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ABSTRACT

1.55 pm InGaAs THz Synchronized

Photoconductive Switch Array

Kimani K. Williams

Metal-particle-in-semiconductor nanocomposites are of continuing
interest in materials science to produce electronic, photonic, and
thermoelectric devices, as well as chemical and biological nanosensors.
These materials have successfully been employed for THz
photoconductive devices operating at 800 nm. To date, producing devices
operating at the desirable pump wavelength of 1.55 pm at which both
mode-locked and single-frequency lasers needed for THz generation are
readily available, remains challenging. Excessive dark current and
prohibitively low breakdown voltage have been the primary impediments.
Recent research has shown that ErAs:Ings3Gao.47As designed for
subpicosecond photoconductivity exhibits an exponential increase in

resistivity when cooled to temperatures below 250 K. This increased

viil



resistivity gives promise to producing THz sources since higher bias
voltages can be used, thus increasing the optical to THz conversion
efficiency.

One of the major limitations of THz photoconductive sources is that it
is challenging to harness sizeable power. Typical power levels generated
by THz sources at 1.55 pm are generally in the low microwatts region.
This dissertation demonstrates a 1.55 pm THz synchronized linear array
that maximizes power and has attained an impressive maximum peak
power of 123 pyW. In addition, THz beam steering at 1.55 pm by phase
control in the time domain is a young field. Beam steering is
demonstrated with this phased array up to 14.6° using optical delay line
units. The possibility of beam steering will prove beneficial in various

applications, particularly in standoff imaging.
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1. Terahertz Introduction

The electromagnetic spectrum is a range of all possible frequencies of
electromagnetic radiation. Terahertz (THz) radiation is generally
considered the region of the spectrum that can be found between the high
frequency edge of the microwave band (100x109 Hz or 0.1 THz) and the
long wavelength edge of the far-infrared light (10x10!2 Hz or 10 THz).
This corresponds with a range of wavelengths from 0.03 mm to 3 mm.
Before the 1990’s, THz radiation was both hard to detect and produce.
Detectors did not have the required sensitivity and generally required
cryogenic temperatures for operation. THz sources were bulky and
cumbersome, and therefore not ideal for portable and compact
applications. However, in recent decades, there have been steady
improvements in both generating and detecting broadband THz pulses.
In particular, the improvements in solid-state semiconductor technology
have led to more compact and portable THz sources. This complemented
with the fact that a lot of common materials are transparent, and also
many chemical materials have distinct absorption signatures in this
region of the spectrum, makes THz radiation a promising field to explore.
The development of both detectors and sources has resulted in the

evolution of various applications including THz spectroscopy for sensing



and imaging. In order to take full advantage of THz region of the
spectrum, there has been ongoing research to improve both THz detectors
and sources.

The current telecommunications platform commonly uses systems
operating at a wavelength of 1.55 pm. Therefore, operating at this
wavelength is very appealing for THz devices, and will also reduce cost.
One of the major limitations of THz photoconductive sources is that it is
challenging to harness sizeable power. Typical power levels generated by
THz sources at 1.55 pm are generally in the low microwatts region.
However, this power level is enough to perform THz time domain
spectroscopy (TDS) [1]. Therefore, constructing a synchronized linear
array to maximize power would provide substantially more power, which
would increase the signal to noise ratio and the dynamic range of the
source. This dissertation discusses the performance of a 1.55 pm
synchronized linear array of photoconductive switches. In addition, THz
beam steering at 1.55 pm is demonstrated y phase control of the
individual elements in the time domain utilizing fiber delay stages. Such
a phased array will prove beneficial in applications of spectroscopy and
security imaging since it allows scanning for a narrow THz spot in a

target plane.



Metal-particle-in-semiconductor nanocomposites are of continuing
interest in materials science to produce electronic, photonic, and
thermoelectric devices, as well as chemical and biological nanosensors.
Progress has been made in using these materials to develop high-
repetition-rate picoseconds sources of THz radiation using GaAs as the
host material [2], which has to be optically excited by a pump wavelength
of 800 nm. However, using these materials for such THz photoconductive
devices optically excited by 1.55 pm has been investigated, but to date
has not produced a suitable device operating at this desirable pump
wavelength, where both mode-locked and single-frequency lasers needed
for THz generation are readily available. Excessive dark current and
prohibitively low breakdown voltage have been the primary impediments.
Recent research has shown that ErAs:Ings3Gao.47As designed for
subpicosecond photoconductors exhibits an exponential increase in
resistivity when cooled to temperatures below 250 K [3]. This increased
resistivity gives promise to producing THz sources for operation at 1.55

pm because of the higher bias voltage and efficiency now possible.



1.1. Terahertz Detectors

Thermal detectors are accurate for detecting THz radiation. A
common thermal detector used to detect THz radiation is the bolometer.
The bolometer measures the power of incident radiation using an
absorptive material with a temperature dependent electrical resistance.
This material may be a superconductor operated close to the transition
edge to normal conduction, resulting in huge responsivities. Typically,
bolometers are operated at cryogenic levels at 4.2 K, which is the
temperature of liquid helium. For superconducting bolometers, the
cryogenic operation is a prerequisite to reach the superconducting state.
For other bolometer types, like the high temperature electron bolometer,
the low temperatures strongly increase sensitivity and minimize thermal
noise, which scales with the square root of temperature. At 1 THz, the
4.2 K bolometer can provide an optical noise equivalent power (NEP) of
approximately 1x1012 W-Hz "2, This translates to a minimum detectable
power of approximately 10 pW for a bandwidth of 10 Hz [4]. For
operation at room temperature, a Golay cell can be used. It is an opto-
acoustic detector. It consists of a gas filled chamber also containing an
absorptive element that is connected to a flexible membrane. The
absorption of THz radiation expands the gas and causes a deformation of

the membrane, which is detected with a photodiode. The Golay cell has a



nominal optical responsivity of 10 mV/uW and a NEP of approximately
2x10°10 W-Hz 12 [5]. Its responsivity is very uniform over a broad range
of frequency, spanning the whole THz region. Another option for a room
temperature detector is the pyroelectric detector. The pyroelectric
detector converts THz radiation to electrical signals by spontaneous
electric polarization of a pyroelectric material: incident THz radiation
generates heat which alters the polarization of the pyroelectric material.

This change is read out capacitively, resulting in an electrical signal. It

typically has a NEP of 2x108 W-Hz /2 [4]

1.2. Terahertz Applications

Important features of THz radiation are that it is non-ionizing and has
the capacity to penetrate through a variety of materials: clothing,
luggage, plastic, cardboard, etc. [6]. There are also many biological
signatures that are in the THz band [7]. This lends itself to a variety of
useful applications. This includes molecular spectroscopy [8], chemical
sensing [9], detection of dangerous materials, including drugs and
explosives [6], and characterization of biological materials [10]. In many
cases, a THz time domain setup is used. A THz-TDS is generally based

on photoconductive antennas for detection and generation of far-infrared



light. The photoconductive antenna under bias is excited by a mode-
locked laser, which leads to excitation of carriers. An applied bias
separates electrons from holes, generating a current transient, which is
fed into an antenna, emitting a THz pulse. Free space optics are then
used to focus the THz radiation on the target material under test (DUT).
The transmitted THz light focused onto a coherent photomixer detector
that is driven with the same laser as used for THz generation. By using a
variable delay line, the detection laser pulse can be continuously delayed
compared to that of the incident THz pulse, which results in sampling of
the profile of the electric field of each pulse. The pulses are measured
with and without the target material. The two pulses are then Fourier-
transformed to the frequency domain to determine their spectra. The
comparison reveals the absorption spectrum of the DUT. Chemical
materials have distinctive spectra and therefore can be identified in
analyzing their spectra. For example, Figure 1.1, sucrose exhibits
specific absorption bands at specific frequencies and therefore allows the

capability to distinguish it from other sugars.
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Figure 1.1: Spectrum of polycrystalline sucrose [11]

In the case of molecular spectroscopy, THz-TDS has been used to not only
differentiate between glucose and fructose but also determine their
molecular structure. Both have the same molecular formula but different
molecular structures. Vibrational modes in the THz region result from
interactions between chemical bonds and dispersive forces. Given that
the two have different molecular structures, they will have two distinct
spectra. The spectra of glucose and fructose were measured and studied

in the frequency region of 0.5 to 4 THz using THz-TDS at room



temperature. The data was also used to determine the molecular
arrangement of each compound.

In the case of detection of dangerous materials, it is either the
transmitted or reflected THz pulses that are detected. If the target is
transparent to THz radiation (plastic, clothing, many liquids, etc.),
typically the transmitted THz pulses are detected. If the material
strongly absorbs the THz radiation, then the reflected THz pulses are
used to determine its dielectric properties [10]. At 94 GHz, many
dielectric materials (clothing and paper) are transparent. Figure 1.2
shows an individual holding a knife concealed in a newspaper. The
newspaper 1s transparent but the knife is reflective at 94 GHz. Therefore,
harmful substances concealed by clothing, luggage, envelopes, etc. can be

detected.

ot
2 ’

o

Figure 1.2: An individual holding a concealed weapon in a newspaper obtained at 94
GHz [6].



1.8. Thesis Overview

This thesis explores a special form of metal nanoparticle made from
binary compound semimetals embedded in a semiconductor matrix: ErAs
nanoparticles embedded in Inos3Gao.47As. An array of photoconductive
antennas is developed for operation at 1.55 pm. This was achieved by
material engineering to produce a material that has subpicosecond
lifetime that can sustain high bias voltage, and has low dark current
(high resistivity). This material displayed all the criteria needed to
develop a 1.55 pm array of photoconductive antennas when the
temperature was lowered below 250 K. However, experiments were done
at 77 K, since the resistivity and breakdown voltage was higher at this
temperature and the temperature of 77 K is easy to maintain in a liquid
nitrogen cryostat. The photoconductive switch was comprised of a self-
complementary square spiral antenna fabricated on the InGaAs material
on a InP substrate. When the semiconductor material is optically
pumped by a 1.55 pm mode-locked laser, electron-hole pairs in the
material are excited by the laser’s ultra fast pulse, 80 fs. These carriers
are separated by an applied electric field, which results in the generation
of photocurrent. The photocurrent is then coupled by the square spiral
antenna and generates THz power. The THz emission can be increased

by increasing the electric field in the semiconductor, which can be done



by either increasing the applied bias voltage or by decreasing the gap
distance between electrodes of the antenna at a constant applied bias
voltage. The designed square spiral antenna was broadband. It
produced THz power at frequencies from 13 GHz to 1.35 THz.

