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ABSTRACT

This study investigates of the key components of optical electrical devices
operating in the THz and Sub-THz range (0.1~1THz), including photoconductive (PC)
antennas and photonic transmitters (PTs). PTs are integrated high speed photo diodes
with printed planar antennas designed based on the required radiation frequency range.
This study also examines related high frequency measurement systems and broadband
communication applications.

The feasibility of several novel photonic transmitters is demonstrated first, which
are designed for high peak power generation and wireless ultra-wideband (UWB)
communication. Initially, the feasibility of a PT composed of a low-temperature-grown

GaAs (LTG-GaAs) based separated-transport-recombination photodiode (STR-PD)

m



and a micromachined slots antenna is demonstrated. Under femto-second (fs) optical
pulse illumination, this device radiates strong electrical pulses (300 mW peak power) at
a designed frequency of 500GHz. A traditional LTG-GaAs based PT under high,
externally applied electrical fields (>50kV/cm) is then eliminated using our STR-PD
based PTs (STR-PTs). Monolithic integration of a GaAs/AlGaAs based
uni-traveling-carrier photodiode (UTC-PD) with a broadband micromachined antenna
creates UTC-PD based PTs (UTC-PTs) that can also radiate strong sub-THz pulses
(20mW peak-power) with a narrow pulse-width (<2ps) and wide bandwidth
(100~250GHz). The bias dependent peak output-power of both PTs (UTC- and
STR-PD based) makes them highly promising for use as a data modulator/emitter for
a photonic UWB system.

This study also describes in detail the characterization of two high power PTs
based on two high power photodiodes, UTC-PD and STR-PD. Both PDs have the same
depletion layer thickness, i.e. the same theoretical RC-limited bandwidth, and are
monolithically integrated with the same broadband micro-machined circular disk
monopole antennas. However, the STR-PD based transmitter exhibits a significantly
different dynamic and static performance from that of the UTC-PD based transmitter
due to a low temperature grown GaAs (LTG-GaAs) based recombination center inside
the active region, as well as a much thinner thickness of an effective depletion layer.
Under optical pulse excitation (~480pJ/pulse), the STR-PD based transmitter exhibits a
markedly lower maximum average output photocurrent (1.2mA vs. 0.3mA) than that of
the UTC-PD transmitter. This is despite the fact that the radiated electrical pulse width
and maximum peak power, which are determined by the same THz time domain
spectroscopic (TDS) system, of both devices are comparable.

Next, high power THz generation by using PC antennas is studied by comparing
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the emission properties of LT-GaAs PC antennas with GaAs:O PC antennas in the
pulse and CW mode. GaAs:O PC antennas can generate a higher THz power than
LT-GaAs based both in the pulsed and CW modes. The bandwidths of GaAs:O PC
antennas and LT-GaAs PC antennas are measured at approximately 1THz both under
pulse (TDS) and CW (photomixing) pumping. However, the THz power of LT-GaAs
PC antenna becomes saturated in CW mode, while GaAs:O does not. This finding
suggests that GaAs:O PC antenna is a more reliable THz emitter than LT-GaAs, which
is difficult to reproduce.

To excite THz and Sub-THz radiation, not only are a Ti:Sappire laser (A=800nm)
and fiber mode locked laser (A=1550nm) used, but a CW excitation system is also
established, which consists of two laser diodes (A=800nm) . The radiated powers of all
devices are compared using a Helium-cooled bolometer. Additionally, radiated
electrical fields are measured by a TDS system, which is based on LTG-PC antennas.
The power spectrum of devices can be determined following fast Fourier
transformation (FFT). A wideband communication system is also adopted by using a
high speed horn (W band, 75~110GHz) antenna as a receiver to demonstrate the
effectiveness of sub-THz wideband communication, which displays an improved data
transmission rate.

Finally, this study demonstrates the feasibility of wideband communication
applications by using our sub-THz emitters as follows: (1) Communication quality of
the LTG-GaAs PC antennas based TDS system is improved by using Manchester
coding; and (2) A wideband carrier (W band, 75~110GHz) is generated by using a fiber
mode-locked laser as system optical source and determining its maximum data
transmission rate. In (1), the Ti: Sapphire laser is adopted as the excitation source and

we demonstrate that the bit error rate (BER) improved from 10 to10™"* by using



Manchester coding. In (2), data transmission of 2.5Gbit/s at W band is successfully
demonstrated by utilizing the advantage of a high repetition rate of fiber mode-locked

laser.
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Chapter 1 Introduction
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Figure 1- 1 Electromagnetic wave spectrum

Terahertz (THz) wave (or Tray) and sub-THz is the electromagnetic wave
located between microwaves and infrared light (Fig. 1.1[2]). The THz gap ranges
from 0.1 THz to 10 THz, where 1 THz equals 33 wave numbers or 300 um or 4mev.
Lower frequencies, e.g.,) RFs for AM and FM radio as well as microwaves, are based
on electric generation controlled by the classical transport of electrons. Radio
reception and cellular telephony indoors are allowed for most dielectric materials that
are transparent at these frequencies.

Higher frequencies in the spectrum, e.g., IR radiation, visible light and UV, can
be generated by quantum transitions. Such frequencies can generate extremely high
intensities using lasers and often propagate in a free space based on the laws of
geometrical optics. Located between these two regions is the THz regime, which

represents the transition between the electric and photonic sources.  Thus,



electromagnetic radiation in the THz range can be generated both ways. Until recently,
the THz region of the electromagnetic spectrum was almost always inaccessible
because of inefficient sources and detectors in this gap. This region has attracted
considerable attention owing its increasingly diverse array of applications, ranging

from communications, security screening to medicine and nondestructive evaluation.

[1]

Application

Figure 1- 2 Some examples of THz application

In the 1960s, astrophysics research sparked interest in developing THz detectors
because the rotational spectra of some gases of astrophysical and environmental
interest fall within this range. In 1975, a pioneering work on picoseconds(ps)
photoconductivity in silicon [3,4] led to the development of photoconductive and
electro optic methods [5], capable of generating and detecting radiation in the THz
frequency range.

An important property of Terahertz is that it does not harm biological cells or

the human body towing to its low photon energy. Terahertz is roughly one million



times weaker than an X-ray photon, subsequently not incurring damage often
associated with ionizing radiation such as X-ray. This property makes the T-ray
diagnostic procedure an interesting complement to X-ray radiography. Additionally,
each material has its own intrinsic absorption and reflection characteristics in the THz
region (referred to as THz finger print), making it useful for identifying their
characteristics while it is difficult to distinguish from appearance. Important detective
applications are thus possible when combining with another feature of terahertz
wave, i.e. it is highly transparent to most non-metallic and non-polar media but highly
reflected by metal and absorbed by liquid (like water) or vapor. Such behavior can be
exploited to see through packaging and identify metal inside, without damaging the
package nondestructive detection. Therefore, terahertz wave has tremendous
applications in biomedical science, e.g., skin cancer detection [6], DNA analyzers [7],
THz imaging [8], security screening in airports [9], mail inspection [10]) and
semiconductor manufacturing [11]. In addition to these applications, several
communications applications are available where THz waves will provide new

capabilities.

Solid-State THz Sources (CW)
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Figure 1- 3 Terahertz gap with respect to source technology.



(Quantum cascade lasers ([ ]) are progressing downward from higher
frequencies, while electronic technology is progressing upward. Frequency multipliers
(@) dominate other electronic devices (—) above about 150 GHz. )

Obviously, terahertz technology has many current and future applications, likely
playing a larger societal role as other developed bands have such as microwave and
infrared bands. This has not yet occurred largely owing to the complexity in achieving
a mature technology level in this spectral region. Below 100 GHz, it is common for
electronic devices such as amplifiers and oscillators. Above 10 THz, solid-state lasers,
light-emitting diodes and optical detectors are also available. Nevertheless, in between,
neither of these technologies are particularly practical, resulting in a technology gap
in terms of both sources and detectors. Figure 1.3 shows a graph of output power
versus frequency for Terahertz gap with respect to source technology. [12] Other CW
technologies, including tube devices, e.g., backward wave oscillators, can yield

much more power.

1-2 THz Impulse Radio Communication

THz and Sub THz communication

THz and Sub THz communication can refer to either effective data rates up to
100 GHz ~ 1THz bit/s normally on an optical carrier) or communication with a
sub-THz or THz carrier wave, which is the focus on this study. Although greater
bandwidths can be obtained at optical wavelengths with point-to-point optical
communications, communications at THz frequencies are extremely attractive for

several reasons. According to the U.S. Frequency Allocation chart in Fig. 2,



frequencies (exceeding OR above) 300 GHz are unallocated by the Federal
Communications Commission. [1] THz communication is in the infant stage of
development, with the first data transmission in this frequency range reported recently.
As for the frequency around sub-THz (>100GHz), much space is to be developed.
Recently, because some pass bands incur a reasonable loss (e.g., 65~160GHz and
220~300GHz), the millimeter wave (MMW) band above 60GHz (V-band) or 100GHz
(W-band) has received increasing attention as a carrier frequency for advanced

communication system.
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Figure 1- 4 The regulated spectrum as designated by the U.S. Federal Communications
Commission
(The regulated spectrum as designated by the U.S. Federal Communications Commission and
the THz region, which is completely unallocated at the time of writing. Source:

http://www.ntia.doc.gov/osmhome/allochrt.pdf.) The inset shows the enlarged figure of
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regulated spectrum around 300GHz.)

Wireless communication and Radio-over —fiber

Figure 1.5 illustrates the progress of transmission bits rate for various
communication technologies, including wire line and wireless communication.
Obviously, wireless communications is advancing to where the focus is shifting from
voice to multimedia services. The underlying technology does not appeal to
consumers; individuals merely require reliable and cost effective communication
systems, capable of supporting all media without time or location constraints.
Additionall, an increasing number of new wireless subscribers demand more capacity

despite the fact that the radio spectrum is limited. Wideband radio links increasingly

communication systems.
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Figure 1- 5 Progress of transmission bits rate for different communication technology

The high capacity of optical networks should be integrated with the flexibility of

radio networks to satisfy this increasing demand. Such a requirement can be satisfied
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with micro/pico cellular architectures for the above mentioned wideband demands,
especially by using fiber based wireless access schemes such as radio-over-fiber
(RoF). Such a concept can easily support high speed multimedia, as shown in Fig.
1-6 . RoF communication systems have received considerable interest recently owing
to their promising role in satisfying the significantly increasing demand for data
capacity [13]. In this system, the high speed data signal is transmitted by an optical
fiber for long-haul communication and, then, radiated to a free space for metro
environment wireless access by converting the optical signal into an electrical radio
signal. A vision from NTT is also proposed in the Fig. 1-7, in which data (including
movies or music) can be downloaded from an access point to our portable devices
wirelessly and at a high speed rate of up to 10 Gbits/s. Nevertheless, the low
frequency band contains too much congestion to develop a >10Gb/s Ethernet,

necessitating that the data signal is carried via higher frequency bands.
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Figure 1- 6 Diagram of radio-over-fiber communication system
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Figure 1- 7 A vision proposed from NTT to transmitted data > 10Gbit/s wireless

Impulse radio technology

As mentioned above, the transmission rate in local area networks (LANs) and
personal area networks (PANs) must be (increased OR improved) owing to the rapidly
increasing data volume handled by (household and office users OR individual users
in both household and offices). In wired communications, 10-Gb/s Ethernet (10GbE)
has already been standardized and is commercially available (Fig. 1-5). However, (it :
what is it?) is only 54 Mb/s for the maximum transmission rate of wireless LAN:Ss, i.e.
two orders of magnitude slower than that of 10GbE. Consequently, impulse radio (IR)
technology has attracted considerable interest owing to its potential to fill this gap
[14], [15]. Moreover, IR has other advantages similar to those of ultra wide band
communication (UWB) such as secrecy and low power consumption. Therefore, our
research of photonic schemes has attempted to derive solutions in order to enhance
the transmission performance of IR systems [16], [17]. This is because photonic
approaches perform better than electronic ones in terms of generating and detecting
short pulse signals at a high repetition frequency in the above fiber-optic transmission
systems [18]. Funk et al. demonstrated the feasibility of a photoconductive
correlation switch for a receiver in an IR system and reduced interference rejection at

a bit rate of 38 Mb/s[17].



Disadvantages of communications

Communications at sub-THz frequencies is limited by strong absorption caused
by water vapor through the atmosphere, as shown in Figs. 1-8 and 1-9. Another
limitation is the low efficiency and relatively low power available from available
sources. For a 1-mW source and a detection sensitivity of 1 pW, the working dynamic
range is generally 60 dB, allowing communications at a range of 500 m in an
atmospheric transmission window with an attenuation of <100 dB/km.[2]
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Figure 1- 8 Transmission spectrums
Regardless of the above limitations, this frequency range still has promising
communications applications. For instance, atmospheric absorption does not inhibit
satellite-to-satellite communications, except for paths grazing the earth atmosphere.
Among the advantages of using THz technology is a larger bandwidth, thus yielding
a transmission rate higher than that in microwave communications without
(switching OR having to switch) to a different set of hardware components such as

lasers for optical communications. Indoor wireless communications with THz may



also provide multiple data channels with gigabit per second or a larger capacity. The
data bandwidth exceeds wireless protocols such as IEEE 802.11b, and the propagation

distance, although limited, resembles line-of-sight IR.

Figure 1- 9 Attenuation spectrums in rainy day

1-3 Generation of Sub-THz Pulses

As mentioned in the above section, IR technology can satisfy the demand for
low transmit power, high bit rate wireless communications. However, RF impulses
generated from pure electronic devices, which normally last one nanosecond or longer,
limit the maximum bit rate in wireless communications. Shock wave nonlinear
transmission line (belonging to NLTL) [19] can be used to generate THz by using
short electrical pulses, which often incur an enormous propagation loss in the free

space. The pulse signal can be distributed through a low loss optical fiber. An optical
10



pulse triggered photoconductive (PC) antenna or photonic transmitter (PT) is a
promising alternative to radiate the converted electrical signal to the user end. By
using photonic technologies such as an optical pulse triggered photoconductive
antenna, short pulses lasting only a few picoseconds can be generated and received
[20,21]. Based on the maturity of high performing optical pulse sources with
wavelengths around 800nm, e.g., solid-state Ti:sapphire mode-locked lasers (Fig. 1-10
and 1-11), low-temperature-grown-GaAs (LTG-GaAs) based photodetectors are
regarded as a promising choice for serving as a photonic transmitter to generate
continuous wave (CW) THz signal or THz pulses at such an optical wavelength
regime [19,22].

A Ti:Sapphire laser provides short pulse (several fs) width and high peak power
with repetition rate around 100MHz and can be operated easily under room
temperature. Furthermore, other compact commercial products with a higher
repetition rate have been proposed (Fig. 1-11), which has the potential for use in
constructing a compact system with a higher data rate transmission. Communication
links on the sub-THz signal are also demonstrated through either a modulating
photoconductive antenna or photonic transmitter [23,24].

