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Terahertz technology is rapidly growing for applications in various fields such as
medical sciences, remote sensing, material characterization, and security. This
accelerated growth has motivated engineers to develop compact, portable, and cost-
effective terahertz sources and detectors. Terahertz generation and detection can be
achieved using photoconductive antennas (PCAs), which have unique advantages.
Notably, they do not require a vacuum or cryogenic cooling to function. PCAs operate on
the principle of photoconductivity, which allows for compact integration with a fiber
optic laser. It is also possible to launch THz radiation to a waveguide, which can be used
for making a robust THz spectroscopy system.

Ultra-short laser pulses are available in both 800 nm and 1550 nm wavelengths.
However, the 1550 nm window has distinctive advantages such as availability of fiber
amplifiers and fiber based electro-optical components at a relatively lower cost. The goal
of this research is to introduce cost-effective and state-of-the-art solutions to develop THz
transceivers for use in terahertz time-domain spectroscopy (THz-TDS) at 1550 nm
wavelength.

In this thesis we explore three approaches for enhancing THz emission and reception
using PCAs. First, an array of hexagonal shape plasmonic nano-structures was used to
increase the optical field coupling to the minimum depth of the substrate. Next, nano-
structures also helped with enhancing the local electric field inside a low-cost semi-
insulating GaAs substrate. This technique resulted in a 60% enhancement of the THz
emission compared to a commercial LT-GaAs based PCA with antireflection coating.
Moreover, the plasmonic nano-structures efficiently remove heat from the gap area
allowing for operation at higher bias voltages. Plasmonic structures on LT-GaAs were
investigated, which use a mid-gap Arsenic defect state to absorb 1550 nm light. The
plasmonic devices were found to outperform existing InGaAs substrate based THz
devices by factor of two. Finally, optimization of the LT-GaAs growth and annealing
conditions was investigated to maximize the THz signal at 1550 nm. Outcomes of this
research pave the way for designing cost-effective THz transceivers for time domain
Terahertz spectroscopy systems at 1550 nm wavelength.
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Chapter 1 : Introduction

1.1. THz waves and applications
Naturally occurring Terahertz (THz) radiation or T-ray lies between infra-red and

microwave regions of the electromagnetic spectrum with photon energy of 1.24 - 12 meV
(Fig. 1.1). Electronics and microwave devices have hardly reached to 1 THz and
semiconductor technology does not support such low energy transitions at room
temperature to make THz emitters. The lack of technologies in both sides led to the THz
spectrum being the so-called “THz gap”. The demand for high power THz transmitters
and receivers is growing recently and the gap has been narrowed rapidly in the last two

decades [1, 2].

1 km 1m 1cm 1 mm 1 pm 1nm 1A
| I

1 1 1 1 1 | | | 1 1 | 1 1 1

10° 10° 10" 10° 10" 10% 10° 10* 10° 10° 107 10% 10° 10" 10" 10™
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1 1 | 1 [l 1 1 1 1 1 1 1 | 1 1 1 1

10° 10® 10" 10* 10° 10" 10" 10" 10™ 10" 10" 10" 10" 10"® 10" 10® 10*

radiowaves microwaves terahertz | infrared [l ultraviolet X-rays ‘ gamma

Figure 1.1 Terahertz wave spectrum. The range starts from 300 GHz to 10 THz. [3].

The low photon energy nature of the terahertz waves offers unique applications. Many
opaque materials in the visible spectrum are transparent at THz region and some have

trace absorption lines [4, 5]. The frequency dependent transmission of THz waves
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through samples reveal unique fingerprints of materials. Each molecule or compound

such as biological samples have unique characteristic rotational energy levels that
determine precise frequencies of the absorption lines [6-8]. The distinctive signatures of
rotational spectra have been used for decades to identify chemicals. This process has been
applied to the areas of security (identifying explosives) [9-14], atmospheric remote
sensing, and analysis of far galaxies [15]. The Herschel Space Observatory

(http://herschel.esac.esa.int/) and NASA’s Aura satellite (http://mls.jpl.nasa.qov/) are few

examples. Monitoring the ozone layer in Antarctica is another noteworthy example of
remote sensing of molecular compounds using the THz spectrum [16]. In the past few
decades, researchers made significant contributions to collect and organize molecular

transition lines both experimentally and numerically. HITRAN (http://cfa-

www.harvard.edu/hitran//) and JPL Spectral catalog (http://spec.jpl.nasa.gov/) are two
common databases available online [1].

Spectroscopy using T-rays has already found numerous applications in microscopy [12,
17], medicine [6, 18, 19], and material characterization [20]. Hence, terahertz science
links a wide range of disciplines including physics, chemistry, engineering, astronomy,
and biology.

THz imaging has entered the crowded field of imaging technologies just recently and is
still in its infancy. Nevertheless, it has shown exclusive features in comparison with
optical, infrared, and x-ray imaging techniques. T-rays penetrate deep into materials with
low polarizability such as paper, plastic, clothes, wood, and ceramics. Because these are
commonly used in packaging, T-rays are potentially strong replacement to x-ray scanners

where destructive effects of high energy photons to the sample are a big concern. The
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contrast between reflective metallic materials and partially transparent plastic packages

facilitates the inspection of suspicious items or electronic circuits at places like airports
(Fig. 1.2).

THz imaging of living tissues or hydrated substances exhibit a strong sensitivity to
water [4, 19, 21]. Fig. 1.2 (left) shows water content of a leaf with darker shade
indicating more water. T-ray imaging can effectively identify explosives, chemicals, and

biological compounds concealed underneath covering substances [9, 13, 18].

Figure 1.2 Left: THz image of a coffee leaf taken by TOPTICA TeraBeam module [22]. Right:

THz image of a briefcase containing threat objects [23].

A big advantage of T-ray imaging is that it is non-invasive and non-contact. Medical
imaging using THz radiation can reveal water content in living tissues. Recognising the
onset of cancer [19], characterizing burn injuries [24], and identifying tooth decay [25]

are few other examples of T-ray imaging in the medical world.

1.2. THztechnology
The quest to design a compact, portable, room temperature, and cost effective THz

devices led engineers to delve into ultra-fast properties of the materials and charged
particles. Conventional particle accelerators such as klystrons, gyrotrons, backward wave

oscillators, and free electron lasers need vacuum and huge magnets that make them big
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and bulky [1, 26]. Thus, scientists are looking for alternative methods. With low

tunability, quantum cascade lasers (QCLs) are well known THz emitters but they need
cryogenic cooling that relies on big and expensive laboratory equipment. From the
microwave region, radiation frequency of Schottky diodes, and impact ionization
avalanche transit-time diodes (IMPATT diodes) have barely reached to 1 THz [27, 28].

Yet, they were unable to close the THz gap (Fig. 1.3).

SPhOttk:Y Free Electron
dIOdeSE oo Laser FELIX _.

WOs

PC switcties

10'10 i U N B R i I (N i
01 02 03 05 1 2 3 5 10
Frequency (THz)

Figure 1.3 Radiation power comparison of various THz emitters. Shaded areas belong to sources

with very narrow bandwidth [29].

Meanwhile, devices based on photoconductive materials are pioneers in the THz
industry because of their compact size and lower price. Photoconductive antennas (PCA)
are composed of an antenna fabricated on a photoconductive material. The impedance of
the gap between arms of the antenna modulates by an externally incident optical pulse
that in fact imitates the response of an electro-optical switch with an ultra-fast rise/fall

time i.e. a photoconductive (PC) switch. Bandwidth and output power of PCAs can scale
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up with proper engineering of the switch structure. In addition, they do not need

cryogenic cooling or vacuum. Due to these promising features, PCAs have become an

interesting field of research in the THz industry.

