviors of different
substrate materials under the same testing condition, some data were picked out
from the figures above and re-plotted in Figure 4.14. Figure 4.14(a) tells us a story
about THz power increase with pump power. Under 30 V bias, dipole 5
(GaAs:0el3 500 °C, 95 }im) has the highest output THz power among these devices,
and dipole S (LTG GaAs,40jim) has the lowest output THz power. For the same
antenna structure, dipole_7 (GaAs:0el3 500 C 40 jjm) has higher output power of
THz wave than dipole—8, but smaller power increasing rate when the pumping
power increases. And from this figure, comparing the upper two curves with those
lower three, one can also easily get idea on the potential of large scale device in
THz power generation area.  Figure 4.14(b) shows us a bias dependence view of
THz generation under 25 mW pump power condition. From it, one can find the
THz power increase dramatically with the bias for dipole_I, dipole_2 and dipole_5,
which are large scale devices, comparing with the others in figure. One can aso
find the dipole_7 has larger power increasing rate than dipole_8 (which having the

same device structure) and generates higher THz power under higher bias field.
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Figure4,14: Comparison of THz power generation performance of different devices, (a)

Pump power dependence; (b) Bias dependence.

For detailed observation on Figure 4.14(b), firstly, one can find that a
photoconductive device with a smaller gap distance (dggp) generates less THz power
when biased at the same electric field strength, as evidenced by the reduction of
power from Dipole 5, Dipole—1 and Dipole—2 (all having 20 jim gap distance) to
Dipole_6 (12]j,m) and then to Dipole_7 and Dipole—8 (both at 5*m). One possible
explanation of the results observed above may be related to the existence of aregion
of high field strengths around the anode within the gap region of PC device which
will cause an enhancement of THz waves generated [39, 99]. In Dipole 7 and
Dipole S, the size of laser spot (diameter around 5jam for all case) is similar to the
entire gap and the region of high field strength can only affect a small part of the
excited area. As the gap length increases in Dipole 6 and more so in Dipole—1
Dipole—2 and Dipole_5, the whole photo-excited area will overlap more and more
with the high field region because the signal was optimized by moving the beam
relative to the gap region until the maximum signal was obtained, thus generating
an increasing amount of THz waves.

The second observation is on the results of Dipole—7 and Dipole—8, which have
the same device structure but different materials (GaAs:0el3 versus LTG GaAs
respectively), GaAsiO material outperforms LTG GaAs at high field strength in
terms of the emitted THz power. We do not understand very well about this

difference as it stands and a more comprehensive research into the material



properties of these two materials is necessary to explain it. Some preliminary
investigations were taken under CW generation mode. The detail will be discussed
in Chapter 5.

The third observation in Figure 4.14(b) shows that the GaAs:0:el3 device
(Diople_5) emits more THz power than an identical device made of GaAs:0el4
(Dipole_2), while the device Dipole—1 with structure T_D1 yields a higher power
than Dipole_2 of the same material but with a different structure T_D2. The former
result can be explained by the better crystalline quality of the Low-Dose material
(Oel3) over that of the High-Dose material (Oel4) so that the quantum efficiency is
higher in the Low-Dose material (Oel3). The latter result is a little hard to
understand, although one can speculate that the frequency response (lower resonant
frequency) of the dipole antenna in T—D1 matches better with the broadband THz
wave generated by the pulsed photocurrent (which relates to the material response
limited by the carrier lifetime), which therefore produces a larger emitted power.
The spectral response of these of the dipole structures will be discussed in a later
section.

A fourth observation is that at the maximum biasing field tested, the emitted
power of these six devices (except dipole—10) still has not shown any saturation,
which means that even higher power levels can be obtained by merely increasing
the biasing field and the fact that this had not been undertaken by us was only
because we did not want to sacrifice the devices prematurely. Finally, the
photoconductive switch Dipole 5 emits a THz power as high as 48 |iW when biased
a 70 V and pumped by alaser beam of 25 mW. This value is even higher than that
reported in Ref.[I ()()], athough the corresponding optical-to-THz conversion
efficiency is only -0.2%, which is about 60% lower than that achieved in the same
reference. Asjust mentioned above, the THz power, we believe, can still be raised
had we further increased the applied bias or the laser pump power. In order to assess
the effect of increasing the applied bias, we selected device Dipole_6 for the power

saturation measurement because its gap is neither too small nor too large. Figure



4.15 shows the peak power of THz waves measured from TDS experimental system.
These data are taken under 55mW pump power condition. From Figure 4.15 one
can find the peak THz power of dipole 6 increases with the bias field until it
reaches its saturation level around 230V, for the reason of effective local field
lowering down. The device looks still work well under 270 V (225 kV/cm, 12 pm
gap), and haven't reached its breakdown voltage yet.
Supposing the electric field strength at the saturation of emitted power is
200 kV/cm, it dill far exceeds the maximum value actually employed in the
measurements (40 kV/cm) shown in Figure 4.14(b). The power ratio between these
two biasing electric fieldsis about 3:1 in Figure 4.15. Hence, one may expect that
the absolute THz power at saturation for the 6 devices tested may be roughly 3
times their highest values shown in Figure 4.14(b), implying that 150 jiW of
output power is conceivable from Dipole—5 if it could be biased a 400 V.
Considering that breakdown may commence before the bias can reach 400 V in D3,
areference to Figure 4.15 indicates that even at abias of 240 V (120 kV/cm), which
is very likely without causing breakdown, Dipole—5 may still be able to emit
100]iW of THz power while keeping the pump laser power at 25mW. It isworth to
note that this high power level is achieved without any of the following
optimization designs. a material structure which enables complete absorption of the
incident laser power, an anti-reflection coating on the top surface of the device, an
efficient heat removal scheme, or an optimized antenna electrode design which
matches best with the THz wave generated. Consequently, if one can implement all
the above design considerations, THz power on the order of 200 jiW should not be
too difficult to obtain from a photoconductive switch fabricated on GaAs:.0

materials.
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Figure4.15: Peak power vs. Bias curve of Dipole 6
(GaAs:Oel3 500°C, 45 _ measured from TDS

From Figure 4.14 and Figure 4.15 the testing results of dipole 6 suggest us
that the GaAs:0el3 material with 500 °C annealing is a very good selection of
substrate material for PC antenna device fabrication. It also has relative high
breakdown voltage (field), higher than 225 kV/cm. Although it looks haven't reach
to the level of LTG GaAs material around 320 kV/cm (160 V for 5 |im gap[51]), the
advantages of this kind of material (GaAs:0) are still obvious. For example, it could
potentially generate higher output power of THz wave than LTG GaAs material
under the same testing condition, as Figure 4.14 shows.

At last, the output THz power of dipole | 0 which fabricated on GaAs:As
substrate(GaAs:As, 50keV/5xI0"VI00keV/5x10"M+200keV/5x10M 600furnace
annealing for 30min, Ds =195 \im) is also showed in Figure 4.14(b). Its THz output
power is lower than that of GaAs:0 based device (dipole_|) which has the same
antenna scale as it. And some bias-dependent saturation behavior is appeared at
relative higher bias field in GaAs:As based device.

So, from these comparisons, GaAs:0 material has some advantages (high
power and high saturation level) in THz power generation area, compared with
GaAs:As or LTG GaAs materials.

Note: Maybe someone will question like "As the breakdown field of air is
around 30kV/cm, how can our device (dipole_6) be tested under a high bias field

(>100kV/cm) without any dielectric deposition process during device fabrication?"



At first, we should realize that the value 30kV/cm is measured in ar by two
separated metal rods (normally the end of rod is angled). Its testing condition is
very different from the PC antenna case, where that most of the bias field was added
on the substrate (GaAs:0). There should be severa reasons could help the device
(Dipole_6) to withstand higher bias field than 30kV/cm. 1).The rectangular shape of
metal terminals (electrode shape, see Figure 3.1) will sustain higher breakdown
threshold than rod terminals [101]. 2). The good quality of metal surface grown
by E-beam deposition, few has defects or burrs to accumulate charges. 3.) The
existence of a substrate disturbs the field lines between the electrodes. So that the
actual field in air is smaller than that when the substrate is not present but otherwise
under the same condition.

Many papers, whose devices were without dielectric deposition layer, also
reported a breakdown field higher than 30kV/cm. (GaAs >200kV/cm [102],
GaAsAst 60kV/cm [33], and LTG GaAs >100kV/cm-360kV/cm [103]. So, the
value 30kV/cm is not an absolute limit for those devices without dielectric cover
layer. So, the real breakdown field for a device should be discussed case by case
and to be considered during testing

Certainly, the dielectric deposition layer (SiO! or S3N4) on the top of device
will diminish the effect of ar and other environmental contamination, and
mechanical damage. With such akind of layer, the breakdown field could be even
higher. By the way, the dielectric layer can also act as an anti-reflection coating

layer, which can enhance the efficiency of pumping light for the device [26].

4.4.2 THz spectrum

The THz spectrum is another very important factor for THz PC devices. Although
the bandwidth of PC antenna is mainly limited by the laser pulse width (>10 fs) [74],
it is still affected by the characteristics of substrate material, for example carrier

lifetime and carrier momentum relaxation time. With a giving fs laser source, the



different performance of spectrum in THz range for those devices having the same
antenna structure will mainly represent the different characteristics of substrate
material. So in this part we used two spectrum measurement methods (FTIR and
TDS) to get spectrum information of those devices, which we discussed before.

At first, we select the FTIR method (introduced in Chapter 4.3.2) to obtain
information of spectrum in THz range, for its system setup only requiring little
change on the power measurement system (which has been introduced in Chapter
4.3.1).

Figure 4.16 shows the THz spectrum of some devices. The bandwidth of
spectrum of dipole—1 (GaAs:Oel4 550°C;195 jim) is around 0.6THz, under 30mwW
pump power and 70V bias voltage testing condition. The spectrum bandwidth of
dipole—3 (GaAs:0el4 550°C;45 jxm) is little broader than dipole_|. Unlike dipole—1
and dipole—3 It looks the device dipole 6 (GaAs:Oel3 500°C; 45 jam) has narrower
bandwidth comparing with dipole—5 (GaAs:0el3 50095 [Lim), which are both
fabricated on GaAs:0el3 substrate with 500"C annealing. For reference, the
spectrum of dipole—2 (GaAs:0el4 550°C;95 |im) is also showed in Figure 4.16(e).
It has aresonance peak at 0.12 THz. Dipole S has the broadest spectrum among
these five devices in Figure 4.16, around 0.75 THz, under 35 mW pump power and
70V bias condition.

From Figure 4.16(f), one can see clearly the resonance frequency in linear scale.
The resonance frequency of these devices are most in the range of 0.1 to 0.4 lower
than the calculated data from Eq.(3.1) in Chapter 3. For larger scale device like
dipole S and dipole—1 are more close to the calculated data 0.461 THz and
0.255THz respectively. But the small scale devices like dipole—3 dipole 6 and

dipole_2, the resonance frequencies have abig differencewith the calculated data.



) ) ,
I (a) DipoU | (GaA5:Oel4 550 C 195um) (©)Di__3 (GaAs:0e14 SSO'Casum)

Bandwidi

\ %
a
E
< =
Frequency (THz) Frequency (THz)
1Ah (d) Dipoie_5 (GaAs:0el13 SOrft; 95um>

{d) Dipole_6 (GaAs:Oel3 500°C;45um)

N,

Frequency (THz) Frequency ( Hz}

L] N
(f) Linear scale

I (b) Dipole-2 (GaAs:0e14 550 C; 3
pole_6 (GA.
pole_6 (GAi  Mrfc (x3)

11

L]
l11k4™::
I Vo
[ S R | [ T
Frequency (THz)

Figure4,16: THz spectra of devices measured by FTIR method, (a) Dipole_|, (b)Dipole_3,
(c)Dipole_5, (d)Dipole_6, (e)Dipole_2. (f)Spectra of devices in linear scale.

Is this the reason of the measurement method? To check this question, we also
tried to measure the devices with TDS method. Using the TDS method introduced
in Chapter 4.3.3, the terahertz signal waveforms of dipole 1 2 (GaAs:0 el4 550"C,
195um) are measured and plotted in Figure 4.17(a). The FWHM (Full Width of Half
Maximum) of the main pulse of dipole | 2 under IOOV bias and 55mW pump
power is around 1.8 ps, which lead to the spectrum obtained from Fourier transform

calculation does not extend to very high frequency range (Figure 4.17(b)) but it still



reach to around 1.4 THz. For reference, the FTIR spectrum curve of the same kind
device (dipole_l) is aso showed in the Figure 4.17(b). Comparing these two curves
in the figure, we can find that the TDS method can give more information in higher
frequency range, because it has higher sensitivity (SNR value) comparing with the
FTIR method. But it is not good at frequencies detailed plotting compared with the

FTIR method, as one can see fromthe detail in the range of 0.1 to 0.4 THz.
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Figure4,17: TDS measurement of dipole | 2 (GaAs:0 el4 550 C 195nm). (a) THz signal
waveforms under different DC bias. Insert figure: curve of peak power versus bias. (b)THz
spectrum of dipole | 2 (under IO0OV bias, 556mW pump power). The light gray curve is
from dipole—1 measured by FTIR method. Insert window: waveform of THz signal in time
domain for dipole_|_2.