This study discusses two photonic transmitters, PD based photonic transmitters
(PTs) and LTG-GaAs or ion-implanted materials based photoconductive (PC)
antennas. Both devices can generate a short transient current and then radiate sub-THz
from integrated antennas while the transient current oscillates in the antennas. PD
based PTs are integrated into the design of printed planar antenna with high speed
photo diodes, as introduced in the next section. The next section also introduces
several promising PDs with a high speed and high output power combined with

different designs of antennas. As for the photoconductive antenna, an appropriate
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material for photoconductive antennas is discussed. Moreover, the emission properties
of LT-GaAs PC antennas are compared with those of GaAs:O substrate to study high

power THz generation by using PC antennas.

Figure 1- 10 Commercial Ti: Sapphire mode locked laser

Figure 1- 11 Commercial compact Ti: Sapphire mode locked laser
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1-4 Photodiode Based Photonic Transmitters

To alleviate the limitations of all-electronic local oscillators (LOs), a photonic
LO (PLO) capable of operating up to (sub-) THz frequencies has received increasing
interest. [25] Generally, in a PLO, a (sub-) THz signal is generated by square-law
detection of a highly stable phase-locked optical heterodyne signal that uses an
ultrafast photodiode (PD). Given its dependence on the beat-frequency difference
between the two optical carriers of the heterodyne signal, the frequency of the
generated (sub) THz signal can be easily tuned over an ultra wide range by varying
the frequency of an optical carrier. In this study, a mode locked pulse laser, which
could be viewed as a combination of many frequencies, is used to excite our PLO. A
PLO consists mainly of a highly stable optical source and a high-speed PD in the
remote photonic (sub) THz transmitter (Fig. 1-12). [25] Figure 1-13 also shows an
example of a photonic transmitter consisting of a TWPD monolithically integrated
with a planar full-wave single slot antenna. Nevertheless, in contrast with typical
GaAs based p-i-n photodiodes (PDs), the decreasing trend of external efficiency for
the LTG-GaAs-based PDs is inevitable owing to the existence of recombination

centers in the photo-absorption layer [26].

stabalized phase .
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A

Figure 1- 12 Schematic of optical heterodyne signal generation in an photonic

local oscillator (PLO).
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Figure 1- 13 Schematic of a photonic transmitter consisting of a TWPD monolithically

integrated with a planar full-wave single slot antenna

Another attractive alternative for photonic transmitter applications is
InGaAs-InP based UTC-PD structures [27]. However, in the case of InP based
UTC-PDs under 0.8 pm wavelength excitation, the incident photons produce
sufficient photon energy to induce absorption in the entire epi-layer structure.
Therefore, our previous study developed a high-speed GaAs/AlGaAs based
UTC-PD [28], which consists of a GaAs based p-type photo-absorption layer and an
Al0.15Ga0.85As based collector layer to avert undesired photo-absorption that occurs
in the collector layer under 800nm wavelength excitation. This study analyzes the
power and bias dependent behaviors of a novel sub-THz photonic-transmitter (PT),
which is composed of our edge-coupled GaAs/AlGaAs based UTC-PD [28] and a
micromachined frequency-independent circular disk monopole antenna [29], capable
of eliminating the additional integration of silicon lens with a photonic transmitter

[26].
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1-5 Low Temperature Grown Based GaAs
(LTG-GaAs) or lon-implanted Materials Based PC

Antennas

Compared with above photonic transmitters, PC antennas provide another
alternative means of generating radiation with a higher frequency (up to 1~2THz).
The radiation frequency bandwidth depends mainly on PC material properties. The
fact that PC devices can generate both broadband THz wave (photocarrier
acceleration) and a narrow band THz wave (photomixing) explains why the
photoconductive method has become a conventional approach for THz wave
generation used in laboratories. The photoconductive approach uses high-speed
photoconductors as transient current sources for radiating antennas. Notable examples
include LTG GaAs [30], ErAs:GaAs [31] for 800nm light, and LTG InGaAs,
InGaAs:Br+ [32] for 1550nm light.

Among the many (attractive OR important) properties of LTG-GaAs include a
high dark resistivity (>10° Qcm [33]), short carrier lifetime(0.25 ps[31, 35]), high
carrier mobility (200 um/Ves [36]), and high breakdown voltage(>5x10° V/cm[37]).
Consequently, LTG GaAs is the commonly used material for 800nm pumping PC
devices. Nevertheless, these excellent characteristics are difficult to (replicate OR
reproduce). Such difficulty is owing to that the quality of LTG GaAs depends not only
on the preparation temperature but also on the post thermal annealing conditions.
Consequently, some materials grown by ion implantation method have the potential to
be a reliable complement of LTG GaAs because controlling the ion dosage and

implant energy precisely can overcome the reproducibility limitation of LTG GaAs.
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As the energy level formed by oxygen ions in GaAs (approaches OR is close to)
the Fermi level, the O+ implanted GaAs become almost electrically neutral, thus
producing a relatively higher resistance. This study also attempts to elucidate this
oxygen ion implanted GaAs material and its THz wave generation properties under
both pulsed and CW modes. Its performance is also compared with that of LTG
GaAs materials, such as comparing the performance of THz generation with that of
LTG GaAs, the saturation behavior and its materials, the maximum output power of
THz wave from GaAs:O based PC devices, as well as the screening behavior under
CW background illumination. Other interesting research areas for GaAs:O based PC
devices include optimization of the generation performance, system compacting) and

unique applications.

1-6 Organization of Dissertation

This dissertation is organized as follows:

Chapter 2 introduces high-power and high-speed photodiodes (UTC-PD) and
separated-transport-recombination photodiode (STR-PD). By inserting a LTG-GaAs
layer that has an extremely long carrier time to serve as a recombination center,
STR-PD performs better in terms of speed and power than a control PD that hasa pure
intrinsic photo absorption layer. Next, the feasibility of a photonic structure is
demonstrated, which consists of STR-PD and a micromachined co-planar-waveguide
(CPW) fed slots antenna with resonant frequency 500GHz. Next, two high-power
photodiodes (UTC-PD and STR-PD) are integrated with the same planar antenna
(circular disk monopole antenna with a center frequency around 150GHz) to serve as

photonic transmitters. This chapter describes the design principles and device
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structure in detail.

Chapter 3 introduces several photoconductive antennas consisting of  different
materials and printed antennas. The basic theories of THz radiation generated from
photoconductive (PC) antenna are introduced first. An attempt is then made to
identify the proper material type of printed antennas. Next, except for the
conventional material LTG-GaAs, the ion implantation method of oxygen and its
parameters selection are introduced. Finally, to optimize the preparation conditions,
additional properties of important materials such as the carrier concentration,
resistivity, carrier mobility and the carrier lifetime are tested and measured. Exactly
how LT-GaAs and GaAs:O emitters affect THz radiation of PC antennas is elucidated
by comparing thei electrical characteristics.

Chapter 4 describes the experimental setup and measurement method to identify
radiation properties of our emitters in sub-THz and THz. The radiated absolute power
is (determined OR measured) using a liquid helium-cooled Si bolometer which has
been calibrated carefully using a blackbody source. Chapter 4 also introduces a horn
antenna owing to its feasibility for a lower band detection (W band, around 100GHz)
and higher modulation speed. As for the electrical field measurements, two systems of
FTIR and PC sampling are used. Based on use of fast Fourier transforms, the
radiation bandwidth of devices is estimated to identify the reliability of our designed
devices.

Chapter 5 summarizes in detail all measurement results for both PCs and
photonic transmitters. Our discussion of PCs focuses mainly on comparing the
properties of PCs: based LT-GaAs and GaAs:O. Preliminary results indicate that
GaAs:O is at least as good as LT-GaAs in (generating OR producing OR making) high

power THz emitters under both pulse and CW excitation. However, when LT-GaAs is
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used as the active layer, STR-PT combined with slot antenna can radiate a high output
power at a frequency around 0.5THz. Additionally, a further comparison is made of
THz emitters made by two high-power photodiodes (UTC-PD and STR-PD by
summarizing the measurement results of both PDs combined with the same antenna
type. Moreover, the properties of photonic transmitters are compared with those of PC
antennas.

Chapter 6 demonstrates the possibility of wideband communication applications
by using our sub-THz emitters. First, we improve communication quality of the
LTG-GaAs PC antennas based TDS system by using Manchester coding. Next, a
wideband carrier (W band, 75~110GHz) is generated by using a fiber mode-locked
laser as system optical source and determining its maximum data transmission rate.

Conclusions are finally drawn in Chapter 7, along with recommendations for

future research.
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Chapter 2 THz Photonic Transmitters

2-1 Introduction

Because many applications in sub-THz or THz band need compact, convenient,
broadband THz sources with high output power. Some proposed applications include
sub-THz sources, Gunn diodes, resonant tunneling diodes [1,2], and quantum cascade
THz lasers [3-5]. Currently, several related products like THz image systems, THz
spectroscopy kits, etc are now commercially available. These systems usually
constructed with Ti:sapphire mode-locked laser (A=800nm) and compact THz emitter
modules. It’s attractive to replace these modules by compact photonic-transmitters
(PTs), which are composed of an antenna and a high speed and power photodiode (PD)
[6-9]. The PTs have the advantages of simplicity, room-temperature operation, tunable
THz wavelength, and easy integrability with other semiconductor devices.

In order to further improve the maximum transmission distance in a sub-terahertz
(sub-THz) IR communication links [10-12], it is necessary to have a PD which can
sustain its high-speed performance and deliver high output power under intense
optical pulse excitation. There are two major strategies to meet this challenge [13].
One is to distribute and make uniform the photocurrents along edge-coupled PDs by
improving the structure of optical and electrical waveguides, for example, the velocity
matched distributed photodetector (VMDP) [14] and evanescent coupled photodiode
(ECPD) [15,16]; the other strategy involves minimizing the space-charge screening
(SCS) effect [13, 17] in the photo-absorption volume. Under intense optical power

illumination, the photo-generated carriers will induce a strong space-charge field,
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screen out the external applied electrical field, and seriously limit the output
saturation power of the PD. By increasing the drift-velocity of photo-generated
carriers, such as with the structure of a uni-traveling carrier PD, excellent high-speed
and high-power performance has been demonstrated [18].

Under 1.55 m long wavelength excitation, an InP/InGaAs based UTC-PD
based photonic-transmitter has been shown to generate a continuous wave (CW)
output power at 1.04THz of as high as 2.3 W [18]. In the case of an InP based
UTC-PD operated under 0.8 m wavelength excitation, the incident photon will have
enough photon energy to induce the absorption process in the InP based collector
layer. The presence of photo-generated holes in the collector layer will degrade the
high-power performance of the UTC-PD. We overcome this problem with our
demonstrated high-speed GaAs/AlGaAs based UTC-PD [19], which is composed of a
GaAs based p-type photo-absorption layer and an Alj ;5GagssAs based collector layer.
Undesired photo-absorption under 800nm wavelength excitation is avoided with this
device. We have also demonstrated a high-power photonic-transmitter that operates
under 800nm optical short-pulse excitation [20].

It is also possible to minimize the SCS effect by decreasing the thickness of the
depletion layer which has a direct effect on the carrier transit time, such as the
structure of a partially depleted absorber photodiode [21]. However, PDs with thin
depletion layers usually suffer from problems of low quantum efficiency and very
limited RC bandwidth. In order to overcome the above-mentioned problems, we
have demonstrated a p-i-n photodiode structure: the
Separated-Transport-Recombination photodiode (STR-PD), which can greatly relieve
the trade-off between output saturation power, quantum efficiency, and electrical

bandwidth performance [22]. In the demonstrated GaAs based STR-PD, a
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LTG-GaAs layer is adopted, which has an extremely short carrier lifetime (less than
Ips) [23], to serve as the recombination center in the active photo-absorption region.
The STR-PD exhibits superior electrical bandwidth performance under a higher
output current regime without seriously sacrificing responsivity compared to that of
the control p-i-n PD (with a pure intrinsic GaAs based photo-absorption layer) [25].
In this study, the integration of the STR-PD with a narrow-band slot-antenna to
produce an STR-PD based photonic transmitter will be described previously in
section 2-5. After that, we integrate two different kinds of high-power photodiodes
(UTC-PD and STR-PD) with the same type of planar antenna (circular disk monopole
antenna) to serve as photonic transmitters. We also compare their dynamic performance
using the same THz time-domain spectroscopic system. These two different devices
exhibit distinct dynamic behaviors and very different mechanisms of saturation.
Under high optical pulse energy excitation (~480pJ/pulse), the STR-PD based
transmitter exhibits much a lower maximum average output photocurrent (1.2mA vs.
0.3mA) than that of the UTC-PD transmitter. The radiated electrical envelop-width
(~50ps) and maximum peak-power (~9mW) of both devices are comparable. This
indicates that although the DC responsivity of the recombination center in the STR-PD
is degraded, the high-speed and output power performance of the device have been
effectively improved and the DC component of the photocurrent eliminated. The
smaller DC photocurrent implies that device-heating problems of STR-PD based
transmitters during high-power operation will be decreased. = The dynamic
measurement results reveal that although the working principles for the high-power
performance of the STR-PD and UTC-PD are totally different, both devices exhibit
comparable and promising high-speed and high-power performance for applications in

THz photonic transmitters.
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2-2 Basic Theory

As implied in the name, photodiode is a device that transform optical signal to
electrical signal. Thus, properties of bandwidth, transform efficiency and output
saturated current are all aims of high speed and high efficiency PDs. [24] In order to
achieve the above goals, not only geometrical structure but epi-layer structure is need
to be designed well.

According to their geometry, structures of PDs could be classified into two types
of vertically incidence (VPD) and edge coupled incidence (WGPD). [24] As for
vertical incidence PDs, incident light can’t be absorbed completely after passing
through absorption layer once due to the fixed thickness, thus quantum efficiency
decrease seriously. This phenomenon could be improved by adding a reflector at the
bottom of devices to help the number of times of light reflection. However, it could
limit RC bandwidth of devices seriously. In the other side, edged incident photodiodes
are provided with higher quantum efficiency because incident light could be absorbed
while propagate in the waveguide at the same time., which structure is adopted in our
designed components.

The design of travelling wave (TWPD).[25][26] are adopted to solve the
problems mentioned above. Such design could not only reduce the influence of
mismatch between optical velocity and electrical velocity but achieve best bandwidth
through design of co-plane electrode shape which match with external resistance. In
addition to geometrical structure, material of epi-layer structure also limit frequency

response, quantum efficiency and saturation current of devices.
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(b)

Figure 2- 1 (a) Vertically incident PD and (b) edge coupled incident PD

After carrier generation from absorption area, the distribution and transmission
of carriers influence frequency response. In some designed epi-layer structure, carrier
life time influence frequency response seriously.

Principal of traveling wave photodiode and frequency limitation

Traveling wave photodiode is a waveguide photodiode, which incident light
inject into devices from edge side and the direction of light propagation and photo
current is the same. The main limitation of bandwidth is caused by mismatch of
optical and electrical velocity. [26] The best design is to match optical and electrical

velocity of devices and to match external resistance with its electrode, which could

28



minimum reflection.