1.3. Technological limitations of lasers and materials
The future of the THz industry is dependent on whether THz devices can be designed

and packaged in a compact and portable size with inexpensive components. Thus, it is
less likely for THz devices that need cryogenic cooling, vacuum or bulky magnets to win
future markets. Here, THz generation using photoconductive antennas has a promising
future because it only requires external lasers, photoconductive materials, simple
fabrication processes, bias, and axillary equipment such as a lock-in-amplifier to read the
THz detected photocurrent. More importantly, a simple photoconductive antenna can
radiate and detect THz waves, significantly reduceing the complexity of designing
transmitters and receivers.

Ti:Sapphire lasers are commonly used for generating femtosecond optical pulses
around 800 nm wavelength for THz time domain spectroscopy (THz-TDS). They can
deliver few watts of optical power but they are expensive, big, and require free space
alignment. Fiber coupled femtosecond lasers at 1570 nm are several times less expensive,
compact, and their wavelengths are in the range of Erbium-doped fiber amplifiers
(EDFAs). EDFAs can deliver huge amounts of optical power at a relatively low price.
Furthermore, moving to the telecom window (1530 -1625 nm) has additional advantages.
Mature electro-optical technology exists in the telecom window e.g. optical modulators,
compensating fibers, fiber delay lines, optical couplers, etc. that eliminate the need for a

free space optical layout.
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Next step is finding a photoconductive material for the telecom window. While low-

cost GaAs and InP are well suited semiconductors for 800 nm excitation wavelength,
photoconductive materials in the telecom window are rare, inefficient, and expensive.
Semiconductors with small bandgaps like InAs are highly conductive. InGaAs is a less
conductive substrate but its carrier lifetime is long. As an alternative approach, it is
possible to use a periodically poled lithium niobate (PPLN) nonlinear crystal to generate
second harmonic of 1570 nm laser at the location of a GaAs based emitter. But, the goal
of this thesis is find a low-cost photoconductive material solution that can directly absorb
1570 nm.

In short, the conceptual THz system can become a reality if PCAs are excited in the
telecom window. Transceivers must be fiber coupled and there should be a possibility to
launch THz waves into a waveguide rather than free space. This rugged design ensures

operation of a portable THz system outside the laboratory environment.

1.4. Scope and outline of this thesis
During past few years, many ideas and methods have been tested at the University of

Victoria to develop efficient, low-cost, and compact THz transmitters and receivers.
Photoconductive antennas were core elements for all works because PCAs allow
waveguide coupling, which is challenging in case of optical rectification. The objectives
of this thesis are to enhance THz generation and detection by optimizing antennas,
photoconductive materials, and laser coupling to the semiconductors that must eventually
push the THz technology to the telecom window. This thesis is written in a standard
dissertation format. Thus, the main text gives details on physical theories, innovative

ideas, fabrication processes, and experimental results.
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The chapters are organized as follows: Chapter 2 reviews fundamentals of THz

generation and detection with a THz-TDS setup and recent achievements in development
of PCAs around both 800 nm and 1550 nm wavelengths. Chapter 3 explains recipes that
were used for in-house fabrication of PCAs and measurement methods to reproduce the
results. Chapter 4 describes the design of plasmonic structures, numerical simulation
methods, and experimental results. Chapter 5 investigates approaches to optimize
materials for THz generation and detection at the telecom spectrum. Finally,

contributions of this work to future developments and summary are given in Chapter 6.

1.5. Motivations and contributions
THz transmitters and receivers are the main parts of THz-TDS systems. Yet, PCAs are

not powerful and materials are not efficient to utilize advantages of the telecom window.
This thesis is an endeavour to find innovative solutions for the rapidly growing THz
industry. The major contributions of this thesis are the development of plasmonic
structures and material optimization for future waveguide-based portable THz-TDS with
1550 nm excitation. Results in Chapters 4 and 5 have been either published or submitted
to peer-reviewed journals and can be found in Appendices. . Contributions of the authors
are:
= Nanoplasmonics enhanced terahertz sources.

Optics. Express 2014, 22 (23), 27992-8001, DOI: 10.1364/0OE.22.027992

The manuscript was written by Afshin Jooshesh and Prof. Reuven Gordon.
Sample fabrication was done by Afshin Jooshesh, Vahid Bahrami Yekta and

Mostafa Masnadi. THz emission and detection results were measured by Levi


https://www.osapublishing.org/oe/abstract.cfm?uri=oe-22-23-27992
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Smith and Afshin Jooshesh. The project was founded and supported by Prof. T.

Darcie and Prof. R. Gordon.

Plasmon-enhanced below bandgap photoconductive terahertz generation
and detection

Nano Letters 2015, 15 (12), 8306-10, DOI: 10.1021/acs.nanolett.5b03922

The manuscript was written by Afshin Jooshesh and Prof. Reuven Gordon.
Sample fabrication was done by Afshin Jooshesh and Vahid Bahrami Yekta.
THz emission and detection results were measured by Afshin Jooshesh. The
project was founded and supported by Prof. T. Darcie, Prof. R. Gordon, and

Prof. T. Tiedje.

THz field enhancement by antenna coupling to a tapered thick slot
waveguide
Journal of Lightwave Technology 2014, 32 (20), 3676-3682.

DOI: 10.1109/j1t.2014.2321992

The manuscript was written by Levi Smith. Sample fabrication was done by
Levi Smith and Farid Ahmed. Measurements were done by Levi Smith and
Afshin Jooshesh. The project was founded and supported by Prof. T. Darcie.
Jinye Zhang provided his knowledge of optics and material, which helped with

interpreting the measured data.
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Plasmon-enhanced below bandgap photoconductive terahertz generation

and detection

Patent: filed in January 2016

The patent was written by Prof. Darcie and Prof. Reuven Gordon. Sample
fabrication was done by Afshin Jooshesh. THz emission and detection results
were measured by Afshin Jooshesh. The project was founded and supported by

Prof. T. Darcie, Prof. R. Gordon.

THz-TDS Using a Photoconductive Free-Space Linear Tapered Slot
Antenna Transmitter

IEEE PHOTONICS TECHNOLOGY LETTERS, Submitted

The manuscript was written by Levi Smith. Sample fabrication was done by
Levi Smith. Measurements were done by Levi Smith and Afshin Jooshesh. The

project was founded and supported by Prof. T. Darcie.



10

Chapter 2 : Background theory and literature review

2.1. THz generation and detection
GaAs and InGaAs are popular materials for photoconductive THz generation and

detection in both time domain (TD) and frequency domain (FD) operation modes [1]. In
this section THz generation and detection in both time domain and frequency domain will
be explained. We rely on photoconductive antennas to elucidate the ultra-fast mechanism
involved in each mode of operation.

It is also possible to exploit nonlinear properties of crystals to generate THz radiation,
which is called optical rectification. Thus we finally review advantages and
disadvantages of using photoconductive antennas as opposed to nonlinear crystals for
THz generation and detection.

2.1.1. Time domain operation

In a typical THz time domain spectroscopy (THz-TDS) setup, a femtosecond laser
pulse is split and focused on a transmitter and a receiver as shown in Fig.2.1. The
transmitter is biased and the receiver is directly connected to a lock-in-amplifier. The
femtosecond pulse delivers a large amount of current that shorts the electrodes of the
transmitter that generates an instant current surge with THz frequency components. The
THz pulse propagates through the media, which affects its phase or spectrum. The THz
pulse and the optical (probe) beam should reach the receiver antenna at a same time to

ensure detection. A delay line is usually placed to provide a variable time frame for
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plotting the signal. The time averaged current of the detector is measured by the lock-in-

amplifier and its spectrum is obtained by taking its Fourier transform over the current

time frame.

Ref
| Lock in Amplifier |E |Ch0pp8dbias | /

__tt SL SL 1?__]_

Figure 2.1 Optical setup for time domain THz spectroscopy. RX is the receiver and TX is the

80 fs - Laser

y  Delay line

transmitter. SL is silicon lens and BS is a beam splitter.