The insert figure in Figure 4.17(a) gives us aview of peak power of THz signd
versus DC bias. It shows the device is still working in the normal range, and has not
reach its field saturation point like Figure 4.15 shows.

If we take the value of amplitude of THz signal 10 times higher than the noise
level as the point of the end of bandwidth of device for TDS method, then from the
Figure 4.17, the bandwidth of dipole—1 2 is around 0.8 THz. If we look the start
point of data close to the noise level as the end point of bandwidth, then the
bandwidth should be close to 1.4 THz. In this work, we prefer the 10 times value
point to be the end of bandwidth point, only for TDS measured spectrum.

And one can also get the measured bandwidth from FTIR method. The
bandwidth of the dipole—1 is around 0.6 THz. Other details are showed in Table 4.1.

The resonance frequency of these two devices, which having the same dipole



structure and size, are 0.18 THz and 0.185 THz respectively.

As the resonance frequency is about one third smaller than the calculated data
(by Eq.(3.1), see Table 3.1) from both FTIR and IDS measurement method, it
suggests the result is mainly not only determined by dipole structure, but it maybe
also has very tight relationship with the substrate material properties, which
normally looked as the key factor for bandwidth but not resonance frequency. If
thinking things along this direction, the problem will be more complex. So we are

trying to explain this phenomenon in anther point of view.
As the parameter s* used for Eq.(3.1) is calculated from =(+ /2 an

adjusted equation considering the THz signal isjust generated at the interface of air
and substrate material, the value 1in that equation is the permittivity of air. If the
THz signal is not just generated in the interface, but more part in the air or more

part in the material, then the parameter s* should be a value between 1 and

(normally it should in the range from (1+7"")/2 to s*, asthe electrical fieldisin

the substrate material, but not in the air).

If submitting the maximum value, s* =13.08 into the Eq.(3.1) for

structure T_D1 (Ds=195|Lim) , then one can get the resonance frequency is around
0.18732 THz, which isvery close to the results of measurement from FTIR or IDS.
So, one possible explanation is, in this case, the THz wave is generated more

deep in the substrate material, but not the air-material interface like the equation
£2=(1 + §)I2  considered.

We also tried to test some device which also has the same dipole structure
(T_D1) as dipole_|_2, but fabricated on difference substrate material. Figure 4.18
shows the THz spectrum of dipole 10 (GaAs.Asbel5,600°C,195|Lim). And the
spectrum from FTIR method is also plotted for reference with light gray color.
Unlike GaAs:0el4 material which annealed under 550°C, this GaAs:As5el5

(annealed under 600 C) material looks it can support a broader bandwidth. The



bandwidth is around 1 THz both from FTIR and TDS measurement methods. An
interesting thing is the resonance frequency is not close, one is around 0.215 THz
and the other is around 0.155 THz, but the average value is still very close to the
calculated value above, around 0.185 THz. So one could speculate, in these testing
cases the THz signal is more like generated in the deep of substrate material
comparing to the air-material interface. And the characteristics of material

determine the bandwidth of devices.
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Figure4.18: Spectra of dipole 10 (GaAs: Figure4.19: Spectra of dipole 6 (GaAs:0 e€”
As5el5 600 C 195nm). Insert: waveform of 500 C 45pjn). Insert: waveform of THz

THz signal in time domain. signal in time domain.

The TDS measurement results of other devices are showed in Figure 4.19 and
Figure 4.20. Under 55mW pump power and 135V bias voltage testing condition, the
bandwidth of dipole_6 is about 1.3 THz, and the resonance frequency is at about
0.25 THz. The Figure 4.20(a) shows the spectrum of dipole—7 has a bandwidth little
broader than dipole 6 it isaround 1.4 THz. The resonance frequency of dipole 7 is
also close to 0.25 THz. Its testing condition is 65mW pump power and 25V bias
voltage.

The Figure 4.20(b) shows the broadest spectrum of these devices tested in this
work. LTG GaAs material gives us a relative broader spectrum, but is still only
about 1.6 THz. The reason should be the dipole antenna structures intrinsically have
a narrower bandwidth comparing to those broadband antenna structures, like
bow-tie or spiral. As we know, the dipole antenna structure has a resonance

frequency, which takes most power of THz signal into that range (or to say,



enhances the frequency components in that range) and limit the whole bandwidth of
device. From Figure 4.20(b), one can find the resonance frequency of dipole 8

(LTG GaAs, 40iim) isaround 0.26 THz.

n> .
H ffo

fb) Dipo\e,8 (LTG GaAs;40um)
(a) Dipole_7 (GaAs:0e13,500°C'40um) 35mW+25V I

65mW+25V

Frequency (THz) Frequency (THz)

Figure4.20: Spectra of dipole—7 (GaAsiO e" 500°C,40"m) and dipole 8 (LTG GaAs,40nm).
Insert windows in (a) and (b): waveform of THz signal in time domain of dipole 7 and

dipole 8 respectively.

From the insert figures of Figure 4.17 to Figure 4.20, one can find some
resonance pulses after the main pulse peak. The main reason should be the feedback
of THz signal at the end of striplines (contact pads of dipole antenna), because the
striplines are not long enough in this work. It is only 2mm, comparing with
6mm-10mm in some papers.

Tabled4.1 shows al the spectrum information of these devices, collected from
the figures showed above. From this table, one can easily find the resonance
frequency of devices increasing with the decrease of antennas length from T_D1 to
T D4. And the material (GaAs.Oel4, 550°C annealing) has the narrowest
bandwidth among these materials. LTG GaAs material has the broadest bandwidth.
The material (GaAs:0el3, 500°C annealing) and (GaAs:Asbel5, 600°C annealing)
should have similar bandwidth, and their bandwidth are broader than GaAs:0el4
material, but little narrower than LTG GaAs material. As the carrier lifetime is
inverse proportional to THz bandwidth, so, it means these materials should have a
relationship of carrier lifetime like:

LTG GaAs<GaAs:0el3 <GaAs:Asbel5<GaAs:Oel4.



Resonance

Material Structure Bandwidth
frequency
GaAs0d4, T D1 ~018THZFTIR) ~06THz (FTIR)
550 C Annedling (Os=19%9 1mdggp=20nm)  ~0185THZ(TDS) ~08THz (TDS
GaAsAsd5 T D1 0215THZ (FTIR) THz (FTIR)
600"C Annedling (Ds 199mdggp=20"m) ~0.155THz (TDS) -ITHz (TDS
GaAsOd4, TJ)2 013THZ (FTIR) ~04THz (FTIR)
50'C Annedling (D= mdggp=20HmM)
GaAsOd3 T ~0BTHZAFTIR) ~0.76THz (FTIR)
500"C Annedling (D-95"m,dgap=20fim)
GaAs0d4 T D3 ~012THZFTIR) ~0.7THz (FTIR)
550°C Annedling (Ds45 a2
GaAsOd3 T D3 NTHz (FTIR) ~08THz (FTIR)
500 C Annedling Os45"mi dggp=128im)  ~025THZ(TDS) ~13THz (TDS
GaAsOd3 T D4 ~025THz (TDS) ~14THz (TDS
500 C Annedling (Os0"mdggp=5"m)
LTG GaAs T D4 ~026THz (TDS ~16THz (TDS
(Ds=A0imdggp=5[am)

Table 4.1: Resonance frequency and bandwidth of devices measured by FTIR or TDS.

Maybe someone will question like "Is the LTG GaAs sample used in this work
of good quality? Because in this work the spectrum of LTG GaAs material 1ooks not
broad enough as some papers described." or "Is this LTG GaAs material the one
commonly used in THz research? It looks its bandwidth not broad enough.” To
answer these kind of questions, we should discuss some related factors at first.

Some papers show that one can generate THz wave with frequency bandwidth
up to several THz (3 5THz [104]) from LTG GaAs materials. Some of them even
can achieve up to several tens THz (30THz) [105]. If one reads those papers
carefully, one can find two main differences exist between them and our work. One
is the measurement system, the other isthe device structure.

For measurement system, one can find in their system, they use an ultrashort
pumping source one pulse width is narrower than ours. From the study of Zhisheng
PIAO in 1999 [66], one can get some idea about the relationship between the pulse

width of pumping source and the THz spectrum. Even for the same emitter, under



different fs laser sources, the spectra will be very different. The narrower pulse
width of the laser source will help to generate abroader THz spectrum. So it is not
strange that our spectrum is not broad as they are. In the measurement system,
another important factor also can't be neglected. That is the detector used in the
system. Compared with antenna detection using a LTG GaAs detector, the free
space electro-optic sampling normally has a broader detection range [106]. This is
another reason why our spectrum is not broad enough like others.

For device structure, the dipole antenna in our samples is more suitable for
narrow band THz generation compared with bow-tie or spiral structure, for its
resonance enhancement effect. The resonance behavior of dipole antenna limits its
performance away from the resonance frequency. This is also an important factor
that should be counted in when one considers its spectral performance.

Among these three factors discussed above, the pulse width of fslaser source is
the most important factor, which will affect the spectrum dramatically.

Now, let us compare the performance of our LTG GaAs with other LTG GaAs
samples. Papers like [51], [107] show that in LTG GaAs devices with carrier
lifetime and dipole antenna structure similar to ours, their bandwidth of THz spectra
are also similar to ours, which means our LTG GaAs are similar to theirs.

Of course, we can't guarantee our LTG GaAs sample is the best of such
material. So the comparison between our GaAs:0 material and our LTG GaAs
sample isjust to show that the GaAs:0 is also as good material as common LTG
GaAs material for THz generation. The comparison study of GaAs:N and LTG
GaAs [108], shows that for different preparing conditions, the performance of
GaAs:N samples will be very different. Some of them are better than LTG GaAs,
some of them are not. Similarly, the LTG GaAs samples under different growth
conditions will also have different performance compared with our GaAs:0 samples.
So if one wishes to do a comparison between the best of each material, he (she)
should do more work upon the results discussed in this work, by fabricating the

same device on the best sample of each material type, and testing them with the



same testing system.

4.4.3 Pulsed THz wave generation with a CW background illumination

As Figure 4.9 shows, the THz signal will be saturated under relative high pump
fluency (power). This saturation behavior is attributed to the screening of bias-field
which induced by the photo-induced carriers. Two main screening mechanisms
should be accounted into this saturation phenomenon. One is "space-charge
screening” which should not be neglected in a small gap PC emitter, which caused
by the spatial separation of the photogenerated electron-hole pairs under the
influence of the electric field. The other one is "radiate field screening”, which
caused by the back action of the THz field on the photocurrent. As we discussed in
Chapter4.1, the intensity of the THz signal generated by PC devices is proportional
to the effective local field in photogap, which driving the photocurrent to generate
THz wave. Then, we can slightly adjust Eq.(4.4) to describe the effectivelocal field

more exactly:

[87] (4.34)

Where, Ex and Ea presents space-charge screening field and radiation screening
field respectively. Exc can be calculated from Eq.(4.4) and Eq.(4.5). Ea can be
obtained from Eq.(4.27).

One method to study this bias-field screening is double-pump-pulse THz-
emission spectroscopy [88]. From this kind of method, one can know more
information of the screening effect, for example, which one is the main reason in
certain case. In this work, we will not repeat this kind of experiment. Here we are
interested in the steady state screening effect caused by CW background
illumination with the following aspects: 1)* The change tends of THz power with the
increasing intensity of CW illumination. 2).The maximum modulation ratio that
could be obtained by CW illumination. 3).The tends of modulation ratio under
different fs laser pumping condition (pump power). 4.) The relationship between the

DC bias (or applied field) and the modulation ratio, and so on.



Figure4.21 The device (spiral antenna) for

CW background illumination experiment.

As we are not focusing on the THz spectrum and the THz power, but the
tendencies of the THz power change with CW background illumination, in this
work we adopted the experimental setup like that shown in Figure 4.6. To minimize
the effect of resonance frequency on THz power distribution from dipole antenna,
we use some broadband antenna structure, like spiral antemia[26], to pursue the
study work. To enhance the electrical field, in this experiment, we add some fingers
(mixer) structure into the device structure as shown in Figure 4.21. Three 2nmx8]|j,m
fingers are loaded onto the photogap area of spiral antenna. The gap between each
finger is 2p,m. Other parameters of this kind of device can be found in Table 3.3. In
this experimental setup (Figure 4.6), the CW laser diode is the normal 808nm high

power laser diode, whose linewidth isaround 3nm.
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Figure4.22: THz power and photoinduced current under CW background illumination for
device spiral  with |OmW fslaser pumping, (a) THz power vs. CW LD power; (b) Current
vs. CW LD power.