The fabrication of the array of photoconductive antennas is discussed
in detail and its DC characteristics studied extensively. The lifetime of
the material was also measured using the pump-probe technique. The
array of photoconductive antennas had to be mounted in a 77 K cryostat,
which required packaging the material. The methods of packaging the
array and the experimental design are also discussed in detail.
Measurements of THz power were taken for a single source, 2-source and
4 source linear arrays of photoconductive switches with and without a
600 GHz commercial filter. Experiments were done to test the
dependency of THz power on the applied bias voltage and the dependency
of number of sources. The ultimate goal was to achieve beam steering in
the time domain at a wavelength of 1.55 pm. This was accomplished by
the use of optical delay lines varying the arrival of laser pulses at the
individual photoconductive antennas. A relationship between the phase
of the THz pulses and the optical time delay was established in order to
manipulate the phases of the THz radiation. In so doing, constructive

and destructive interferences were controlled to get the beam steered in a
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desired direction. Maximum peak power levels 0f10.38 pW, 38.12 uW,
and 123.4 pyW were obtained for a single source, 2-source and 4-source
photoconductive linear arrays respectively at 77 K with no frequency
filter present. However, the array of photoconductive antennas had
reduced efficiency at higher frequencies and also THz signal was filtered
using a frequency selective surface. This resulted in a reduction of THz
power at higher frequencies. The maximum peak power levels of 4.75
W, 16.15 uW, and 40.45 pW were obtained for a single source, 2-source
and 4-source photoconductive linear arrays respectively at 77 K with
frequency selective filter of 600 GHz. These power levels can successfully
be used for the aforementioned applications. In addition, the array of
photoconductive antennas had a beam steering capability of 12.77° and

14.6° for 2 and 4-source linear array respectively.
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2. Photoconductive THz Source

2.1. THz Sources

Viable sources of THz radiation for spectroscopic and imaging
applications include oscillators [1], lasers [2] and solid-state devices [3].
The Backward Wave Oscillator (BWO) utilizes an electron gun to
generate an electric beam through a vacuum tube that contains a slow
wave structure. Oscillations are perpetuated through the tube and the
generated power is coupled out near the electron gun. The BWO can
generate THz average power on the order of Watts at low frequencies and
beams of 190 mW at ~ 1 THz have been reported [4]. However, the BWO
1s a cumbersome system and is not suitable for portable operations. The
Free Electron Laser (FEL) also suffers from practical limitations. It uses
an electron beam as its lasing medium. The stream of electrons moves
freely through a sequence varying magnetic fields, the undulator. It
causes oscillations of the electrons, which then results in radiated THz
power that is stored in a cavity. FELs can be tuned over a very broad
band by varying the energy of the electron beam or the strength of the
magnetic field. FEL's can produce free space output powers in excess of

hundreds of Watts [2]. The FELs at University of California, Santa
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Barbara can obtain average THz power of 15 kW with the tunable
wavelength range from 2.5 mm to 63 um (0.12 - 4.76 THz) [2].

The Quantum Cascade Lasers (QCL), emerged on the scene in the mid
1990s at the Bell Laboratories. At that time people were using
semiconductor lasers that utilized the recombination of electrons and
holes to emit radiation. However, the QCL used a single type carrier and
the quantum confinement in heterostructures to create electronic
transitions between conduction band states [5]. Since the wavelength is
determined by the quantum confinement then the heterostructure can be
designed to attain a specified submillimeter wavelength. A threshold
power density of ® 1 kW/cm?2 at a continuous wave temperature of 25°C
for a wavelength range of A = 4.7 - 5.6 pm have been achieved using
cascade lasers [6]. However, the most promising THz sources for a

portable system are solid-state semiconductor devices.

2.2. GaAs vs InGaAs

Due to advancements in semiconductor technology, photoconductive
sources have become promising sources of broadband THz radiation.
Breakthroughs in this technology include the growth of semiconductor
material having subpicosecond lifetime, improvements in fabrication

techniques that allow sub-micron electrode features to be patterned on
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the semiconductor surface, and the design of planar antennas that can
efficiently couple the THz radiation to free space. The most successful
THz photoconductive antenna has been achieved by exciting low
temperature grown (LTG) GaAs with a wavelength of 800 nm. LTG
GaAs is grown by molecular-beam epitaxy (MBE) at temperatures less
than 2000 C. Arsenic clusters are formed that act as recombination sites
for electrons. LTG GaAs can be engineered to reach lifetime of 400 fs [7],
a high electrical breakdown electric field in the range of 500 — 1000
KV/em [8], and high resistvity, which are crucial for THz generation.
One of the disadvantages of generating high power, short pulsed THz
radiation at 800 nm is the requirement of high power pulsed laser
systems. Typically, Ti: sapphire systems are used, making the
experimental setup bulky, fragile, and increasing the cost.

Exciting a semiconductor material with 1.55 pm circumvents this
problem by giving the capability of using fiber optics instead of the bulky
free space optics. 1.55 pm is the wavelength of optical
telecommunications, which means access to ready available optical fiber
technology, measurement capabilities, and a significant cost reduction.
Furthermore, solid-state and semiconductor lasers are available at this
wavelength range that are capable of providing high levels of tunable

laser power with subpicosecond pulses. For THz radiation to efficiently
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couple to free space at a wavelength of 1.55 pm, a narrower bandgap than
that of GaAs is required complemented with maintaining the
subpicosecond lifetime and high resistivity. The photon energy of 1.55
pm light (hu =0.80 eV) is above the absorption threshold of
Ino53Gao.a7As, that has a bandgap of 0.75 eV; therefore Inos53Gao.47As
lattice matched with InP is a suitable choice of material. Furthermore,
Ino53Gao.47As has a quantum efficiency that is almost twice as good as
that of GaAs due to the smaller photon energy; 1.55 pm pulsed laser
generates twice the photocurrent compared to that of 800 nm with the
same optical power.

Growing Inos53Gao.47As at low temperatures does not produce the same
quality material as does LTG GaAs; with the decrease of growth
temperature, the carrier concentration in Ings53Gao.47As increases by
orders of magnitude. This results in high dark conductivity, which is not
suitable for efficient THz generation. Therefore, in order to make
Ino.53Gao.a7As suitable for THz radiation, creative growth methods have
been developed to combat these negative effects. One such method is iron
(Fe) implantation. This has been used to improve the performance of
Inos3Gao.47As photoconductive sources [9]. In this work, experiments
were performed using Ings3Gao.47As optically excited at 1.56 pm. The Fe

1mplant sites act as recombination sites for electron and holes, which
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resulted in a lower lifetime of the material. The Fe implanted
Ino53Gaon.47As also had an increase in resistivity compared to that of
Ino53Gao.a7As with no Fe implant. However, the disordered state of Fe
defects placed a limitation on the lifetime of the material. An alternative
method used heavy ion, Brt, irradiated Ino.s53Gao.47As for THz source at
1.55 pm. This created a more ordered state of trap sites, and therefore,
more flexibility in controlling the lifetime [10]. High energy irradiated
Brt* ions of the order of magnitude 10! cm2 were implanted in the InP.
This resulted in a lower lifetime (0.2 ps), lower electron mobility (490 cm2
V s), and hence an increase in dark resistivity (3 Q cm).

This thesis deals with a special form of metal nanoparticle made from
binary compound semimetals embedded in a semiconductor matrix: ErAs
nanoparticles embedded in Ings3Gao47As [11]. This is a nanocomposite
that has been utilized in recent years for a number of interesting device
applications, including ultrafast photoconductors [12,13], THz
photomixers [14], near-infrared plasmon resonators [15], and
thermoelectric thin films [16]. The nanocomposite samples were grown
by molecular beam epitaxy at a temperature of 490°C. The first epitaxial
layer was a 0.1-micron-thick Ings2Alo.48As buffer layer grown on a semi-
insulating InP substrate. This layer was lattice-matched to Inos53Gao.47As.

Erbium and beryllium were co-deposited along with the In and Ga, the
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erbium tended to coalesce into nanocrystallites, and the Be tended to
incorporate as a hydrogenic acceptor. The Er-fraction and the Be
concentration in the sample were estimated to be 0.3% by composition
and 5x1018 cm™ respectively. Hall measurements were made on the film
at room temperature yielding n-type behavior with a resistivity of 13.1 Q-
cm, a free electron concentration of 1.2x10%% cm™ and a mobility of 384
cm2V-s. The Be-compensation and co-deposition techniques have been
successful in the past; the primary benefit being a compensation of the
normally n-type ErAs and thus a large enhancement of the room-
temperature resistivity of the composite material compared to that of the
uncompensated material [17].

The present structure and all similar nanocomposites studied to date
have been grown by molecular beam epitaxy at relatively low Er mass
fraction (typically < 2%). This has the advantage over chemical
deposition and self-assembly methods of being cleaner and less
susceptible to contamination after growth. Specifically, under the right
growth conditions, the ErAs nanoparticles embed as single crystals with
little impact (chemical or elastic) on the surrounding single-crystal
semiconductor. ErAs is a semi-metallic material, which acts as efficient
nonradiative trapping centers similar to the As precipitates in LTG

GaAs. Therefore, the growth of the material with ErAs nanoparticles can
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be controlled to achieve subpicosecond lifetime and also results in higher
resistivity needed for THz generation and propagation. Figure 2.1 shows
the structure of the material that was used to fabricate a photoconductive

source.

Figure 2.1: Structure of photoconductive material

2.3. Square Spiral Antenna

As previously discussed, this material is suitable for generating THz
photons when excited by 1.55 pm mode-locked lasers. However, a square
spiral antenna was used to couple out the THz radiation. The high
dielectric constant, 13.94 [18], of InGaAs resulted in most of the THz
radiation coupling into the substrate side of the spiral antenna instead of

coupling into free space. Irrespective of antenna design, coupling the
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generated THz power through the substrate side of the antenna and into
free space poses a challenge. To overcome this obstacle, a
hyperhemispherical lens made from a high refractive index, n, similar to
that of the semiconductor and high resistivity material was placed on the
backside of the photoconductive switch as shown in Figure 2.2. A silicon
lens satisfied the aforementioned conditions and was used to couple the

THz radiation to free space.
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Figure 2.2: Cross sectional view of a hyperhemispherical silicon lens that was used to
couple THz power from the backside of photoconductive switch into free space.

The substrate thickness was incorporated into the lens setback (0.76
mm), calculation and the antenna sits at the aplanatic point of the lens
[8]. Thus most of the THz radiation from the antenna will pass into free

space. Silicon dielectric constant (11.8) is closely matched to that of
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InGaAs or GaAs, which results in effective transmission of the THz
radiation into free space.

Ideally the antenna should be designed to radiate THz power over a
wide range of frequencies. Antennas that were developed for THz power
generation includes the tapered dipole [19], self-complementary log
periodic [20] or log spiral designs [21]. However, a self-complementary
square spiral antenna when designed properly will produce a frequency-
independent beam pattern when coupled through a silicon
hyperhemispherical lens. The symmetrical properties of the antenna
results in the frequency independent radiation beam pattern, while the
self-complementary design results in the antenna having high driving

point impedance [22]. An image of the square spiral design is shown in

Figure 2.3.
Photoconductive gap
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Figure 2.3: Self-complementary square spiral antenna with a photoconductive gap of 9 x
9 pm
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The square spiral antenna is made up of 293 9 x 9 pm unit cells, in
which each arm of the spiral is constituted of straight segments of an odd
integer progression of 1, 3, 5....etc unit cells. The estimated frequency

range can be determined by the following expression [21].