For sake of simplicity, the term “active area” is used in this thesis to call the gap area
under exposure. Detection in a time domain setup is basically sampling. The active area
of the detector is similar to a simple switch. In fact, both switch-on and switch-off actions
must occur very fast i.e. sampling with impulses. Thus, it is preferred for the receiver to
have a short (sub-picosecond) carrier life-time to maximize the bandwidth.
2.1.1.1. Photoconductivity

Photon absorption is the first and most important process in photoconductive material.
In Fig. 2.2, the resistance of the photoconductive material changes when photons are
absorbed. For a direct band-gap photoconductive material like semi-insulating GaAs, a
single photon with energy (hv, Planck’'s constant x frequency of the beam) equal or
above the band-gap excites an electron to the conduction band, leaving a hole in valence
band of the semiconductor. Absorption occurs inside the material and decays

exponentially with an absorption coefficient rate a. Thus, the light intensity | at the depth

of x from surface can be calculated from | =1 e * with respect to its initial value I, For
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example, the depth corresponding to 99% absorption of the light is about 1 micron for

FET
— 7

LK

< >
<+ >

GaAs at 800 nm excitation.

Figure 2.2 Photoconductive material under light exposure.

In order to understand the time varying resistivity of a photoconductive material we
can start the modeling by considering the Drude-Lorentz model and the fact that the

resistance is R = g/(ocdw) with length g, width w, thickness d and cross section area

A=wxg. In this relation conductivity is o =n,qu, + p,qu,- Since mobility of the electron

Mn is about 20 times greater than that of the hole p, in GaAs, we can write the time

varying carrier density n(t) in a semiconductor, with contribution of electrons only [30]

dn(t) _ P _ N(t) (2.1)
dt hvAd T

Here z is the carrier lifetime and 7, = @-T)@—e ) is the external quantum efficiency

when T is surface reflection. Now by considering a Gaussian envelope of the beam in

time, we can write the power
P(t)=P, exp[—4|n 2(Ait)2}, (2.2)

where P, is the power of each pulse on the semiconductor. The time dependent number of
electrons can be derived by replacing the equation (2.2) to the differential equation (2.1)

and solving it for n(t)
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a2 = At Tt

P A N . At 23
n(t) = —o/ext et/rer 162 J arf (—L —erf| £ At +n,: ( ' )
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where At is the duration of the laser pulse. Finally, the time dependence resistance of the

substrate will be

-1

1 1 8In2

—at? — At ——
R(t) _ g eponextAt \/; e trar162 ) orf ( T )_ f ¢At n . (24)
quA| hvAd  44In2 4In2 4In2

Fig. 2.3 illustrates variation of the resistance in a short carrier-lifetime (0.2 ps) PCA
under 10 mW of 100 femtosecond laser exposure with respect to a THz pulse.

6

x 10
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/
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Figure 2.3 Numerically calculated resistance of a 0.2 ps carrier-lifetime PCA as function of time.
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2.1.1.2. Transmitter
Fig. 2.4 shows a THz emitter under a femtosecond laser pulse. The optical pulse

generates a large number of carriers inside the gap between arms of a dipole antenna.
Electrons and holes diffuse with different velocities due to their different mobility. The
process forms a charged dipole that radiates electromagnetic waves that extend to THz
region. The electric field of the radiated THz beam Ery, is proportional to the derivative

of the induced photocurrent i(t) inside the material

| dit)

E(rt) = Arec’r dt

siné, (2.5)

where, L is the length of the dipole, & is the deviation angle from the surface normal axis
of the antenna, ¢ is dielectric constant of the medium and c is the speed of light in
vacuum. Thus, strong THz radiation requires a large photocurrent at a sub-picosecond
time. The current density in a very simple form is j=cE.¢ =-ngv, where E,¢ is the net
electric field that carriers feel and v is the carrier velocity averaged over the carrier
distribution. The conductivity is a function of carrier density n, mobility y, and electron
charge g. To maximize the THz radiation amplitude, both the number of generated
carriers and the net field should be increased. In this case, the net electric field is defined
by Enet=Ebpias-Escr, Where Epias Is the DC field provided by the antenna electrodes and Eg
is the screening field that neutralizes the bias field when electrons and holes start to

separate.
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GaAs 1 NIty A -

THz radiation

Figure 2.4 Left: off-scale side view presentation of a PCA on silicon lens. Right: geometrical
shape of the dipole antenna with labels.

Because the radiated electric field is proportional to the time derivative of the
photocurrent in the active area, we can rely on an analytical method explained by Jepsen
et al. [31] to find the carrier transport of the photo-excited electrons. The equation of

motion describing the average velocity is given by Drude-Lorentz model.

dv) _ v, a
dt T

(2.6)

net?
S

where m* is the effective mass of the electrons and ts is the momentum relaxation time

(~30 fs for GaAs). The Ene is known if the effect of screening is included. Here, the
screening field is E,, =P, /ne where Py is the space-charge polarization created by the
carriers separating in the field for an isotropic dielectric material with permittivity ¢ and
geometrical factor 5 =3. The time dependence of the space-charge polarization is

described by

P, P
—s —_ T ngy, 2.7
ot —o+nqv 2.7)
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where 7 is the recombination lifetime. By taking the time derivative from equation (1.5)

we can obtain a second-order differential equation for carrier velocity

div(t) 1dvlt) @ __ oP,
dt? 7, dt n m*3er

S

(2.8)

where a)s =nq°/m’gis the plasma frequency. Solving the coupled equations (2.7) and

(2.8) with j=—gnvand equation (2.1) predicts the THz pulse shape and the local electric
field in the active area [31]. Jepsen et al. showed that the plasma frequency plays a
crucial role in this model and basically indicates how screening affects the overshooting

and the falling edge of the THz pulse for intense laser power @,z >>1. In other words,

THz radiation occur when the total number of generated carriers is much larger than the
number of carriers accumulated on the electrodes due to bias and the electric field due to
separation of the electrons and holes overcome the external bias field e.g. (10~ 10" cm’

%). For extremely low laser power w,7, <<1, the screening field is much weaker than the

bias field and the current is a linear function of applied field. Since few milliwatts of

femtosecond laser power satiates the condition w,z, >>1, THz emitters do not need to

have a short carrier-lifetime. The photoconductive material of choice must have a high

mobility because v = £, this is important to have a sharp overshoot and stronger THz

bias

radiation.
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2.1.1.3. Receiver
Unlike transmitters, receivers are not externally biased and so the incident THz field

moves the newly generated carriers inside the gap area. In fact, the THz field drives a
weak but measurable DC current in the circuit. A lock-in amplifier detects the current and
translates the signal for a computer where computational processes perform. An ideal
receiver does not affect the shape of the electric field but in reality many factors are
involved that can influence the signal waveform. Since the active area becomes
conductive, the detector area has total length of L=L4+g and width of d, where L4 is the
length of dipole arms and g is the length of the gap area. These geometrical values are
important in defining sensitivity, response, and the bandwidth of the receiver.

Assuming that the incident electric field is composed of superposition of Gaussian
beams with different frequencies, we can write the field equation of a single frequency

component w; as
E(% y) = E,exp|- (x* +y*)/ o] (2.9)
The current flowing across the active area is a function of coupled THz electric field

and resistance of the gap. The gap resistance determines with the length g, width w,

thickness of the photoconductive material d and its time-averaged resistivity p

R=2 (2.10)
wd

The resistivity p depends on the photo-excited carrier density that scales as

p= (2.11)

w
!
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with laser power to number of photo-excited carriers conversion ratio &. The average

field over the electrodes is in direct relation to the potential difference across the active

area. Thus the average current according to the Ohm’s law is

| = E(LdR+ 9) _ E(L;j 9 Wi, (2.12)

where Lg is the length of the dipole antenna. The electric field over the detector area is

determined by

1 L/2 d/2 Eoﬂ_a)iz L w
E(Ld)== [ [ E(xy)dxdy=—"""erf| — lerf| —|. (2.13)
W_ o Lw 20 20,

The peak electric field amplitude is expressed as

S L 2.14)
o, \ mce,

The frequency dependant average current at the detector can be re-written by inserting

equation (2.14) into equation (2.12) and including the silicon lens parameters from [31]

I(fy=cp, [Frw _ 2RA 1 ol Lro(=D) ¢l g Wronh=D) ¢} ) 45
e, 9Wa,(n, —1) f 2 cR, 2 CcR,

where f is the frequency, c is the speed of light in vacuum, R, is the radius of the silicon
lens with reflective index of n; and initial THz beam spot size @,. The maximum of

equation (2.12) is located approximately at the frequency

cR

_ L 1
" w0 —1) Jad (L, +9)

It can be inferred that the current response of the detector is a function of the antenna

f

(2.16)

dimensions. For a fixed size antenna, the current rises as frequency reaches fnax but it

decays at high-frequency limit f — . Equation (2.16) shows that the maximum of the
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current response shifts to higher frequencies as the size of the detector decreases,

meaning that a high bandwidth dipole antenna must have a smaller size relative to its
wavelength. Unluckily, less amount of incident electric field couples to the antenna when
its size shrinks. In many works, dipole antennas with length of 20~30 um and gap size of
5 pum show reasonable trade-off between current responsivity, amplitude, and bandwidth
[1, 31-33].