Firstly, we try to answer some of those questions by testing the device spiral |,



which is fabricated on the substrate material GaAs(110):0el4 (a lower annealing
temperature at 500°C is selected). Figure 4.22 shows the measurement results of this
device under different power illumination by CW laser diode. From Figure 4.22(a),
one can easily find the decreasing tends with the CW LD power. The THz power
generated by fs laser pumping is screened by CW background illumination, and it
decreases with the increasing of CW LD power. Different DC bias voltage gives it
different start pedestal, which because the THz power is proportional to the Bias
voltage (applied electrical field). Figure 4.22(b) gives the information of the current
change with the power increasing of CW laser diode. Under different DC bias
voltage, the same CW LD power gives different contribution on current and at the
end to the screening effect.

By dividing the THz power in Figure 4.22(a) by the THz power generated by fs
laser pumping without any CW LD illumination under the same DC bias voltage,
(the modulation rate, PTHzPTHzonv=0mw), and calculating the increasing of current by
CW LD illumination under the same DC bias (Al=Icurrent-lcun-ent,cw=omw), then we can
plot the curve of THz modulation ratio versus photocurrent generated by CW LD
illumination (Al) in Figure 4.23. From it, the relationship between the THz power
modulation ratio and photocurrent generated by CW light is obvious. The more
photocurrent generated by CW light will cause more THz power (which generated
by fslaser pumping) to be screened. The maximum modulation ratio is around 65%
(measured data 1:0.35 for without and with CW light), under the testing condition
of IOmW fs laser pumping, IOV bias voltage and 48mW CW LD power. The
modulation ratio is similar to the results of ref.[] 09]. From the curve, it looks the
value of modulation ratio still could be larger and larger if the CW LD keep
increasing. By increasing the DC bias voltage, the contribution of photocurrent on
screening effect looks coming down, and go to a lower modulation level within

10% when the bias voltage higher than 40 V.
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Figure4.23: The effect of CW LD background
illumination on pulsed THz wave generation versus
the photocurrent induced by the CW LD illumination

If trying to use another site to view, it maybe can give us more tips on the
relationship between the screening effect and the CW LD power or DC bias. Figure
4.24 shows the curves of THz modulation ratio vs. CW LD power, or DC bias
voltage. From them, the increasing tends of modulation ratio with the increasing of
CW LD power and its decreasing tendency with the increasing of DC bias are both

clear in the figures. The possible reasons will be discussed later.
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Figured.24: The Change of THz power versus CW LD power or DC bias voltage for device
spiral . (a)The modulation ratio of THz power vs. CW Laser diode power; (b)The
modulation ratio of THz power at different bias voltages.

Three questions (1,2 and 4) raised above are obtained their answers from the
experimental results of spird—1, Now, let's switch to another device (spiral_4) and
take a look about the third question. With the same testing system as spird—1 the
device spiral_4 (GaAs(100):0el3,500"C) is tested under 1OmW and 20mwW



pumping power of fslaser respectively , Comparing to the spird—1, the THz power
of soird—4 is amost one order higher under the same testing condition. This allows
us to investigate lower bias voltage within detect resolution of Golay cell, because
the screening effect is more easily for observing under low electrical field. The
reason will also be discussed later.

Figure 4.25(a) plots the traces of the THz power with different power of CW
Laser diode. And the modulation ratio of THz power is aso calculated and
illustrated in Figure 4.25(b). From then, the normal tendencies discussed above are
the same as spird—1, but the additional one is the modulation ratio of THz power
under different fs pumping power. Firstly, the THz power level isincreased with the
power of fs laser (Figure 4.25(a)), and, secondly, the effective screening effect is
lowered down with the increasing of fslaser power (decreasing of modulation ratio

with fslaser power), see Figure 4.25(b).
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Figure4.25: THz power and modulation ratio under CW background illumination for device
spiral_4 with different fs laser pumping power, (a) THz power vs. CW LD power; (b) The
modulation ratio of THz power vs. CW LD power.

The further study about the fs pumping power versus modulation ratio of THz
power is taken by spird—3, which also fabricated on the substrate material the same
as spird—4. The power of fs laser injecting onto the PC device is increased from
4mW to 64mW for thistesting. As we can see, in Figure 4.26, the screening effectis
obviously decreased under higher fs laser injection level. This phenomenon is easy

to understand, because the photocurrent generated by CW laser diode is only



occupy small percent of total photocurrent generated by fs laser and CW laser,
under higher fslaser injection level, and it is lowered down with the increasing of fs
laser power, which leading to the relative change of THz power by screening effect
is also lowered down.

Come back to the Figure 4.25(b), one can find the curves of 5V bias are on the
top both for IOmW and 20mW power of fslaser, little different with Figure 4.24(a)
for spiral_| which the curve of lowest bias voltage is in the bottom of the figure. To
see this difference, the data in Figure 4.25(b) are re-plotted in the form of
modulation ratio vs. bias curves (see Figure 4.27). The change of THz power is
going down at first in the range of 8to 14V, and then come back at bias higher than
15V like Figure 4.24(b). The data for which bias higher than 20V is moving toward
lower modulation ratio should be expected in this figure from that tends of sird—1
(Figure 4.24(b)).
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Figured.26: THz power of spiral_3 under Figure4.27: The modulation ratio of THz
different bias voltages vs. fs laser power. power under different bias voltages for
Open square represents the modulation device spiral_4. The solid symbols and open
ratio under 5V bias and 30mW CW LD symbols are for IOmW and 20mW fs laser
illumination (right y axis) pump powers respectively.

Another two devices were also tested to check these tends whether are common
tends in Photoconductive THz devices. Device sird—2 is fabricated on the same
substrate material as spiral_|, the only difference between them isthe turns of spiral
antenna, which should only effect on the effective antenna resistance. The device
spird—>5 has the same antenna structure as spiral_2, but its substrate material is Low

temperature(200°C) grown GaAs (Note: this LTG GaAs material is different with



that one for dipole_8 and dipole_9, which is from different wafer.) and annealed at
the same temperature,500 , like other spiral antenna devices introduced above.
Figure 4.28(a) and (b) illustrate the THz power vary with the power of CW laser
diode from spird—2 and spird—>5, respectively. Their decreasing tends of THz power
under CW background illumination are similar to those spiral devices introduced
above. From them, one can confirm this kind of tends essentially exists in the PC
THz devices. Figure 4.28(c) and (d) show the modulation ratio of THz power under
CW background illumination versus different DC Bias voltage. The tendency in
them are also similar to those of other devices discussed above as showed in Figure
4.24(b) and Figure 4.27. The little difference among them should come from the
measurement error which was magnified during the dividing calculation. Although
the little difference exists, the main tends still could be deduced for common PC
THz devices. The tendency is, for a given power of fslaser and CW Laser diode,
the modulation ratio increases at first and then moves back to a lower modulation

level under higher bias voltage.
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Figure4.28: THz power of spiral ! and spiral s under different illumination power of CW
laser diode: (a)spiral 2 and (b)spiral_5. THz power modulation ratio vs. bias voltage:
(c)spiral_2 and (d)spiral_5.

The experimental results are already showed above, but the reasons haven't
been discussed yet, only knowing the change is possible caused by screening effect.
Now, let'stry to discuss them by using a simple theory model.

From Eq.(4.34), we know the screening effect is mainly come from the space
charge field and THz radiation field (or to say the part of bias field occupied by
antenna resistance). As in this experiment, we measured the average power of THz
wave, we don't need to know the dynamic space charge polarization or drift current
from Eq.(4.5). Suppose the space charge polarization have an average value as

<rsc> , then from EQq.(4.5), one can get:
{Px) = JTr (4.35)

Where Xr is recombination time of photocarrier. As introduced in chapter4.1, it is on

the level of 100 ps. J is the photocurrent density. Then from Eq.(4.4) the average



space charge field should come to be:

=JTA =<n f{EIJ)Tr (4.36)

The THz radiation field, in this case we prefer to call it as Antenna field (The
electrical field from Bias field occupied by antenna impedance), can be calculated
from EQ.(4.27) and Eq.(4.28)

J IZa en”iEioc ~ a

= — A= . (4.37)

gap gap

In this experiment, the photocarrier density in EQ.(4.36) and Eq.(4.37) is
contributed by two parts. One is from fs laser injection and the other is CW

background illumination. So,

<n>=< (4.38)

Where, <npuise> is the average value of photocarrier density caused by fs laser, when

one use bolometer or Golay Cell as the detector to measure the THz wave. The

factor <Eioc here, also presents the average effective local field in photogap area.
Insert Eq.(4.36-4.38) into Eq.(4.34), one can get the effective local field which

contributes to the generation of THz wave:

=Jr_ < — )+ newMKcYr < n )+ ).AlZ" (439)

dgap A geo? ~gap

A simplified expression is like follow:

+ < + f ) ]
'geo” gap

Considering the power of THz wave is proportional to the effective local
electrical  field and photocurrent density which generated by fs

laser, p X eH—™\ cY, and the photocarrier density is proportional to the power

of injection light ( J — rand where

i T_+T)), then we can get the expression of THz power as:
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Now, from the model one can deduce several tendencies.
1.) When the Pew equal to zero, which means no CW background illumination,
the Eq.(4.41) will come back to the form of normal saturation equation as discussed

above,

(4.42)

NS+ pulse
which is similar to Eq.(4.21) and Eq,(4.32). As we have discussed the tendency in
this situation before, so here it will not be mentioned again.
2.)When the Pew is not equal to zero, which means the PC THz device is under

CW background illumination, the output power of THz wave will be decreased (or

limited) by afactor d e r j é ] uA?Z" ~ t h e denominator. The larger Pew
%e0S dgap

leads to big value in denominator of Eq.(4.41), and at the end causes a smaller THz
output power what could be generated by such PC device. This tendency can be
found its proof in the figures (Figure 4.22(a), Figure 4.25 and Figure 4'28(a b)).

3.) With agiving CW background illumination power (Pew), one could obtain a
larger Ryin Eq.(4.42), which leads to the saturation behavior curve to bend down.
This can be proved by the datain Figure 4.26.

4)) If al the other parameters are fixed in the Eq.(4.41) and only DC bias is
variable, then we could presume the curve of THz power vs. CW LD power will
move upward step by step with the increasing of DC bias, keeping the curve profile
no changed. The experimental results can reference to Figure 4.22(a) Figure 4.25
and Figure 4.28(a, b)). Aswe can find the little changes of the curve profile in those
figures a this kind of situation, it implies some of those parameters what we
thought unchanged with the bias voltage is practically related to the bias voltage (or

to say it is a function of Bias voltage). To address this problem, we will discuss it



together with the tendencies of THz power modulation ratio under CW background
illumination.
To discuss the tendencies of THz power modulation ratio under CW
illumination, we should adjust the Eq.(4.41) like:
AiZ
P ) 1o = +)
I zy (4-43)

Firstly, from Eq.(4.43), one can deduce that the increasing of CW LD Power
could increase the modulation ratio (which is inverse proportional to the value of
PTHZ/PTHzow=0mw). The valuc of PTHz/PTHz,ew=0omw will comc dowii from original 1to
a lower value, but higher than 0. The results in Figure 4.24(a) and Figure 4.25(b)
can prove this deduction.

Secondly, the increasing of fs pump power (Ppuise) Will increase the value of
PTHzPTHzov=omw and move it towards 1. The modulation ratio of THz power will
go opposite way and go to decrease. Figure 4.26 shows the experimental results
which match with this tendency deduced from Eq.(4.43).

Now come to the question, how to explain the tendency what we found in
Figure 4.24(b), Figure 4.27 and Figure 4.28(c & d)? From Eq.(4.43), one can only
get a deduction that the modulation ratio of THz power will never change with the
bias voltage. But experimental results tell us another story. Then we have to check
Eq.(4.43) more carefully and try to find out the possible reasons which cause the
change in practical results showed in those figures. One possible reason is the
effectivemobility  which is also not a constant but relative to the intensity of Bias
voltage. As we discussed in Chapter4.1, commonly it is looked as a constant relative
to the DC bias field. So, here we will neglect the possible effect of mobility vary
under different bias voltage.

Then, the slight bias dependent factor should be the effective recombination
lifetime Xr. From Schockley-Read-Hall (SRH) theory [5] and field-dependence

emission theory [110, 111], the effective carrier recombination lifetime is



proportional to the bias field and inverse proportional to the density of photocarrier
on depletion regions. And, for the case the injection area larger than original
depletion regions, the increasing of depletion regions with the bias field will
enhance the inverse proportional relationship between the incidence light power and
the effectiverecombination lifetime.

The effective carrier recombination lifetime should be slight bias dependence,

like the form: :exp(-i>";)exp(-c( >)where T is the origina effective

recombination lifetime, b is the relative factor of bias field effecting on
recombination lifetime, c(Vb) is the scaling factor for the depletion regions with the
bias field {c(Vb)=cr*(Vi/(Vsat+ Vb), Cr is the fitting factor, Vsat is the voltage for
depletion region to saturate). So we can get the expression of X in this case:
(4.44)
Asat + b
where, Pught is the total power of incidence light.