C
fmax,min = 1 2.1

Lmin,max (8eﬁ )2

Lmin and Lmax are the minimum and maximum radiating perimeters of
the square antenna spiral, and eefr is the effective dielectric constant for
InGaAs. The effective dielectric constant on InGaAs-air interface is gefr =
(1 + &)/2, where e, is 13.94. Lmin is the perimeter of the inner square, and
Lmax 1s the perimeter of the outer square shown in Figure 2.4. For this
designed square spiral antenna, Limin and Lmax were 81 pym (9 x (3 + 3 + 3
+ 3)) and 8424 um (9 x (243 +225 + 243 + 225)) respectively. This
resulted in a fiin of 13 GHz and a fiax of 1.35 THz. The square spiral
antenna will radiate at higher frequencies, but with reduced efficiency.
Therefore, the broadband aspect of the antenna was dependent on the

designed dimensions.
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Figure 2.4: (a) Inner radiating perimeter that give rise to Lmin. (b) Complete square
spiral. (c) Outer radiating perimeter that give rise to Lmax.
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The performance of the square spiral antenna was simulated using
the software High Frequency Structural Simulator (HFSS). HFSS was
used to analyze the directivity of the antenna and the refractive effects of
the silicon hyperhemispherical lens. The dimensions of the antenna were
modeled as the same as the actual square spiral antenna. Same was also
done for the thickness of titanium, platinum and gold (5000 A) that were
used for the metal deposition on the InGaAs material. The dielectric
constant of the substrate was set the same as that of InGaAs, and no
lumped components (such as capacitors) were used in the simulation.
However, the actual size of the silicon lens (curvature of radius 5 mm)
had to be reduced to one third of its size, to significantly decrease
simulation time. This reduction in the size of the lens for simulation
affected the directivity of the THz radiation. However, it gave insight to
the behavior of the photoconductive switch. Since the actual lens is
bigger than the simulated lens, better directivity was expected compared
to that of the simulated directivity. Figure 2.5 shows the schematic of
the simulation of the photoconductive switch in which the x and y axes
are in the plane of the square spiral antenna, and the z-axis is in the

direction of the emanating THz radiation.
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Figure 2.5: (a) Schematic for the simulated square spiral antenna.

Figure 2.6 shows the simulated directivity of the antenna, (a), and the
angle dependency of the radiation pattern, (b), at 600 GHz. The beam
pattern was aberrated because of the truncation of the simulated lens;
however, a directivity of 12 dB was achieved with a full width half max
(FWHM) of approximately 25 degrees. In addition, the directivity
patterns at different (1 angles were consistent, which showed that the

antenna displayed isotropic behavior in [ directions at 600GHz.
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Figure 2.6: (a) Directivity of THz radiation beam pattern in the direction perpendicular
to the plane of the antenna, z. (b) Cross section of beam pattern for different angles of [J.
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2.4. Summary

There are a variety of THz sources available, but most tend to be
bulky and cumbersome. The most promising THz sources for a portable
system are solid-state devices. For the lower end of the THz region
(approximately 0.1 — 0.2 THz), monolithic microwave integrated circuits
(MMIC) prove to be the most successful. For higher frequencies up to 0.3
THz, InP Gunn diodes and impact ionization avalanche transit time
(IMPATT) diodes have generated CW power up to 10 mW [8]. Above 0.3
THz, GaAs photomixers have shown success as photoconductive sources
but at an operational wavelength of 800 nm. In order for the
photoconductive source to be compatible with 1.55 pm fiber technology,
InGaAs on InP substrate was chosen as the material since the photon
energy of 1.55 pm light (hu = 0.80 eV) is above the absorption threshold
of Ino.53Gao.47As, that has a bandgap of 0.75 eV. The antenna was
designed to generate THz power up to 1.35 THz when optically excited by
a 1.55 pm mode-locked laser. The dimensions of the antenna determined
the range of frequency of the THz power generated by the
photoconductive switch. However, the antenna design was limited by
chip size. The performance of the photoconductive switch packaged on a
hyperhemispherical Si lens was simulated using HFSS. This

photoconductive switch showed promise to be a successful THz source.
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3. Fabrication and Performance

3.1. Fabrication of Photoconductive Source

As mentioned in the previous chapter, an antenna was used to
couple the THz power from the InGaAs photoconductive gap into free
space. The semiconductor industry has made progressive leaps and
bounds in recent past, especially in the fields of material growth, design
and fabrication. Therefore, the methods used for metal deposition have
become more efficient, reproducible and reliable. Three important things
are required for successful processing are (1) the accuracy of your mask
design, (2) fast liftoff rates, and (3) a high yield of devices. A quarter of a
clean 2 x 2 inch wafer of the InGaAs material was used to fabricate the
photoconductive switches. Positive photoresist (AZ-4210) was spun on
the material for 30 seconds at a speed of 3000 revolutions per minute
(RPM). After spinning the photoresist, there would always be a build up
of photoresist, an edge bead, at the wafer edge. The increased thickness
of the edge bead has a negative effect on processing since it increases the
distance between the mask and the sample. This leads to an imperfect
projection of the mask with undefined edges. Therefore, the edge bead
was removed delicately using a razor blade by scraping the edges of the

wafer. After the removal of the edge bead, the wafer was placed on an
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oven and soft-baked at 95 degrees Celsius for 60 seconds. Soft-baking
was done to remove the solvent from the photoresist, which makes the
photoresist photosensitive or imageable. After soft-baking, the square
spiral antenna was patterned on the material with a photolithographic
aligner model 3 Karl Suss MJB-3 using a chrome mask. The wafer was
exposed for 15 seconds to UV light. For positive photoresist, the long-
chained photoresist that is exposed to the UV light is optically reduced to
shorter chains and gets removed when exposed to the developer.
Therefore, the designed mask had the square spiral antenna transparent
and the rest of the mask opaque in order to pattern the antenna on the
material. The sample was then developed in AZ-400K diluted 1:4 for 50
to 60 seconds, followed by rinsing with deionizing (DI) water and blow-
drying with nitrogen. The developer only dissolved the photoresist that
was exposed to UV light, which resulted in the square spiral antenna
pattern on the sample. Therefore, square spiral pattern was exposed
InGaAs material, while the rest of the sample was covered in photoresist.
The sample was then inspected under a microscope to verify that the
pattern was successfully developed. If not, the sample was placed back in
the developer until crisp clean patterns emerged.

After photolithography, the native oxide was removed in order to

get high quality ohmic contacts. Therefore, before metal was deposited
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on the sample, the sample was cleaned in a 1:10 hydrochloric acid (HCI)
to DI water for 30 seconds then dried with a nitrogen gun. Electron beam
metal deposition was used to deposit the metal contacts on the sample in
a steady and controlled manner. The contact metals used were titanium
(T1), platinum (Pt) and gold (Au). The Ti and Pt were used for adhesion
purposes, and the gold was used for conductive purposes. A thickness of
500 A of Ti was deposited at a rate of 4 A per minute. Followed by a
thickness of 1500 A of Pt at a rate of 5 A per minute. Followed by 3000 A
of Au at a rate of 7 A per minute for a total thickness of 5000 A of metal
deposition. This thickness had proved robust during wire bonding the
photoconductive switch, which is necessary for packaging the device.
After metal deposition, the unwanted metals (i.e metals on the
photoresist layer) were removed from the sample by a lift-off process.

The sample was first placed in acetone and then placed in an ultrasonic
bath for 5 minutes. The sample was then removed from the acetone and
placed in isopropanol, and also put in an ultrasonic bath. This was done
until the unwanted metals were completely removed from the sample via
the stripping (or liftoff) of the remaining photoresist. The device was
then washed in DI water and dried with a nitrogen gun. The metals were
successfully deposited on the InGaAs material; the photoconductive

switch was fabricated. The fabricated wafer was then diced up using a
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disco dicing saw to create 3.75 mm x 3.75 mm squares with individual

photoconductive switches.

3.2. DC Characteristics

As discussed in the previous chapter, the square spiral antenna
pattern has proven a very efficient as a planar antenna for THz
photoconductive switches. However, it is also useful for dc
characterization because it provides a well-defined geometrical method
for calculating the electrical conductance. The conductance of the

photoconductive switch is given below in equation 3.1.

G=—~21s=-"% 3.1

R is the measured resistance, Ns is the number of squares (293), ps is the
sheet resistance (/sq), and p is the corresponding bulk resistivity [Q -m]
[1]. The devices were electrically characterized over a wide range of
temperatures in order to investigate the resistivity of the
photoconductive switch. The sample was mounted on the copper cold
finger of a Gifford-McMahon helium-4 refrigerator using thermal grease
(Apiezon N) for good thermal conductance. The temperature was
monitored with a silicon diode mounted in the same cold finger in close
proximity to the sample under test. The zero-bias electric conductance

was measured using a source meter in constant-voltage mode.
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Measurements were then taken as the temperature of the cold finger
dropped from room temperature. Experiments were performed to
measure the resistance, R, versus temperature over the largest range
possible.

Figure 3.1 shows the bulk resistivity derived with the formula r = R
*Ns * t (Eq. 3.1), with Ns = 293 and t = 2 micron versus temperature of
the photoconductive switch. The room-temperature value of 13.3 Q -cm
agreed well with the separate Hall measurements value of 13.1 Q -cm

(see chapter 2).

Bulk Resistivity vs Temperature
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Figure 3.1: Bulk Resistivity vs Temperature of the photoconductive switch.
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The resistivity of the InGaAs material increased exponentially as the
temperature decreased; a decrease in 60 K resulted in an order of
magnitude increase of the resistivity. The resistivities of this material at
lower temperatures were now comparable, than the resistivity of
ErAs:GaAs at room temperature. ErAs:GaAs materials having the same
square spiral antenna design have been known to have a zero bias dark
resistance of 90 MQ [2]. The increased resistivity of the InGaAs material
at low temperature minimizes the dark current, which is critical to
prevent thermal failure of the device.

A longstanding problem of ErAs:InxGai-xAs nanocomposites is
electrical breakdown at relatively low fields [3], particularly at the high
indium fraction (X = 53%), which is required for strong photoconductors
in the popular 1.55-micron telecommunications band. With the advent of
low-temperature-grown GaAs, metal precipitates or nanoparticles have
been an effective way of producing ultrafast photocarrier recombination
even in the presence of high-bias fields around 800 nm [4]. Part of the
reason for this is the “soft” nature of the impact ionization that takes
place. Unfortunately, impact ionization occurs much more readily in
Ino53Gao.a7As because of its smaller bandgap. The used structure is
advantageous for high-field studies since at any given bias voltage Vg it

presents a well defined maximum electric field of Emax = VB/Wa, where
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W is the gap distance (9.0 micron) between the arms. This field occurs

just below the nanocomposite-air interface and is shown in Figure 3.2.

[1].

InAlAs Buffer Layer

Sl InP Substrate

Figure 3.2: Cross-sectional view of electric lines of force in the gap region between
adjacent arms of spiral.

As 1n most coplanar-electrode structures with equal and opposite
electrostatic potential between them, the electric fields in the substrate
follow ellipsoidal lines of force with the greatest field magnitudes at the
surface, and progressively weaker magnitudes with depth in the
material. This allows for determination of the threshold electric fields in

critical transport effects, such as impact ionization. Therefore, since
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device failure occurred at 23 V at 77 K, this would correspond to a
breakdown E field of 2.6 x 10 V/cm.

An important aspect of any THz photoconductive device is its current-
voltage characteristic at high bias. To further understand the dc
characteristics of this material, experiments were done to obtain the dc
current-voltage (I-V) behavior. The current-voltage curves of the test
structure were obtained with the same source meter in constant current
mode since this enabled stable measurement collection in the event of
bias-voltage critical effects. Such effects were anticipated for the present
sample based on experience with similar nanocomposite material in THz
photomixer structures [5].