In addition, the shape and the width of the optical pulse plays an important role in
defining bandwidth of a THz-TDS system. A femtosecond Gaussian pulse with At pulse
width has a bandwidth of Av=4.4/At [34]. For instance, a 100 femtosecond laser pulse
results in an optimistically 4.4 THz of bandwidth. However, alignment, geometry of the
antenna, material response, and external circuits raise the noise floor and reduce the
bandwidth in real measurements. It is noteworthy to add that reducing the pulse width
does not necessarily result in linearly increasing the bandwidth. An ultra-short pulse (<40
fs) has a wide Fourier spectrum and gives more energy required by electrons to overcome
the band-gap, resulting in an increased effective mass (injection of electrons to the L
valley) and lower mobility [35].

2.1.2. Frequency domain operation

As mentioned previously, conductivity of a photoconductive material increases under
laser exposure. The resistance of the active area modulates with rate of oscillations when
a variable intensity laser beam excites the PCA. Such variation is achievable by mixing
two monochrome laser beams. Laser wavelengths are chosen such that the frequency
offset or beating frequency falls in the range of THz region. If the photomixer is biased,

the variable conductivity modulates the current that ultimately drives the antenna. This
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process is photomixing and photomixer refers to any photoconductive device that uses

continuous wave (CW) laser sources to generate continuous wave current with a terahertz
frequency component.

Fig. 25 Shows a CW THz setup with fiber coupled photomixers. Detection in
frequency domain operation is heterodyne because laser beams are shared between
emitter and detector. On the receiver side, the output current is a product of the
modulated conductance and the THz field. To obtain a wide THz spectrum, a step-by-
step frequency tuning is required. The maximum tunable range or the bandwidth is

determined by carrier lifetime and RC roll-off of the photomixers.

laser driver

|

Coupler A Coupler B -;,- —

Chopped
bias
- - l

modulator it — 3| lockin
A amplifier

laser driver

Figure 2.5 Frequency domain spectroscopy THz setup. EDFA is an erbium doped fiber amplifier.

Modulator switches the optical beam with a short duty cycle pulses to avoid overheating.

2.1.2.1. Transmitter
For two laser beam co-propagating and co-linear in space with the same polarization

angle, the total electric field is the superposition of their individual fields modulated at
different frequencies. Here terms o, and @, are used to refer angular frequencies of two
laser beams with powers P; and P,. Thus, the combined instantaneous power on the

surface of the photoconductive material is

P(w,t)=P +P,+2,/n,PP, cos(at) , (2.17)
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where 0<7, <1 is the matching parameter describing the quality of spatial overlap

between two beams [36]. The time dependent carrier density of equation (2.1) is re-

written as

dn(t) _ ene, n(t) 2.18
gt had YT (219

Substituting (2.17) to (2.18) and solving the differential equation for n(w,t) gives

n(ot) = Noe (B, + P,)7 {1+ 2\n.RP, } [a)rsm(a}t) + Cos(a)t)} . (2.19)

hvAd P+P 1+ (wr)?

The conductance of the active area under exposure is

odﬂ ﬂqdd_An
W

G(o,t) ~ (o,1). (2.20)

For photomixers the cut-off frequency is a dominant factor in defining the operational
bandwidth. Thus, impedance of the active area is composed of the gap capacitance and its
conductance G(w,t). Because input impedance of the antenna is in series with the
impedance of the gap, the equivalent input impedance of the circuit as seen from the
source is

Z(o,t) =R, +[G(w,t) + joC] ™. (2.21)

The instantaneous dissipated power in the antenna when a bias voltage of Vpias iS

applied to the photomixer is

V 2
Prenna(@ 1) = R bias 2.22
(o,1) = [ Z (o )} (2.22)

which can be re-written considering the fact that RG<<1,
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2 2
PAntenna(a)at) = RAVbiaS ‘:ﬂextmf:‘ 1

A whv 1+ (wR,C)?
2 (2.23)
2 /0 PP
x| P+ P+ Y2 (4 sinat) + cos(at)) | -
1+ (w7)

By disregarding the average sinusoidal terms and the constant offset, the mean THz

radiated power can be derived similar to calculations of Brown et al. [37]

P (a)) =2 RAVbzias N MO T 2 nm P1P2
THz A WhV |_1+(60T)2“-1+(Q)RAC)2J' (2.24)

The first conclusion from equation (2.24) is the high-frequency limit P, (@) c o™,
and hence a roll-off of -12 dB per octave is expected. For a photomixer with a sub-
picosecond carrier life-time, gap capacitance of 1~5 fF and resistance of few kQ, the roll-
off starts immediately after 1 THz [36].

Verghese et al. have studied roll-off for 20 x 20 um and 8 x 8 um size active area
photomixers [38]. In their experiment a log-spiral antenna with an interdigitated gap
structure was used because its radiation pattern and input impedance is constant over the

tuning range. For the smaller gap size photomixer, the input impedance of the log-spiral

antennaR, =607/ ,/¢, =72CQ) yields a 200 fs RC time constant that is close to typical

carrier-lifetime of LT-GaAs. The photomixer with smaller size (8 x 8 um) showed a
higher bandwidth (roll-off about 1.2 THz) due to smaller gap capacitance, which is also
in agreement with experimental results reported Gregory et al. [36].

One important challenge in designing photomixers is heat dissipation. A typical way to
cope with the overheating is to give a long rest time to the material after intense laser

exposure. High intensity optical pulses at a short duty cycle (quasi-CW) can also help
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with reducing the gap resistance at the time that the gap and the antenna impedances must

match. A very recent study claims an instantaneous 0.8 m\W of radiation power at 1 THz
under 150 mW of optical power with duty cycle of 2% [39].

There are also other approaches with the goal of enhancing the output power. One
successful method is modified semiconductor heterostructures such as p-i-n photodiodes.
The design contains an i-region InP layer with exceptionally high mobility where
electrons diffuse and accelerate between a p-type InGaAs absorption layer and an n-type
contact semiconductor. The device is called Uni-Traveling-Carrier (UTC) diode. An
output power of 10.9 uW at 1.04 THz has been reported from a UTC diode connected to
a resonating antenna [40].
2.1.2.2. Receiver

Bolometers are the most common detector for output power characterization of the
photomixers, but they are bulky and they need cryogenic cooling. Theoretically, another
photomixer must be able to down-convert the THz signal with the same combination of
optical beams. In a simplified form, the current appeared on electrodes of the detector is
calculated from Ohms’ law if we assume that both the incident THz wave and the
conductance of the gap have a sinusoidal modulation scheme at THz angular frequency

,
I (@,1) =V (,t)G(w,t) =V, cos(at + $)G, cos(at) = % I [cos(¢) + cos(¢ + 2at)] (2.25)

where ¢ is the phase of the THz wave. Here, the cosine term containing 2t disappears
and the DC current is measurable by an external ammeter e.g. lock-in-amplifier.
The advantage of frequency domain operation is the lower laser components cost in

comparison with the femtosecond lasers. In addition, the power can be easily amplified
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without any concerns of dispersion or pulse broadening. However, additional components

increase complexity of a complete system and challenges such as heat dissipation,
impedance matching, slower and limited tuning range of the lasers always question
credibility of this method over time domain operation.