Then one can get anew form of Eq.(4.43) like:

\+Fjut VbP P +F — )2

Where ' A A'_Z
n dip

Now, let's use Eq,(4.45) to calculate the theoretical value of modulation ratio to
see whether these calculation values can be good matching with those data showed
in Figure 4.24. By setting the parameters x=Ttrap=0.35 pS, [x=250 cm /V <ppuise =10
mwW, Pow=10 mW, Tro=400 ps, we find the simulation curves are match with the
experimental data in some degree (see Figure 4.29) with following fitting values

for other parameters in Eq.(4.45), b=0.07; Cr=2.4e-21,; 90.
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Figure4.29: Simulation results of the screening effect under CW background illumination
for device spiral  tested under |IOmW fs pumping.

From the simulation results, one could find the theoretical model is adequate in
explaining the effects of CW background illumination on THz generation in

photoconductive devices.

4.5 Summary

In this chapter we have reviews some theory models of pulsed THz wave generation.
From them, one can understand the reason of pulsed THz wave generated from PC
devices, and know the important factors for THz output power. To investigate
properties of our oxygen ion implanted GaAs material on pulsed THz generation
field, four experimental systems are set up in this work and help to study the
GaAs:0 materials.

From the THz output power testing experiment, we found GaAs:0 based THz
PC devices can generate relative high power (~100}j.W). And GaAs:0 potentially
can generate higher output power of THz wave than LTG GaAs, with same antenna
structure, although the dark current of GaAs material is larger than LTG GaAs
(which means lower SNR value for THz signal).

The breakdown field of GaAsiO isnot smaller than 225 kV/cm (270 V) which
is close to that of LTG GaAs although there is still along distance to catch up. But

the pump power saturation level of GaAs:0 materials is high than LTG GaAs



material, which allows GaAs:0 to generate higher THz power by injecting
additional pumping power.

From Figure 4.14(b), one can find the generation abilities of THz power of
these materials tested in this work, they have a relationship like:
GaAs.0>GaAs:As>LTG GaAs. As GaAs:0 and GaAs:As are both grown by ion
implantation method, this means the ion implanted materials have larger potential
ability for generating high THz power, comparing with LTG GaAs material (which
grown by MBE or MOCVD).

By measuring the THz spectrum of these devices with both FTIR and TDS
method, we found LTG GaAs material has the broadest bandwidth among them.
Although the GaAs:0 could generate higher THz output power, their spectrums are
scarified in some degree. The relationship of bandwidth of these materials is like
following: LTG GaAs>GaAs:0el3 (500°C) >GaAs:As GaAs.Cy4(550 C). (see
Table 4.1). The different behaviors of GaAs:0 materials (Oel3 and Oel4) suggests
that, the preparation condition is very important, and it will lead to the big change
of THz generation properties of the ion implanted material. There still have a lot
space to optimize the preparation conditions (including the ion dosage, implant
energy, and annealing temperature) of GaAs:0 material to improve their
performances, for example on THz spectrum if someone has another focusing point
unlike ours (on THz power).

At last part of this chapter, we have investigated the pulsed THz wave
generation with a CW background illumination. The experimental results tell us, the
presence of CW background illumination will limit (or screen) the output power of
pulsed THz wave. A larger illumination power of CW light, the smaller power of
pulsed THz wave one could obtain. From this kind experiment, one can aso find
the modulation ratio is also abias dependent factor. It will have a small value under
high bias voltage (field), unlike that under low bias range.

For better understand such kind of screening behavior, a simple theoretical

model is also introduced. The tendencies deducted from such theoretical model can



be testified by the practical measured data, which means the theoretical model is
adequate in describing such kind of behaviors. Combining the experimental results
and the simple theoretical model, this kind of investigation can help one to know

more about "screening effect” and to think about some possible application of it.



Chapter 5:
CW THz wave generation pumped by two
single-mode lasers system

5.1 Introduction

For identifying the fine spectral features of certain materials, in practice, continuous
wave (CW) THz imaging and sensing systems is desired, because of its distinct
narrow band. Then, the devices which can generate CW THz wave are aso
attractive to researchers.

Above, we have tested our GaAs:0 based devices under pulsed THz generation
mode, in this chapter the GaAs:0 material were further studied under the CW
generation mode. We studied the CW THz power generation performances of
different material based PC devices, and scanned their THz spectrum by varying the
detuned frequency of the two single-mode CW lasers in this chapter. From
experimental results, we found the GaAs:0 based PC device can generate relative
high power (hundred nW to several jiw) CW THz wave, in 0.35 THz range.

At last, the bias dependent THz power generation behavior has also been studied
experimentally and theoretically together. As in pulsed THz generation mode the
bias field will also affect the THz spectrum in some degree by accelerating the
carriers, so THz spectrums will be little different under different bias field. And the
THz spectrums are also different for different materials. So, to compare the bias
dependent behaviors (especially output power) under Pulsed generation mode, it
looks little unsuitable (or to say little unreasonable). That is the reason why we
didn't comparing the bias field-dependent saturation of these two materials
(GaAs:0 and LTG GaAs) in Chapter4, and left it to this chapter. The experimental
results tell us, GaAs:0 material has arelative higher saturation level for bias field,

comparing to LTG GaAs.



5.2 Mechanism of CW THz generation in photoconductive

device

Optical heterodyne downconversion (or photomixing) method is one of common
approaches to generate CW terahertz wave from PC device. By this kind of method,
CW THz wave can be generated by two single-mode CW laser beams with detuned
frequenciesin the THz range.

The heterodyne downconversion process occurs when the photoconductive
device was illuminated by two single-mode CW laser beams, which having average
powers Pi and P2 and frequencies f\ and fj, respectively. The instantaneous optical

power incident on the PC device is given by [112]:

Pi ={P,+P2)+2V "[cos2;r(/2-1,)] +cos2;r(/, +1)] (5.1
Where, m is the mixing efficiency which ranges in value between 0 and 1
depending on the spatial overlap of these two incidence laser beams and their
relative polarization. (For example the mixing efficiency is 0, when the overlap
beams have perpendicular polarization). The last term of EQ.(5.1) varies on a time
scale much shorter than the carrier lifetime x, and thus does not modulated the
photoconductance significantly. The instantaneous photoconductance can be

expressed as:

Gp{co,t) = en{a),t)/u. (5.2)
Where, q is the electron charge and jx is the carrier mobility. And the n(cot) is the
density of photocarrier produced by the incidence lights, o - Irf* = -1,)

means the beating frequency of the two laser beams (It is also the center wavelength
of THz wave generated by these two laser beams).
So, Eq,(5.1) can be written as anew form by neglecting the last term:

Pi = Po + "dlmP"P" cos cot, (5.3)

Where, Po=Pi+P2 means the total incident power averaged over along time period.

Like Eq.(4.2), the dynamic equation for the photocarrier density in this case can



be expressed like:

dn((D,t) r~P. n((ot)

54
dt hfAl T 4

Where rleis the external quantum efficiency (number of photocarrier pairs generated
per incident photon), hf is the photon energy (/i~/2=/), A and | are effective light

incident area and thickness of absorption layer (or the absorption depth of material).

We
Figure 5.1 Interdigitated electrode configuration of photomixer
For the case of photomixer like Figure 5.1 shows, the effective light area and

the external quantum efficiency can be calculated by following equations:

A = {NVA + NAWAL (5.5)

rie = vIT (5.6)
+ NoVe

Where, Wgand We are widths of photogaps and electrodes, respectively. Ng and Ng
are the number of electrodes and photogaps respectively. L is the length of
electrodes, Tj is the internal quantum efficiency (number of photocarrier pairs
generated per photon entering the substrate material). T is the transmission
efficiency of incident light power.

By inserting Eq.(5.3) into Eqg.(5.4) we can get:

5.7
dt hfAl T -7)

From Eq.(5.7), we can get the solution of photocarrier density like:



hfAl

ve I [Rg + 1"mPAP~ coso)t]e'dt + C)e

hfA
r | |
= [hfF:AIA t . e +iJmP P \{cos ajt)e'dt] + C}e~ (5.8)
As, "os ) = 7(co_tr=sin_+c,
1+rW
« 0=¥ +2 + in ]+ T (5.9)
hfAl [-\-T (D
By settingsin®= . ~ ,cos =,/ A7 , then one can get (j) =arctg —
gl + ircof +( )2

t

and coscot +rcosmcot =VI+ co® sin(6/+ .Asthe factor of the form C'e* in
Eq.(5.9) can be neglected since it decays on picosecond timescales, we can get the

simplified expression of EQ.(5.9):

= (5.10)
hfAl VI+ irw

For the case like Figure 5.1, the instantaneous photoconductance should be

adjusted into:

NM
< n{o}t). (5.11)

g

Insert Eq.(5.5-6) and Eq.(5.10) into Eq.(5.11) then one can get:

Gp_. « e 17 TtP sin( )
: hRNJVe+NgWgY ‘PATM

(5.12)

The Photoconductive devices can be drawn as the equivalent circuit like Figure

5.2 shows



Vb

Figure 5.2: Eauivalent circuit of PC device hotomixer

Where, RI is the load impedance of antenna. C is the capacitance of the light
incident area, Vb isthe additional applied bias. Here the original series resistance Rs
was neglected as long as GoRs«l and RL/RS»1. Then the total impedance of

equivalent circuit should be:

1
Z(cd0 =Rl + (5.13)
Gp(a),0 + jcoC

And taking the real part and disregarding the constant offset, one can get the output

power of CW THz wave generated from load impedance:

Vb (5.14)
ZiG),b)

To get more information about the output power of CW terahertz wave with
different beating frequency, the Kirchoff current law is required. From Kirchoff

current law, one can write the time-varying voltage Viac across the photogap as the

solution of the following differential equation:

GAcdJ 5.15
dt RrC ) ( )

For Gp(co,t) in the form of Eq,(5.12), the Eq.(5.15) cannot be solved in a closed
form. An approximate solution is found if Viodf) is assumed to be of a harmonic
form and neglecting the phase shift in the photoconductance. The radiation THz

power is given by [31]:



PouMt)= A (5.16)

iJmPP
Where,p =—* ~ " . In the small-signal limit, where GoRI«1, and under the

PoMl + ' W

assumption that Pout(®,t) is the maximized (m=l, Pi=P2=Po/2), the EQ.(5.16)

reduces to

UVFi.fR,
+ + ( 2] (5.17)

When a)x»|l and O)RIC 1 (in the limit of high frequencies), the above small
signal expression for Pout(d)) will reduce to = —(PGo)™ It"co"CRN . It

is very important for the PC devices to have low x and C since the difference
-frequency power is dropping by 12dB/octave in this high frequencies limit. For the
case under k)t»1 Of q)ric»1, the spectral bandwidth of the PC device is limited
by the free-carrier lifetime x and the RC time constant of the device respectively, the
power is roll-off by 6dB/octave. In Eq.(5.17), VbGo can be looked as the dc
photocurrent IDCph (Joaph*VbGo) , which generated by the two laser beams under

certain bias voltage (F*). Then

1.2 .
O ~ DCph~L

Puto t) . (5.18)
Figure 5.3 isthe simulation results of THz power against the beating frequency,
through the theoretical model discussed above. For the THz wave which frequency
is above 3 THz, the effect of material carrier lifetime is very closely. But for those
the frequency components below 3 THz, they will be more related to the material
carrier lifetime. For the materials with the longer carrier lifetime, the effects of

carrier lifetime on each frequency component will be much different. THz wave

output power will decay fast with the increasing of frequency.



Fraquancy (THi)
Figureb.3: THz power vs. beating frequency
(simulation results)

For the materials which have shorter carrier lifetime, the effects of lifetime on
each frequency components are more closely. For example, the curve (lifetime 0.1
ps) for the frequency components from 0.1 THz -0.8 THz. If one is only focusing on
the THz wave in the range (below O.STHz), he (she) don't require material with an
ultrashort carrier lifetime like 0.1 ps. Otherwise the power generation efficiency will
be sacrificed unnecessarily. This is aso one reason why the GaAs:0 materia is
more suitable for generating THz wave in this range, comparing with LTG GaAs.

From figure 2.19, one can find the slow decay part of the carrier lifetime, which
should be an important factor effective THz generation. A long carrier lifetime limit
the CW THz generation performance in high frequency range (in Figure 5.3). But if
one is interested only in high power CW THz generation in the low frequency range,
the long decay may not matter much.

In the case of pulsed THz generation, the effect on THz generation performance
for high frequency components is similar to CW THz generation. In pulsed THz
generation case, as most energy of the pumping power is located in a short time
range, the fast decay part of the carrier lifetime should be the dominating factor for

the THz spectrum of pulsed THz wave.