In the PIN ridge waveguide structure, the higher refraction index in the intrinsic
layer could serve as transmission layer to guide light. It could be an absorption layer
due to its lower band gap. Such kind of structure is like a microwave transmission line
which light is absorbed while propagating in the waveguide As a result, an effective
circuit of transmission line is used to design our structure which combing stripe
transmission line and planar electrode than increase operation speed of devices.

Travelling Wave Photodiode effective circuit

In order to improve speed of devices, we have to design our devices by simplify
devices structure as an effective circuit and then analysis them. A model with
distributed current is used to explain speed limitation of devices. When light incident
into our devices, carriers are generated in the inner absorption layer and accelerated
by induced electrical field, which cause distributed photocurrent as shown in figure
2-2. According to theorem of transmission line, it will cause microwave signal
parallel with light and collected in the output port.

As shown in figure 2-2, photo current is generated in the intrinsic layer while
light is absorbed, which cause main capacitance of devices. Thus, value of
capacitance is decided by thickness of waveguide and absorption layer directly. The
equivalent circuit of active area of devices is shown in figure 2-3. In the theory of

transmission line, intrinsic capacitance Ci is defined directly by the thickness of di

and width w, which is written as C. = d_ Ci, Ci, Cp, Cye 1s capacitance between

metal and capacitance of semi-conductor, which has lower influence and shown in
figure 2-3. On the other side, under reverse bias, photo current is generated while

electrical field crossed in absorption area, which also induced the inductance of

magnetic field Lm.
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Figure 2- 2 Scheme of travelling wave photodiode

Cb

Figure 2- 3 An effective diagram of the device

Induced photocurrent generated by carriers in absorption area would pass
through conductor layer which is the both side of intrinsic layer. As a result, both two
conductor layer are equivalent with resistance Zt and Zb. Photocurrent is generated
from intrinsic layer and then transmission with connected gold wire finally. Because
current distribution, it is generated not only the resistance between metal and

semiconductor Zct, Zcb and metal inductance Lm, but also skin effect on metal
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surface. Such effect could be seen as parallel connection of resistance Zmt and

conductance Gm as shown in figure 2-4.

— Z, —@ *o : Z
Zt m
C —
Zb Gm Y
L.
® i - * @ ! ®

Figure 2- 4(a)Equivalent circuit of photo diode and (b) simplified equivalent circuit of photo
diode.

Therefore we may know by the transmission line definition that the part the

characteristic impedance is Z, = ? The microwave propagation constant is

Yn =NZY =a, + j- B, Therefore after we obtain the part structure transmission

electric properties, then simulate the frequency response of devices and to study its

bandwidth performance.

2-3 Separated-Transport-Recombination Photodiode

(STR-PD)

Principal and problem of epi-layer structure for traditional

photodiode

In the traditional photodiode structure, we proposed two traditional photodiodes,
make the principle discussion and analyze the epi-layer structure separately, which

may affect bandwidth limitation and output power seriously. The encountered
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problem and induced bottleneck is introduced as follows:

Figure 2- 5 A schematic drawing of energy band and electric field distributed for

traditional GaAs PD under high power excitation

Traditional PIN GaAs based Photodiode

The traditional PIN GaAs PD is refers to that its material of absorption layer is
composed by using only GaAs, which may reduce RC bandwidth limitation by
increasing thickness of absorption layer. However, such reconstruct increase carrier
drift time and lower devices speed and saturation current. In the other side, if we
decrease absorption layer to achieve higher saturation current, problems caused such
as serious bandwidth limitation and lower quantum efficiency. Moreover, under high
input power excitation, too much photo carrier generated may cause the speed slow
electricity hole accumulates in inner absorption layer, which will form a built-in field.

[25-26] Such built-in field would screen external field and reduce devices speed and
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output saturation current, which is so-called space charge screen effect. The trade-off
problem between RC bandwidth limitation, carrier drift time and saturation current

become a complex and hard test while design our devices.

Traditional PIN LT-GaAs based PD

Traditional PIN LTG-GaAs PD stands for its absorption layer are composed of
by only low temperature grown GaAs. [24] Because there are lots of defects in
LTG-GaAs, drift carrier generated will be captured and recombined, which means
short carrier life time as shown in figure 2-8.[27] In other words, speed limitation of
devices would transform from carrier drift time to carrier life time, this may improve
devices speed a lot. By this method, trade off problem between capacitance bandwidth
limitation and carrier drift time will be solved. It also improves space charge effect in
this structure under higher input power excitation.

However, because LTG-GaAs in absorption layer is material with short carrier
life time, most generated photo-carrier will be recombined and reduce quantum
efficiency seriously. In the other side, there are much defects exists in absorption layer
which may induce effect like heavy doping in absorption layer while applied external
electrical field on the devices Thus depletion layer will exist in the junction layer
between absorption layer and conduction layer. As a result, electrical field would be
applied in conduction layer and lower internal electrical field in the absorption layer,

which may limit carrier speed and limit speed and efficiency of devices.
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Figure 2- 6 Traditional LTG-GaAs PD energy band diagram and electrical

field distribution.

Normal Enhanced Electric field

Carrier will be trapped Out of shape ,
Carrier can tunnel off

Figure 2- 7 A scheme of change for trap energy band
In order to apply electrical field in the absorption area, higher applied voltage on
the devices is needed. However, when we apply higher voltage on the absorption area,

speed of devices is not e increased as excepted. This is because carrier life time
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increasing effect for LTG-GaAs, which means trap energy will change shape due to
column effect under high applied voltage. [29-30] such effect may cause trapped
carriers escaped from trap state in tuning mechanism, which means poor
recombination effect and poor operation speed.

Separated transmission recombined travelling wave PD (STR-PD)

According to above two type traditional photodiode, we can learn trade off
problems of speed, efficiency and saturation power will cause problem of design
devices. Thus we propose a new type photo diode to solve the problem-- Separated

transmission recombined travelling wave photo diode (STR-PD).

Recombination center
The position of absorption region

= —

with weak ([ electric field

l TG-GaAs
|
GaAs ) ‘__GaAs|

(=,

Transport Layer

The position of absorption region
‘ with high electrj¢ field

Figure 2- 8 Schematic diagram of energy band and electrical field

for STR-PD.
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We adopt travelling wave photo-diode type in PD’s structure and recombination
center (LTG-GaAs) in absorption layer. The STR-PD is composed of inserted

LTG-GaAs in intrinsic layer GaAs and shown in figure 2-10.

Principal of STR-PD

Because we insert recombination center (LTG-GaAs) in absorption area, total
absorption layer thickness become thinker and thus capacitance smaller. Besides, due
to carriers in recombination center with slower speed trapped by defects, we could
replace carrier drift time limitation by carrier life time. The higher speed performance
is expected for carrier trapped time << carrier life time. The key point is we solved
trade off problem between RC value and carrier drift time by inserted LTG-GaAs in

traditional PIN PD, which we can improve devices performance a lot.

TG-GaAs

GaAs & ) _GaA#
| |

Figure 2- 9 A schematic diagram of electrical field distribution for STR-PD while

applied higher external field.
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Moreover, demanded thickness of conductor layer (intrinsic GaAs) could be
thinner due to designed thickness of recombination center, thus higher saturation
currier could be expected while operated under this condition. As shown in figure
2-11, higher external electrical field mainly applied in collector layer which located
on both side of LTG-GaAs having lots of defects and behavior like heavy doping.
External electrical field is avoided to fall into recombination center, which avert life
time increasing effect mentioned above under high external electrical field. Besides,
under high power excitation, screen effect induced by accumulated electrical holes in
absorption area would weaken electrical field in absorption center. However, the
recombination center could trap carriers rapidly thus increase speed performance and

maximum saturation current under high power excitation.

2-4 Uni-Traveling-Carrier Photodiode (UTC-PD)

In order to solve the problem of lower quantum efficiency for LTG-GaAs based
PD, we propose a novel design which has high speed and quantum efficiency by
optimum doping concentration of absorption layer— uni-carrier transportation
GaAs/AlGaAs Photodiode (GaAs/AlGaAs based UTC PD). The above mentioned
travelling wave type PD is adopted in geometry structure for the novel device. In the
other side, its epi-layer structure is shown in figure 2-12 that absorption layer is
located in the p-doping area. The structure of UTC-PD includes P-type absorption
layer with narrow energy band and N-type light doping with broad energy band as
collector layer. Because quasi-neutral P-type absorption layer could relax major
carriers (electrical holes) to contact metal, electrons are the only transmission carriers

in UTC-PD.
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Figure 2- 10 Schematic epi-layer structure of GaAs/AlGaAs based UTC-PD
The transmission time of electrons determine transmission time of UTC-PD.
Because it’s fast for electrons to pass through conductor layer, we can reduce RC
bandwidth limitation without sacrificing thickness of absorption area. Both electrons
and electrical holes are not to be sacrificed and thus quantum efficiency could be
increased. Moreover, a different space charge screening effect compared with
traditional photo detector formed by electrons in intrinsic layer, which provided

UTC-PD high output saturation current and high speed performance.

Figure 2- 11 A schematic diagram of UTC-PD while electrical holes relaxed by

anode
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Recently, InGaAs-InP based UTC-PD has been widely used in 1550 nm
wavelength which is suitable for optical communication.[20] However, under light
excitation with wavelength of 800nm, InGaAs-InP based UTC-PD has a problem that
too much unwanted carriers generated in collector layer after InP absorbed light easily.
Such unnecessary electrical pairs left in absorption area induce screening effect

influence speed performance of device seriously, which has shown in figure 2-14.

Driffse blscl:

InP collector

Hole in the collector

Figure 2- 12 A schematic band diagram of UTC-PD while incident light of wavelength 800nm

Figure 2- 13 A schematic diagram of UTC-PD design

To solve above problem, we design a collector layer with broad energy band
(Eg~1.61eV) which could avoid unnecessary electron pairs generated in collector

layer.[31] Moreover, the absorption layer is designed by optimizing doping
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concentration of absorption layer which shape of energy band become stair step as
shown in figure 2-15.

Such design could increase self-induced electrical field and speed up electrons to
pass through conductor layer. Besides, we utilize the effect of UTC-PD that
bandwidth increasing with optical power to surpass bandwidth performance of
traditional PIN PD. The using of GaAs/AlGaAs in absorption layer and transmission

layer make our device a high performance sub-THz transmitter at wavelength range of

850nm.
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2-5 STR-PD Integrated with Slot Antennas

Both low-temperature-grown GaAs (LTG-GaAs) [6][7] and Uni-traevling-carrier
photodiode (UTC-PDs)[6] based photonic-transmitters capture many attentions due to
their excellent high-speed and high-power performance. However, under high
reverse bias voltages, both devices usually suffer from the saturation of output THz
power. Such phenomenon can be attributed to the intervalley scattering of
photo-generated electrons and life-time increasing effect [9] for the cases of UTC-PDs
and LTG-GaAs based photodetectors, respectively.  On the other hand, for most
reported photonic-transmitters operating in millimeter and sub-millimeter
wavelengths regimes, Si lenses are usually required for increasing the antenna
radiation efficiency [6,7,33]. However, this integration will not only increase the cost
of packaging but decrease some THz radiation due to the coupling loss into dielectric
material [10]. In addition, the distance from the center to the edge of the Si-lens is
also an obstacle to the optical beam coupled into the side-illumination photodetectors.
In this paper, we demonstrated a novel photonic structure, which is composed of a
LTG-GaAs based edge-coupled separated-transport-recombination photodiode
(STR-PD) and a micromachined co-planar-waveguide (CPW) fed slots antenna.
Under femto-second optical pulse excitation, our device radiates strong sub-THz
waves (~5uW averaged power) at the designed resonant frequency (~500GHz)
without using Si-lens. By adopting the LTG-GaAs based STR-PD as the active part
of our transmitter, the reported saturation phenomenon of traditional LTG-GaAs based
photonic-transmitter, under high applied external electrical fields, [6,9] has also been

eliminated.
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Device Structure:

The top-view of demonstrated THz photonic-transmitter is shown in Figurel,
which is composed of a high-speed edge-coupled STR-PD [11], a radio frequency (RF)
isolation bias tee, and an co-planar-waveguide (CPW) fed slots antenna [6,22]. We
adopted such kind of antenna as our radiator due to being easily integrated with the
active STR-PD and higher radiation power than spiral antennas at the designed
resonant frequency. The RF isolation bias tee, which operates as an inductance, avoids
the high frequency ac current leaking into the dc probe pad and decreases the
radiation efficiency. By using the techniques of selective wet chemical etching and
back-side lithography, fraction of GaAs substrate, which below the slots antenna can
be removed and the fabricated slots antenna will stand on the AlGaAs membrane with
a Sum thickness. Except for the membrane slots antenna, other area of the
photonic-transmitter chip is still above a robust GaAs substrate to endure the
wire-bonding process for device package. With a relatively thin membrane (~5um),
compared with the operating wavelength (hundreds of = m) of THz signal, the
problem of substrate mode can be eliminated [35] and the radiated THz power can be
enhanced without using Si-lens. The inset in figure 2-16 shows the simulated
frequency response of our transmitter without considering the influence of active
photodiode. We can clearly see the designed resonant frequency of slots antenna is
around 500GHz. Regarding with the active part of our demonstrated transmitter, it is
a STR-PD and has been demonstrated in our previous work [34]. A LTG-GaAs layer
with an extremely short carrier lifetime [36] is inserted in the center of its active
region to serve as a recombination center and two surrounded high-quality
GaAs-based depletion layers serve as depleted transport layers [34]. Compared with

the traditional p-i-n photodiode, STR-PD can minimize the space-charge-screening
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effect under high-power operation and exhibit much better speed and output power

performance under both pulse-mode and continuous-wave operations [34,37].
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Figure 2- 14 Top-view of fabricated photonic-transmitter.
( The left side arrow indicates the direction of input optical pulse. The inset
shows the simulated frequency response of slot antenna. A significant resonance at

around 500GHz operating frequency has been observed .)
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2-6 STR/ UTC-PD integrated with Circular Antenna

To make a fair comparison of their dynamic performance, both the STR-PD and
UTC-PD based transmitters share the same geometric structure. A top-view and
conceptual cross-sectional view are shown in Figure 2-17 (a). The antenna design
adopted in this work is a co-planar-waveguide (CPW) fed circular disk monopole
antenna [38]. As can be seen in the cross-sectional view, part of the GaAs substrate
of both devices just below the circular disk of the antenna has been removed by
selective wet etching and back-side lithography to enhance the THz emission of the
emitter without necessitating the integration of an additional Si-lens [29]->[39].
Furthermore, a tapered and periodically corrugated edge, which is specified for
inductance, can be seen on the top-view of the device. A circular disk antenna is
integrated to improve the radiation characteristics, particularly at frequencies near the
higher band edge [38].

Figure 2-17 (b) shows the simulated frequency response of the microwave
reflection parameter (S11) for the antenna structure. By using the -10dB line on the
y-axis as a reference it can be seen that there is low reflection loss (<-10dB) for most
of the frequency component (100GHz to 350GHz) in the simulated frequency band
(70GHz to 350GHz) [20]. The inset to Figure 1 shows the simulated waveforms for
the radiated electrical pulse from our substrate-removed antenna. The electrical pulse
from the photodiode is considered Gaussian in shape with a full-width half maximum
(FWHM) around 4ps. The simulation is carried out with a finite-difference
time-domain simulation tool (SEMCAD, Schmid & Partners Engineering. AG, Zurich,

Switzerland).
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Figure 2- 15 Top-view and cross-sectional view of the demonstrated sub-THz PT.