2.1.3. Optical rectification

Optical rectification is a non-linear process when an intense optical pulse forces
electrons of a noncentrosymmetric medium to oscillate. Because of an asymmetric
electron charge distribution inside the medium, the oscillation cannot be symmetric. This
will give rise to an asymmetric electric field that fits in the envelope of the optical pulse.
In the case of a femtosecond excitation, a THz pulse is generated along with the
propagation of the laser beam. Thus, phase velocity of the THz wave and group velocity
of the laser pulse must match for a constructive conversion.

Despite the simple alignment and lower noise, THz generation using optical
rectification is limited by the properties of the crystals such as electro-optical coefficient,
transparency and refractive indexes at optical and THz regions. For each crystal, the term
“coherence length” defines the maximum thickness that two waves (optical and THz) are
constructively interacting. Equation (2.26) shows how coherence length is dependent on
the refractive indexes of the nonlinear material in the THz (nt) and optical (n,) regimes

=2=°
© Ak 2fTHz(nT_no)

: (2.26)
where f,,,, is the THz frequency [1]. The crystal must be transparent for both THz and
optical frequencies. Among the zincblende crystals, ZnTe is the most popular crystal for

800 nm excitation because of its transparency in both regimes. Nahata et al. [41] first

reported THz generation and detection with a pair of (110) orientation ZnTe crystals with
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up to 3 THz of bandwidth. It was understood that the thickness must be reduced to gain

bandwidth at the cost of THz amplitude. With this approach, Han et al. [42] reported
bandwidth of 17 THz that was only limited to absorption caused by the crystal’s lattice
vibrations, also known as phonon absorption e.g. 5.3 THz for ZnTe. But ZnTe was not
the only crystal used for optical rectification. GaSe is a promising semiconductor with a
large nonlinear electro-optical coefficient (54 pm/V) that has been exploited recently for
THz generation. Another work claimed 41 THz of bandwidth from GaSe [43]. Crystals
such as LiTaO3 and LiNbO3 have a large electro-optical coefficient that is very useful
for nonlinear application. Unluckily, they are opaque in the THz region (Fig. 2.6) and it is
difficult to extract THz from the crystal owing to total internal reflection. In 1980, Auston
reported 5 THz of bandwidth achieved by femtosecond excitation of LiTaO3 [44, 45].
Recently, organic electro-optic crystals with extraordinary large second-order nonlinear
electric susceptibility have become interesting sources of THz. Zhang et al. first used an
organic crystal, dimethyl amino DAST, with an electro-optical coefficient of >400 pm/V
[46]. In this work, 180 mW optical pump beam was focused to a 200 um diameter Spot,
resulting in 15 times stronger THz signal in comparison with LiTaO3 and 42 times larger

than GaAs under same experimental conditions.
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Figure 2.6 THz absorption spectra of popular nonlinear crystals, CdSe, LiNbO3, GaSe, LiTa03,
and GaAs [47].

2.1.3.1. Electro-optical sampling
THz detection using nonlinear crystals relies on birefringence and utilizes the Pockels

effect. Fig. 2.7 shows a time domain THz electro-optical sampler. The setup comprises a
nonlinear crystal followed by a quarter wave plate that makes circularly polarized light in
the absence of the THz field. If both the THz field and the probe beam co-propagate
inside the crystal, the E field of the THz wave rotates polarization of the probe beam
resulting is an elliptically polarized beam. A Wollaston beam splitter and a differential
photodetector can detect small changes between vertical and horizontal polarisation
components. A delay line changes the time-space position of the THz beam similar to the
THz-TDS using PCAs and the electro-optical sampler plots a time varying signal.

GaAs is a low cost semiconductor that is transparent in both the THz and telecom
windows. It possess the longest coherent length at 1550 nm wavelength among all

nonlinear crystals with a phonon absorption band located at 8.1 THz [1]. The main
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weakness of GaAs is its small electro-optical coefficient (1.5 pm/V) [48]. Yet, in a

scheme proposed by Nahata et al. electro-optic detection of continuous-wave terahertz

radiation using GaAs was studied and considered feasible [49].

Probe pulses
W4 @ Photo

Wave-plate

0

Crystal Wollaston
beam splitter

Figure 2.7 THz electro-optical sampling using nonlinear crystals.

Regardless of all efforts to push the optical rectification technology to the 1550 nm
window and obtain stronger signal, the THz wave generates inside the crystal. Thus, it is
challenging to launch waves into waveguides. Unlike photoconductive antennas with
virtually unlimited development capacity, there is an optical to THz conversion efficiency
(10° ~ 10) associated with properties of the crystals [33] and heat defines a limit in
illumination intensity. Hence, in this thesis, we didn’t investigate THz generation and
detection based on nonlinear crystals.

2.1.4. Thermal detectors

Thermal detectors are usually made from a radiation absorber material that converts the
radiation energy into heat. A Golay cell is a type of thermal detector with a gas-filled
enclosure that expands as the temperature increases. The displacement translates into

voltage on the output with a noise equivalent power of 10”° (W/Hz'?

), which is close to
the sensitivity of PCAs. They can be used to characterize output power of the THz
transmitters but due to their lower sensitivity, their application is limited to high power

emitters.
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Bolometers are much more sensitive thermal detectors that operate at a few degrees

Kelvin above absolute zero in vacuum. The noise equivalent power of the bolometer is in
range of 10™° (W/Hz"%). Bolometers are commonly used power detectors in pulsed and
continuous wave THz systems but they are big, expensive and slow [36, 39, 50-52].

Therefore, application of thermal detectors has been limited to laboratories.

2.2. THz optics
THz waves are electromagnetic waves and their properties can be described by

Maxwell’s equations. Here, basic electromagnetic theory of dipole radiation is briefly
covered. Then, important factors in selecting an antenna for THz devices will be
discussed. The last part of this section explains properties and types of silicon lenses in
THz alignment.
2.2.1. Electric dipole radiation

THz radiation is generated by accelerating charges in a time varying current, which by
definition is an oscillating electric dipole. In a spherical coordinate system (r,é,¢),
electric E and magnetic H field equations of a vertically oriented short dipole antenna
(length L << A wavelength) can be approximated for far-field by

kI Le

E(r,0)= jn sin g, (2.27)

E(r,0) j ki Le ™ .

H(r,p) = ot siné, (2.28)

where 7=120x1is free space intrinsic impedance, k is the propagation constant
k=2z/2and 1 is a constant current parameter [53]. The radiation resistance R, of a

small dipole antenna is
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It is interesting to note that the field amplitude escalates as the length of the antenna
increases when the condition L << A is recognized [32, 53]. Also, the field amplitude is
dependent on the deviation angle & from the orientation of the dipole. In other word, it is
important to know whether the radiated beam is directed to the receiver. Directivity
measures the total radiation intensity in the direction of the strongest emission opposed to
an isotropic radiation (uniform emission in all directions). Directivity of maximum
radiation intensity by definition is expressed as

_4nU
max P !

rad

D

(2.30)

where U is the maximum radiation intensity per solid angle and P, is the total

radiation power. This ratio is 1.5 for a small dipole antenna [53]. When the size of the
antenna increases, a complex form of equations must be used. The electric and magnetic

field equation of an arbitrary length dipole are [53]

kL KL
cos(~- cos @) —cos(—-
5 )—cos()

e
E(r.0) = 0 : , 231
r.0)= n"s g (231
- cos(& cosd) — cos(&)
H(rp) = 2 : (232

27 sin@

Input impedance of an antenna is the ratio of the voltage to current measured at the
terminals. The real part of the input impedance is considered as input resistance R;,

which for a lossless antenna reduces to the radiation resistance R, . Here, a longer antenna
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does not necessary increase the field amplitude at the location of the receiver in far-field.