5.3 Experimental results and discussion

5.3.1 CW THz wave generation and detection system



To test CW THz wave generation properties of our GaAs:0 based PC devices, a
typical experimental system for generation and detection of coherent CW THz wave
was implemented as Figure 5.4. This kind of system includes three parts: 1. Laser
source and beam combination sub-system, 2. THz wave generation sub-system, 3.
THz wave collection and detection sub-system.

The laser source is normally constituted by two single-mode lasers [113] or a
single laser which operating in two-color mode [114, 115]. In this work, two
frequency-independent circular laser diodes (SANYO: DL-8032-001, 830nm) were
used to generate two laser beams with a detuned frequency co. Their center
wavelength and linewidth are 830nm and 22MHz, respectively. To keep the laser
source work more stably, two isolators utilized to prevent the optical feedback
(from other optics) into the LDs. After passing through the PBS (polarization beam
splitter), these two beams will be combined with two crossed polarization directions.
By rotating the /2 plate placed after PBS, the components of two polarization
directions through the polarizer can be controlled. Finally, each component of those

two laser beams passed through polarizer are adjusted to have the same power.

Silicoii \ms
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Figureb.4: Schematic of experimental setup for CW THz generation with two
color laser system. (Measure output power and other electrical parameters.)

The THz wave generation sub-system and the THz wave collection and



detection sub-system are similar to the setup in Chapter 4 for pulsed THz wave
generation. A 40x objective lens is used to focus the combined laser beam onto the
photogap area of device. With the help of electrical bias, the modulated photocarrier
density will create a modulated electrical current, which at the end leads to the CW
THz wave to generate from this PC device. Two parabolic mirrors are used to
collect THz wave and focus it into the liquid-helium-cooled Si bolometer detector.
As the 0.3 THz range is more attractive to researchers than those lower
frequencies. So we test the CW mode generation properties of devices focusing on
this range. By adjusting the difference between the wavelength (zU) of those two
830nm laser diodes, we generated corresponding CW THz wave from PC devices
(which fabricated on GaAs:0 substrate), through difference frequency generation

mechanism.

5.3.2 CW THz wave and high-dose GaAs:0 material

In Chapter 4, we have tested the GaAs:0el4 material under fslaser pumping (pulse
mode generation), here we will test the same device (Dipole—1) under CW light
pumping to see its generation performance of CW THz wave.

From Eg.(5.5)-Eq.(5.6) and Eq.(5.10)-Eq.(5.12), we can get:

G -~ A A A (5.19)
hfAJVg

The situation when the photocurrent (IDCph=VbGo) increases with bias linearly, the
parameters in Eq.(5.19) should be bias-independence, especially effective mobility
)i and carrier lifetime x. Under high bias field, the effective mobility \i should be a

bias-dependent factor, because drift velocity v* { v* =juE ) is nonlinear

dependence on bias under high field range [116, 117]. And the carrier lifetime
(carrier trapping time) also should be abias-dependence factor under high bias field,
because the effective cross-section of Coulomb-attractive electrons traps decreases
with the increasing electrical field due to the electron heating and Coulomb-barrier

lowering [118]. To simplify the testing condition, in this part, we just tested



Dipole | inrelative low field range (<3.5kV/cm, 70V on 20jim photogap).

Figure 55 shows the photocurrent of dipole I. Two CW laser beams
(Pi P2=Po/2) are combined together through polarization beam splitter and focused
onto the photogap of PC device (dipole_|, on GaAs:0el4 substrate). The detuned
frequency of these two laser beams is set at 0.327 THz. The photocurrents under
different CW pumping power almost increase with bias linearly, it shows that the
nonlinear behavior of effective mobility and carrier lifetime haven't appeared
obviously yet, athough there are some slight nonlinear in the curves. Then, in this
situation, from Eq.(5.17) we can know the output power of PC device under CW

generation mode should be quadratic dependence on bias voltage (Power law).

550 C, T_D1)
Beating@0.327THz

CW Power:
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A-
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Figure 5.5: photocurrent of dipole_| under the
pumping of two CW laser beams

Figure 5.6 shows the CW THz power generated by dipole—1 under CW
generation method. The fitting curves (dash line) for 42mW and 32mW pumping
show the experimental results are good matching with the theory model. Under
42mW pumping and 70V DC bias condition, the CW terahertz wave power is

around 0.55mv ( .011 )
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Figure5.6: CW THz power of dipole 1. The
beating frequency is set at 0.327 THz. Dash lines
are the curve fitting with quadratic law.

Such level output power is about 2 3 orders smaller than that achieved by
pulsed generation method under the same bias voltage and pumping power
(average). Although the theoretical model (equations) for them are different and it is
not fair to compare them directly, if one wish to know why they have so much
different output level, there are still some points that could be discussed. At first,
both pulsed or CW generation methods are generating THz wave by modulating the
photocurrent of semiconductor material, on which PC antenna fabricated. The
pulsed generation method was using fs laser beam to generate photocurrent, while
CW generation method uses two frequency-detuned laser beams. With the same
average pumping power, fs pulse has higher peak power than CW beating wave.
From Eq.(4.7) or Eq.(4.8), we can find the THz output power is proportional to the
derivative of photocurrent. It means, under the same average pumping power, the
one with narrower pulse width will have higher peak pumping power, and then
more significant variation of photocurrent, at the end leading to a higher output THz
power generated. So this is intrinsic reason why CW method will generate lower
average THz power than Pulsed method. This also suggests that to generate higher
narrow band THz wave, one can choose quasi-CW generation method, which uses
two pulsed (time domain) laser source with a detuned frequency (frequency domain)

[119]. This kind of method can combine the advantages of pulsed and CW THz



generation method together, to generate high power narrow band THz wave.

Secondly, the 2 3 orders differenceis not only caused by the reason discussed
above. From Eq.(5.1), we can find the beating efficiency will be affected by the
working condition (stability) of laser diodes. When the phase matching condition is
fulfilled, then the best beating efficiency could be achieved. As we know, currently
we use two independent laser diodes, without any phase locking control. Although
the laser diodes have very good stability, the situation of phase mismatch will still
happen, which will cause the THz generation efficiency to decrease in some degree.
One solution is to use some phase locking technique to lock these two laser sources
together [120]. Another choice is to using some laser source with dual-wavelength
operation mode [114].

Thirdly, as there are two laser beams, the perfect spatial mode matching is also
very important for efficient THz generation. The optical alignment procedure is not
ideal in practical use, so the resulting mismatching of spatial mode will cause the
THz generation efficiency to decrease obviously. One solution is to use fiber to
guide these two laser beams before pumping on photoconductive antenna [121].

Fourthly, the average power measured by bolometer detector for pulsed THz
wave will be not very accurate like that for CW THz wave because the calibration
work was done under CW mode with blackbody radiation source. And the
bolometer is a device with relatively slow response time and reset time (the time to
return to thermal equilibrium with the environment) compared with the fs laser
pulse width. The real power of pulsed THz wave may be lower than the value
obtained by bolometer detector.

One of the advantages of CW terahertz wave generated by Photoconductive
method is its wavelength turning ability. By adjusting the beating frequency of the
two pumping CW laser beams, one can get the designed THz frequency component.
This technology is very important for high resolution THz spectroscopy or CW THz
imaging.

From Eq.(5.17), one can expect the output power of THz wave a certain



frequency should be different to other frequency even their working conditions (for
example, pump power and bias voltage) are the same. Another factor should be
considered is the antenna structure. For a broadband antenna like bow-tie or spiral
antenna, the output power of THz power should be decrease with the increasing of
beating frequency like Figure 5.3 shows, because those two terms in the
denominator of EqQ.(5.17) are both increasing with the beating frequency (co). The
effective antenna impedance RI is nearly the same for most frequency of THz wave
in the certain frequency range. Unlike broadband antenna, dipole antenna has his
resonance frequency for a giving dimension. So, as the sample what we test is
dipole | its behavior of THz wave in frequency domain should be very different
with that in Figure 5.3. The power of THz wave will increase with the increasing of
beating frequency at first, and then go to decrease like Figure 5.3 after the beating

frequency exceeds the resonance frequency.

Frequency (THz)

Figures.?: Power of CW THz waves generated by dipole
antenna fabricated on GaAs(110):0el4 material. Insert shows
the spectrum of THz wave generated by the same device under
pulsed mode measured by FTIR System.

Figure 5.7 shows the test result of dipole | for its performance in frequency
domain. It is obtained under the 40mW CW pump power and 70V bias condition.
The insert window is the spectrum obtained by FTIR system (pulsed generation
mode in chapter4). The curve of CW THz wave in frequency domain is good
matching with the spectrum of Pulsed THz wave for the same device. As the
calculated resonance frequency of dipole—1 is around 0.256 THz (Table 31) the

unexpected deep in the curve below 0.32 THz should come from the cavity resonant



effect (like FP cavity effect), because the two smooth face of GaAs substrate make
the sample more like FP cavity which leads some THz frequency components and
CW pump light resonant in the substrate material. This phenomenon is much clear
in the insert window. So it is obviously that, the whole curve of CW THz wave
spectrum in Figure 5.7 is good matching with the characteristics of antenna
structure.

To minimize the effect of cavity resonance effect, one could try to polish the
substrate to a thin film which thickness is smaller than the resonance length of
certain THz frequency component. Another approach is to achieve best contact with
Si lens, letting more resonant THz components going into the Si lens before the
resonance happened in GaAs substrate.

From the result, one can find the peak power of CW THz wave near the 0.3
THz is found at 0.33 THz (the frequency near 0.3 THz is what we interesting), its
power is around 0.55 mV (-0.011 \xW). Although the output power of CW THz
wave is not very large, it could be enhanced by increasing the bias voltage and
pump power. From Chapter 4 one can find the condition of 40mW pump and 70V
bias has not reached to the saturation level of such kind of device, not only the
pump power but also the bias voltage. There are still a lot of spaces for one to

enhance or optimize.

5.3.3 Comparison of Low-dose GaAsiO and LTG GaAs

As introduced in Chapter 4, the GaAs(110):0el3(500°C) material shows its better
performance on THz spectrum comparing to the GaAs(110):0el4(550°C) and its
THz output power is also slightly larger. Now, here will show its performance on
CW terahertz wave generation. Again we tested the device dipole_4 2, which is
fabricated on GaAs(110):0el3 substrate and its dipole type is T_D1 (Table 3.1).
The calculation resonance frequency of such device is around 0.256 THz, like
dipole—1 above. Like studying the dipole | by CW THz generation method, here

we also plotted the spectrum curve of dipole—4 2 (see Figure 5.8). The maximum



output power (0.7444mV) was achieved at 0.333 THz under 70V bias and 45mwW
pumping power condition. The range (0.33 THz-0.34 THz) should be resonance
peak range of this device. The fast decay of THz power for those THz components,
which frequency dlightly lower or higher than that value, represents the device's
intrinsic characteristic of antenna structure. The further decay at high frequency
should come from the normal frequency component decay mechanism like Figure
5.3 shows.

The 0.744mV (~0.015|iW) output CW terahertz power from dipole 4 2
(GaAs:Oel3) is aso 40% higher than that obtained by dipoe—1 (0.55mV,
GaAs:Oel4), athough during the testing dpde—4—2 (45 mW) had only a 12.5%
additional pumping power larger than dipole—1 (40 mW). This also testify the good
performance of GaAs:0el3 in CW THz wave generation area, not only the

spectrum, but also the output power.

Dipole_4_2 {GaAs:0Oe", SOO'C, T_D1)
f\ CW pump power: 45mW

| Bias Voltage: 70V
Chopper:200Hz
Bolometer Gain:1000

Frequency (THz)

Figure5.8: Performance of CW THz wave
generated from Dipole 4—2under 70V bias and
45mW pumping condition.

As LTG GaAs material isthe common material for THz application, so we also
have tested the device (dipole_9), which fabricated on LTG GaAs materials, under
CW generation method. This device has the same dipole structure as the dipole—4 2
(GaAs:0el3) and dipole_1(GaAs.Oel4). Figure 5.9 shows the photocurrent and
CW THz power under different bias voltage. The linear increasing of photocurrent

shows that this device is working in normal linear bias-dependent range. The red



dash line is the fitting curve of CW THz output power of dipole 9. Its nearly
quadratic behavior is good matching with the theory model as discussed above. The
output power reaches to about 0.58mV at 0.366 THz under 60 V bias. In this figure,
the low dark current and high photocurrent also shows the advantages of LTG GaAs

materials in THz application area, especially SNR aspect.

35mW CW pump
D Photocurrent
o Darkcurrent
+ CW THz power

Bolometer Gain: 1000

Bias voltage (V)

Figureb.9: CW THz power and photocurrent of
dipole_ 9 (LTG GaAs) under 35raW pump. The red
dash lineisthe fittins curve with Quadratic law.