Inset (a) shows the simulated frequency response of the designed antenna. Inset

(b) shows the simulated impulse response of the antenna.

STR-PD GaAs-AlGaAs UTC-PD
150nm  50nm 500nm 140nm 250nm 300nm
> CB

CIliff layer

Alo.z@%.gAS

P+-Aly,Gag gAs |
GaAs

190m-3  iPH-GaAs:
1x10®cm 0
25x10Yem §N' Al Gagyds

{3x10%6cm™

N+ VB

N+-Al, ,Ga, ¢ As
Aly,Ga, gAs 0.12990 88

1x10%m?3

(a) (b)

Figure 2- 16 Conceptual band diagrams of the demonstrated
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Figure 2-18 shows conceptual band diagrams of the demonstrated (a) STR-PD (b)
and UTC-PD [22,25]. In the STR-PD, a LTG-GaAs layer with a short carrier
lifetime (less than 1 ps) is inserted into the center of the absorption region and
surrounded by two high quality GaAs-based photo-absorption layers to serve as a
recombination center. As shown in (a), the external applied electric field is
concentrated in the two GaAs layers. This is due to the high defect density and
field-screening effect of the inserted LTG-GaAs Ilayer [22]. These two
photo-absorption layers can, thus, be treated as a “transport layer” or “depletion layer”
in our structure. They have much higher mobility compared to the LTG-GaAs and the
concentration of the applied electric field. The STR-PD demonstrates superior
output power performance over that of the traditional p-i-n PD even though the
thickness of the total absorption layer is the same [22]. This is due to the fact that in
the STR-PD the real drift-distance of photo-generated carriers can be roughly
approximated by the thickness of the one-sided GaAs based transport layer (a
thickness of only 50nm) instead of the total absorption region (with a thickness of up
to 250nm). A smaller drift-distance means that a shorter drift-time, less SCS effect
in the absorption region, and a higher saturation power can be expected [13].
Furthermore, the inserted LTG-GaAs based recombination center has high resistivity,
which can also reduce the junction capacitance (RC-limited bandwidth) over that of
the traditional p-i-n PD with its thin absorption (depletion) layer for high-power
performance [22].

The UTC-PD is composed of a GaAs based photo-absorption layer with a graded
p-type doping profile, which acts to accelerate the drift-velocity of the
photo-generated electrons [19] and the Aly;5GagssAs based collector layer. The

graded doping profile of the absorption layer has a larger slope, which induces the
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appropriate built-in electric field (2.1 to 84 kV/cm) and ensures the occurrence of
electron drift for the over-shoot velocity. Thus our UTC-PD has a more significant
bandwidth enhancement effect under a much lower output photocurrent density than
the traditional InP based UTC-PD [19]. The collector layer consists of an n-type
doped ( 3 x 1016cm'3) Alp15GaggsAs layer, 250nm in thickness, with a bandgap of
around 1.61eV. This enables one to avoid the undesired photo-absorption process that
occurs around the 800nm wavelength excitation. The n-type doping in the collector
layer can also suppress the current blocking effect and further improve the high power
performance of UTC-PD [13]. An n+ doped ( 5 x 10'%cm™) Aly,15GaggsAs cliff layer
is inserted between the collector layer and the absorption layer [40]. A UTC-PD
structure that utilizes only electrons as the active carriers has superior high-power
performance to the traditional p-i-n PD due to the much higher drift-velocity of the
electrons than of the holes, and the great reduction in the drift-time of the
photo-generated carriers. In short, we use different approaches to shorten the
drift-time of photo-generated carriers: one approach is the reduction of the effective
carrier drift-distance in the STR-PD and the other is the increasing of the
drift-velocity in the UTC-PD. Both of these structures exhibit superior high-power

performance over that of a p-i-n PD with the same total depletion layer thickness [40].
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Chapter 3 Photoconductive Antennas

In this chapter, we introduce the background of THz radiation and describe the
motivation of this research about ion-implanted material for photoconductive
antennas. The basic theories about THz radiation generated from dipole antenna are
mentioned both on pulse and CW mode. Finally, the results are analyzed and a

summary and future work of this research work will be given.

3-1 Introduction

A primary technique of generating short pulses of microwave and THz waves is
by irradiating a biased semiconducting photoconductor with femtosecond (fs) optical
pulses.[1] The semiconductor materials reported span Cr-doped GaAs [2],
ion-implanted silicon-on-sapphire (SOS) [3], GaAs thin films grown by low
temperature molecular beam epitaxy (LT-GaAs)[4] and InP[5]. Of all these
materials, LT-GaAs, which has been developed initially for mitigating back-gating
and side-gating effects in GaAs integrated circuits, enjoys the advantages of high dark
resistivity, high breakdown field strength, ultrashort carrier lifetime and relatively
high carrier mobility simultaneously. Unfortunately, there always exist variations of
film properties in LT-GaAs caused by the difficulties of measuring and controlling the
wafer temperature during epitaxial growth. On the other hand, ion implantation into
GaAs wafers has been researched quite extensively for making pulsed THz devices.

The implanted species include proton [9,10], nitrogen [10,11] , arsenic [10,12,13]
and oxygen[10, 13]. According to Salem et al [10], these materials all make good

pulsed THz emitters except the nitrogen-implanted GaAs. Furthermore, Salem et al.
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points out the comparative advantage of oxygen implanted GaAs over arsenic
implanted GaAs in terms of the emitted THz power. [13]More recently, attention has
shifted to the emitted power and power conversion efficiency [15] of THz emitters.

Surprisingly, Zhao et al [14] reports a very simple structure fabricated by directly
painting two silver-paste electrodes on a semi-insulating GaAs wafer separated by a
wide gap of at least 0.4mm. Yet the device can emit 40uW of THz power with a peak
at 0.5 THz. This power level is just surpassed by that of Taylor et al [15], where a
very sophisticated epitaxial structure consisting of a distributed Bragg reflector and an
active composite film composed of ErAs particles embedded in GaAs has been
employed. This device emits 44 uW with a peak at 0.3 THz when pumped by only
8.7mW of laser power, meaning a record high conversion efficiency of about 0.5%.
Inspired by this result and that of Salem et al 13, we investigated the fabrication and
characterization of high power THz photoconductive (PC) dipole antennas using
oxygen-implanted GaAs (GaAs:O). As a control, we also fabricated identical devices
on LT-GaAs and compared the performance between devices made from these two
materials. GaAs:O has been selected in this investigation because it is not difficult to
prepare. Kang et al and Lederer et al have separately measured subpicosecond
carrier trapping time in oxygen-doped GaAs epilayer and subpicosecond response
time in oxygen-implanted GaAs, respectively. The high resistivity of the
oxygen-implanted GaAs is guaranteed as a result of the midgap level introduced by
oxygen .

Before embarking in a detailed study of GaAs:O and related PC devices, one
should know what the advantage of GaAs:O 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
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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 O+ ion in GaAs material endows other advantages for
GaAs:O materials, as listed 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:O can be as high as 10°Qcm.

2. A reasonable carrier lifetime (in subpicosecond range). O+ 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 O+ defects increases the saturation level
of GaAs:O material. Comparing with LTG GaAs material, GaAs:O 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 at the end generate higher output

power of THz wave.
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As mentioned above, in THz generation area, GaAs:O material has been
demonstrated in pulsed generation mode by B.Salem, et al.[16,18] (A group in
Canada). They used multi-implanted GaAs:O with a dosage level 10"°cm™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:O with LTG GaAs, which occupies the dominative
position of PC devices at 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:O based PC devices. Following their work, we
have demonstrated our partial study work on GaAs:O based THz PC devices in pulsed
generation mode [19], and the CW THz generation mode in the middle of
2007[20],which will be discussed later, respectively. For CW terahertz generation
from GaAs:O, it is almost at the same time (a little early than ours), another group
from Germany, [.Camara Mayorga et al. [17] published their very detailed study
works on the high energy ion (2 and 3 MeV) implanted GaAs:O material. It should be
cheerful that on this road we are not lonely. They have compared the THz wave
generation performance of GaAs:O material not only with different implant energy
and dosage, but also other material like GaAs:N. Their hard work promotes the study

on GaAs:O material in CW THz area to a new high level.

3-2 Basic Theory

This mechanism of generated THz radiation from the biased photoconductive

switch is generally based on the theory, which is called “current surge model” [21].
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We will discuss the basic theory of this model in detail in next chapter. According to
this model, as the energy of the input laser is higher than the energy of bandgap of
photoconductor, then electron-hole pairs are excited and the mechanism of

generated THz radiation can occur.

In briefly, the electromagnetic field of THz radiation is generated from a
transient current which is generated on the surface of the photoconductor. The pulse
laser generates carriers instantaneously. We add a bias to accelerate the carriers.
Then, the resultant transient current, or be called current surge, produces an electric
field on the surface of the photoconductor. This surface electric field is regarded as

the source of the THz radiation. Figure 3-1 shows the setup for this method.

Bias

l\ Electrodes

Laser Pulse

THz Radiation
GaAs wafer

Figure 3- 1 A schematic diagram for pulsed THz generation by PC antenna

We put two electrodes on the top of substrate which can use different
materials, such as GaAs ~ low temperature grown GaAs (LT-GaAs). This
photoconductor behaved as an isolation without illuminate optical source. When we
give the voltage across two electrodes and illuminate the region between two
electrodes, the substrate becomes conducting. Under the influence of the applied
electric field, current starts to flow. A time dependent current can also radiate

transient electric field with a higher efficiency than optical rectification. The
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frequency contents of this transient are determined by the transient behavior of the

current and have 3dB bandwidth of 1 THz typically and roughly.

Drude-Lorentz model

For the calculation of carrier transport and THz radiation in a biased
semiconductor, the one-dimensional Drude-Lorentz model is used. When a biased
semiconductor is pumped by a laser pulse with photon energies greater than the
band gap of the semiconductor, electrons and holes will be created in the
conduction band and valence band, respectively. The carrier pumped by ultrashort
laser pulse is trapped in the mid-gap states with the time constant of the carrier
trapping time. The time-dependence of carrier density is given by the following

equation.

dny) __nto
dt T

C

+G(t) (3-1)
Where n(t) is the density of the carrier, G(t) is the generation rate of the carrier
by the laser pulse, and 7, is the carrier trapping time. The generated carriers will

be accelerated by the bias electric field. The acceleration of electrons (holes) in the

electric field is given by

dVe,h (t) - Ve,h (t) + qe,h
dt T m

K e,h

E (3-2)

Where v, ,(t) is the average velocity of the carrier, g, , is the charge of an

electron (a hole), m,, is the effective mass of the electron (hole), 7,, is the

momentum relaxation time, and E is the local electric field. The subscript e and h

represent electron and hole, respectively. The local electric field E is smaller than
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the applied bias electric field £, due to the screening effects of the space charges,

P
E=E,—— (3-3)

Where P is the polarization induced by the spatial separation of the electron
and hole, €is the dielectric constant of the substrate and « is the geometrical
factor of the PC material. The geometrical factor < is equal to three for an
isotropic dielectric material. It is noted that both, the free and trapped carriers
contribute to the screening of the electric field. The time dependence of polarization

P can be written as

—=——4J (3-4)

Where 7, is the recombination time between an electron and hole. In the

equation (3-4), J is the density of the current contributed by an electron and hole,
J=eny, —env, (3-5)

Where e is the charge of a proton. The change of electric currents leads to

electromagnetic radiation according to Maxwell’s equations. In a simple Hertzian

dipole theory, the far-field of the radiation E;, is given by

aJ
THz X N (3-6)

To simplify the following calculations, we introduce a relative speed v/

E

between an electron and hole,

V=V,

v (3-7)

Then the electric field of THz radiation can be expressed as

x el/@ﬂ:n@ (3-8)

E
Tz ot ot

The first term on the right hand side of the equation (3-8) represents the
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electromagnetic radiation due to the carrier density change, and the second term
represents the electromagnetic radiation which is proportional the acceleration of

the carrier under the electric field.

CW THz generated by Photomixing

CW THz wave can be generated through photomixing which produces optical
intensity beating at THz frequencies by mixing two single-mode lasers or mode
beating within a single laser. The combination of two waves with slightly different
frequencies is equivalent to a wave which envelope is modulated by the difference
frequency. The intensity-modulated beam will excite the electron-hole pairs in PC
antennas then accelerated by the bias voltage applied to the PC antennas. The
generated THz frequency is as the same as the optical beating frequency.

When two electric fields with slightly different frequencies propagate
collinearly into biased PC antennas, beating signal will be radiated. Set two parallel,

scalar electric fields as:

E\(t) = E\,()Cos(wit + ¢,)

(3-9)
E,(t)=E, (t)Cos(wyt +¢,)

Where E,E,, ,w ,w,,¢and¢, are the amplitude, angular frequency and

constant phases of wave 1 and wave 2, respectively. And the total electric filed is

the superposition of the two waves:
E(t)=E () + E, (1) = E,Cos(wt + &) + E,Cos(wyt + ¢,) (3-10)

From the simulated curves of figure 2-1-2, we can see that the total electric
field has the waveform with a slowly various envelope and a fast carrier frequency

inside.
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Figure 3- 2 The simulated curves of two wave with slightly different frequencies.

( The thin curve is the sum of the two waves. The thick curve is the plot of the wave with

frequency of (w-w3)/2)

The laser frequency is about 10" Hz, but the fast detector response time T is just
about 10%s. We can ignore these faster terms in equation (2.1-26), so the equation can

be written as:

ce ki’ | ek . w,—w)T

Ibeat(t): 021 + 02 2 +C€0E1E2COS[(WY1 _Wz)t+(¢1 _d)z)]Sll’lC[_( ! 2) ]
=1,+1,+211,Cos[Qx + ¢]

(3-11)

The first two terms are the average intensities of wave 1 and wave 2,

respectively. 2 is the difference of angular frequency between two waves. ¢ 1is

the phase different of the two waves (figure 3-2).

3-3 Material of Photoconductive Antenna

Low-temperature (LT) grown GaAs
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Low-temperature (LT) grown GaAs is widely used as the photoconductive
substrate of PC antennas for generation and detection of THz radiation because of the
high resistivity ( 10’Qem ) [11->22] and good mobility (100-300 cm®/Vs )
[12-13->23-24], in addition to short carrier lifetime (<1ps ) [14-15->25-26]. These
excellent characteristics are however difficult to reproduce from sample because the
quality of the material depends critically on both the growth temperature and the post
growth thermal annealing conditions. An alternative material was reported to be
promising as the substrate material of PC antennas, which is the arsenic ion-implanted
GaAs [16->27]. These materials exhibit good structural and electrical properties and
show ultrafast optoelectronic response. It is again possible to improve the carrier
mobility of these ion-bombarded materials using postimplantation thermal annealing
process. Good control over the overall fabrication process allows studies of the
influenceof parameters such as the ion-implantation dose, the ion energy, and the
thermal annealing conditions on the PC antenna characteristics.