As in many metal-semiconductor interfaces, the I-V curve reveals
information regarding the electrical contact behavior. Figure 3.3 shows
the room temperature I-V curve and differential resistance versus bias
voltage for a photoconductive switch. The linear I-V curve shows that the
contact 1s Ohmic, and that the bulk material determines the measured
resistance. However, as the voltage increases, there is a threshold where
the current increases rapidly and the differential resistance falls to zero.
This is the non-ohmic behavior regime and is what is referred to as a soft
breakdown or device failure due to impact ionization. These devices

displayed failure at approximately 8 V at room temperature, with a
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corresponding dark current of ~ 100 mA. This high dark current was a
serious impediment to device performance at room temperature, since
THz power generation relies on reduced dark current; a dark current on
the order of 10s of pnA is low enough to generate THz power [6]. The
square spiral antenna was designed to have high driving point resistance,
ranging from 200 Q to 350  across a large bandwidth, and consequently
can efficiently couple to high impedance sources like the photoconductive
switch. The differential resistance measured at room temperature for the

photoconductive switch was 322 Q.
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(b)
Differential Resistance vs

Differential Resistance [Ohm]
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Figure 3.3 (a) I-V curve of a photoconductive switch at room temperature. (b)
Differential resistance vs Voltage for a photoconductive switch at room temperature.

I-V characteristics were taken over a range of temperatures to analyze
the performance of the photoconductive switch as the temperature was
decreased. Figure 3.4 shows the I-V curve acquired at 200 K.
Lowering the temperature to 200 K raised the maximum achievable DC

bias to 13 V with an observed dark current of 7 mA. While much lower
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than the room temperature operation, this dark current is still large

enough to adversely effect THz generation.
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Figure 3.4: I-V curve of photoconductive switch at 200 K.

Figure 3.5 shows the I-V curve acquired at 150 K. A further
decrease of the temperature to 150 K increased the maximum DC bias to
18 V. The dark current decreased to 0.003 mA at 13 V, which was

significantly lower than the 7 mA that occurred at 200 K.
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Figure 3.5: I-V curve of photoconductive switch at 150 K.
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Figure 3.6 shows the I-V curve acquired at 80 K. At 80 K, the device could
accept bias up to 23 V, which is roughly three times the bias of room
temperature. The dark current was now reduced to microamps, which is
a significant improvement from milliamps at room temperature. The
photoconductive switch at a temperature of 80 K displayed high
resistivity, hence, low dark current; it could withstand high bias voltage
all while maintaining subpicosecond carrier lifetimes. It met the criteria

to generate THz power.
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Figure 3.6: I-V curve of photoconductive switch at 150 K.

Figure 3.7 shows the I-V curves of a ErAs: Inos3Gao.47As photoconductive
switch at 80 K, 150 K, 200 K, and 250 K without incident laser power. At

a given bias voltage, the current increases with temperature. For

43



example, at 5 V, the dark current increases nearly six orders of
magnitude between 80 K and 250 K. At 200 K, 150 K, and 80 K, the
device entered break down at approximately 13V, 18 V and 23 V
respectively. Therefore, the device broke down at a critical electric field

of approximately 1.4 x 10* V/em, 2 x 104 V/em, 2.6 x 104 V/cm.
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Figure 3.7: I-V curve of ErAs: Inos3Gao.a7As device at 80K, 150K, 200K and 250K.

3.3. Lifetime Measurement

The superior performance of LTG-GaAs photoconductive sources is
generally attributed to high dark resistivities and subpicosecond lifetimes

[7]. ErAs has been used in both GaAs and InGaAs to act as
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recombination sites in order to reduce the photocarrier lifetime [8]. Due
to the high charge concentration in ErAs: InGaAs superlattices, the
photocarrier lifetimes are longer compared to that of ErAs:GaAs. The
ErAs:InGaAs was doped with p(Be) to compensate for the high n-doped
background. In order to ensure that the material had subpicosend
photocarrier lifetime, it was measured at 1.55 pm using a pump-probe
phototransmission technique. The mode-locked laser pulses were sent
through a 20 dB fiber splitter to create a pump and probe beam. The
pump beam was focused on the InGaAs material after passing through
an optical chopper, which was used as a reference signal for the lock-in
amplifier. The probe beam was passed through a variable delay line and
also focused on the sample. Both pump and probe beams were focused on
the sample using fiber to free space couplers. The pump beam excites the
photocarriers, which modulates the transmission of the probe beam. A
photodiode along with a lock-in amplifier was used to detect the
transmitted probe beam. The average probe-beam signal was measured
as a function of the pump-probe time delay in order to obtain the
differential transmission spectra. The delay signal was fit with the
expression Io exp (-t/ t) , where 7 is the lifetime. The experimental setup

1s shown 1n Figure 3.8.
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Figure 3.8: Lifetime measurement experimental setup.
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Figure 3.9 shows the differential spectrum versus pump-probe time
delay scan for the InGaAs material. The positive delay probe signal
between 90% and 10% of the probe signal peak was fit to the exponential

Io exp (-t/ ©), resulting in a fit value for the lifetime, T =0.73 ps.

t=10.73 ps

Probe Transmission, I (A)

Time Delay (ps)

Figure 3.9: Differential transmission spectrum versus pump-probe time delay.
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3.4. THz Power

The photoconductive switch was packaged with optics and bias lines
prior to THz measurements. The device was mounted on the backside of a
silicon hyperhemispherical lens in an aluminum mount. Experiments
were performed at low temperatures, so aluminum was chosen because it
is a good thermal conductor and compatible with the 77 K cryostat. Gold
wires were then connected to the bias pads of the photoconductive switch
and to bias terminals by use of conductive silver paint. Figure 3.10
shows photographs of both the front side and reverse side of a packaged

photoconductive switch on Si hyperhemispherical lens.

Si hyperhemispherical lens

Bias Lines

Photoconductive Switch

Figure 3.10: Photographs of the front and reverse side of a packaged photoconductive
switch on Si hyperhemispherical lens.
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The packaged device was then mounted on the copper cold finger in a
liquid nitrogen 77 K Janis cryostat. In order to lower the temperature to
77 K, a vacuum pump was used to reduce the pressure inside the cryostat
to 104 torr. This low pressure was needed in order to maximize the
temperature drop and a liquid nitrogen hold time of 5 hours. The
cryostat was connected to a temperature controller to monitor the
temperature. One of the windows of the cryostat was designed as an
electrical feedthrough to give the capability of biasing the device.
Another window was a quarter inch thick Teflon, which is transparent to
THz power, since the THz power needed to be detected outside of the
cryostat. The final two windows were made of quartz and sapphire. The
packaged device was then optically pumped with a PolarOnyx 1.55 pm
fiber mode-locked laser. Experiments were done with an optical power of
140 mW. The mode-locked laser displayed a pulse width of 80 fs and a
pulse repetition frequency of 46 MHz. Maximizing the photocurrent was
needed to maximize the THz power. Maximum photocurrent was
achieved by exciting the center (photoconductive gap) of the square spiral
antenna. The laser was set up outside the cryostat and the beam was
focused on the photoconductive gap of the device inside cryostat through

a sapphire window using free-space optics. The photoconductive switch
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was connected to an oscilloscope to monitor the photocurrent and locate

the center of the antenna.

Lock-in Amplifier

Mechanical || 77K Cryostat THz Light gl
chopper \ Pipe [
] Emm *- Em ] >>> D
Pulsed Fiber to Free Golay Cell
Laser Space Coupler
and Objective Device Silens
Lens

Figure 3.11: Experimental setup for InGaAs photoconductive switch generating THz
power. The mechanical chopper provides a reference signal for the lock-in amplifier.

As shown in the block diagram of Figure 3.11, the THz radiation was
coupled from the photoconductive switch through a polished brass tube
(light pipe) and then a Teflon window (opposite the sapphire window) to a
Golay cell in free space. The Golay cell had a 6 mm aperture and a
nominal optical responsivity of ~ 10 mV/uW and a noise equivalent power
of ~2 x 1010 W Hz "2 — both characterized at mid-IR wavelengths. It
contained a thick black-polyethylene filter to block out the mid-IR

radiation that can be generated by absorption of the 1.55 pm pump laser.
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Previous calibration has shown that these performance values degrade
about a factor of four between mid-IR and the portion of the THz region
(A = 0.5 to 3.0 mm) where the present experiments were conducted. The
low AC modulation (<16 Hz) required by the Golay cell was provided by
an optical chopper in a fiber-optic “U-bench” located outside the cryostat.
The modulated THz radiation was measured with a lock-in amplifier and
converted to absolute power using an overall responsivity of 10 mV/pW
for the Golay cell. However, coupling the THz beam into the brass tube
and through the Teflon window loses some THz power. The stated power
measurements do not include this additional loss.

A broadband characterization with no spectral discrimination was
performed first. The average output THz power of the device versus bias
voltage at 77 K is plotted in Figure 3.12. The device was biased over a
voltage range from 0 to 22 V. A maximum peak power of 11.38 uW was
recorded at a bias of 22 V before the device failed at 23 V. This THz
power was substantially higher than 0.8 ptW reported by other InGaAs
materials at 1.55 pm in recent times [9]. The failure mechanism is not
yet understood but is certainly mediated by the optical pump power and
associated photocurrent. The data was fitted with a quadratic
polynomial, since the power should vary with the square of voltage. This

is discussed in detailed in Chapter 5.
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Figure 3.12: THz power versus bias voltage at 77 K biased up to 22 V pumped by a 1.55
pm fiber mode-locked with average power of 140 mW. The data is fitted with a
quadratic polynomial.

Secondly, spectral discrimination of the THz power was achieved
through the use of a custom designed quasi-optical bandpass-filter. The
commercial filters (Virginia Diodes) are designed as frequency-selective
surfaces in copper, and had center frequencies of 142, 193, 376, and 537

GHz. The transmission data of the filters are shown in Figure 3.13.
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Filter # 1 2 3 4
Max Trans 0.63 0.53 0.74 0.99
Center Freq 142 193 376 537
[GHz]
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Figure 3.13: Data of the VDI commerecial filters showing the center frequencies and
bandwidths. (b). Transmission data of the VDI bandpass filters.
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Each filter was placed sequentially between the cryostat and the Golay
cell, and the power measurements were recorded for biases up to 22 V.
The power for each measurement was normalized to the filter bandwidth
and plotted versus frequency. Figure 3.14 shows the experimental setup
of the free space optics focusing the 1.55 pm fiber mode-locked laser
pulses on the photoconductive switch that is packaged on the copper cold

finger in the 77 K Janis cryostat.