Similarly, directivity of the antenna changes as the length increases. Fig. 2.8 shows how
input resistance and directivity changes as the length of the antenna increases per
wavelength. Therefore, it is better to use a short antenna (10 ~ 30 micrometers) to ensure

that the radiation pattern is uniform even for high frequency components.
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Figure 2.8 Input resistance Ri, radiation resistance Rr and directivity of the main lobe D, of an

arbitrary length dipole antenna with sinusoidal current [53].

2.2.2. Antennas for THz photoconductive switches
Antennas are key elements of PCAs. They have two crucial tasks. First, they radiate the

THz current generated inside the gap. Second, they provide bias to drive the active area.
The antenna is usually made of Gold because it has superior electrical and thermal
conductivity and it does not oxidize. Fig. 2.9 shows typical THz antennas. Applications
of these antennas vary depending on the operation mode. Dipole and bowtie antennas are

used in THz-TDS whereas spiral antennas are common in THz-FDS.
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Figure 2.9 Three common THz antennas. (a) a dipole antenna. (b) centre-fed bowtie antenna. (c)
log-spiral antenna.

It is noteworthy to mention that maximum power transmission to the load (antenna) is
possible if the impedance of the active area is matched to the input impedance of the
antenna. Impedance matching is not similar in time domain and frequency domain
operation modes.

In a continuous laser excitation THz-FDS, impedance of the active area is in the range
of kQ. Thus, it is necessary to have an antenna with higher input impedance. AS
mentioned earlier, logarithmic antennas are preferred in photomixers because they have a
flat input impedance over their entire tuning range. However, this is at the cost of a lower
input impedance, compared to a typical dipole antenna, the log-spiral antenna has a
relatively lower output power because of its low radiation resistance e.g. a 50 um long
dipole antenna with 5 x 5 um gap size has peak 360 Q of radiation resistance at resonant
frequency of 1.8 THz [54]. With the aim of having a higher radiation resistance and
broader tuning range, research was conducted on CW THz antenna shape. The best
example is a dual dipole antenna with inductive loads to cancel out the gap capacitance.
This dual antenna was designed by Duffy et al. and showed superior output power of 2,

0.8,and 0.3 uW at 1.0, 1.6, and 2.7 THz, respectively [55].
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In a THz-TDS the radiation mechanism is different. Resistance of the gap area is

driven too low (<1Q) under femtosecond optical pulse and the THz photocurrent is not
sinusoidal. The surge current initiates the electric field, which then couples to the
antenna. So, the shape of the antenna has a stronger impact on the THz signal.

A research by Tani et al. showed that the bowtie antenna generates much higher THz
field amplitude but most of the power radiates at lower frequencies [32]. In that work,
multiple dipole antennas with different lengths were tested with the conclusion that a 30
um long antenna results in maximum radiation amplitude with no loss of high frequency
components up to 3 THz. Therefore, small dipole antennas are better candidates for high
bandwidth THz-TDS. We used similar dipole antennas in this research to obtain
maximum bandwidth and to be consistent with dipoles of the commercial PCAs for an
“apples-to-apples” comparison.

2.2.3. THz beam shaping and steering

Since the generated THz field is very weak, it cannot be picked up by the detector if we
rely on directivity of the dipole itself [56]. Usually, the power radiated into the
photoconductive material is larger than into air by a factor of the substrate dielectric

constant e.g. £, =12.9in GaAs. Thus, just like a parabolic antenna that collimates the

microwave radiation, it is expected from a silicon lens attached to the back side of a PCA
to absorb and direct the THz wave to a line of sight receiver [31]. These lenses are made
of highly resistive silicon to be matched with the refractive index of most PCA substrates.
Besides, silicon is almost transparent at THz frequencies and its dispersion is negligible.
There are two types of lenses, aspheric focusing lens and hyper-hemispherical lens.

While focusing lenses are better for a line-of-sight alignment, hyper-hemispherical lenses
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are popular for beam shaping applications that external parabolic mirrors or Teflon lenses

are used. In this section, we label the emission angle ¢, the internal reflection angle 6,
and the distance between the focal point and the tip of the lens d to reach a simple general
relation [31]

(d—R))sing=R,_sing, (2.33)
where Ry is the radius of the silicon lens as seen in Fig. 2.10. The distance between the

tip of the silicon lens and the focal point (position of the dipole) is expressed as

frows =R @+ L), (2.34)
n-1

focus

f

hyper

“R 1+ %), (2.35)

where n is the refractive index of the lens.

Figure 2.10 Silicon lenses. RL is the radius of the lens, d is the distance between the focal point
and the tip of the lens, ¢ is the emission angle, p is the internal incidence angle, and n is the

refractive index of the lens.

The size of the beam at the focal point is a function of the beam profile. Assuming a
Gaussian beam profile for THz waves incident of a focusing lens with initial beam waist

Wy, the size of the beam at focal point is [31]
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w, = 2o Ry (2.36)
w, n—1

This indicates that the THz spot size at focus on the dipole is proportional to wavelength

Ay, - Therefore, it is more challenging to get high frequency components during the

alignment. To get an optimum focus for all frequency components, the distance between
transmitter and receiver must be determined. The initial position of the beam waist from
the tip of the focusing silicon lens is usually given by datasheet of the lens
e.g. it is 53 mm for the 6 mm radius focusing lenses that were used in this thesis.

Fig. 2.11 shows CST Microwave Studio simulation results for radiation pattern,
directivity and angular width (divergence angle) of the THz beam from a PCA mounted
on a 5 mm diameter silicon lens at far-field. It is evident that the radiation pattern is
dependent on frequency and the divergence angle decreases as the frequency increases as

expected.
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Figure 2.11 Simulated directivity of the photoconductive antennas mounted on silicon lens for a
large gap (left) and a gap composed of nanostructures (right). The frequency was swept from 1 to
1.8 THz.
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2.3. Recent studies on photoconductive materials
As mentioned earlier, material plays a definitive role in the performance of THz

photoconductive antennas. An optimum material for photoconductive THz generation
and detection must possess a high mobility, short carrier lifetime (sub-picosecond), high
breakdown voltage and high electron saturation velocity. In addition, it must have a low
conductance in the absence of light. Many Il1-V semiconductors such as GaAs, GaP,
GaSh, InP, InGaAs, InGaAs, and InAs have been implemented in THz devices [57].
Some have also reported photoconductivity from carbon nanotubes and PbS [58-60],
which may find applications in THz industry. Below is a brief description of advantages
and disadvantages of most studied photoconductive materials. Since the goal of this
thesis is to push the THz-TDS to the telecom window, we finally discuss methods and
evaluate candidate materials for implementation in PCAs at 1570 nm excitation.
2.3.1. GaAs
Undoubtedly, GaAs is the most popular photoconductive material in THz industry.