Material of ion-implanted GaAs

The arsenic (As) ion implanted GaAs PC antennas have shown to be better THz
emitters than those made on semi-insulating (Si) GaAs substrates [17-20 28->31]. It
has demonstrated that the terahertz emission property of arsenic ion-implanted GaAs
has almost the same characteristics with Low-temperature (LT) grown GaAs. Such
enhancement results from ultrafast carrier recombination associated with the presence
of the implantation-induced defects. On the other hand, several groups have shown
good characteristics of THz emitters with the use of PC antennas made on GaAs
substrates grown by the Czochralski method when these devices are photoexcited near
the anode. Although defects seem to play a crucial role in the characteristics of THz

PC antenna emitters, there are very few studies that investigate the role of defects on
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these characteristics. lon-implantation using other types of ions has already been used
successfully to reduce the carrier lifetime in Si GaAs. For example, subpico-second
lifetime can be obtained in GaAs:H GaAs:N and GaAs:O [32-37].

In this study, we report the fabrication and characterization of THz emitters on
multi-implanted GaAs:O, one of which is capable of emitting a record high power of
48 uW within 0.1-0.5THz when excited by 25mW of laser power. We also show that
emitters made on either GaAs:O or LT-GaAs exhibit similar power levels. The
experimental results and discussions will be described in below.

Our implantation design was to get as a uniform distribution of oxygen ions as
possible in the top 1um layer of the GaAs substrate so that most of the pump power
could be absorbed. The implantation was carried out in a 2MV tandem accelerator,
where the cost of implantation limited us to the following two sets of conditions:
(High-Dose) 1x10'*/cm2 at 1200keV, 6x10"/cm” at 800keV and 6x10"/cm’ at
500keV; and (Low-Dose) 4x10"“/cm” at 1200keV, 2.5x10"/cm® at 800keV and
2.5x10"/cm® at 500keV. The peak ion concentration calculated from SRIM2003
simulation was around 2.3x10"¥/cm’ in the High-Dose samples. The substrates were
high-resistivity (>10® Qcm) semi-insulating GaAs wafers. Rapid thermal annealing
(RTA) under N? gas environment at 550°C or 500°C for 60s was performed with a

GaAs cap wafer on all the implanted wafers to prevent loss of As.

3-4 Antenna Types

We used the dipole antenna as the antenna structure in our experiment. Large
signal and high bandwidth can be obtained from this kind of structure [38]. The

photoconductive antenna structure is shown in Figure 3-3. Knon et al. proved that
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the spectral response of the PC antenna for broadband detection is mainly

determined by the temporal behavior of the number of photo-excited carriers [26].

ZoUM gy 170pm

Figure 3- 3 Schematic diagram of the PC antenna

Recently, Salem et al. [17] improved the characteristics of GaAs substrate and
generated THz waves by implanting oxygen ion. Normally, oxygen ion is considered as
dust (a disadvantage) for electrical devices fabrication during the process, as its
existence will make the contacts to be not Ohmic-contact. But, in the THz generation, it
can become advantages. As the electrical level formed by oxygen ion in GaAs is close
the Femi-level, it makes the oxygen ion implanted GaAs close to electrically neutral
and has comparative high resistance. This kind of material also have high breakdown
voltage; and short carrier lifetime by implanted under certain high dosage and annealed

under suitable annealing temperature.

3-5 Properties of Photoconductive Antennas

Carrier life time measurement
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Figure 3- 4 The measurement of carrier life time with both materials

By optimize the dosage and the implanted energy to match the requirements.
Considering the cost of time for RBS facility, we prepared two kinds of materials which
have different carrier life times and mobilities as the same dipole antenna structure. In
implanting process, multi-implants dosage concentrations is low dose
2.5x10" ions/cm® (500Kev & 800Kev) and 4x10" ions/cm® (1200kev). After
implantation process, we performed the thermal annealing by RTA (Rapid Thermal
Annealing) under N, gas environment and use a GaAs cap to prevent As ion absorption.
In our experiment, we performed annealing at 500°C for 60s. (For reference, under

500°C for 60s annealing, the resistance of this GaAs:O substrate is close to
1.26x107(€/sq) ) and we also measured the carrier life time of both materials by

optical-pump probe measurement. The carrier life time of GaAs:O is 550fs and

LT-GaAs is 700fs. The fitting curve are shown in figure 3-4.
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Conductivity measurement
We also calculated the conductivity of GaAs:O and LT-GaAs. The conductivity of
GaAs:Ois 3.8x10 “Q'cm™ and LT-GaAs is 1.7x107Q "cm™, the measurement are shown

in figure 3-5 and 3-6.
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Figure 3- 6 Current density v.s. Electrical field of LTG-GaAs and GaAs:O
Current-voltage (I-V) curve (Pulse mode)

Figure 3-7 shows the current-voltage characteristics result of the PC dipole
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antenna with the same structure, one of material is GaAs:O and the other is LT-GaAs.
The beam illuminated at the gap of PC antenna, with incident power of 30mW. We also
measured the dark current which was without the pump power. It can easily confirm
from Figure 3-7 that the I-V curve is a linear curve at low bias voltage and a quadratic
curve at higher bias voltage. This means that the current is proportion to the bias we
gave at low bias voltage and quadratic proportion to higher bias voltage. We can
observe that increasing ratio of GaAs:O is higher than LT-GaAs. We observe that the
dark current of the GaAs :O is higher than LT-GaAs, the net photocurrent of GaAs:O is
3 times to that of the LT-GaAs when the bias is at 80V and there is no saturation effect

in current bias curve for both materials pumping with pulse laser.
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Figure 3- 7 I-V curve of GaAs:O antennas and LT-GaAs antennas under pulse excitation

Current-voltage (1-V) curve (CW mode)

In this section we used two frequency dependent laser diodes to produce beating at
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THz frequency. Then we illuminated laser beams to the antenna with the same structure
under different fabricated material. Figure 3-8 shows the current-voltage characteristic
result, one of material is GaAs:O and the other is LT-GaAs. The incident power was
180mW and the beam illuminated to the gap of PC antenna. We measured the dark
current without pump power before. It can easily confirm from Figure 3-8 that the -V
curve is a linear curve at high bias voltage and a sub-linear curve at lower bias voltage,
the sub-linear region is due to the electron drift velocity saturation [45] and super-linear
region is due to the increase of carrier life time [46], and it means that the current is
proportion to the bias we gave at higher bias voltage and sub-linear proportion to lower
bias voltage. We can also observe that increasing ratio of GaAs:O is higher than
LT-GaAs. Although that the dark current of the GaAs:O is higher than LT-GaAs, the
net photocurrent of GaAs:O is 3 times to LT-GaAs and there is no current saturation

effect in both material pumping with CW laser.
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Figure 3- 8 I-V curve of GaAs:O antennas and LT-GaAs antenna under CW laser pumping
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Chapter 4 Experimental Methods for

Characterization of THz Waves

4-1 Introduction

In order to identify characterizations of our THz devices, power and electrical
field measurement system at this range is needed. There are lots of tools could be used
for this frequency range recently and following are brief introduction of some
instruments in our experiments. First, power of THz radiation is measured by
liquid-helium cooled bolometer. As for some devices designed in the sub —THz, for
example, W-band, a RF power meter is usually used. Besides, to further study the
radiated electrical field, there are different ways which are developed in recent years,
such as photoconductive antenna and electro-optic sampling (EO sampling).

Far-infrared (FIR), submillimeter wave and millimeter wave can be detected by
Bolometer. A hot electron bolometer is a device, which absorbs the incident radiation
to change the electron’s temperature. Its resistance will respond for it correspondingly.
A traditional bolometer consists of a heat-sensitive detection element mounted inside
a heat sink and physically supported by a thermally conductive physical supporter.
The most common systems are helium-cooled Si, Ge and InSb bolometer. It can
measure the radiation power lower in nanowatt region, but it losses the information of
phase and frequency. Because of this, using bolometer to detect the power of THz
radiation usually accompanies Martin-Puplett interferometer [1]. By using combined

system, we can obtain the interferogram of THz radiation [2].
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Using PC antenna as the detector is one of detecting THz radiation ways [3].
When the incident THz radiation illuminates the PC antenna, it induces transient
current and then accelerate electron by probe beam. There are two factors determine
the spectral bandwidth in this detector. One of them is the photocurrent response (i.e.
carrier lifetime) and the other one is the frequency dependence of the antenna
structure [4-5]. In general, the low frequency cutoff of the detectors results from the
collection efficiency of the dipole, while the upper frequency limit is determined by
the photocarrier response. The photocurrent response is the convolution of the optical
pulse duration and the impulse current of the photoswitch across the photoconductive
antenna on pulse mode.

There are two advantages of Electro-Optical (EO) sampling, one is broad
bandwidth spectrum and the other is easy to implement. Recently, technique of EO
sampling has become an alternative to photoconductive (PC) detection [a6]. The
Zinc-Blende crystal was used to measure THz radiation based on the Pockels effect
[6]. When we vary the temporal delay between pump and probe beam, the
synchronous probe beam will probe the transient change of refractive index result
from THz radiation changing the refractive index. There is a trade-off in this method,
thick crystal will introduce longer interaction length but reduce the frequency

response.

4-2 Power Measurement

4-2-1 Bolometer

Figure 4-1 shows the looks of our bolometer and its structure drawing including
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a helium vessel. Table 4-1 shows specifications in details of the bolometer, which has

a spectrum response 100cm™ to 3 em™.
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Figure 4- 1 Schematic diagram of a bolometer and its structure drawing

Table I Specification of the bolometer used in our measurement

Dewar HDL-5
Operating Temp 4.2K
Effective cone area 0.50 " diameter
Frequency Response 350 Hz (3db)
. Input focal ratio 3.8

Spectral response | 600 cm-1to 200 cm-1 | NEP. ~3.0x10-13 w/Hz1/2
Spectral response 375 cm-1 to 4 cm-1 NEP. ~25x10-13 w/Hz1/2
4 Spectral response 100 cm-1 to 3 cm-1 NEP. ~1.5x10-13 WIHz1/2

Before using bolometer to detect THz radiation, we need to calibrate our
meter firstly. The output of the bolometer is a voltage signal; it is not directly the
power of the THz radiation. We use a blackbody radiation as the thermal source to
radiate electric wave for the bolometer which we need to calibrate. According to the

literatures [33-34], we can get the following equation (4-1).
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\%
R output (4_ 1)

A, dF fR()\)M()\ Ty

Where A\ and )\ are the cut-on and cot-off wavelength, which we set form
100 m to 3000 um , in the response spectrum of our Si bolometer limited by the

window filter. R is the peak response in the response spectrum. R is the

peak
distance between the bolometer and the blackbody radiation source. A,z and A,

are the area of aperture in the blackbody radiation source and the detective window
of bolometer, respectively. R()\) is the response spectrum of the bolometer which
is assumed to have a rectangle shape due to that the response of the Si bolometer is
nearly independent of the frequencies from cut-on to cut-off wavelength, although

the response of the Si bolometer actually decrease with the decrease of the

frequency slightly. V.

wpu 18 the voltage value which we obtain in lock-in amplifier.

E. is the modulation parameter of chopper, which is about 0.5. There is the

experiment setup in Figure 3.2-2. Then, M(\,T) is the absolute power spectrum of
the blackbody radiation source, which is the function of wavelengths and
temperatures. The formula is given as following equation (3.2-2).

3.73x10*

14388

A(e T -1)

M (A, T)= (4-2)

where the unit is Wempum™ . There is the experiment setup show after

calibrate Bolometer, we know that the obtained response is about 50 mV per uW
with the preamplifier gain set to 180 chopping frequency. So we can use the

information of the voltage value we measure in experiment to calculate the energy
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power of THz radiation. According to our calibration result, the approximate
calibration factor is around 0.1 pW/mV, which means absolute THz power in

proportion to measured value of locking amplifier.

Bolometer

[ Lock in amplifier]

Source meter

Chopper —@l4-
N

Pump pulse

Figure 4- 2 Schematic of experiment setup for measure the electric characteristics of PC

antenna.

4-3 Waveform of Spectrum Measurement

4-3-1 Martin-Puplett Polarization Interferometer

Method & Setup
The design of the Martin-Puplett polarization interferometer which is based

on a concept originally produced by Martin and Puplett in 1969 resembles the
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well-know Michelson interferometer, which could be used as THz FTIR. The
Martin-Puplett polarization interferometer takes advantage of the polarization of
electromagnetic radiation. In the field of THz frequency range, it is the most
interferometer system is used. It has also been choice as the spectrometer in
sub-millimeter wavelength range. Comparing the classical Michelson
interferometer, it offers several advantages. Such as, the modulation efficiency of
the polarizing beam splitter is higher and more uniform under wide spectral range.

The simplified schematic is shown in Figure 4-3.

We use the parabolic mirror to collect THz radiation and become the parallel
beam, then we incident the parallel beam into the Martin-Puplett polarization
interferometer system. The spectrometer utilized two wire grid polarizes which will
discuss clearly later, used also as the polarizing beam splitters. The reflected and
transmitted waves in two arms of the spectrometer have equal intensities while their
directions of polarization are orthogonal to each other. The retro-reflector in each
arm rotates the polarization of the incident light 180°. The orthogonal transmitted
and reflected waves are recombined at wire grid polarizer #2, then propagated
through the wire-grid polarizer #1 and be collected by a parabolic mirror. By
scanning the movable retro-reflector, the interferogram can be measured by the

bolometer and stored by the computer.
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Figure 4- 3 Schematic of a Martin-Puplett-type Fourier Transform Infrared Spectrometer

(FTIR) system

Wire grids

For far-infrared spectroscopy, an effective polarizer can be made from an
array of closely spaced parallel metallic wires, and it is the so-called wire grid.
When an incident electric field passes through the wire grid, it can be divided into
one component parallel and one perpendicular to the wire. The parallel component
induces a counteracting current in the metal and is thus reflected. In another part,
the normal component can pass through pass the wire grid with a little attenuation.

If the thickness d of the wires and the spacing s are small compared to the
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wavelength of the incident wave, the modulus of the reflection coefficients for the
electric field components parallel and perpendicular to the wires can be calculated

by equation (4-3) and (4-4) [7].

2s )’ s V'
I LR T 4-3
il = |+ (3] (=) @3)
a
| |:1+(2AS)2 2 (4-4)
1 7T4d4

In our experiment setup, the wire grid we used made of 10 m thick tungsten
wire wound on a circular frame placed at a distance of 45 m. The reflectivity of the
electric field for these parameters is plotted in Figure 4-4.While the parallel
component is reflected nearly perfectly over the whole spectral range, the
transmission of the normal component decreases towards higher frequencies.
According the experiment result, the frequency of PC antenna we measure would
not be higher than 1.5THz. So we can ignore the THz power decrease from the wire

grid.
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Figure 4- 4 The reflectivity of the electric field dependent with frequency under (a) parallel and

(b) perpendicular component.
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4-3-2 THz Time Domain Spectrometer

The THz time-domain spectroscopy system is shown in Figure 4-5. The
incident pump pulse was focused by an objective lens on the biased gap of the PC
antenna to generate THz radiation. The THz radiation was collimated and focused
by a pair of off-axis parabolic mirror on a PC sampling detector. Which was also a
PC antenna mounted on the back of a Si hemispherical lens. The PC detector was
gated by femto-second probe beam pulses that were separated from the pump beam
pulses by a beam splitter, and the DC photocurrent was induced by the incident

electric field of THz radiation on the PC detector.