Laser input
on device

142GHz 193GHz 376GHz 537GHz No Filter

Figure 3.14: Laser input side of experimental setup. (b).THz output side showing the
bandpass filters of the experimental setup.
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The spectral power density plot for different bias voltages is shown in
Figure 3.15. It shows a -3 dB bandwidth of approximately 350 GHz, and
a consistent roll-off vs bias voltage. This suggests that the electron-hole
lifetime in the ErAs: Inos3Gao.47As is independent of bias voltage. The
photoconductive switch displayed reduced efficiency as the frequency was
increased. However, the photoconductive switch performance is
promising and a major step towards the application 1.55 pm fiber-laser

and optical-component technology for THz generation.
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Figure 3.15: THz output power spectral density with fitted curves obtained from THz
filter bank and normalized over the bandwidths.
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3.5. Summary

The photoconductive switch was fabricated and the DC characteristics
tested at room temperature down to 77 K. At lower temperatures, the
material had high resistivity and an increase in breakdown voltage. The
carrier lifetime of the material was measured using the pump-probe
technique, which showed the InGaAs material had subpicosecond
lifetime. The high resistivity, increase in breakdown voltage, and
subpicosecond lifetime were essential in THz power generation. The THz
power experimental setup was discussed in detail and a maximum peak
power of 11.38 uyW was achieved with no frequency selective filter. This
power was markedly higher than other power levels reported with
InGaAs at 1.55 pm [9]. However, at higher frequencies there was a slight
roll off in THz power. Copper filters were used as frequency selective
surfaces to obtain the power spectral density of the photoconductive
switch. The photoconductive switch displayed a 3 dB bandwidth of 350
GHz. The power level of 11.38 pyW was approximately 11 times bigger

than the power needed for THz TDS.
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4. Photoconductive Switch Array

4.1. Phased Array

The concept of a phased array of antennas goes as far back as early
warning radar antennas used in World War II. Consider the British
Chain Home early warning radar that could scan up to a range of 150
miles [1]. Back then engineers faced problems in steering the antenna
beam, since this had to be done by physically moving the entire antenna.
This means size was a serious limiting factor. A viable solution to this
dilemma was to move away from a purely mechanical means of scanning
the beam to an electronic way. The term phased array generally means
an electronic or mechanical way of pointing a beam originating from an
array in a desired direction. Phased arrays back then typically used a
cumbersome setup of phase shifters in conductive-tube waveguides and
centralized high power vacuum tubes. Then there was a shift towards
using solid state technology to create phased arrays, which had the
advantages of compact size, low cost, high reliability, and also introduced
more applications.

In the search for obtaining a compact phased array for millimeter
wave systems, designers came up with the idea of monolithic microwave

integrated circuit (MMIC), which integrated the antennas, phase shifters,
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and their circuitry on a single chip. Research has been done on
microstrip patch antennas on a high dielectric constant substrate, such
as GaAs. However, the thickness of GaAs required for the
implementation of MMIC led to undesirable efficiencies and a narrow
bandwidth; therefore, alternative methods were investigated [2]. One
such of these methods was the active slot-line antenna integrated with
high electron mobility transistor (HEMT) amplifiers on GaAs. This was
not affected by substrate thickness [3]. By impedance matching of the
drain-source port of the transistor to the input resistance of the radiator
eliminated the matching circuitry resulting in smaller chip sizes. Using
a pair of anti-resonant slot antennas (instead of resonant antennas) that
also had matching impedance increased the bandwidth to allow operation
up to 30 GHz. Another method was the integration of waveguide horn
antennas consisting of a dipole suspended in a 1 pym etched pyramidal
cavity in GaAs. This had an operational frequency up to 242 GHz [4].
Then there 1s the flip-chip back-face patches antenna that operates at 35
GHz [5]. This back-face patch antenna uses a thin film microstrip
transmission line medium (TFMS) on a ground plane on the front of the
chip with a thin dielectric deposited on top to form the substrate. The
back face was metallized to create radiating elements, which are isolated

from TFMS with ground planes. Connections between transmission lines
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and radiating elements were achieved through GaAs via holes. This
circumvented the substrate thickness issue and resulted in efficient
radiation, improved bandwidth, and the capability to use a dielectric lens.
Most MMIC research has been done with GaAs and has approached
operational frequency up to 300 GHz. The problem with operating at

higher frequencies is the availability of compatible planar detectors.

4.2. Array Packaging

The phased array in this thesis was fabricated on InGaAs on InP and
was designed for frequencies up to 600 GHz. For testing individual
devices, the pulses of the 1.55 pm mode-locked laser were focused on the
photoconductive gap using free space optics outside the 77 K cryostat.
However, for the photoconductive switch array, free space optics was
substituted by a fiber array connected directly to the device. The fiber
chosen for the experiment was a SMF-28 (single mode fiber) that
supports 1.55 pm wavelength. The core of the fiber was 9 pm in
diameter, so the antenna was redesigned using bigger square unit cells to
better accommodate the pigtailing of the fiber to the center of the device.
The new square spiral antenna was made up of 15 x 15 pm. An anvil was

added to the photoconductive gap to aid in alignment of the fibers to the
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photoconductive switch array. The anvil decreased the dimension in the

photoconductive gap, which resulted in a spike in the photocurrent when

excited by the mode-locked laser. Therefore, the spike in the

photocurrent was an indication when the fiber was aligned with the

photoconductive gap of each antenna of the photoconductive array. The

new design is shown in Figure 4.1.
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Figure 4.1: (a) Inner radiating dimensions that give rise to Lmin. (b) Outer radiating

dimensions that give rise to Limax.

61



For this designed square spiral antenna, Limin and Lmax were 180 pm (15 x
(3+ 3+ 3+3)) and 16200 pm (15 x (285 +255 + 285 + 255)) respectively
[6]. This resulted in a fin of approximately 7 GHz and a fuax of 609 GHz
(see eq. 2.1 in chapter 2). A new mask was designed with the modified
the square spiral antenna with the anvil being 2 pm wide and a gap of 11
x 15 pm. This mask contained patterns of a single square spiral antenna
and photoconductive arrays of 2 and 4 square spiral antennas. The
spacing between antennas was 500 pm. The photoconductive arrays
were fabricated with the same process discussed in Chapter 3 and diced
with a disco-dicing saw to separate each array. To ensure that
fabrication was successful, I-V curves were taken of each antenna in the
4 source photoconductive array at room temperature. The results of the

I-V curves are shown in Figure 4.2.
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Figure 4.2: The I-V curves of each source of a 4 source photoconductive array measured
at room temperature. Numbering of source goes from left to right.
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Recall that I-V curves are expected to show a linear dependence (Ohmic
contacts) and then a rapid increase in current as the device approaches
breakdown. Based on previous experiments, device failure normally
occurred at 8 V at room temperature, so care was taken to only bias the
device up to 7 V. The I-V curves show that the sources were indeed
approaching impact ionization at 7 V. The photoconductive switch array
was then wire bonded with gold wires and conductive silver paint and
packaged on the aluminum mount using the same methods discussed in
Chapter 3.

One of the obstacles that needed to be addressed was how to attach
a fiber array to ensure functionality under vacuum and at 77 K. Care
needed to be taken to ensure that the setup was hermetically sealed to
sustain the vacuum, which was required to achieve temperatures as low
as 77 K with the cold finger. In addition, condensation would have
occurred in the cryostat and affected the results of the experiment if
cryostat was not hermetically sealed. The design included ASI9/125T
fibers, which is a single mode fiber with a polymide buffer that supports
1.55 pm wavelength. There are two parts of the design: the ambient side,
which is the part of the fiber setup that was outside the cryostat at room
temperature, and the vacuum side, which is the part of the fiber setup

that was inside the cryostat at 77 K. The vacuum portion of the fiber was
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tested and designed to operate at the specified cold temperature of 77 K.
It was also tested and made to withstand a vacuum pressure up to 106
torr, which is less than the pressure needed in the cryostat to attain a
temperature of 77 K. In order to attain a hermetically sealed setup, the
sapphire window was removed and replaced by an aluminum attachment
that was fitted with an O-ring groove. The aluminum attachment was
used to connect the cryostat to the designed fiber array with a rubber O-
ring in place. The designed fiber array is shown in Figure 4.3 - Figure

4.5.
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Figure 4.3: Designed fiber array to attach to cryostat and pigtail the photoconductive
switch at a temperature of 77 K.
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Figure 4.5: Blow up of the end of fiber array that are spaced at a designed distance 500
pm apart.
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Figure 4.3 and Figure 4.4 show the designed fiber array showing the
connection to the aluminum attachment creating a hermetic seal. The
fibers were labeled 1 to 4 in order to keep track of which antenna was
being excited by which fiber from the mode-locked laser. Figure 4.5
shows a zoomed in version of the actual fiber array. The fiber array has
the same spacing as the antennas in photoconductive switch array in
order to achieve proper alignment of the two. A test run was conducted
with the designed fiber array connected to the cryostat in order to check
if the vacuum pressure would hold and a temperature of 77 K obtained.
It was successful on both counts. Figure 4.6 shows the actual designed

fiber array attached to the cryostat.

Figure 4.6: Actual fiber array design connected to the window of the cryostat via a
designed aluminum window, which replaced the sapphire window.
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Pigtailing the single mode fiber array to the photoconductive switch
array had to be aligned with accuracy in the range of 3 pm. Improper
alignment would result in coupling losses of the pulses to the
photoconductive gap of each antenna in the photoconductive array. In
order to maximize coupling of the two, the photoconductive switch array
was connected to an oscilloscope to monitor the photocurrent, which was
maximized for proper alignment. The photoconductive switch array and
the fiber array were each mounted to translational stages in order to
facilitate proper alignment. The fiber array was configured with a 1 x 4
V- groove FC connectors, in which the V-groove had a pitch of 500 pm + 3
pm as shown in . A coarse alignment was first done using a fault locator.
The 1.55 pm mode-locked laser was used to first illuminate only the
leftmost antenna (Source 1). This induced a photocurrent in the antenna.
The fiber array was controlled using the XYZ stage, which was used to
translate the laser spot across the spiral antenna arms. THz power 1s
maximized when the laser is incident on the driving point of the antenna
(center gap), which was identified when there was a spike in the
photocurrent due to the anvil. This process was done in iterative steps
for all sources until all four sources were aligned. After alignment, a
single component, low viscosity, UV curable adhesive was used to glue

the fiber array to the photoconductive array. The UV curable adhesive
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chosen also had a spectral transmission of over 98% between 420 nm and
1600 nm and was cured in 5 seconds with a 100 mW/cm? UV gun.
Adhesive was added in increments until the two were fixed in a robust
manner. The pigtailed fiber array to the photoconductive switch array
was then mounted in the 77 K cryostat and was ready for experimental

study.

4.3. Experimental Setup

This experiment was conducted in the time domain, which means
the phase of THz radiation was controlled by delaying the arrival of the
laser pulses to each antenna using optical delay lines. A series of 4 low
loss, sub-picosecond OZ Optics ODL-200 fiber optic delay lines were used
in this experiment. These delay lines consist of an input and an output
fiber collimators to project the laser pulses into free space and then
receive it again into the fiber. The separation between the input and
output can be varied using a micrometer stage; thus controlling the
distance the pulses travel in free space. The travel range was 25 mm,
resulting in a delay of 83 ps with a resolution of 0.033 ps. The fiber from
the laser was connected to a U-bench with a chopper, thentoa 1 x 4

splitter, then to the optical delay lines, and terminated with the fiber
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connectors connected to the photoconductive switch array. In order to
match the optical path lengths, the fiber between the 1 x 4 splitter and
the optical delay lines were physically measured and their lengths were
spliced and kept as close as possible to each other. The optical path
lengths for the optical delay lines were measured with an OZ Optics
Optical Fiber Length Meter and were within 3 mm of each other, which is
equivalent to the laser pulses being within 10 ps of each other. The
experimental parts were mounted onto a 12” x 12” x 0.25” PVC sheet to
maintain robustness and portability. This portion of the experimental

setup is shown in Figure 4.7.