GaAs is a compound of I11-V group materials with a direct bandgap in a zinc blende
crystal structure. Properties of GaAs at 300 degree of Kelvin can be summarized below
[61]

e Dielectric constant (static): 12.9

e Effective electron mass: 0.063 me

e Energy gap: 1.424 eV

e Intrinsic resistivity: 3.3x10% Q-cm

e Intrinsic carrier concentration: 2.1x10% cm™
3

e Effective conduction band density of states: 4.7x10"" cm’

e The longest lifetime of holes: 3x10° s
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e The longest lifetime of electrons: 5x10° s

e Voltage breakdown field: 4x10° V/cm

e Electron saturation velocity: 1.27x10° m/s

e Mobility electrons: <8500 cm? Vst

e Mobility holes: <400 cm? Vs

e Thermal conductivity: 0.55 W cm™ °C *

e Infrared refractive index: 3.29

e Long-wave TO phonon resonance: 8.1 THz

e Long-wave LO phonon resonance: 8.72 THz

THz radiation was first observed from the surface of semi-insulating (SI) GaAs under
840 nm femtosecond laser excitation in 1991 [62]. Since then, numerous works have
been published on applications and advantages of this material in terahertz generation and
detection. The most important feature of GaAs is its large bandgap energy that make the
semiconductor very resistive at the absence of light but its carrier lifetime is long. The
low dark conductivity of GaAs allows below thermal breakdown operation of the emitter
PCA at high bias voltages i.e. electric field as high as 40 MV/m. A large gap GaAs based
receiver has a lower Johnson-Nyquist noise that is essential for obtaining a wide dynamic
range [33, 63]. Hale and co-workers have reported up to 20 THz of bandwidth using a
simple semi-insulating GaAs in a THz-TDS setup with 15 fs optical pulse excitation [64].
Nevertheless, receivers require a short carrier lifetime to ensure maximum bandwidth.
In order to reduce the carrier-lifetime a few attempts have been made such as ion

implantation [65-67] but results are not impressive [68]. The remarkable feature of GaAs

is that it can be grown at lower temperatures (200 ~ 350 °C), resulting in a material
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known as LT-GaAs. At lower temperatures, more Arsenic is incorporated into the growth

process, which forms defect states. Arsenic defect states reduce the carrier lifetime [69-
77]. In a study by Tani et al., detection response of semi-insulating GaAs is compared
with that of a LT-GaAs based receiver [78]. They concluded that the SI-GaAs-based
detector has a responsivity comparable to LT-GaAs only at very weak laser power. But,
the signal to noise ratio of SI-GaAs based detector was severely weaker than LT-GaAs
PCA as a result of background noise originating from a huge amount of stray photo-
excited carriers. In the meantime, a carrier-lifetime as low as 100 fs has been achieved
with annealing of LT-GaAs [79] and a bandwidth up to 60 THz has been reported using
photoconductive antennas based on LT-GaAs [80].

The excess Arsenic defects cause a localized energy state inside the GaAs bandgap,
which is known as the EL, defect [70, 81]. Arsenic defect densities are typically in range
of 5x10 - 6x10%° cm™[69, 82]. The bandgap energy associated with Arsenic defects are
distributed in range of 0.08 to 0.85 eV below the conduction band with maximum
probability at 0.71 eV [72, 73, 83]. The Fermi level in LT-GaAs is pinned to the mid-gap
due to the high density of EL, defect states. Annealing can significantly alter the
performance of the LT-GaAs [36, 84]. defects begin to move and merge as the annealing
temperature and time increases, causing formation of metallic Arsenic clusters [76, 85].
Clusters have lower concentration and larger capture cross section for electrons inside the
lattice, which induce stronger trapping sites for bypassing electrons to the valance band in
a non-radiative recombination process [75]. It is important to note that although the

carrier-lifetime can be reduced below 100 fs [86], a trade-off is always required. Since an
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ultra-short carrier lifetime kills carriers before they contribute to the photocurrent, THz

amplitude may be sacrificed for a wider bandwidth [36].

LT-GaAs is a unique material, which features inexpensive fabrication cost, controllable
carrier lifetime, and low conductivity with mid-gap defect states. In 1996, Dankowski et
al. showed that the absorption of LT-GaAs outreaches the telecom window [81] and it
decays by annealing. In theory, a 1.55 um photon delivers 0.78 eV energy to the
electrons of the valance band to jump to the mid-gap states. In an intense exposure case,
electrons are kicked out of the mid-gap states with enough energy to reach the conduction
band [87]. Fig. 2.12 clarifies this two-step process, which is strongly dependent on the
intensity of the light [88]. The absorption coefficient of LT-GaAs at 1.55 um is about
1200 cm™ [81], which is 7 times lower than the absorption at bandgap edge of SI-GaAs
[89]. Nevertheless, a weak but measurable photocurrent is generated if the gap area of a

biased LT-GaAs based PCA is exposed to 1570 nm laser illumination.
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Figure 2.12 Two-step 1.55 um photon absorption process enabled by mid-gap states in LT-GaAs.
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2.3.2. GaAsBi
Bismuth, the heaviest group V semi-metal, is an element that incorporates along with

Arsenic in the GaAs lattice during the growth process. GaAsBI has unique features. It has
been shown that even a few percent of Bi shrinks the bandgap of GaAs by making
shallow localized states near the valance band [90]. Fabrication of GaAsBi is at higher
temperatures (300 - 350 C). Thus, mobility of the material is usually higher than LT-
GaAs i.e. electron mobility of >2300 cm?V''s™, as compared to 500 cm?V's™ for LT-
GaAs. Unfortunately, annealing for GaAsBi with the aim of reducing the carrier lifetime
IS not as effective as the case of LT-GaAs because the material is not grown at low
temperature. In addition, Bismuth is a bigger defect than Arsenic and its movement due
annealing produces much damage to the structure of the lattice [91]. It has been reported
that a carrier lifetime of a few picoseconds can be achieved with a proper and accurate
annealing [92]. Nevertheless, annealed GaAsBi devices have shown much lower dark
current and higher photocurrent than LT-GaAs under 800 nm excitation [93].

In order to find electro-optical properties of GaAsBi one can use a photoluminescence
(PL) measurements method that uses a high photon energy beam to excite the electrons
and looks at the reflected wavelengths induced by recombination of carriers. The higher
the percentage of Bi concentration is, the more the PL peak shifts into infrared (~80
meV/1% [94]). About 14% of Bi is required to obtain a bandgap of nearly 0.7 eV i.e. an
engineered GaAs based material for 1550 nm. Unfortunately, the excess Bi percentage
increases the conductivity of the film to few Q-cm, which is not suitable for PCAs. An
attempt for making a photoconductive antenna with 14% Bi was made at the University
of Victoria THz laboratory, but the PCA failed at 1 Vpc bias due to the excess heat

generated inside the photoconductive material.
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2.3.3. InAs
Among semiconductors, InAs may exhibit some features that may look very tempting

for photoconductive THz generation. Indium arsenide is a direct bandgap semiconductor
with zinc blende crystal structure that has found many applications ranging from infrared
detectors 1-3.8 um and diode lasers to FET transistors. Below is a list of InAs properties
at room temperature

e Dielectric constant (static): 15.15

Effective electron mass: 0.023m,
e Energy gap: 0.354 eV
e Intrinsic resistivity: 0.16 Q-cm
e Intrinsic carrier concentration: 10*° cm™
e Effective conduction band density of states: 8.7x10*° cm™
e Breakdown field: 4x10* V-cm™
e Mobility of electrons: < 40000 cm® Vs
 Mobility of holes: <500 cm? Vs
e The longest lifetime of holes: 3x10° s
e The longest lifetime of electrons: 3:10°® s
e Infrared refractive index: 3.51
e Thermal conductivity: 0.27 W cm™°C*

InAs has almost all features suitable for the 1.55 pum window. It has been reported that
p-type InAs can generate an order of magnitude stronger THz than GaAs and InP [95],
but not in the form of a conventional PCA THz emitter. InAs is very conductive at room
temperature (intrinsic resistivity of InAs is 0.16 Q-cm). Thus, THz generation is only

possible by surface exposure and carrier diffusion that relies on the Photo-Dember effect
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[95, 96]. In the literature, enhancement has been achieved by applying a surface parallel

magnetic field. The best example is by J. N. Heyman et al. who reported 12 pyW of THz
generated power from an n-type InAs in a 3.2 Tesla magnetic field [97]. Yet, the extra
spacing and weight required for the setup weakens the chance of any application in future
portable THz-TDS systems.
2.3.4. InGaAs

InGaAs is the most popular material in the telecom industry for application such as
photodetectors 1.1-1.7 um and HEMT transistors. The energy bandgap of Gag47Ings3As
is 0.74eV (corresponding to 1680 nm) and it is less conductive than GaSb, InAs, and
InSb. Thus, InGaAs can potentially shift the THz generation to the telecom window.
InGaAs is normally grown on InP substrates. Properties of the InP lattice matched
Gap 47Ing 53As at 300 degree of Kelvin are

e Dielectric constant (static): 13.9

Effective electron mass: 0.041 me

e Energygap: 0.74 eV

e Intrinsic resistivity: 8.16x10? Q-cm

e Intrinsic carrier concentration: 6.3x10™ cm™

e Effective conduction band density of states: 2.1x10*" cm™
e The longest lifetime of holes: 10 s

e Voltage breakdown field: 2x10° V/cm

e Mobility electrons: <12000 cm® V''s™

e Mobility holes: <300 cm? Vs

e Thermal conductivity: 0.05 W cm™ °C *
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e [Infrared refractive index: 3.43