Computer

Chopper

Source meter

Figure 4- 5 Terahertz Time-Domain Spectroscopy

Using delaying the time of the probe pulse to the pump pulse, the time-domain
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waveform of the electromagnetic pulse was obtained. The time resolution was
limited by the carrier lifetime of the LT-GaAs used for the PC detector. To increase
the signal-to-noise ratio, the pump beam was modulated with a mechanical chopper
at 1 KHz, and output signal from the PC detector was measured with a lock-in

amplifier and stored by the computer.

PTas emittﬁ e
\ | B

B . AN g .

‘. . __-ll_-_ . J

Figure 4- 6 A picture of measured photonic transmitter in a TDS system
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Chapter 5 Performances of THz and

Sub-THz Emitters

In this chapter, the measurement result of PC antennas and photonic transmitters
are shown and discussed. First, in chapter 5-1 and 5-2, we studied the LTG-GaAs and
GaAs:O based PC antennas under pulse and CW excitation respectively. An
comparable performance of GaAs:O to serve as substituted material of LTG-GaAs
is demonstrated. After that, in chapter 5-3, we discussed the performance of STR-PD
combined with slot antenna with a center frequency 500GHz. Such results show our
high power and high speed STR-PD could be served as an important part of high
power sub-THz emitter. Finally, in the end of this chapter, we further to study in detail
the characterization of two high-power photonic transmitters based on two different
kinds of high-power photodiodes UTC-PD and STR-PD. Such result help us to learn a

fabrication of high power and high speed sub-THz emitter.

5-1 LTG-GaAs & GaAs :0O PC Antennas under Pulse

Excitation

Figure 5-1 shows the bias voltage dependence of the THz absolute intensity
generated from different material with the laser beam focused near its anode with
the same antenna structure. They were detected by the bolometer. According the
Figure 5-1, we can observe that the THz power increases quadratically with the bias

at higher bias voltage. GaAs:O has higher photocurrent than LT-GaAs, and GaAs:O
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has high power when we biased higher than 60V. The THz peak power of GaAs:O
is 5.2mW and LT-GaAs is 3.6mW when biasing at 80V and pumping with 30mW.

GaAs:O generate pulse THz power almost 1.4 times LT-GaAs.
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Figure 5- 1(a) Photocurrent-bias (b) THz power-bias curve of GaAs:O and LT-GaAs

antenna with the same antenna structure
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The increasing ratio of THz power-bias voltage curve of GaAs:O are higher
than LT-GaAs, although LT-GaAs has higher THz power at lower bias voltage. And
there is no saturation effect in both materials under pulse laser pumping. We used
TDS to characterize the GaAs:O and LT-GaAs antenna. Figure 5-2 shows that THz
wave form of GaAs:O and LT-GaAs. The measurements are under different bias

voltage (20V ~ 40V ~ 60V ~ 80V) and pump power is fixed at 30mW.
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Figure 5- 2 THz time domain waveform of (a) GaAs:O and (b) LT-GaAs at constant

pump power 30mW
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The THz spectra under different biases are shown in figure 5-3. We observed that
the THz peak amplitude increases when bias increases, However, we can’t observe any

spectral shift, and this also matches with previous literature[24].
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Figure 5- 3 THz spectrum of (a) GaAs:O and (b) LT-GaAs at constant pump

power 30mW
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Figure 5-4 (a) show that the main peak amplitude of GaAs:O is higher than
LT-GaAs under pump 30mW and bias 80V in pulse mode. And we observed both

spectra are about 1THz.
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Figure 5- 4 (a) Time domain waveform (b) Spectrum for both materials

Figure 5-5 (a) shows the pump power dependence of the THz intensity
measured for our PC antennas using a constant bias voltage of 80V. Figure 5-5 (b)
shows the bias voltage dependence of the THz intensity measured for our PC

antennas using a constant pump power of 30mW. Due to the low pump power, we
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can not observe the strong saturation effect in Figure 5-5 (a) in pulse mode.
Because the pump power doesn’t excite enough carriers to form reverse electric
field. And also we can’t observe the saturation effect in Figure 5-5 (b) due to the

low electric field.
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Figure 5- 5 (a) The amplitude-pump power curve at bias voltage 80V (b) The

THz power-electric field curve at 30mW.
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5-2 LTGaAs & GaAs :O PC Antennas under CW

Excitation

Figure 5-6 shows the bias voltage dependence of the photocurrent and the THz
absolute intensity generated from different materials with the two laser beams focused

near its anode with the same antenna structure.
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Figure 5- 6 (a) Photocurrent-bias voltage curve and (b) THz power-bias voltage

curve of GaAs:O and LT-GaAs fabricated with the same dipole antenna

They are also detected by the bolometer. According the Figure 5-6, we can obtain
that the THz power are almost the same for both materials when bias is smaller than
40V, the highest THz power of GaAs:O is 2.268uW and LT-GaAs is 1.27uW. GaAs:O
has almost 1.8 times to LT-GaAs and there is no saturation effect in high bias voltage.

However we observe THz power saturation effect in low temperature grown GaAs [1].

Analysis and Discussion
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our photoconductive antennas using a constant pump power of 180mW which are
90mW for each other. According to the result, we observe that the photocurrent ratio of
GaAs:O divide to LT-GaAs are increasing when bias is more than 20V, The bias voltage
below 20V are not increasing due to non-uniform electric field and low signal-noise

ratio. And according to the CW theory, the carrier density is proportional the carrier

lifetime (7 oc 7,), electron drift velocity is proportional the mobility at low electric
field (voc ,) and DC photocurrent is proportional to the carrier lifetime multiple

mobility (/ fhc =er, ), so the mobility of GaAs:O is between 2.5 and 3.75 times to

Figure 5-7 shows the bias voltage dependence of the photocurrent measured for

LT-GaAs.
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Figure 5- 7 (a) Photocurrent-bias voltage curve of both materials and (b) photocurrent ratio of

GaAs:N GaAs:O and LT-GaAs. We observe the increase of onset voltage for

GaAs:O divide to LT-GaAs

Figrue 5-7 (a) (b) (c) (d) show the DC photocurrent-electric field curve of
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quadratic behavior in the I-V curve corresponds to a consistent reduction of

saturation in the P-I curve [1]. It means that the efficient of generation THz power

with the same photocurrent are different when we implant different dosage density,

due to different number of impact ion defects. The absence of additional very large

defects (precipitates) which reduce the electron mobility may deteriorate the

increase of carrier lifetime with voltage.
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In figure 5-9, we observe that THz power of LT-GaAs is saturated by the pump
power. The reason of the LT-GaAs saturation is due to radiation field screening. Note
that at low optical intensities the values of THz power is linear with optical pump that
is the inverse of photoconductance and is greater than load impedance, when the
optical intensities increase, the inverse of photoconductance has the same order to
load impedance, THz power would respond nonlinear with optical pump power. But
we didn’t observe saturated effect occurred at GaAs:O, we attribute to higher

conductivity compared to LT-GaAs
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Figure 5- 10 CW THz power-optical pump power for both materials.

In figure 5-10 (a) we observe that photocurrent are super-linear behavior on both
materials. The reason that photocurrent has quadratic increasing is due to carrier life
time increasing with voltage and that would increase the photoconductance and,
consequently, the photocurrent. And under radiation field screening and carrier life
time increasing we observe that GaAs:O has slightly saturated. Other effects such as

impact ionization may play a role as well.
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Figure 5- 11 (a) Photocurrent-electric field curve and (b) THz power-electric field curve.

In figure 5-11 show that the spectrum of GaAs:O and LT-GaAs measured by CW
heterodyne system. We calculate the resonant frequency the theory value is 0.34THz
and our measurement value is 0.36THz. The bandwidth of both materials is about 1 THz.

They are identical to the value that we measured by THz-TDS system.
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Figure 5- 12 THz spectrum of both materials measured by CW heterodyne system
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5-3 STR-PD Combined with Slot Antennas

We directly excited our device by use of a femto-second Ti:sapphire (A = 800nm)
mode-locked laser to measure the radiated impulse responses of our transmitter. The
excitation optical plus, which has the 82MHz repetition rate and 100fs pulse width,
was focused by an objective on the input facets of our device. We used two parabolic
mirrors to collimate and focus the radiated THz pulse on a liquid-helium-cooled Si
bolometer for power measurement. The responsivity of the Si bolometer was
calibrated with a blackbody radiation source. We also measured and calibrated the
radiated THz beam propagation loss in air by measuring the THz intensity as a
function of propagation distance. The propagation loss was about 0.082 cm™. The
RF spectra and waveforms of radiated signal were measured by a Martin-Puplett-type
Fourier Transform Infrared Spectrometer (FTIR) with the same Bolometer as in
power measurement. The FTIR system is consisted of two wire grid polarizers, the
first one is used as reflector at the input port of system and the second one act as a
beam splitter. By scanning the movable retro-reflector, the interference spectrum
(waveform) of the input sub-THz wave in the time domain could be obtained. The
frequency responses of radiated signal can thus be obtained through the use of
Fourier-transform  techniques. The measured interference patterns and
corresponding transformed spectra of devices with a 23 ym and a 60 zm active
lengths are shown in Figure 5-12(a) and (b) and their insets, respectively. Both
devices exhibit significant resonance at around 100GHz and 200GHz frequency, and a
significant resonance at the designed resonant frequency (~500GHz) of slots antenna

has only been observed for the device with a short active length, as shown in (a).
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Figure 5- 13 The Fourier-transformed spectra of our photonic-transmitters with different
active lengths, 23um (a) and 60um (b).
( The insets show the original interfere spectrum in the time domain measured by using the
FTIR system)

For the device with a long active length, it should have a poorer speed
performance and lower output power in the high frequency regime than a short device.
A much less apparent resonance at the designed frequency (~500GHz) of long device
has thus been observed. The parasitic oscillations in 0.1~0.2 THz frequency regime
may be attributed to the influence of integrated photodiode, which has not been
included in our antenna design.

Figure 5-13 shows the measured sub-THz power versus injected optical power
under different reverse bias voltages of devices with a 23um active length. Under
~30mW average optical power excitation, as much as SuW of sub-THz power was
measured, which has been calibrated for around 4.3dB propagation loss after 12cm
propagation. Besides, the output sub-THz power shows a near parabolic relation

between the injected optical powers when it’s value is below 10mW.
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Figure 5- 14 The measured sub-THz intensity vs. optical pumping power under different
reverse bias voltages

On the other hand, when the optical power is over such value, saturation
phenomenon of sub-THz power has clearly been observed. The saturation
phenomenon of output sub-THz power under high optical power excitation may be
attributed to the high photocarrier density resulted defect saturation in the LTG-GaAs
active layer, thus that carrier lifetime will increase and lead the bandwidth
degradation.

The measured bias-dependent sub-THz power of device with a 23um active
length under different optical pumping power is shown in Figure 5-14. The inset
shows the measured photocurrent versus dc reverse bias under different optical
pumping power. The maximum reverse bias voltage (-7V) is limited by the device
failure.  Regarding with the reported LTG-GaAs based photodetectors and
photomixers [3,4,5], they usually suffered from serious bandwidth degradation and
the saturation of radiated THz power under high reverse bias voltage and high

external applied electric field (>50kV/cm) due to the lifetime increasing effect of
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LTG-GaAs [3,6].
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Figure 5- 15 The measured sub-THz intensity vs. reverse bias voltages under different optical
pumping power for our photonic-transmitters with a 23 um active length.
(The inset shows the measured output photocurrent vs. reverse bias voltages under different

optical pumping power.)

However, for our devices even under a highest reverse bias (-7V), corresponding
to an external applied electric field up to 200kV/cm in the active region, saturation
phenomenon of radiated power has not been observed. Furthermore, the output
sub-THz power has an ideally quadric relation between reverse bias voltages due to
that the output photocurrent is linear proportional to reverse bias voltage, as shown in
the inset. The superior bias dependent performance of our transmitter to traditional
LTG-GaAs based photomixer is because that, for our STR-PD, the external applied
electric field is concentrated in the two high quality GaAs transport layers instead of
LTG-GaAs based recombination center [7] and the lifetime increasing effect of

LTG-GaAs layer under high electric field (>50kV/cm) can thus be neglected [6].
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5-4 Comparison of UTC-PT and STR-PT

During device testing, an objective lens with a high numerical aperture (NA)
value is used to focus the output of the fs Ti:Sappire mode-locked laser (A=800nm)
onto the edge of our devices. The excitation optical pulse has a repetition rate of 82
MHz and a pulse width of 100fs. Figures 3 (a) and (b) show the bias current versus
voltage (I-V) of the two devices under different input powers. The active lengths of
the measured UTC-PD and STR-PD based PTs (UTC-PT and STR-PT) is the same,
around 23 ;£ m.

As can be seen in Figure 3, the average photocurrent generated by the UTC-PT
is much higher than that of the STR-PT, even under lower bias and input pulse energy.
This can be attributed to the presence of the LT-GaAs based recombination center
inside the STR-PD active layers, which effectively traps the photo-generated carriers
and degrades the external quantum efficiency of the device. The generated
photocurrent of the UTC-PT increases super-linearly with the reverse bias voltage
when it is over 5V. This phenomenon can be attributed to the fact that the value of
the external applied electrical field (3.6x10°V/cm) in the Alg1,GagggAs-based
collector layer is close to its breakdown field.

A super-linear increase of photocurrent vs. reverse bias voltage has also been
observed for the LTG-GaAs based PD [6], which can be attributed to the
lifetime increasing effect of LTG-GaAs layer is much less apparent for our STR-PD,
perhaps because most of the external electric field is concentrated in the two high
quality GaAs transport layers instead of the LTG-GaAs based recombination center,

which has a high defect density and field-screening effect under reverse bias voltages
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[8].The lifetime increasing effect can thus be neglected. In addition, the avalanche
induced photocurrent in the transport layers is not as significant as the case shown in (a),
which may be attributed to the fact that most of the avalanche-generated carriers are

also trapped by the recombination centers.
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Figure 5- 16 The bias dependent measured sub-THz power of (a) UTC-PT, (b) STR-PT, and (c)

LTG-GaAs based PC under different optical pulse energy excitation. (d) shows the top-view of
PC dipole antenna

The total output power of the two devices was measured by a liquid-Helium

cooled Si bolometer, which was carefully calibrated to the black body source. Two

parabolic mirrors were used to collimate and focus the generated sub-THz into the

bolometer. The propagation loss (0.082 cm™) is also calibrated by measuring the

THz intensity as a function of the propagation distance at a relative humidity of 40%.
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Figures 5-15 (a) and (b) show plots of the sub-THz power of UTC-PT and STR-PT
emitted under different optical pumping pulse energies as a function of the bias
voltage. As much as 8 x W and 9 4 W of maximum sub-THz average power are
measured for the STR - and UTC-PT respectively. We can clearly see that although
the maximum average photocurrent of the UTC-PT is around four times higher than
that of the STR-PT, as shown in Figure 5-15, the maximum average sub-THz power
generated by the STR-PT is similar to that of the UTC-PT under a lower excitation
optical pulse energy (0.12nJ vs. 0.48nJ). This result indicates that the recombination
center in the STR-PD has eliminated most of the DC component of the photocurrent,
so the AC component of the optical pulses can be efficiently converted to an electrical
AC signal and then radiated into free-space. The STR-PD requires less operation
current for the desired radiated power performance which implies that the thermal
effect can be minimized during high-power operation.