Fiber leading
to PC array

Optical path
lengths of fibers
closely matched

Optical delay
lines
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U-bench

Fiber leading

L A
to laser ‘N

Figure 4.7: Optical delay line units, 1 x 4 splitter and U bench mounted on a PVC board
before inserted in complete experimental setup.
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In order to attain maximum THz power from the photoconductive
array in the broadside direction, the laser pulses needed to arrive
simultaneously at each source. The data sheet of the optical delay line
stated that 1 mm of translation on the micrometer corresponds to 3.33 ps
of time delay. Experiments were done using the Luna OBR 4400 (Optical
Backscatter Reflectometer) to verify the consistency of the experimental
setup. The OBR was used to tune out built in deviations in the fiber
lengths to find the zero point of all the optical delay lines. This
commercial tool scans reflected power and plots it versus time delay or
optical path length. The OBR input was connected to one end of the
optical delay line and a laser source swept through the experimental
setup. Reflections will occur at surfaces encountered in the experimental
setup such that a continuous detection of reflected power along the
optical path is plotted versus time delay. Based on the knowledge of the
physical setup, each reflection line that was detected was attributed to
the respective surface in the experimental setup. The reflective surfaces
that were used as references to calculate the time delay were the output
end of the time delay and the initial reflective surface of the U-bench.
Measurements were taken with the micrometer of the optical time delay
set at the 20 mm mark. This micrometer position was taken as position 0

mm and used as a reference. Additional measurements were taken 5 mm
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forward (positive) and backward (negative) from the reference point in

increments of 1 mm. The data is shown below in Figure 4.8.

Calibration of Optical Delay
Lines

20

Time (ps)

Posi¥ion

.398x + 0.1859
mm)

Figure 4.8: The calibration of the optical delay line using the Luna OBR 400.

The slope of the graph shows that 1mm of translation on the
micrometer resulted in a time delay of approximately 3.4 ps, which is
within 2% of the data sheet value of 3.33 ps. This value was consistent
with experimental setup. However, for experimental purposes, the time
delay for 1 mm was taken as 3.4 ps instead of the data sheet value of 3.33
ps. In addition, the OBR plots reflected power versus time delay or
optical path length; therefore, this tool was also used to test the
performance of the 1 x 4 splitter, which was made up of two 2 x 2

splitters spliced at 4 m in the setup, and each according to the data sheet
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should have a 3 dB loss. Figure 4.9 shows a screenshot of the optical
time delay setup and annotated with the physical surfaces encountered
by each reflection spike. The group index, ng, of the fiber was
approximated to be 1.5 and has been converted from time-domain data
into a optical path length axis in meters. With each reflection there was
a loss of power. Each splitter showed a decrease in backscattered power
levels in the fiber of 6 dB. However, this was increased by a factor of two
because traveled twice through the splitter: transmission and reflection,
so the loss was actually 3 dB. The experimental setup was working
perfectly as designed and the optical delay lines were calibrated in order
to achieve zero time delay for all four sources, hence maximum THz

power along the optical axis.
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Figure 4.9: Screenshot of OBR showing reflection spikes: reflection power levels versus
optical path length for experimental setup.
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After the optical delay lines were calibrated, the packaged
photoconductive switch linear array was packaged in the 77 K cryostat.
The optical chopper in a U-bench provided a reference signal for the lock-
in amplifier. A 1 x 4 splitter was used to split the laser power into the
optical delays lines, which were connected to the photoconductive switch
linear array through the fiber array. The array was mounted on the
copper cold finger of the cryostat and the Golay cell, which was placed
outside the cryostat, was used to measure the THz power. Figure 4.10

shows the experimental setup of the packaged photoconductive array.

Lock-in Amplifier

—

77 K cryostat
with copper
finger

1.55 um laser 1 x 4 spll.tter

——— ~

Mechanical Golay cell
Chopper Optical Delay \
Lines Packaged device THz
pigtailed by radiation

fiber array

Figure 4.10: Experimental setup of packaged photoconductive switch linear array.
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4.4. Summary

In order to make phased array technology more compact, researchers
have implemented the use of MMIC, HEMT, and other alternative
options. However, most of these options include work done with GaAs
and an operational frequency up to 300 GHz (0.3 THz). This chapter
addressed fabricating linear arrays of 2 and 4 photoconductive switches
using InGaAs on InP substrate. The antenna was redesigned in order to
accommodate pigtailing the fiber to the photoconductive gap of each
antenna; an anvil was introduced in the gap for alignment purposes. The
newly designed antenna had a frequency range from 7 GHz to 609 GHz.
The linear array of photoconductive switches were packaged with the
fiber array and mounted in a 77 K cryostat. The cryostat was
hermetically sealed to ensure obtaining the desired temperature and
pressure for experimental purposes. The ambient side of the experiment
included the fiber array being connected to four optical delay lines to
control the arrival of the 1.55 pm mode-locked laser pulses to each
source. The optical delay lines were calibrated and the zero path length
difference found using the Luna OBR 4400. The experimental setup was
described in detail and experiments were done in order to test the

performance of the linear array.
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5. THz Beam Steering

5.1. Beam Steering Theory

The radiation pattern of an antenna generally refers to the directional
dependence of the strength of the electromagnetic waves emanating from
the antenna. Typical radiation patterns contain what are called lobes
that are local extemums in the angular dependence of the electric field.
The main lobe of the antenna radiation pattern is the lobe that contains
the maximum power while the adjacent lobes that have weaker power
levels and are called side lobes. Beam steering is concerned primarily
with changing the direction of the main lobe of the radiation pattern.
This can be achieved by using a linear array of antennas. The concept of
beam steering derives from the constructive and destructive interferences
of electromagnetic radiation. When the electromagnetic energies of two
or more closely spaced radiating sources (antennas) arrive at a point in
space at the same time in a target plane, the radiation patterns overlap
which results in and increase in the resulting electromagnetic energy.
This is referred to as constructive interference. When each of the
electromagnetic energies of the radiating sources arrives at a target
plane at a specific change in time apart, (At), the electromagnetic

energies may cancel each other (if the delay corresponds to the
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appropriate phase) and results in what is known as a null point or zero
energy. This is referred to as destructive interference. Manipulating the
relative phases of the electromagnetic waves emitted by arrayed
antennas gives the capability to achieve constructive interference in a
desired direction. In essence, it gives us the ability to steer the radiated
beam in a desired direction.

Consider a time harmonic signal, s(t), represented by the expression

below:
s(t) = Acos(wt) = Ai)ft{ef‘”’} (5.1)

The angular frequency, o, is related to the frequency, f, through © = 2mf,
A is the amplitude of the signal s (t), and R denotes the real part of the
complex exponential. The signal, s(t) is periodic, which means the signal
at a value to will be repeated after a period at the time to + n(1/f), where n
is an integer. We know that a plane wave is a disturbance in both space
and time; therefore, a good representation for a plane wave is shown

below:
, , 2 s j(wr%”l) N
s(t)=Acos(a)t¢71)=A N*e =A'f*e (5.2)

The distance along the propagation path is represented by I and k is
known as the wave number (2m/)). The phase of signal s’ (t) is given by

¢’ = ot £ kl. The direction of a THz beam can be controlled by changing
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the phase over the elements of a linear array of antennas. Changing the
phase gives the capability of changing how the waves interfere with each
other. In 2008, Maki and Otani demonstrated THz beam steering by
producing a phase relationship between the difference frequency
generation of pump lasers and the THz radiation [1]. THz radiation was
emanated from a strip-line photoconductive antenna excited by the
difference frequencies of pump lasers. The phase shift was created by
tilting one of the incident pump beams, which was then used to control
the wavefront of the THz beam. This resulted in a steering range up to
29 degrees and tuning capability from 0.3 THz to 1.7 Thz. In 2010,
Bauerschmidt and Preu demonstrated THz beam steering using n-i-p n-i-
p superlattice photomixers. These photomixers produced a power of 1pW
at 1 THz and was tunable over a frequency range of 0.1 - 2.5 THz [2].

For the purpose of this thesis, beam steering was performed in the
time domain instead of the commonly practiced frequency (phase)
domain. It was accomplished using fiber time delay lines, which
controlled the THz radiation wavefront by changing the point of
constructive interference at the target plane. Consider a linear array of
antennas of N elements equally spaced a distance of d. The time delay of

source Iresults in a phase delay of Ad=wrH, Ati. The wavefront of the
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THz radiation makes an angle, 0, relative to the array normal as shown
in Figure 5.1 [3].

In the time domain, a mode-locked laser has a waveform envelope of
csch(t)?, which means it will constructively interfere with itself given
synchronous alignment [4]. We also know that the THz pulses are
coherent (time locked) with the laser pulse. Therefore, constructive

interference will occur by synchronizing the THz pulses.

Array Normal

ray
wavefront
0
d.sin@
\\t 0 Array Aperture
\72 \\72; Vs N-1 Y Y N
— d —P— d —_— <+ d —>
At, At, At Aty 4 Aty

Figure 5.1: A linear array of N elements, equally spaced a distance d apart along a
straight line, where a plane wave is incident under the angle 6 with respect to the array
normal. The delay times are adjusted with fiber delay stages.
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Using goniometrics, the path length, A(0), of each device can be

represented by the following

AB)=(N -i)*dsin(@) 1=0,1,2.....(N-1) (5.3)

Therefore, the time delay between devices is as follows

At =

l

A _(N-i)*dsin(6) 1=0,1,2....(N-1), c is speed of light (5.4)
C

C

In order to get a theoretical simulation of beam steering, the THz pulse

was modeled using the following function [5].

fi(t,0)=A *sech(a*t)cos(b*t)*\|D() fori=1,2...N (5.5)

A 1s the field amplitude transmitted by the it antenna and is
normalized to 1 for simplicity. a and b are the inverse duration of the
pulse (0.5 ps)! and the center of the power spectrum (0=21*300 GHz)
respectively. D(0) is the directivity of the antenna, which was modeled as

a Gaussian [6]. Figure 5.2 shows the modeled THz pulse.
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Figure 5.2 Modeled THz pulse.

Theoretical simulations of linear array systems of both 2 and 4
sources were performed for several time steps. Selected frames of the
resulting movie of the beam propagation are shown in Figure 5.3 - Figure
5.5. The linear array was designed for a frequency of 600 GHz. The
center-to-center spacing between sources was chosen to be 500 pm, which
is the corresponding wavelength for 600 GHz. Simulations were
performed in the far field region using the Fraunhofer diffraction
approximation of (2w2/A), where w is the width of the linear array. In the
far field, the power of the radiation decreases as the square of the
distance from the source, the absorption of the radiation by the detector
has no effect on the source, and the shape of the radiation pattern is

independent of distance.
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(b). Movie still frame of THz pulses from 2 coherent sources after 16 ps.