To achieve the best comparing results, we tested the dipole 4 2 (GaAs:0el3)
and dipole 9 (LTG GaAs) under the same testing condition. At first, let's take a
look the performance of photocurrent of these two devices. The beating frequency is
set at 0.359 THz and the pump power is set to 45mW for both of them. Figure
5.10(a) show the IV curve of these two devices. About dark current, these two
devices both have small value comparing to the photocurrent, which shows these
two kinds of material both having large dark resisitivity.

Unlike LTG GaAs material, GaAs:0el3 material exhibits more obvious
nonlinear bias-dependent behavior on photocurrent, this will affect the behavior of
THz wave output power (About this we will discuss later).

From Figure 5.10(b) (solid symbols), one can find the LTG GaAs has a very
good photocurrent behavior compared with GaAs:0el3. The PDR value
(photocurrent to dark current ratio) of LTG GaAs is at the level IK, but that of
GaAs.0i3 is only at the level 10. The PDR values of these two samples both

increase with the bias voltage, but it approaches the saturation level around 3K for



LTG GaAs material. From these results, one may suppose the PDR value of
GaAs:0 material will keep on increasing with the bias voltage before its breakdown.

(The breakdown voltage of GaAs:0el3 can be higher than 270V (Figure 4.15)).

(a) CW pump power: 45mW
Beating frequency: 0.359THz
+ Photocurrent (GaAs:0e13)
*  Oarkcurrent (GaAs:0el3) ~  esees -PhotocuTBnl (GaAs:Oel3) cPjAANT
«  Photocurrent (LTG GaAs) -Photocurrent (LTG GaAs) d
Darkcurrent (LTG GaAs) . THz power (GaAs:Oel3)
THz power {LTG GaAs)

—

AMEFITtwEFEEFFFELEfIFFF 21~

Bias Voltage (V) Bias voltage (V)

FigureS.IO: Current and CW THz power of dipole 4 2 (GaAs.Oe*') and dipole 9 (LTG
GaAs). (a) IV curve measured under 45 mW CW pump power @ 0.359 THz, (b) The ratio
of photocurrent to darkcurrent vs. bias voltage (solid symbols) and CW THz power under
different bias voltages (open symbols).

The CW THz power of these two devices increases fast when the bias voltage is
larger than 40V and 50V respectively (Figure 5.10(b)). The larger photocurrent
leads to the larger CW THz power achieved by dipole 4 2 (GaAs:Oe13) comparing
with the dipole 9 (LTG GaAs). The maximum output power achieved by
GaAs:0el3 and LTG GaAs ae 1.0228mV(~0.0205"W) and 0.756mV
(~0.0151fxW), respectively.

From this figure, one also can find a bias dependent saturation behavior in LTG
GaAs based devices when the bias voltage comes into the range (>60V). For
GaAs:0 material, this kind of behavior is not very obvious comparing with LTG
GaAs, Its output power of THz wave still increases. This shows the GaAs:0
material should have better performance of CW THz power generation in higher

bias voltage range comparing with LTG GaAs material.



CW Pump power (mW)

Figures.11: Photocurrent (open symbol) and CW THz
output power (solid symbol) under different CW pump
powers for dipole 4 2 (GaAs:Oe€") and dipole 9 (LTG
GaAs). The beating frequency isset at 0.358 THz.

Now, let's take alook about their performance on photocurrent and THz output
power under different CW pump power. Figure 5.11 shows the testing results of
them under 80V bias voltage. The CW pump power is from OmW to 180mW (Such
high pumping power is achieved through MOPA, by amplifying the original laser
beam. The setup detail will be showed later). Dipole 4 2 (GaAs:0el3) and
Dipole 9 (LTG GaAs) both have a linear increasing photocurrent with the pump
power amost in the whole testing range. But, the CW THz output power of
dipole 9 (LTG GaAs) is going to saturate around 120 mW, whereas that of
dipole—4 2 (GaAs:0el3) dill keep increasing. These kind results shows that
GaAs:0el3 has larger pumping power saturation threshold, which endows it an
ability to bear higher pump power compare with LTG GaAs material, and then

generate higher CW THz wave output power.

The THz spectrums of these two devices are studied by turning the beating
frequency, under 80V DC bias and 45mW CW pump power. Figure 5.12 shows the
plotted CW THz spectrum curve from 0.02 THz to 1 THz. From the logarithm scale
figure (Figure 5.12(a)), one can find dipole—9 (LTG GaAs) has a flat curve in high

frequency rang(>0.5 THz) comparing with dipole—4 2 (GaAs:0el3). This means



dipole—9 (LTG GaAs) has better performance in THz wave generation at frequency
higher than 0.5 THz. But for dipole—4 2 (GaAs:0), it looks it has better
performance at lower frequency range for its relative higher output THz power.
(About 1.2mV @0.358 THz for GaAs:0el 3 comparing with the 0.787mV @0.355
THz for LTG GaAs).

>@0.34THz

@
i_4_2 (GaAs:0e13)
Dipole_9 (LTG GaAs)

&Oo

2 (GaAs:0e13)
9{LTG GaAs)

Mg 82

0.0 0.4 0.6 oa 0.4 0.6 0.8 10

Frequency (THz) Frequency (THz)

Figure 5.12: CW THz signal vs. beating frequency, (a) Normalized CW THz signal; (b)
Original data in linear scale with Gaussian fitting curves [dash line for Dipoe—4 2
(GaAgOeM) dot line for Dipole 9 (LTG GaAs)].

From the Gauss fitting curves in Figure 5.12(b), one can find the dipole 4 2
has a peak center (dash line) at 0.34 THz and dipole 9 (dot line) at 0.328 THz. And
the resonance behavior of dipole antenna structure is more obviously in dpde—4—2
(GaAs:0el3). This should be one of reasons for dipole 4 2 having the fast decay
behavior at higher frequency range, as more possible power would transform to

resonance frequency range.

To get more comparing results of these two kinds of devices (materials), we did
further testing under high CW pump power condition (180mW). A Topica Master
Oscillator Power Amplifier (MOPA) is used to amplifier the original two CW laser
beams from (50mW) to a high power level (180mW). The testing system (Figure
5.4) is little adjusted into Figure 5.13 shows. An isolator is added before the MOPA
to prevent the possible multi-reflection light going into the amplifier and increase

the noise.
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Figures.13: Schematic of experimental setup for CW THz generation with two
color laser system. (CW light isamplified by MOPA to around 180mW.)

Figure 5.14(a) shows the photocurrent of these two devices under 180mwW CW
pump power. The beating frequency of these two laser beams are set at 0.358 THz.
The photocurrent of GaAs:0el3 is going up linearly with DC bias below 10V, and
then it increases with a quadratic law (superlinear photocurrent). Unlike GaAs.Oe13,
the LTG GaAs device enter into the quadratic law until the bias voltage exceed 50V,
but below 50V the photocurrent is also not linear dependent on bias voltage but

more like with arelationship like lce VM.

(b) CW power: 180mW
(a) CW power: 180mW @ 0.358THZ

@ 0.358THZ
GaAs:0el3 LTG GaAs

« LTG GaAs

Bias(V)

Figure5.14: Photocurrent and CW THz output power of dipole 4 2 (GaAsiOe ) and
dipole 9 (LTG GaAs) under high CW pumping power (180mW). The beating frequency is
set at 0.358THZ. (a) Photocurrent (b) CW THz output power (ImV~0.098nW). Insert

The CW THz output powers of these two devices are showed in Figure 5.14(b).

From the results, one can find the GaAs:0el3 device could potentially generate



higher output power than LTG GaAs device. By detailed observation, below IOV
bias voltage, the CW THz output power of LTG GaAs device is dlight larger than
GaAs:0el3. And then, from IOV to 40V, their CW THz output powers are similar.
At higher bias voltage level, the output power of LTG GaAs device looks reach to
its saturation level, however that of GaAs:0el3 device keeps on increasing, with
relative slight saturation behavior.

From Figure 5.14(b), one can also find, below 40V bias voltage, although the

outputs of CW THz wave increase with bias voltage with a superquadratic law, they

are not following the law of pthz ™ ~pcph =( G ) (from Eq.(5.17) or EQ.(5.18)).

The increase law of CW THz wave are more like and v283 for GaAs:0el3
and LTG GaAs respectively in this range, whereas the photocurrent is with a law
more likeV .

And, when the bias keep increasing, the CW THz wave output power of LTG
GaAs device looks it is going to saturate, and the increase law with bias decreases
toalevel only M® 26  the same time, although under the same bias voltage, the
output power of GaAs:0el3 device keeps increasing, the increase speed was slowed
down to V 33 But, in the same bias level (>40V), the photocurrent still increases
with the biaswith alaw V .

These behaviors of CW THz wave and photocurrent could not be deduced from
the EQ.(5.17) and Eq.(5.19) directly, if one think the other parameters in those
equations are al bias-independence.

Note: the relationship (ImV~0.098j4-W) used in Figure 4.14(b) is not the same
as others quoted above (ImV~0.02|j.W). Here we recover some factors which we
have not accounted on the former one. One factor is about the power decay from the
radiation source to the bolometer detector, during the bolometer calibration. If
recover this part factor, the real power will be about 2.45 times(35.7/14.53) higher
than that calculated from former one. And considering the chopping loss, there is
aso 2 times vaue could be recovered. So the relationship comes to

0.02*2.45*2=0.098 (Jiw/mV). So if al those power value calculated from the



former equation also considering like this, then their real power will also be about 5

times higher than current one.

5.3.4 Discussion on bias dependence behaviors

To study the saturation behavior of CW THz wave power happened at high bias
range, one should consider some parameters are bias field dependence in fact. Now,
we will try to discuss this kind of behavior (showed in Figure 5.14) with a
theoretical model.

The nonlinear behavior of photocurrent of these two devices should be mainly
caused by the bias dependent carrier velocity and carrier response time, which
normally looked as bias independent in low electrical field for some semiconductors
without or with low light power injection.

From Eq.(4.1)&Eq.(4.2) and under CW light pumping, the photocurrent should
proportional to the effective carrier lifetime x and the effective carrier velocity v.

And considering these two parameters are bias dependence factors {r{Ef") ,{E"))

when the bias field exceeds a threshold, the DC photocurrent locph should be

following the virtue like:

IDC'ph
(5.20)

For bias dependence effective carrier velocity, the carrier velocity will start
to saturate when the bias is keeping increasing in high bias field range. The

effective carrier velocity can be expressed like following [79]:

Voo T e )2 (5.21)

where fi* is effective electron mobility, and v  isthe velocity saturation value of

electrons, Eb is the electrical filed (Eb=Vb/dgap) on the PC devices. Here we take
effective electron velocity as the effective of carrier velocity is because the velocity
of electron is larger than the velocity of hole, which is neglected here during the

calculation of the effective carrier velocity v.



Because of the reduction of the electron capture cross section due to electron
heating and Coulomb-barrier lowering, the effective carrier trapping time will
increase with the bias field [118, 122] and leads to the effective carrier lifetime to
increase. Then the effective trapping time can be expressed in a simple form like

[123]:
{E) =r _o+aEl +a +... 5.22)
Where Xtgoo is the effective trapping time without bias field. and& are the

fitting factors, Gj,a" >0. For normal case, the first three terms dominate the value
of trapping time.

Then, from Eq.(5.20)-Eq.(5.22), one can get the final expression of DC
photocurrent, under the condition of Tirgp(Eb) Tresarirdian Xtrep(Ey) Tdhift.

( .+ | 2 (5-23)
Vi+("A/

where Eb=Vt/dgap’ as mentioned above.

When bias voltage is larger thanK  the threshold voltage for carrier velocity

\Y
saturation, ju® a— /v »1, the effective carrier velocity will come to saturate

atv .Then Eq.(5.22) can be written in anew form:

w A +« X +aX) . (5.24)
Nsat

To get equal form of Eq.(5.23), one should add the effect of carrier density
generated by the light injection into the equation. So considering Eq.(4.1) and

Eq.(4.2), one could use afitting factor to describe the effect of the photocarrier.

+a,El)y-=MI==. (5.25)

Where 2 is the fitting factor, it is proportional to the injection light power

(eriePo).



As the effective trapping time is smaller than other decay time factors, like
carrier recombination lifetime, then one could get x"Ttrgp. Insert EQ,(5.22) and
Eq.(5.25) into EQ.(5.18), one can get the new form of CW THz output power with

some bias dependent parameters.

9 trapfi 2 b 3 b [ — — —

PouMt)- n , , .2, cw 2
[1+ + + a,El

Where CY isafactor relating to effective antenna resistance and capacitance,

2 +  photocurrent (GaAs:0e13)
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Figures.15: Simulation results of CW THz power under different bias voltage [solid line is
GaAs:Oei3 (dipole 4 2) and dash line is LTG GaAs (dipole 9)]. Solid symbols are the
measured values.) Insert window (left) is for photocurrent and CW THz wave of
GaAs OeM and Insert window(right) isfor those of LTG GaAs. (lines are fitting curves)



Figure 5.15 shows the simulation results of CW THz output power under
different bias voltage using EQ.(5.26). The simulation curves (solid line and dash
line) are good fitting to the measured data (solid symbols). For GaAs:0Oel3
(dipde—4—2) and LTG GaAs(dipole 9), the values of parameters used during the
simulation are different.