In addition, as shown in figure 5-15 (a), when the reverse bias of UTC-PD is less
than about -5V, the radiated sub-THz power exhibits an ideal quadratic relation to the
reverse bias voltage. This is due to the linear dependence of the output photocurrent
on the reverse bias voltage (<-5V), as shown in Fig. 5-14(a). When the reverse bias
voltage increases further, however, the output sub-THz power exhibits a linear
dependence on the bias voltage. This can be attributed to the fact that the value of the
external applied electrical field (~3.6XIO5 V/cm) in the Aly.12Gag gsAs based collector
layer is close to its breakdown field. Thus the avalanche-induced bandwidth
degradation phenomenon of the PD limits the super-linear increase of output power

versus the bias.
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Figure 5- 17 The power dependent measured sub-THz power of (a) UTC-PT and (b) STR-PT

under different reverse bias voltage.

As can be seen in Figure 5-14 (a), the measured photocurrent clearly increases
super-linearly with the bias voltage when it is over -5V. This indicates that the
avalanche phenomenon really does occur. The bias dependent output power of
STR-PT shows similar behavior to the measured bias dependent photocurrent, as
shown in Figure 5-14(b). When the injected pulse energy increases from 0.01nJ to
0.12nJ, the emitted sub-THz power dramatically increases due to the huge increase of
photocurrent; see Figure 5-14 (b). However, when the pulse energy exceeds 0.12nJ,
the traces under higher injected pulse energy are crowded due to the phenomenon of
recombination center saturation, which will be discussed latter in Figure 5-16.

Figure 5-15 (c) shows the measured bias dependent output sub-THz power from a
typical photoconductive (PC) dipole antenna, which is fabricated on the LTG-GaAs
layer [9] and mounted on the Si-lens. Such PT has a center frequency at 260GHz with
around 1THz bandwidth. The measured values of power are close to those reported
for an LTG-PC with an antenna of the same design [9]. Figure 5-15 (d) shows the

top-view and geometric size of such device. We can clearly see that both of our
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devices can have around 10 times higher output sub-THz power than such LTG-GaAs
based traditional PT by use of a much lower reverse bias voltage (~10V vs. 35V).

Figure 5-16 (a) and (b) shows the measured optical power dependent output
sub-THz power under different reverse bias voltage of UTC-PT and STR-PT,
respectively. As can be seen, the value of the saturated injected optical pulse energy of
the UTC-PT (indicated by arrows in Figure 5-16(a)) increases with the reverse bias
voltage. The observed saturation phenomenon of the UTC-PD should be attributed to
the electron induced SCS effect in the collector layer [9], which can be minimized by
increasing the reverse DC bias voltage [9,10]. On the other hand, the power
dependent saturation behavior of the STR-PD is very different from that of the
UTC-PD (indicated by the arrows in Figure 5-16(b)).

We can clearly see that the saturation of the optical pulse energy is the same
around 0.12n] regardless of an increase in the reverse bias voltage. This
phenomenon may be attributed to that fact that the dominant saturation mechanism in
the STR-PD is the defect saturation of the LTG-GaAs based recombination center,
rather than the SCS effect when the effective depletion (transport) layer is as thin as
50nm. The external applied reverse bias voltage is concentrated in the transport
layers and thus has no influence on the saturation point of the recombination centers.
The results of the optical simulation show that the coupling efficiency between the
injected beam (beam diameter of around 2 g m) and the active waveguide of the
STR-PD is around 30%. We can thus roughly estimate that the photo-generated

3

carrier density under 0.12nJ pulse energy excitation is as high as ~1x10""cm™ . This

value is close to the reported defect density of the LTG-GaAs material [10].
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Figure 5- 18 Bias-dependent sub-THz power of (a) UTC-PT and (b) STR-PT with a longer active length

of 60 «m under different injected optical pulse energy

Figures 5-17(a) and (b) show plots of the bias dependent emitted sub-THz power
of UTC-PT and STR-PT with the same and a longer active length (~60 1 m) than that
of the measured devices (~20 ¢z m). The measurement results are shown in Figures
5-16 for reference. =~ We can clearly see that due to the longer active lengths and
poor RC-limited bandwidth, both devices exhibit less than one-half of the maximum

output power than that shown in Figure 5-17 under the same reverse bias voltage and

input pulse energy.

We utilized a THz-TDS system [11]to investigate the waveform of the radiated
sub-THz impulse that could be applied to the IR communication system. The same
mode-locked Ti: sapphire laser was used to pump both devices. The injected optical
pulse energy was 480pJ/pulse. A photo-conductive (PC) dipole antenna, as shown in
Figure 5-15 (d), fabricated on a LTG-GaAs layer and integrated with a Si-lens is used

to probing the radiated signal. The direction of the dipole antenna was adjusted
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parallel to the direction of the polarization of the radiated sub-THz pulses. With
identical PC antenna as the emitter and receiver, our THz-TDS system exhibits a
bandwidth exceeding 1THz and a signal-to-noise ratio better than 1000.

Figure 5-18 (a) and (b) shows the measured waveforms of the radiated sub-THz
pulses of UTC-PT and STR-PT under the same reverse bias voltage (-9V),
respectively. The corresponding Fast-Fourier-Transform (FFT) spectra of
UTC-PT and STR-PT are shown in Figures 5-19 (a). The measured waveform and
corresponding FFT spectrum of adopted LTG-GaAs PC antenna is shown in (b) for

reference.
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Figure 5- 19 The radiated waveform of sub-THz pulses for UTC-PT (a) and

STR-PT (b).

As can be seen in Figure 5-18, the shapes of the measured pulses in the time

domain are similar for STR-PT and UTC-PT. The measured traces show a fast
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oscillation period with a slow-varying envelope, which has an envelope with of
around 100ps. The full-width-half-maximums (FWHMs) of the main peaks of the
oscillating waveforms are around 3.9ps and 4.4ps for UTC-PT and STR-PT,

respectively.
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Figure 5- 20 The normalized power spectrum of (a) UTC-PT, STR-PT and (b) LTG-GaAs based

PC antenna. The inset shows the measured waveform of PC antenna

As shown in Figure 5-19(a), the bandwidth of both devices cover from near DC to
around 250GHz. We defined the bandwidth of device as its THz power drops to
around 10-2, as shown in the y-axis of Figure 5-19(a). Furthermore, STR-PT, exhibits
a more serious high-frequency (>200GHz) roll-off than does the other, UTC-PT,
which indicates that the speed performance of integrated UTC-PD may be better than
that of the STR-PD. More detailed experiments are necessary and will be performed
in future to accurately extract the optical-to-electrical (OE) 3-dB bandwidth of the two

devices.
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Table 2 The list of measurement results of UTC-PT and STR-PT

UTC-PT STR-PT
Envelope FWHM 47.2ps 57.0ps
FWHM of main pulse 3.9ps 4.4ps
Max average power SuWw ouw
Peak power 9.2mW 7.8mW
Experimental Bandwidth 250GHz 200GHz

The measured bandwidths of both devices are somewhat smaller but comparable
to that obtained in the simulation result (100GHz to 350GHz) of the antenna. The
bandwidth limitation may be attributed to the serious high-frequency roll-off of the
active devices when the operating frequency exceeds 300GHz. The observed
ringing (oscillation) is consistent with the simulation result, and can be attributed to
the influence of the integrated antenna on the radiated impulse response. As a first
approximation, the photo-generated electrical pulse from the UTC-PD can be
considered to be Gaussian in shape. It exhibits a frequency response from the DC to
hundreds of GHz. However, the integrated antenna functions like a “filter”, in the
sense that it passes (radiates) a specific band of frequencies associated with the
multi-resonance feature of the antenna structure. Hence, the frequency components
outside the operating band of the antenna are suppressed in the radiated field, which
leads to the ringing of the measured pulse. Observed ringing can also be attributed
to multiple reflections between the substrate-removed antenna and chip boundaries,

where the GaAs substrate has not been removed with a microwave probe. Similar
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phenomena have been reported for InP UTC-PD based photonic transmitters and

explained by the same mechanism [12].

THz Amplituse (a.u.)

Figure 5- 21 Bias dependent waveforms of the radiated sub-THz pulses for (a) UTC-PT and (b) the

normalized and enlarged main peak. The inset shows the normalized peak values versus reverse bias.
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Using the average measured power and pulse shapes, we can roughly estimate

the peak-power of both devices. They are calculated by the integrated ratio of the area
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of squared THz amplitude in time domain. The measured and calculation results are
summarized in detail in Table 2. We can clearly see that the STR-PT has a
comparable radiated peak-power (~9.2mW), and FFT bandwidth (~250GHz) under a
much lower operation current than does the UTC-PT. By using the bias modulation
technique, a photonic transmitter could serve as a sub-THz emitter and data modulator
[12,13]. As a result, we measure the bias dependent sub-THz waveforms of both
devices in detail using the same THz-TDS system.

Figures 5-20 (a) and 5-21 (a) show the measured waveforms for the UCT-PT and
STR-PT under different reverse bias voltages and fixed optical pumping pulse energy
(~480pJ/pulse). Figures 5-20 (b) and 5-21 (b) show the normalized main peak pulses
for (a). We can clearly see that both devices exhibit excellent linearity, which means
that the shape of the measured waveforms remain unchanged from zero-bias to high
bias operation, even under high peak-power output (~7.8mW) [14]. Figure 5-20
shows the case for UTC-PT, where the bias voltage sweeps from 0 to 8 V, and the
peak-electrical field increases about five times (0.5 to 2.4). The results for the
STR-PT are shown in Figure 10. Its peak-electrical field increases about 11 times (0.3
to 3.4) as the bias voltage sweeps from 0 to 11V.  These measurements results are
an indication of the potential of these two devices to serve as sub-THz emitters and
data modulators, using the bias modulation technique [12,13] with much lower

driving voltages than that of the traditional PC-antenna [15].
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Chapter 6 Sub-THz Impulse Radio

Communication

6-1 Introduction

The great demand for new high bandwidth services is beginning to drive the
deployment of fiber access networks around the world. However, in some areas, it
may be too costly to deploy optical fiber, hence; high data rate wireless
communication is a good solution. Ultra-wideband (UWB) system is traditionally
considered as impulse radio [1], using very narrow pulses for data communications,
wherein each transmitted pulse occupies the whole UWB bandwidth. This is a
carrierless system, transmitting in a way such that it does not interferelargely with
other traditional “narrow band” and continuous (CW) wave carrier used in the same
frequency band. However, the Federal Communications Commission (FCC) and
International Telecommunication Union (ITU) now define UWB as the emitted signal
with bandwidth exceeding the lesser of 500 MHz or 20% of the center frequency. This
means, for example, orthogonal frequency division multiplexing (OFDM) signal can
be considered UWB under these regulations. Because of this, we will use the term
UWB-impulse radio (UWB-IR) to distinguish it from other UWB technologies in this
work.

The repetition rate of the pulses in UWB-IR system may be low for pulse-based
radars and imaging systems. On the other hand, we can use high repetition rate

UWB-IR for communication systems. Due to the ultra-short pulses used in the
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UWB-IR system, the signal pulses can be readily distinguished from the unwanted
multipath reflections in time domain. Consequently, multipath fading can be easily
filtered or ignored. Hence the UWB-IR has the benefits of relative immunity to
multipath fading [2]. The large bandwidth of the UWB-IR system enables high data
rates (Gb/s), particularly for short-range indoor applications [2]. Besides, the
UWB-IR transmitters (Tx) and receivers (Rx) usually do not require expensive and
complicated  components, such as  modulators,  demodulators, and
intermediate-frequency (IF) stages. This can reduce the cost, size, and power
consumption of the UWB-IR systems when compared with conventional narrowband
communication systems. Previous studies primarily focused on the multipath
immunity of the UWB-IR systems [2, 3].

Nonetheless, atmospheric turbulence will lead to a time-varying fading in the
received signal, which can introduce significant amplitude fluctuations and greatly
limit the transmission distance and reliability of the UWB-IR system. In this work, we
propose and demonstrate through numerically analysis that Manchester coding can
improve the transmission fidelity of the UWB-IR system. A specific example of
UWB-IR system, Terahertz (THz) communication system will be used in this analysis.
Using  sub-picosecond  optical-pulse-triggered  photoconductive  antennas,
electromagnetic pulses with center frequency of sub-THz (~200-300 GHz) and nearly
unity fractional bandwidth can be generated and received. Wireless communication
systems up to millimeter wave band have been reported [4-8]. A wireless audio THz
communication link using impulse radio has been experimentally demonstrated
recently by our group [9].

Here, we demonstrate sub-THz communication link by wusing photonic

transmitters and PC antenna as emitters respectively, and measure frequency response
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of system, which provide us important previous work for future application. After that,
we analyze the feasibility of using Manchester coding to improve the THz
transmission. Numerical analysis comparing both conventional on-off-keying (OOK)
and Manchester coded transmissions shows that Manchester coding can provide

significant improvement in the presence atmospheric turbulence effects.

6-2 Frequency Response of Communication Link

System

€ Spiral antenna on LTG-GaAs PC antenna based TDS system for Sub-THz

communication link

In figure 6-1, the system of spiral antenna on LTG-GaAs PC antenna based TDS
system for Sub-THz communication link is shown. Two spiral antenna printed on
LTG-GaAs PC antennas are adopted as emitter and receiver in the TDS system. The
inset of figure 6-1 shows its time domain electrical field form and power spectrum.
The lower center frequency around 50 GHz and 200 GHz of noise floor is measured,
which may provide us higher transmission power compared with LTG-GaAs based
dipole antenna.

By using AO modulator, we can modulate generated sub-THz by modulating
excitation input pulse laser. The measured frequency response of the system is shown
in figure 6-2 while applied voltage on emitter is around 10 Vp-p. The excitation input
power is around 20 mW after AO modulator and such power is under proper operation
condition and photo current. The frequency response of the communication link by

AO modulator is around 2 MHz, which is enough for video communication link.
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Figure 6- 1 Schematic diagram of spiral antenna on LTG-GaAs PC antenna based TDS
system for Sub-THz communication link
However, the main frequency response limitation is come from receiver we
used—PC antennas, which has poor frequency response. As a result, the measured
3-dB frequency response in this system is several kHz, which is similar to our
previous work. Around -20 dB received signal is measured while modulated

frequency is around 50 kHz. We also demonstrate the video transmission by

Log(dB)

0 10 20 30 40 50
Frequency (kHz)

Figure 6- 2 Frequency response of spiral antenna based communication link

system
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modulating input pulse laser with CCD signal which has shown in figure 6-3. The
received signal after current amplifier is also shown in figure 6-3 and distortion result

from bandwidth limitation could be observed.