Figure 5.3 : Movie still frames of THz pulse from 2 sources. THz radiation is
perpendicular to the axis of the linear array.
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(a). Movie frame of THz pulses from 4 coherent sources.
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(b). Movie still frame of THz pulses from 4 coherent sources after 16 ps.

Figure 5.4 : Movie still frames of THz pulse from 2 sources. THz radiation is
perpendicular to the axis of the linear array.
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An Array of 4 Sources steered 30°
(Duration 25 ps)
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(a). Movie still frames of THz pulses from 4 sources with a time delay of 0.833 ps
between sources. Beam steered 30 degrees to the normal.
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(b). Movie still frames of THz pulses from 4 sources with a time delay of 0.833 ps
between sources after time 8 ps. Beam steered 30 degrees to the normal.

Figure 5.5 : Movie still frames of THz pulse from 4 sources steered at angle 300 to the
normal. THz radiation is perpendicular to the axis of the linear array.
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In Figure 5.3, the still frames show the propagation of THz pulses
from 2 coherent sources. In Figure 5.4, the still frames show the
propagation of THz pulses from 4 coherent sources. In Figure 5.5, the
still frames show the propagation of THz pulses from 4 sources with a
time delay of 0.833 ps of the pulses between each source that results in
the steering of the beam to an angle of 30 degrees to the normal. The
plane of the linear array is along the horizontal axis and the THz power
propagates perpendicular to the array plane as expected.

One of the advantages of implementing a linear array system is that it
combines the power from each source and thus increases the total
transmitted power. To successfully design the architecture of a linear
array system, the separation between sources was chosen to be A, where A
is the wavelength of free space. This was done in order to minimize the
effects of side lobes or only having one maximum within the scanning
range [3]. Equation 5.6 below shows the constraint that applies to the
distance between sources to minimize side lobes within scanning range —

emax S 6 S emax-

d 1
—_ S —_—
A |sin(0

max )

(5.6)

Therefore, for the scanning range between -n/2 < 0 < 1/2, the above

equation reduces to d <A.
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If the THz electric field arrives at a target plane equidistant from all
the sources then constructive interference will occur. In the far field, the
intensity of the main lobe increases as N2 (N is the number of sources)
compared to that of a single source. The total radiated power, however,
which is integrated over all angles, will just increase by a factor of N. In
addition, the beam width is inversely proportional to aperture size [3].
By increasing the distance between antenna elements of the linear array,
the beam will get narrower and consequently steering of the beam gets
more accurate at the cost of more intense side lobes. Knowing this fact
and due to design performance for 600 GHz, the distance between
antenna elements was chosen to be A (500 pm) for 600 GHz. Figure 5.6
shows the simulated power comparison for the cases shown in Figure 5.3
- Figure 5.5 for a single source, 2 sources, 4 sources and 4 sources steered
at 30 degrees respectively. Figure 5.6(a) shows the power of a single
antenna element and was used as a reference for the simulated
directivities of the 2 and 4 element array. Figure 5.6(b) shows the power
of a 2-element array with a 6 dB gain, which is in accordance to a gain of
N2. Figure 5.6(c) shows the power of a 4-element array with a 12 dB
gain, which is in accordance to a gain of N2. Figure 5.6(d) shows the
power of a 4-element array steered at 30 degrees with a 9.6 dB gain. This

decrease in gain compared to that of the coherent 4-element array system
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1s discussed in the beam steering section of this thesis. The beam width

does get narrower and more accurate with the increase in the number of

elements and the increase in aperture size.
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Figure 5.6: Power comparison of a single element, 2 and 4-element array, and a 4-
element array steered at 30 degrees.

5.2. Experimental Results

The THz output power was experimentally characterized in two ways.

In the first method measurements were taken without any bandpass
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filter, while the second set of measurements was acquired using a VDI
bandpass filter designed for 600 GHz transmission. The unfiltered
output THz power of a single source, 2 and 4-source linear array versus
the bias voltage are plotted in Figure 5.7 - Figure 5.9The device was
biased over a voltage range from 0 to 24 V. Device breakdown occurred
at 25 V. The output THz power obtained form the single source
measurement was taken to predict the theoretical performance of the 2
and 4-source linear array, since the THz power has a quadratic
dependence on bias voltage. See equation 5.7.

1
Py =51§c *Roe = 1y Ve (5.7)
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Figure 5.7: THz Power of a single source vs bias voltage with no filter, fitted with a
quadratic polynomial.
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Figure 5.8: THz Power of a 2-source linear array vs bias voltage with no filter, fitted
with a quadratic polynomial.
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Figure 5.9: THz Power of a 4-source linear array vs bias voltage with no filter, fitted
with a quadratic polynomial.
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The highest powers recorded for a single source, 2 and 4-source linear
array were obtained at a bias voltage of 24 V and the measurements with
a maximum peak power of 10.38 pW, 38.12 pyW and 123.4 pyW
respectively. The THz power measured by the Golay cell is actually the
peak intensity of the radiation pattern, whereas, the total radiated power
would be that of the intensity integrated over all angles. The peak
intensity measured by the Golay cell will have a quadratic dependence on
bias voltage as shown in Equation 5.7. The experimental THz power does
show a near quadratic dependence as can be seen based on the quadratic
polynomial fit.

Spectral discrimination of the THz power was achieved by placing a
custom quasi-optical VDI bandpass mesh filter between the array and the
Golay cell. The THz filter was designed as frequency-selective surfaces in
copper, and had a center frequency of 600 GHz. Figure 5.10 shows the
actual transmission of the VDI bandpass filters, in which filter number 4
was the 600 GHz filter. However, the transmission of the filter was
measured and it had a center frequency of 537 GHz and a bandwidth of

128 GHz.

90



01

Transmission

0 100 200 300 400 500 600 700 800
Frequency [GHz]

Figure 5.10: Transmission data of VDI bandpass filters. Recall Number 4 is the 600 GHz
filter.

Figure 5.11- Figure 5.13 show the results of the THz power at 600 GHz
versus bias voltage for a single source, 2 and 4-source linear array
respectively. The highest powers recorded for a single source, 2 and 4-
source linear array at 600 GHz were also obtained at a bias voltage of 24
V and the measurements were 4.75 uW, 16.15 yW and 40.45 uyW
respectively. As previously stated, device breakdown occurred at 25 V.
The lower values at 600 GHz indicate pronounced emission at lower

frequencies but the device is still efficient at 600 GHz to provide power
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for THz applications. The experimental power at 600 GHz also shows a

near quadratic dependency on bias voltage for the 2 and 4-source array.

Single Source
THz Power vs Bias (600 GHz)

S

w

THz Power (un W)
- N

25

Figure 5.11: THz Power of a single source vs bias voltage with 600 GHz filter fitted with
a quadratic polynomial.
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Figure 5.12: THz Power of a 2-source linear array vs bias voltage with 600 GHz filter
fitted with a quadratic polynomial.

92



4 Sources
THz Power vs Bias (600 GHz)

80 5

© Experimental

© Theoretical

THz Power (u W)

Bias (V)

Figure 5.13: THz Power of a 4-source linear array vs bias voltage with 600 GHz filter
fitted with a quadratic polynomial.

The THz power data was also plotted versus the number of sources, N, to
show the N2 dependency. Figure 5.14 shows the THz power versus
number of sources for specific bias voltages with no filter present fitted
with a quadratic polynomial. The THz power with no filter agrees well
with theory [2] and does show a quadratic dependence on number of
sources. Figure 5.15 shows the THz power versus number of sources for
specific bias voltages at 600 GHz fitted with a quadratic polynomial.
This data also corresponds well with the theoretical expectations as the

THz power has a quadratic dependence on the number of sources.
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THz Power vs Number of Sources
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Figure 5.14: THz Power vs Number of Sources biased up to 24 V without any filter fitted
with quadratic polynomial.
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Figure 5.15: THz Power vs Number of Sources biased up to 24 V at 600 GHz fitted with
quadratic polynomial.
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An advantage of using interference of the array beam patterns is
the reduction of the beam waist of the main lobe. This decrease in beam
waist depends on the number of sources and the spacing between sources.
An increase in the number of sources or spacing between sources will
result in a narrower beam. This results in a tighter focus when steering
the beam. The beam width of electromagnetic radiation can be
determined by using the approximation of a Gaussian beam [6], whose
transverse and electric field and intensity distributions are well
approximated by the Gaussian function below.

—(x-x, )2

f(x)=Ae 2 (5.8)

The Gaussian function is used to determine the full width half max
(FWHM), which is a parameter commonly used to determine the beam
waist, w, of electromagnetic radiation.

For the purpose of this thesis, the x direction was designated to be
parallel to the linear array axis, the y direction was designated to be
perpendicular to the linear array axis and z is the direction that goes
away from the linear array. Figure 5.16 shows the beam profile in the x

direction for a single source, 2 and 4-source linear array.
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Figure 5.16: Beam profile in the x-direction of single source, 2 and 4-source linear array.

The Gaussian function was used to approximate the beam widths
(FWHM) for the single source, 2 and 4-source linear array. For the single
source, 2 and 4-source linear array, the beam widths were calculated to
be 20.16 mm, 13.24 mm and 5.96 mm respectively. For the 2-source
linear array, the beam width reduced to roughly half of that of the single
source beam, and the 4-source linear array reduced to roughly a fourth of
that of the single source, which is in accordance to theory. The Gaussian

fits are shown in Figure 5.17.
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Figure 5.17: Gaussian fits of the main lobe for (a) single source, (b) 2-source, (c) and 4-
source.
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Beam profiles were also taken of each source of the linear array to see
how they spatially relate to each other. This was to ensure that they
were spatially able to constructively interfere and meet any requirements
for beam steering. Figure 5.18 shows the spatial distribution of each
source of the linear array. This spatial distribution is close enough to
control the combined interference radiation pattern to steer the beam in a

desired direction in a target plane.
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Figure 5.18: Beam profile showing spatial distribution in the x-direction of each
source.

In order to get a 2D beam profile of the linear array, scans were done in
both the x and y direction and then plotted. The pulses from the 1.55 pm

mode-locked laser were controlled through a time delay system to make
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them coherent on arrival to the linear array. This resulted in maximum

constructive interference, hence maximum power. The beam profiles and

contour plots of the single source, 2 and 4-source are shown in Figure

5.19 - Figure 5.21.
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Figure 5.19: Beam profile and contour plot of a single source.
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Beam Profile of 2 Sources
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Figure 5.20: Beam profile and contour plot of a 2-source linear array.
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Beam Profile of 4 Sources
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Figure 5.21: Beam profile and contour plot of a 4-source linear array.
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The beam steering method used in this experiment was to establish a
relationship between the phases of the THz radiation pulses and the
optical delay lines. Hence, the phases of the THz radiation were
controlled by the time of travel to each source by the laser pulses. The
signal is increased by constructive interference in the main direction and
the beam sharpness is improved by mainly destructive interference. A
delay of 43.6 um, 86.8 uym, and 129.41 um were required in order to
produce beam steering angles, 0, of 5°, 109, and 15° respectively (see
equation 5.3) at 600 GHz. This corresponds to a time delay between
sources of 0.145 ps, 0.289 ps, and 0.431 ps respectively (see equation 5.4).
Therefore, the optical delay line was adjusted with the required number
of turns to achieve this time delay between sources. Figure 5.22 shows
the beam profiles in the x-direction for a 2-source linear array being
steered at 59, 109, and 159. AX represents the shift in the beam profile
compared to that of 2 coherent sources. AX had values of 1 mm, 2 mm
and 3.5 mm for beam steering of 59, 100, and 15° respectively. The
experiment was repeated exciting 4 sources instead of 2 sources. Figure
5.23 shows the beam profiles in the x-direction for a 4-source linear array
being steered at 59, 100, and 15°. AX had values of 1.25 mm, 2.5 mm and

4 mm for beam steering of 59, 100, and 15° respectively.
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Beam steering of 2 Sources

/’\

(=
S

Z

A

]

2 @5 Degrees
§ @10 Degrees
E @15 Degrees

o
r T T T T 0 T T 1

-25 -20 -15 -10 -5 0 5 10 15
Position (mm)

Figure 5.22: Beam profile of 2-sources in the x-direction (parallel to array plane) steered
5, 10, and 15 degrees to the normal.
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Figure 5.23: Beam profile of 4-sources in the x-direction (parallel to array plane) steered
5, 10, and 15 degrees to the normal.