For GaAs:Oel3 device (dipole—4 2), we use the parameter values like:
10

dep 20|im, @© =271*0358x10" , Xtgpo =0.55 ps (measured by time-resolved

photoreflectance technique pump-probe method). Other parameters are obtained by
fitting the curve, ju*® =0.027 mVv.s 2 =18xlo9 & 2¥I0—5 m"N",

3=3.2x10-33 m3/v3 v = 1.0x10" m/s, Gc=3.38xI0-

For Ca in the equation Eq.(5.26) during the simulation process, one also should
be mentioned that the power coupling loss induced during the measurement was
accounted into this factor).

With these values of parameters, we can get the simulation results of
photocurrent and CW THz output of GaAs:0el3 (dipole_4 2) at the same time by
Eq.(5.25) and Eq.(5 26). The fitting results are showed in the insert window (left) of
Figure 5.15. From this insert window, one can find the fitting curves are good match
with the measure data for both the photocurrent and CW THz output power & the
same time.

For LTG GaAs device (dipole 9), The parameter values are set as. dggp=20 jim
(the same dipole structure as GaAs:0el 3), Trgno=0.7ps (measured by time-resolved
photoreflectance technique pump-probe method), ju* =0.02 m/V-s [31],

6;,=271*0.358x10"™ (0.358 THz, the same beating frequency as GaAs:0el3). Other

parameters are obtained by fitting the curve, nMAM
=2.2x10-™ VM =0.45x10"m/s, Crc=IA"W\

Here we fitting the QW factor for GaAs:0el3 and LTG GaAs with the same

value is supposing the photocurrent generation efficiencies of them are the same



under the same testing condition (CW pump power and beating frequency.)

The good matching of simulation results with the experimental results shows the
theoretical model is adequate in describing the phenomenon happened in practice.
Now, with the help of this theoretical model, we could discuss the behaviors of THz
power saturation and quadratic photocurrent increasing in physics.

When the bias field is higher enough, the effective carriers trapping time and
carrier velocity will follow into the bias-dependence range with a function like
Eq.(5.22) and Eq.(5.21). When the bias keeps on increasing, the effective carrier
trapping time will increase, but the carrier velocity will slowly close to its saturation
level, normally <le® cm/s [123]. The combine effect of them leads to the
photocurrent increase with bias dramatically at high bias field, not Ohmic law but
quadratic law. If the terms in the denominator of EQq,(5.26) are not bias-dependent,
the output CW THz wave from PC devices should increase with the bias (quadratic
law on the photocurrent). But the effective carrier trapping time increase with the
bias field makes this term also increase with the bias field. This kind of increase
forcesthe output power of CW THz wave follow into afast decay status. Although
the photocurrent keeps on increasing, the increasing of effective carrier trapping
time counteracts some part of contribution by photocurrent on CW THz wave
output power.

When the bias field is high enough (but below the breakdown value (>le* V/cm)

[31]) and makes the value of N+ anEl + larger than 1, the

output power of CW THz wave will come to its saturation level. In Figure 5.15, the
measured data of LTG GaAs device shows this kind of saturation more obviously.

The carrier velocity will dominate the output power of CW THz to keep increasing,

if it hasn't reached its saturation level. As the values of ~y“r* under the bias voltage

(>40V) are both larger than 1 for GaAs:0el3 and LTG GaAs devices, then, the
higher saturation level of CW THz output power of GaAs:Oel3 should be mainly

caused by the relative higher carrier velocity saturation value comparing with that



of LTG GaAs. The fitting parameters values of those two devices showed above
prove the correctness of such kind of deduction (hypothesis).

The different value C" of these two devices mainly comes from the different
effective capacitance, antenna resistance, and the power coupling loss. From the
eguations in the papers [124, 125], one could expect these two devices should have
similar value of capacitance, because they have the same antenna structure and
similar substrate material (GaAs). Then, the fact that the value of Crc for
GaAs:Oel3 is only about 3/4 of that of LTG GaAs, should be possible mainly
coming from the power coupling loss during the measurement or effective
resistance.

The curve of the photocurrent versus CW THz power in Figure 5.16 at low bias
voltage range also suggests this possibility. In the figure, the CW THz power of
GaAs:0el3 does not increase with photocurrent by quadratic law like LTG GaAs
under low bias field range, at which range the bias dependence effects on those
factor (carrier trapping time and velocity) should be relative slight. This kind of
result from Figure 5.16 suggests maybe there isrelative less percentage of CW THz
power of GaAs:0el3 comparing to LTG GaAs device was coupled into the
bolometer detectors during the measurement. If this possibility was true, then the
CW output power generated by the GaAs:0el3 device should be higher than

current value.

200 300 400 5
Photocurrent (pA)

Figure5.16: CW THz power versus Photocurrent for
GaAs:Oe” and LTG GaAs devices.



From Figure 5.5 Figure 5.6 and Figure 5.9 one should be mentioned the bias
dependent behavior is aso pump power related. From those, under the same bias
field (voltage), for lower pumping condition the photocurrent increases more like
linear law with bias voltage and the CW THz power like quadratic law. Under the
higher pumping power condition, the bias dependent behaviors of photocurrent and
CW THz power are more obviously like above showed (Figure 4.15). So if one
wants to get the more precise theoretical model for the all situation, he (she) should

take into account those factors which would be pump power dependent.

5.4 Conclusion

In this chapter, The performances of GaAs:0 materials (GaAs:0el3 and
GaAs:Oel4) on THz wave generation area were further studied, together with LTG
GaAs materials. And the bias-dependent behavior was also studied experimentally
and theoretically in this part.

From the electrical behavior (IV curve) of these materials, we found the LTG
GaAs material has ahigher SNR value comparing with GaAs. material, but that of
GaAsrO could be increased with the DC bias, whereas it will be saturated for LTG
GaAs at certain bias.

Comparing the CW THz power and spectrum of these materials, one can find
the GaAs:0 material can generate higher CW THz output power, and its THz
spectrum exhibits resonance behavior of dipole antenna structure more obviously.
The maximum of CW THz wave measured in this work is on the level of jiWw
(Achieved from GaAs:0el3 based PC device, at 0.358 THz under 180mW pump
power and 80V bias voltage condition).

Under low pump power condition, the photocurrent and CW THz power are
more like following the normal law (linear or quadratic law with DC bias). With the
help of higher pumping power, the bias dependent saturation behavior comes to be
obviously and easy for observing and investigating. Comparing with the LTG GaAs
material tested in this work, GaAs:0 material has arelative slight bias dependent



saturation behavior, which allowing it to generate higher CW THz power than this
type LTG GaAs material.

At the end, the good matching of simulation results and experimental data
shows that the adjusted theoretical model is suitable for explaining this kind of bias
dependent saturation. This kind of study on bias-dependent behavior gives us a
possible explanation on the reason, why GaAs:0 material could potential generate
higher THz power than LTG GaAs material in CW THz generation mode.
Considering this kind of behavior is more obviously under higher pump power, if
one wish to get more precise theoretical model for the whole situation, he(she)

should take into account those factors which would be pump power dependence.



Chapter 6:
Conclusions and future work

The present work contains results obtained from investigating the pulsed and
continuous-wave (CW) THz emission characteristics of photoconductive antennas
based on GaAs:0 (Oxygen ion implanted GaAs). The study is mainly aimed at
evaluating the impact of material properties upon the THz generation performance,
especially on the aspect of THz output power. From the Chapter 4 and Chapter 5,
we find the GaAs:0el4 material can generate about 1.55V (~31"M\¥) pulsed THz
wave, under 35mW pump power and 70V bias voltage. And the GaAs:Oel3
material can generate higher THz power (~48jiW) than GaAs:0Oel4, even its pump
power is lower (25mW). This level THz output power is the highest one ever
reported by such kind of generation method, to our knowledge. Comparing the high
power pulsed THz wave generation ability of all those materials tested in this work,
the sequence is like following: GaAs:Oel3(500°C) >GaAs:Oel4(550°C)>
GaAsiAs > LTG GaAs. Under CW generation mode (@0.358 THz), GaAs:0Oel3
material can generate CW THz power as high as 11.72 mV (pAV level), compared
with that 6.6765mV for LTG GaAs material under the same testing condition.

From the experimental results, We found GaAs:0 material has a relatively
higher saturation threshold compared with LTG GaAs material, which stresses
the potential of GaAs:O materials on high power THz wave generation area. In this
work, we also found the breakdown field of our GaAs:Oel3 material is larger than
225KV/cm. Although it hasn't reached the level of LTG GaAs material
(>500kV/cm [32]), the GaAs:0 materials are good enough for generating high
power THz wave, because its terahertz power generation efficiency is higher than
that of LTG GaAs material, under the same high bias field testing condition
(>20kV/cm). If consider the relative high breakdown field of our GaAs:0el3 and
the THz power what we have achieved at 40kV/cm, one could expect that the power

levels a ~200jiW may be achievable in GaAsiO materials.



The electrical property measurements (in Chapter 2) tell us the GaAs:0
materials have arelative high dark resistivity (>10"n/sq) and carrier mobility ( 200
cmVv-s). And an ultrashort carrier lifetime (<0.4 ps) can aso be achieved from
oxygen ion implanted GaAs (GaAs:0el3). These good performances of material
endows GaAs:0 material such kind of good performance of THz generation. To
enhance its performance, by carefully optimizing the ion implant dosage and
annealing temperature, one could achieve desired material properties (carrier
lifetime, resistivity and carrier mobility) though the optimization of the density and
characteristics of defects in certain material. Note: as these three properties have
different proportional relationship with the density of defects, before starting the
materials preparation process, one should make decision what is he (she) interesting
(high THz frequency component or high output power of THz wave?), and then
select a suitable preparing condition for material.

To enhance THz power generation from GaAs:0 material, besides the method
discussed above, one also can utilize some other useful technologies into his work.
For example, grow adistributed Bragg reflector layer under absorption layer [126].
From the references [26' 30, 100], the highest field within the active layer is located
near the metal contact, and it decrease extremely fast with distance between the
contacts and depth of GaAs. With the help of Bragg reflector layer, one could
decrease the normal GaAs:0 layer to half thickness of the original one, which can
not only enhance the bias field utilization efficiency, but also decrease the implant
energy and then minimize the unwanted effect which could be induced by high
energy implantation. And, this kind of technology also give one a chance to try
some heavy ions, which are not easy to get as deeper as I[j,m with normal low
implant energy. Another technology for enhancing the bias field utilization
efficiency is to fabricate some recessed interdigitated finger contacts, which can
improve the electric field distribution in the active region. With this technology, the
achieved power should be twice of that with conventional surface contacts [28].

Some other technologies like antireflection coating (a thin optically transparent



silicon nitride layer [100]) and AlAs heat spreader [126] could also be adopted for
improving THz generation performance of PC devices. To enhance the thermal
conductive efficiency, one can also use metal holder to replace the PCB we used in
this work. By the way, if one wants to enhance certain frequency component, one
should optimize the dipole antenna dimension and other parameters of the structure
to move the resonance frequency of such a device to that frequency desired. A
simplified resonance frequency calculation equation can be found in Chapter 3
(Eg.3.1). A more elaborate simulation should also account for the effect of substrate
capacitance.

The best THz generation performance should be obtained after integrating all
those technique mentioned above.

From the THz spectrum measured by FTIR and TDS systems in Chapter 4, the
bandwidths of those materials tested in this work have a relationship like: LTG
GaAs >GaAs:0el3(50(rC) > GaAs.As >GaAs:.0el4(550°C). To enhance the
bandwidth of GaAs:0 materials, one could decrease the carrier lifetime of GaAsiO
material by creating enough defects (carrier trapping centers). The Optimized
preparation condition (ion dosage and annealing temperature) of GaAs:0 materials
can help one to achieve such kind of purpose [127]. But it requires the THz output
power to be sacrificed (as Figure 5.3 shows). From scanning spectrum of materials
under CW THz wave generation mode (Chapter 5) we found GaAs:0 materia
presents a resonance peak sharper than LTG GaAs. This shows GaAs:0 material
has more potential for power enhancing in certain resonance frequency. If one is
focusing on the aspect of THz power, this should be also one of good properties of
GaAs:0 material.