Input Signal From CCD

Figure 6- 3 The input image signal from CCD and received signal after current amplifier
€ Photonic transmitter and W-band power detector based system for
Sub-THz communication link
In order to avoid above bandwidth limitation, we further adopted photonic
transmitter as emitter and w-band power detector as receiver to set up a

communication link system, which is shown in figure 6-4.

Ti:Sapphire . . ——
Laser (80MHz) AOM (1MHz) CTC-PT ))

Vbias
F.G./ CCD
Bl Data signal
Att_ Power Detector  Horn antenna
—  Electrical Cable (
—— Ti: Sapphire Laser | S¢0Pe

IF broad band W-band LNA
Amp.

Figure 6- 4 Schematic diagram of sub-THz communication link system by using Photonic

transmitter and W-band power detector
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Figure 6- 5 Frequency response of communication link based on photonic

transmitter and W-band power detector

The excitation pulse laser is also modulated by an AO modulator and we also
detector the generated signal by w-band power detector (DXP08) which is connected
with a horn antenna. After pass through low noise amplifier (LNA) and IF amplifier,
the received modulated signal could be measured. The modulation bandwidth in this
architecture is modulation speed (2MHz), which could be improved by using higher
speed modulator. The frequency response of this communication is shown in figure

6-5 and a 3-dB modulation bandwidth higher than IMHz could be measured.

6-3 Manchester Coding to Improve Link Reliability

We also demonstrate the using of Manchester coding to enhance the reliability of
ultra-wideband (UWB) — impulse radio (IR) transmission system through a broadband

photoconductive (PC) antenna based time-domain spectrum system (TDS).(Figure 6-6)
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A comparison between on-off-keying (OOK) signal and Manchester coding is
introduced in figure 6-7 and figure 6-8. The spiral antenna based transmission system in
the experiment is characterized has a center frequency of 50GHz and a broad

bandwidth 250GHz (noise floor) which is shown in Figure 6-9.

—> \ ) ’__> E --------------- :
Differential :
amplifier
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Detector e

Generator -—

[ Function

BS

A

Figure 6- 6 The schematic experiment setup of TDS based transmission system

By using optical modulation, BER around 10 is measured at transmission data
rate 30kbit/s and raised rapidly while data rate increased up to 40 kbit/s in our system.
Since the generated signals is higher under higher applied voltage, we also measured
BER with the corresponding eye diagrams versus different bias voltage (3V ~ 15V)
applied on emitter by using Manchester and OOK coding respectively under the same
input power. The result shown in figure 6-10 and 6-11 shows that the receiver
sensitivity can be greatly improved using Manchester coding rather than the

conventional on-off-keying (OOK) coding in the same presence of turbulence
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Figure 6- 11 Measured bit error rate (BER) versus different bias voltage applied on emitter by

using Manchester and OOK coding respectively.

6-4 Impulse Radio Communication under 1550nm

Wavelength

By using novel near-ballistic uni-traveling-carrier photodiodes (NBUTC-PDs)

based W-band photonic transmitter [10] and a mode-locked laser with a 10GHz
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repetition rate, 2.5Gbit/sec impulse-radio wireless data transmission at 100GHz with

3.3m maximum transmission distance have been demonstrated.

Waveguide+Power sensor

Figure 6- 12 Top view of NBUTC-PT.

Figures 6-12 shows the top-view of our novel photonic transmitter-mixer, a
conceptual diagram of the WR-10 waveguide feeding, and a photograph of our device
during measurement. As can be seen in Figure 6-12, the photonic transmitter-mixer is
composed of a diced NBUTC-PD with a 100um® active area, a planar quasi-yagi
antenna, a fan-shaped broadband transition between the co-planar waveguide (CPW)
and the coplanar slot-line (CPS), an IF signal input port, a W-band RF choke, and
bond pads for flip-chip bonding process on a 100um thick aluminum-nitride (AIN)
substrate for good thermal conductivity.

The schematic setup of impulse communication by optical and bias modulation
can be seen in Figure 6-13 and 6-14 respectively. An on-wafer probe is used to input
the 2.5Gbit/sec electrical signal and modulate the bias point of the device [11]. Here,
we adopted both optical and bias modulation technique [11] to up-convert the
2.5Gbit/sec data to W-band frequency due to that it can re-generate the transmitted
signal in base station and has potential to further increase the distance of fiber

transmission [12].
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Figure 6- 13 A schematic setup of impulse communication link with optical modulation.
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Figure 6- 14 A schematic setup of impulse communication link with bias modulation.

The optical pulse train, which has the Fourier-transformed frequency component

around 100GHz, is injected onto the device through the use of a lens fiber and the
up-converted (to W-band) data is then radiated through the W-band horn antenna. The
optical pulse train with a 10GHz repetition rate is provided by a commercial fiber
mode-locked laser. The inset shows the optical pulse shape after passing the EDFA
measured by an autocorrelator. The full-width-half-maximum (FWHM) of pulse is
around 2.2ps and corresponds to a 110GHz 3-dB bandwidth, which is suitable for our

IR data transmission at W-band (75-110GHz). The 2.5Gbit/sec data with PRBS:215-1
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is generated by the pattern generator and then fed into the IF input port of our
photonic transmitter. The receiver end is composed of a W-band horn antenna, a
W-band low-noise-amplifier (LNA), and a fast W-band power detector to detect the
envelope of data. The signal detected by the power detector is boosted by an IF
amplifier and then fed into a high-speed sampling scope. A picture of receiver end is
shown in Fig. 6-15 which marked every components from horn antenna to IF

amplifier with A1 to A4.

Figure 6- 15 Picture of receiver end

(A : W band horn antenna, A,: LNA, A; Power detector, A4 : IF amplifier)
Figure 6-16 (a), (b), (c) and (d) show the received MMW power spectrum
through horn antenna, LNA, power detector and IF amplifier, respectively As can be
seen, a significant power envelop exists around 100GHz in (a) and a clear IF spectrum
with a 2.5Gbit/sec data rate in (c) and (d) can be observed. Figure 6-17 shows the
measured bit-error-rate (BER) vs. wireless transmission distance under different

conditions including modulation methods, transmission data rate and device current.
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Under a high output averaged photocurrent (~4mA), the forward-error-correction
(FEC, BER=3.84x10" ) [13] limited transmission distance is around 3.3m. The FEC
limited maximum transmission distance for 2.5Gbits/s data rate could be expected is

around 550m while output average current is around 8mA.
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Chapter 7 Conclusion and Future Work

7-1 Conclusion

In conclusion, several key components of optical-electrical devices for THz and
Sub-THz range (0.1~1THz) are demonstrated, which include photoconductive (PC)
antennas and photonic transmitters (PTs). First, we demonstrated a
photonic-transmitter under PM operations, composed of an STR-PD and a
micromachined slot antenna but without the integration with a Si-lens. A strong
sub-THz radiation was measured at the designed resonant frequency ( 500 GHz) by
the FTIR system. Furthermore, the saturation problem of the radiated THz power, that
occurs when a traditional LTG-GaAs-based photomixer is operated under a high
reverse bias voltage, has been eliminated. Next, we studied the dynamic behavior of a
PT constructed by monolithically integrating a GaAs—AlGaAs-based UTC-PD with a
substrate-removed circular disc monopole antenna. The PT radiated sub-THz pulses
less than 2 ps in width, with peak power as high as 20 mW and a wide bandwidth
(beyond 250 GHz).

In order to further study the performance of these two photo diodes, we
investigated in detail the dynamic behaviors of two high-power PTs, which were
constructed by monolithically integrating GaAs/AlGaAs-based UTC-PDs and
STR-PDs with the same substrate-removed monopole antenna, by use of the
THz-TDS system. By shortening the effective carrier drift-distance and increasing
the carrier drift-velocity in the STR-PD and UTC-PD we could obtain PT radiated

sub-THz pulses with peak powers as high as 8mW and a wide bandwidth (around
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250GHz). Furthermore, the output power performance and speed of the STR-PT
were comparable to those of the UTC-PT under a much lower operation current,
which may minimize the thermal problems encountered under high-power operation.
The strong bias dependent high-peak-power performance and excellent linearity of
these two devices suggests their suitability for application as photonic emitters and
possibly as data modulators in sub-THz IR communication systems.

In the discussion of PC antenna, we compared the emission properties of
LT-GaAs photoconductive (PC) antennas with GaAs:O fabricated condition(2.5x10"
ions/cm*(500 keV & 800 keV'), 4x10" ions/cm*(1200 keV’) in the pulse and CW
mode. The material GaAs:O can generate higher THz power than LT-GaAs both in
pulsed mode and CW mode. The bandwidth of GaAs:O and LT-GaAs are measured
about 1THz both under pulse (TDS) and CW (photomixing) pumping. The result
shows that GaAs:O is a proper THz emitter material compare with LT-GaAs which is
hardly to reproduce.

Finally, we demonstrate sub-THz communication link by using photonic
transmitters and PC antenna as emitters respectively, and measure frequency response
of system, which provide us important previous work for future application. The
feasibility of using Manchester coding to improve the THz transmission is also shown
base on the PC antennas based TDS syestm. Numerical analysis comparing both
conventional on-off-keying (OOK) and Manchester coded transmissions shows that
Manchester coding can provide significant improvement in the presence atmospheric

turbulence effects.
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7-2 Future Work

Although we have successfully demonstrated high power sub-THz photonic
devices under pulse laser excitation with wavelength of 800nm, there are still some
problems need to overcome in a real system of application. We can discuss it in
several aspects such as improvement of emitter, excitation laser sources and receivers.
In the part of improvement of emitters, lower operation voltage of UTC-PD compared
with STR-PD could be attributed to damage caused by thermal effect under high
power excitation. To solve this problem, a combination UTC-PD with Al,N3 substrate
which has better heat sink performance could be adopted. Such combination could
increase radiation power of devices by reducing thermal effect under high power
excitation.

In the part of excitation sources, although Ti:Sapphire laser provide us narrow
pulse width and high peak power excitation source, there are still some unavoidable
problems. For example, cost, volume and pulses repetition rate of Ti: Sapphire laser
may be an important restriction for real communication application. The decrease of
cost and volume of Ti Sapphire laser may achieved in the future and increasing of
repetition rate of Ti : Sapphire laser has also be demonstrated up to 1.5GHz by
injection. However, the best solution so far may be using 1550 nm wavelength pulse
laser source with high repetition rate up to 1~ 10GHz which has smaller volume
compared with Ti : Sapphire laser. The drawback of the source is broader pulse width
compared with Ti: Sapphire laser, which is acceptable so far for our communication
using.

In the part of receivers, it plays an important role for our communication

experiment. LTG-GaAs based photo conductive antennas can receive broadband
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radiation signal (0.1~1 THz) but has poor modulation speed due to its printed antenna
RC design, which may be improved by change its structure. However, although such
photoconductive correlation receiver detection provides us a large dynamic range in
the presence of noise and interference, it still has some problem to general
communication application. For example, the gating signal is needed for receiver end
to decode.

The high frequency power detector with high modulation speed to serve as
receive end maybe a good approach. In our research result, we have successfully
demonstrated wireless communication with 2.5Gbits/s data rate using a conventional
W band power detector. However, the bandwidth limitation above 100GHz is still an
obstacle for available electrical detector. The utilization of home-made electrical
detector or EO sampling method may be an alternative method to solve the problem.
Besides, a novel coding method to improve the performance of impulse
communication is also needed, especially for such ultra wide band communication.
Influence of dispersion in fiber for data transmission could be expected a serious

problem, which could become a key issue for future application.
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Appendix A

Table 3 Detail epitaxial structure of UTC-PD

) Thickne )
# Material Doping level Description
55
For the ohmic contact,
10 P+-In0.1Ga0 94s =5 #1019 e-3 80nm . ) ] ]
( Doping density as high as possible )
Top cladding layer,
9 P+-AlD 2Ga0 BAs 5#1019 -3 500nm
Tg=normal temperature grown
1.Top:1 *1019
cm3 Step d .
Step doping :
2.5 %1018 o3 .
8 P+-GaAs 140nm | 1. Top ( Highest doping )
3.1 #1018 em3 )
2. Bottom Least Doping density
4 Bottom:
5.5 *1017 cm-3
N+-Al0.12Ga0.88As
l s *1018 em3 10nm Clff Layer
layer
N- AlD.12Ga0 88 As
6 3#1016 o3 250nm Collector Layer
layer
Bottom ohmic contact
5 | N+-Al0.12Ga0.88As |  5*1019 cm3 300nm _ _ _ _
([ Doping density as high as possible )
4 | N+-Al0.25Ga0.75As 1#1019 ¢m-3 400nm Bottom cladding layer
3 Alp 5Gap sAs Undoped 2000nm Optical isolation layer
2 GaAs Undoped 200nm Buffer layer
1 S.I GaAs Substrate
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Table 4 Detail epitaxial structure of STR-PD

Tg: the srowih emperamre

Ta

: the zupealing remperanrs

= Marerial Doping lavel Thickness Diesiiption
13 | P+-Im015Ga0 354 | =3 *10l% ggd 20am For the olunic contact |
{35 high az Tz = nomal remperamre grown ($00-T005C)
possible) {#As overpressure)
12 P-ALD 2Ga0.2As 3 #1018 o3 400 Top cladding layer ;
Tz = nomal remperamrs grown ($00-T005C)
(s overpressure)
11 P--CGraded layer 3 #1018 o3 20am From 0% Al to 20%: Al ;
Tz = nomal remperamrs grown ($00-T005C)
(A= overpressure)
10 Gals Ungoped S0om Ab=zorpnon Layer Tz = normal temperanirs ;
CAs OVEIPrEssure)
o AlAs Undoped 1.5nm Top diffasion barrier of excess As |
Tz = normal remaperamra (§00--T00°C)
CAs OVEIPrEssure)
g LT-3zAs Undoped 1 530mrn Tz=--200°C(by thermal conple) ;
If the growrh fime of above api-layers
{ I+ lzyers) is less than 30 min , please zuneal
thiz layer 10 min with $00C and As overpressure
condition
f) AlAs Undoped 1 5nm Botiom diffusion barrier of excess As |
Tg = normal remperare ;
& Gads Undoped Silnm Abzorption layer
5 +-Graded layar 1 #1019 o3 20am From 30% Al to 0% Al ,
Tz = normal temperaiurs ETown
4 | N+-AlD.15Ga0B5As | =3 #10lE gn-3 400mm The ohmic contact ;
Botrom cladding layer
Tz = normal femperamrs srown
3 Al 5Gal 2As Undoped 200 0nm COprcal isolzmon layers
2 Gads Undoped 200mm Buffer laver
1 51 GaAs Substrate
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