103



Varying the time delay of the laser pulses resulted in the THz
radiation being steered in a desired direction. Recall from Chapter 3 that
the device 1s packaged on a silicon hyperhemispherical lens, which has a
setback of a distance t = 0.76 mm, including the thickness of the device
substrate. This setback of the lens resulted in the refraction of the THz
rays at the Si/air interface. Therefore, the detector (Golay cell) detected
the refracted THz rays. Figure 5.24 shows how the path of the steered
THz ray traverses from generation from the device to the Golay cell. R is
the radius of the silicon lens (5 mm), D is the distance from the device to
the detector (25 mm), AX is the distance the Golay cell travels to detect
the main lobe from the perpendicular (coherent sources) direction to the
steered direction, B is the refracted angle, and 0 is the actual angle of

beam steering. The refracted angle, B, is given in equation 5.9 below.
p= tan‘l(%) (5.9)

Diffraction effects were ignored since R was much greater than the
wavelength at 600 GHz (500 um). In order to calculate the actual angle

of beam steering, a relationship between B and 6 was determined.
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Figure 5.24: The path the steered THz ray traverses from generation from the device to
the Golay cell.

Device 0

The relationship between B (refracted angle) and 6 (beam steering
angle) is given in equation 5.10. The angle 6 was calculated from the

measured angles, B, for the beam steering of 5, 109, and 159, for both the
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2-source and 4-source linear arrays. Figure 5.25 shows the graph of

versus 0 up to 200,

. ., Lsin(8)
FromFigure5.24; 0 +a= B+b = sin”I( R )
, [Lsin(6)
a=s -
in 2
B=0+a-b
ng;sin(a) = ng;,sin(b) Snell's Law

b = sin"!(ng;sin(a))

t* + L* — 2tL cos(0) = R*

Lo 2tcos(0) +/(2tcos(8))2 — 4(t — R?)
- 2
= tcos(0) ++/ (2tcos())? — 4(t* — R?)

Ls‘Z(e)) - 0- si1l'1(ns,-si1l(tl))

B(6) = sin! (LSiZ(B)) —sin! (ns,-sin (sin'1 (Lsi;(@)) - 9)) (5.10)

Recallp=6+a-b= 0+ sin‘1(

106



14
12
)
o 10
£ 8
an . i © Theoretical Data
% 4 i H Exp. Data (2 Sources)
2 } Exp. Data (4 Sources)
0 r T T T T 1

10 15 20 25

ol
w1

0 (Degrees)

Figure 5.25: Comparing B versus 0 for both theoretical and experimental data.

The experimental results of both  and 6 for a 2-source linear array and
how it compares to theory is shown in Figure 5.26. Figure 5.27 does the

same for a 4-source linear array.

1 2 3.5
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B (Degrees)
Calculated 6 3.72 7.39 12.77
(Degrees)
Theoretical 6 5 10 15
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Figure 5.26: Comparing the experimental results of both B and 6 for a 2-source linear
array.
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Figure 5.27: Comparing the experimental results of both B and 6 for a 4-source linear
array.

The experimental data for beam steering angle, 0, corresponded
well with the values extrapolated from the refracted angle, . For the 2-
source linear array steered 5%, 109, and 159, the experimental values were
within 6% (3.729), 26% (7.399), and 15% (12.779) of the expected values.
For the 4-source linear array steered 5°, 109, and 159, the experimental
values were within 4% (4.649), 8% (9.229), and 3% (14.69) of the expected
values. There was a decrease in the power in the main lobe and an
increase in the power in the side lobes as the beam was steered to greater
angles. This was due to the fact that the source position remained fixed
and steering occurs by defining the relative phases between the elements.
The amplitudes of the orders of constructive interference follow that of
the individual sources. For larger emission angles, the amplitude of the
zeroth order reduces while the first order gains more power while it

approaches the direction of maximum emission at 0°.
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5.3. Summary

THz pulse was modeled and simulated to investigate the effect of time
delay on the constructive and destructive interference of the pulses.
Experiments were done to measure how the THz power varied with bias
voltage at 77 K with and without a 600 GHz filter. The power displayed
a near quadratic dependence on voltage. Experiments were also done to
measure how the THz power varied with the number of sources; this too
also displayed a near quadratic dependence as expected from theory. The
highest powers recorded for a single source, 2 and 4-source linear array
were obtained at a bias voltage of 24 V and the measurements had an
maximum peak power of 10.38 uW, 38.12 uW and 123.4 uW respectively.
The corresponding values for THz power at 600 GHz were 4.75 uW, 16.15
uW and 40.45 pW respectively. The beam profiles showed that the beam
width decreased with an increase in number of source, since it 1s
inversely proportional to aperture size. Side lobes were detected and
increased in power as the main lobe decreased in power when the THz
beam was steered. This was due to the fact that during the beam
steering of the 2 and 4-source linear array, the lobes follow that of a
single source. In order to obtain the angle of beam steering, a

relationship between the measured detected angle and the actual beam
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steering angle was established. The beam steering angle had scanning
capabilities of 12.779 and 14.6° for 2 and 4-source photoconductive switch

array at 77 K.
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6. Conclusion and Future Work

6.1. Summary

Epitaxial composite materials grown using MBE consisting of
semimetallic ErAs nanoparticles embedded in an Ings53Gao.47As matrix
lattice matched to InP substrate was used to fabricate a THz source.

ErAs nanoparticles act as recombination sites, which resulted in
subpicosecond lifetime. The electrical behavior of the material showed
that the material had a high resistivity, 5.7 x 106 Q-cm, and high
breakdown voltage, 23 V, when the temperature was lowered to 77 K.
This gave promise to create a linear array of photoconductive switches for
an operational wavelength of 1.55 pm. A broadband self-complementary
square spiral antenna was designed for frequencies up to 1.35 THz.
Frequency selective filters were used to experimentally test the
broadband nature of the THz source.

The motivation for this work was to engineer a device compatible with
fiber technology (1.55 pm wavelength) that would generate THz power for
applications including THz time-domain spectroscopy (TDS) and security
imaging. Using fiber technology makes experimental setup more cost
effective and more compact. The linear array of photoconductive switches

fabricated on InGaAs material optically excited by 1.55 pm mode-locked
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laser at a temperature of 77 K demonstrated a total THz power up to 123
pW without spectral discrimination and 40 pW with a 600 GHz frequency
at a bandwidth of 128 GHz. Optical delay lines were used to control the
arrival of the laser pulses to each source, which resulted in the capability
to control constructive and destructive interference of the THz radiation
from the linear array. The manipulation of interference pattern led to
the beam being steered in a desired direction. For a 2-source linear
array, a scan angle of 12.77 was demonstrated, and for a 4-source linear

array, a scan angle of 14.6 was demonstrated.

6.2. Outlook

The photoconductive switch linear array in this dissertation was
designed for frequencies up to 600 GHz. For future work, further
improvements are possible for designing the antenna to be more
broadband, which would improve the dynamic range of the device in
applications of security imaging [1,2] and THz-TDS [3,4,5]. Recall from
Chapter 2, equation 2.1, that the radiating dimensions of the antenna
determine the bandwidth. Therefore, varying the size of the square unit
cells can be used to obtain the desired frequency range but is limited by

fabrication processes and chip size.
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In addition, more than four sources can be used with different
array configurations. Since the beam width is inversely proportional to
aperture size, increasing the spacing between sources results in an
improved beam focus, but at the expense of increasing the intensity of
side lobes. An increase of the array elements will result in reduced lobe
intensity.

Experiments in this dissertation were done with a 77 K cryostat,
which was maintained using liquid nitrogen. Experiments were done at
77 K to prove the concept of having a THz source optically excited by a
1.55 pm mode-locked laser. However, experiments could have also
successfully been done at 200 K, which is attainable by using a
thermoelectric (TE) cooler. Recall from Figure 3.4 in chapter 3 that at
200 K, the breakdown voltage of the device was 13 V and the resistivity
increased in order of magnitude. Also, in Figure 5.13 in chapter 5, the
generated THz power at 13 V at 600 GHz was approximately 12 pW,
sufficient for most applications. Therefore, performing a successful
experiment at 200 K is quite feasible. For practical purposes, packaging
and operation of the 1.55 pm THz photoconductive switch linear array
should be less cumbersome and therefore more compact. The current
setup is limited by the sizes of the cryostat, the optical delay lines and 1 x

4 splitter. In order to make this setup more compact, the cryostat can be
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replaced with a TE cooler and the optical delay lines and splitter can be
integrated on a single chip using optical waveguides. Implementing the
optical delay line on a single chip has been made possible due to the
groundbreaking work on integrated photonic delay iPHoD) done by the
Blumenthal’s group at University of California, Santa Barbara. This
research uses an optical component on a chip rather than fiber device.
The research has shown the development and use of low loss waveguide,
which have loss that is comparable to that of fiber 0.045 dB/m [6]. Each
optical delay line has dimensions of 145 mm x 60 mm x 55 mm. There is
an optical delay line for each source, which means the size of
experimental setup scales with the number of sources. Each optical delay
line can be replaced by a true time delay (T'TD) chip [7] with dimensions
of roughly 20 mm x 30 mm. The optical TTD is shown in Figure 6.1. The
true time delay uses polymer waveguides and thermo-optic switches to
achieve the desired time delay; the switches are used to determine the
path of the pulse, which can be designed to obtain whatever the desired
time delay. The waveguides were made of SiN core with SiOz cladding on

Si substrate.
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Figure 6.1: True time delay chip where the path of the pulse is determined by switches
that are controlled by heat.

The 1 x 4 power splitter can also be replaced with multi-mode
interference couplers (MMI) and packaged on the same chip as the TTD.
Arrays of 1 x 2 MMIs that is 375.5 pm long and 15 pym wide with corner
angled 67.7° [8] are capable of splitting the power from the 1.55 pm
mode-locked laser. The cryostat can be replaced by a TE cooler with
dimensions 18 mm x 18 mm with a delta max of 117 K. Therefore, the
experimental setup will drastically decrease in size with these
improvements. However, in packaging the device, the TE cooler has to be

1solated from the thermo-optic switches to ensure experiment performs as
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designed. The ultimate goal is to integrate most of the experimental

setup on a single chip [9].
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