In Chapter2, one can find the defects created by the 0+ ion though the ion
implantation process act as deep trapping and recombination centers (mid-gap states
within energy bandgap), which enhance the absorption coefficient from the traps to
the upper excited states in the conduction band and the absorption coefficient of

two-photon absorption. This kind of behavior is possible for one to fabricate some



Specia photoelectric devices. For example, one could use a CW light to act as the
preload pumping (for example, 800nm) and creates enough trapped carriers in the
trapping centers, then utilize a laser source (for example, 1550nm) to pump and
re-excite those trapped carriers into the conduction band and be electrical active. So,
like 800nm fs laser pumped LTG GaAs, the ion implanted material (for example
GaAsiO) is also possible for one to generate THz wave by 1550nm fs laser pumping.
This kind of method is little different with that through laser source frequency
doubling [19] or the one through two photon absorption mechanism [128]. From
Chapter 2 one can also find that the experimental method of light transmission
looks can be used to quantitatively analysis of the relative defects (ions) densities of
certain materials, because the different transmission rate is related to the different
density of implanted materials. By such kind of method, one don't need to fabricate
some metal contact on certain material and can get some useful information without
sacrificing the samples.

In chapter 3, the photolithography technique is not reach to sub-micrometer
level. As the bias-field is very important for THz wave generation, especially for
CW THz wave generation from PC devices a more compact structure (photomixer
finger) is desired. To utilize the bias-field more efficiently, 0.2um wide electrode
(finger) and 1.8um wide gap should be best structure for certain case [29]. For wide
frequency turning application of CW THz wave from PC devices, one should adopt
some antenna structures to replace the dipole antenna used in Chapter 5. Some
antenna structures like bow-tie [61], spiral [60] are good selections.

From CW background illumination experiment in Chapter 4 one can find the
pulsed THz wave generated by the fs laser pumping will be screened (reduced) by
the CW background illumination. The high power of CW illumination, the higher
modulation rate can be obtained (lower Pulsed THz power compared with the
original level). And the bias voltage will also affect this modulation rate, this kind
of screening behavior is more obviously in lower bias voltage range, and comes to

be less in the high voltage level. One simple theoretical model is suggested in this



work for explaining such kind of behavior. Although it is still required to be
optimized and modified, the theoretical model is adequate for deducing the trends
of screening effect under CW background illumination. From this kind of
experimental and theoretical investigation, one could find some applications of this
kind of screen effect, for example, THz wave modulator fabrication or some
physical studies (Appendix B).

Above, we have reviewed the valuable data and results achieved in this work,
and discussed some possible optimize methods and directions. Now let's introduce
some ongoing projects of ours. Unlike the laser system used in this work (chapter 4
and chapter 5) the fiber based system has all the pumping sources with fiber pigtail
(or the laser beam could be coupled into fiber). Compared with the free space optics
based laser source, the fiber based THz wave generation system generally has some
advantages like compact size and high portability (for example, the device
"quasi-optical UTC-PD module" [129]). Then, is it possible for GaAs based PC
antenna pumped by 800nm light also through fiber (or fiber laser)? The answer is
affirmative. The commercial product "Mini-Z" [19] is an instance already working.
In such product, by doubling the 1550nm fiber laser beam to 780nm light, the GaAs
based THz PC device can combine well with 1550nm fiber laser. Another approach
could be like following: As the SOOnm laser can generate higher output power than
1550 nm from current commercial products, if one can utilize its high power for
THz generation that would be a very meaningful thing. So, currently one work we
are trying to do is that, using a lens fiber to coupler the light of SOOmm diode laser
into a fiber, and using FBGs (Fiber Bragg Grating) to feedback certain wavelengths
and to lock the radiation wavelength of such laser diode. Then, one could generate
CW THz wave from GaAs:0 based PC devices with the help of such kind of SOOMm
fiber laser (two-color fiber laser or two signal fiber lasers system). Then the size of
THz wave generation system current used in this work (chapter 5) can be largely
compressed.

As currently the 1550nm fs fiber laser is well developed compared to SOOMm



fiber laser, another ongoing project is based on it. In this project we try to use some
ion implanted materials which bandgap energy is corresponding to 1550nin. For
example 1n0.53Gan47AsFe [130] or 1no53Gan47AsO. Unlike GaAs material, the
InGaAs material has small bandgap energy, which makes the work achieving high
resisitivity to be more difficulty. As one can know from Chapter 2, to get good
material properties of material for certain usage, the most preparation condition
should be optimized step by step. Although we have tried several times, the
electrical properties of our In0.53Gan.47AsFe or 1n0.53Gan.47As0 materials are till
not good enough for device fabrication. So thiswork is still at itsjust beginning. To
test our fiber based generation system (source Il see Figure a.1in Appendix C),
some low temperature grown InGaAs material (LTG InGaAs) were tested at first.
The LTG InGaAs based PC devices can generate about several tens [IY output
power of pulsed THz wave (Appendix C: Table a.l). The maximum value we
currently achieved is about 93.2*V. Although, this level output power looks not
very large, it shows the fiber based generation system is suitable for work. The
relative lower output power should be mainly related to the relative lower efficiency
of device, because the LTG InGaAs material (grown on GaAs substrate) tested here
is not well matched with 1550mn laser beam. So, for this kind project, there are
some improve directions could be considered. 1. Preparing good qualify material by
continuing to optimize the preparation conditions of [n0.53Gan47AsFe or
INn0.53Ga0.47As.0, for ion implanted materials having some advantages compared
with Low temperature grown one (have been discussed before). 2. Adding
photomixer structure (especially with recessed interdigitated finger contacts) to
enhance the bias-field. 3. Making the device more compact and system more
integrated (pulsed and CW pumping combined together with fiber).

(PS: Some thoughts about the possible applications of THz wave or other
research area, which are not directly related to this work, were showed in Appendix
D just for reference.)

At the end, the author wishes to use the words of one excellent scientist (Prof.



Kodo Kawase) in this research area to finish this thesis, “A technology may end up
a disappointment. THz is not technology, but frequency. A frequency region will not
betray us!" So, let's
Love terahertz,
and

Grow with her!
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Appendix:

Appendix A:

Annealing operation (Steps and parameters):

1. Open water valve (2in 2 out).

2. Open N2valve. (To alow sample annealed at the inert gas blowing condition.)

3. Switch on electrical power (KG2-ZE)

4. Two valves for N2, adjust the number to 100. (to control the flux of N2 gas)

5. Switch on power, (to start microprocessor)

6. Setting parameters for process steps.

Some reading of knob related to the certain temperature:

300°C (2.9); 350°C (3.05); 400°C (3.3)
450(3.65); 500(3.9); 550°C (4.1)

7. Turnon "Stand by".

8. Try one or two cycles' chamber heating. (The temperature should higher than
real needed to get rid of some unwanted contaminants on the surface of the
chamber from previous annealing process. Let them escape from the chamber
with the blowing N2)

9. Put Samples onto the sample holder. (If the sample is GaAs or InGaAs, add a
GaAs cap over the samples to decrease the escape of Asion)

10. Turn on "Start" to anneal samples.

11. After annealing is finished, let the temperature down to lower than 100 before
opening the chamber to bring out samples.

12. Close all the power and gas valves.

Appendix B:

The possible applications of screening effect

From such kind of screening effect discussed in Chapter 4.3.4, one can also think
about some possible application based on it. For example, THz wave modulator or



THz switches. The modulation ratio of this kind of devices could be controlled by
the power of CW background illumination. By optimizing the fs laser power and
DC voltage, one could get enough THz output power and good modulation
performance. Could this kind of THz modulator (or THz switch) be a suitable
component for the future THz wave communication? For communication devices,
the speed is a very important factor. As we know, the screening effect is mainly
contributed by the photocarriers, and it will decay by the recombination of
photocarriers. So the carrier recombination time is the speed limitation factor for
such devices. The band-to-band recombination or Auger recombination is expected
to be roughly of the order of sub-nanosecond [68, 69]. So if this kind of THz
modulator can be fabricated, it could fulfill the requirement of (at least) 1 GHz THz
communication network, comparing with the fastest speed currently obtained by
electrical modulation method [9, 131].

Another possible application as mentioned before is for the physical study, like
carrier recombination time. By modifying that theoretical model and make sure the
relationship of carrier recombination time of material and other parameters which
can be measured in such kind of experiment. From them, one could find the
possible original value of carrier recombination time by fitting the curve and the
possible value under different working condition (bias voltage and CW background
illumination power). Then this kind of method could also be an approach for
recombination time investigation.

Appendix C:
Experiment for THz generation by 1550nm fiber laser pumping.
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Figure a.l: THz wave generation from the fiber based system. (1550 nm for InGaAs)



. . Rdrak R|Ight V max Pfliax Perr
Device Material Structure

(kH) (KO) (V)

No. 134- INnGaAs:
Dipole 842.3 235.2 70 35.055 3.695
R1(+)&R2(-) 250°C

Ko.134 InGaAs:
Dipole 886.5 474.4 70 8.33 161
R1(-)&R2(+) 250°C

No. 138 INnGaAs:

spira 45908 1115 100 31.47 1.09
L4& R4 250°C
No. 138— INnGaAs:

spird 3286 159.11 120 22.885 0.755
L6(+)&R6(-) 250 C

No.137_ InGaAs:

spiral 672 96.45 100 17.36 2.06
L3(+)&R3(-) 200 C
No. 137- InGaAs:

spiral 672 96.45 100 93.2 13
L3(-)&R3(+) 200 C

Table a.l: Pulsed THz generated by LT InGaAs based PC devices under 1550nm fs

fiber laser pumping.

Appendix D:
Thinking of THz applications
At end of this thesis, let's think about some possible applications of THz wave,

not only limited in the directions related to this work.

At first, let's dream about the space century, when human migrate to the planet
outside earth, will come soon. Maybe this century will be, although 8 years already
passed. Or it will be the next one.

It listens like a dream, but please remember, "If you think it is only a dream, it
is a dream undoubtedly. But if you think it is not only a dream but also a coming
future, then it will be the truth as you wished."

Currently ones talking about THz communication, but always think the things



in earth environment. Then some one will question like "THz communication? How
can the THz wave transmit in air for long distance? 10-100 m should be the longest
distance in free space, (not metal wire[132] or air-cored fiber[133]), then this kind
of distance is communication will be useful?" From the point view of on earth, they
are right, it is difficult for THz wave transmitting long distance (with huge
absorption of vapor in air). If we put the THz technology in the view of space
century, what will happen?

In space, one can use THz wave to transmit signal without considering the loss,
which may cause by the vapor, because in that environment it isworking in vacuum.
Then what's the advantage of THz wave comparing with the microwave currently
used in space signal exchange? As in space (vacuum environment), al E.M waves
have the same transmit speed, the only difference between the THz wave and
microwave (or light wave) istheir dispersion and signal carry ability. For THz wave,
its frequency is higher than microwave, which endows it alarger signal carry ability
comparing with microwave. So using THz wave as the carrier wave, one can obtain
a high capacity signal transmission network. And THz wave has a smaller
dispersion angle comparing with THz wave, and larger one than light wave (see
Figure 6.2). This allow one to transmit signal point to point with less possibility of
being spied, comparing with microwave, not only the spy in space but also the spy
on earth. To microwave, as it has large dispersion angel, one has lots of spaces for
him to put a spy satellite. One can aso spy just on earth if he has enough
technology to magnify the small signal from space into the earth. But for THz wave
there almost no chance to spy on earth, because the most of THz signal have been
absorbed by atmosphere already, before reaching to spy base-station. In space, the
space for setting spy satellite is also much limited. Maybe someone will question,
then light wave has smallest dispersion angle and largest signal transmission
capacity, then what is advantage of THz wave? As the speed of satellite moving in
space is very fast, if one use light to built this network, it will be more difficult to

keep the network be connect without missing the target. For easy handling,



microwave is the best choice, and for less spy possibility light wave will be the best.

But if consider them together, THz wave will be the best one.

Communication satellite
Spy satellite

Spy basestation

Light wave

THz wave

Microwave

Figure a.2 Signal transmission in space.

When human migrate in planet outside earth, the THz communication network
can also be built on that planet for its high capacity signal transmission. And for
space usage, the THz wave generation source should be as compact as possible.
Fiber laser pumped PC devices should be one of choice. The other like Gimn diode
laser, BWO, and QCL are al can be selected. To the opinion of author, the QCL will
be the king of the future THz wave generation source if it can solve the limitation
of operation temperature (currently it highest value is 178K [134]). Its advantages
like high output power, compact size, and tunable wavelength are all very suitable
for the application in space.

Ok, now let's come back to earth. As those application introduced in Chapter 1
here we will discuss some other possible application directions or devices
(systems).

1. Detection of antique in the wood wall, which is parts of an archaic building.

2. Character recognizing of archaic book or manuscript, which having new
Character over the archaic one. Between these two version characters, there is a

calcareousness layer to hide (cover) archaic one.



3. Explosive package detection with a movable robot, which has a compact
THz imaging system in his body.

4. Composition analysis for some unknown material, with a THz spectrum
analyzer robot. (Especialy for the material analyzing in new planet investigation
area).

5. Reflection THz spectrum analyzing for liquid material (water, blood, and so
on) or some high THz wave absorption materials.

6. An integrate CW and pulsed THz wave generation system for lab or
commercial usage.

7. Outer space secret communication (Fiber based pumping sources, PC

devices, OCDMA technique)