Similar to LT-GaAs, Arsenic defect states are produced during low temperature growth
of InGaAs. However, defects move closer to the conduction band due to the presence of
Indium content [98]. This results in an activation energy of 32 meV at room temperature
and energy of band-gap state levels only at 150 meV below the conduction band as
explained by Grandidier et al. [99]. Because Arsenic defect states are closer to the
conduction band in Ings3Gag.47As, the material exhibits high carrier concentration (10*' -
10'® cm™), at room temperature [100]. Maintaining the crystalline structure of the InGaAs
lattice at elevated temperatures (annealing) is a real challenge. Thus, it is difficult to
obtain a short carrier lifetime and low conductivity InGaAs after a low temperature
growth process. Several methods have been used to overcome this challenge. Among
those Fe-implantation [101, 102], erbium super-lattice integrated ErAs:InGaAs [103,
104], and Beryllium p-type doping [105, 106] have been extensively investigated.

The Fraunhofer Institute of Technology has recently developed multi-quantum-well
InGaAs/InAlAs heterostructures [107]. Carriers are trapped in isolating InAlAs layers
resulting in sub-picosecond carrier lifetime and low conductivity [108, 109]. Further
modifications have been applied by etching-out a MESA structure [110], which results in
lower dark current and a uniform electric field distribution between electrodes.
Transmitters built on this material have achieved 5 uW of radiation power [111].
Nevertheless, the design complexity and fabrication processes increase the price of each

PCA.
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2.4. Enhancement of optical coupling using plasmonic nanostructures
Photon absorption is the first and vital step in generation and detection of THz

modulated currents. It is expected to see a stronger THz signal if more light couples to
the photoconductive material. But for standard large gap dipole PCAs, the active area is a
bare interface of air and semiconductor. Most materials such as GaAs, InGaAs have
relatively higher permittivity than air. Thus, they reflect a significant amount of light due
to refractive index mismatch e.g. 28% for GaAs. A classical way to avoid reflection loss
is to fabricate an anti-reflection coating layer on top of the semiconductor [1]. But, it is
also important to consider that only carriers generated in 200 nm distance of the
electrodes can participate to photocurrent in a sub-picosecond time. The rest of the
carriers either recombine or feel a weak bias field to accelerate. In fact, intensity of light
should be maximized in a minimum depth of the photoconductive material for an
optimum performance. Therefore, we consider plasmonic structures to enhance optical
coupling to the material.
2.4.1. Surface plasmons

In 1957, Ritchie predicted a special interaction between light and metal that can excite
electron waves at the interface of dielectric and metal [112]. Here, the energy of the light
is shared between the propagating electron charge density of the metal (plasmon) and the
electromagnetic wave in the dielectric (photon). The coupling between a surface plasmon
and a photon is called surface plasmon polariton [1]. Fig. 2.13 shows surface plasmon
wave at the interface of Gold and air. The most interesting feature of surface plasmons is
that the field is maximum at the interface of metal and dielectric and it decay
exponentially in two medias. Note that the surface plasmon wave is transverse magnetic

(TM) mode wave propagating along the interface with propagation constant of



45

gmgd

k, =Ko . [——,
V(en+24)

X

(2.37)

where Kk, is the free space wave-vector, g, and ¢, are the dielectric constants. Surface

plasmon resonance occurs when plasmon waves are confined between boundaries and
oscillate with the frequency of the excitation beam. Surface plasmon oscillations allow
extraordinary light confinement, transmission and manipulation at small scales. Using
Drude fit, the frequency of the surface plasmon wave, where the propagation constant
approaches infinity can be found as

w
— (2.38)

¥ J1l+e,

where @, =/ Ne’/g,m" is the bulk plasma frequency of metal with charge density N and

the carrier effective mass m* (e and &, are charge and vacuum permittivity constants).
The wavelength associated to surface plasmon resonances is dependent on refractive
indices and it is smaller than the wavelength of the incident wave in free space [113,

114].
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Figure 2.13 Exponential electric field decay in transverse direction of bounded surface plasmon
wave at the interface of metal (Gold) and dielectric. em and &d are the metal and dielectric

permittivity values.

2.4.2. Launching surface plasmons
The wavevector mismatch between the propagation constant of plasmon waves ky and

in-plane momentum of impinging photons k can be overcome by using diffraction effects
at a grating pattern on the Gold surface. These grating structures comprise an array of
metallic fingers, rods or other periodic geometric features fabricated on the surface of a
semiconductor [115-124]. Fig. 2.14 shows an array of plasmonic grating structure (side-
view), which can be made by milling slits in Gold. The gap spacing between these
structures allow light to pass through and reach the semiconductor that enables optical
field enhancement under sharp edges of the structures.

For a one-dimensional grating of slits as depicted in Fig. 2.14, phase-matching takes
place whenever the condition [125]

k =k +m2~

—, 2.39
=kzm T (239)

is fulfilled, where A is periodicity and m = 1,2, 3..., k, is the propagation constant of

the incident photons.
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Figure 2.14 Presentation of a plasmonic structure with periodicity A and gap size g that can

launch plasmon waves at the interface of air and semiconductor with a surface normal excitation.

Plasmonic structures have been used in many applications, such as filtering [126],
spectroscopy [127], lasers, optoelectronic devices [128, 129], and waveguides [130].
Surface plasmon waves make a strong electric field specially near the edges and tips of
the metal layer [131, 132]. In the case of photoconductive antennas, a thin adhesion layer
is usually deposited between dielectric and metal. Titanium or chromium are two popular
adhesive materials for Gold and GaAs. Aouani et al. has recently studied plasmonic
enhancement in a 120 nm gap size hole on different adhesion layers [133]. By comparing
fluorescence emission, it was shown that Ti can provide stronger field at the interface
which is important for carrier generation. Cr enhances the electrical field on top of the
plasmonic structure (the interface of Gold and air), resulting in a weaker field inside the
photoconductive material.

The thickness of the Gold, the size of the gap and the periodicity with respect to the
incident wavelength determine transmission and reflection. High optical transmission
(>70%) is achievable with periodic plasmonic structures similar to Fig. 2.14. The
periodicity and gap size are usually obtained from FDTD simulations [113, 134].

In a research by Heshmat et al. plasmonic structures were used to enhance optical

coupling to GaAs [113]. In similar works, over one order of magnitude enhancement in
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THz current with plasmonic contact electrodes was reported [39, 113, 135]. Berry et al.

have claimed 250 uW of THz power radiation from a plasmonic structure in comparison
with some 12 uW power from a conventional large gap photoconductive antenna [136].
Park et al. have reported 2.4 fold total optical power enhancement at the interface of
metal and photoconductive material using plasmonic nano-antennas [135]. THz
amplitude and bandwidth improvement using such structures is the main scope of this

thesis.

2.4.3. Surface plasmons in THz frequencies
In the THz frequency range, the real part of metal permittivity is over two orders of

magnitude higher than that of the dielectric. Hence, propagation constant of waves at the
interface is simplified to k, =k, &, that leads to a slower field decay rate at the

interface and poor confinement of surface waves [137]. This type of waves was first
studied by Zenneck and became known as Zenneck waves [138]. In THz regime, gn is

mostly imaginary. Thus, the attenuation length &, and & can be found from [1]

1 1

S = ~ . 2.40
Rk,] "~ 7/2e,] (249

5 =—1 = |gm|zo, (2.41)
SR[kd] 72

where free space wavelength k, and kq are wavenumbers of metal and dielectric at THz

free space wavelength A4, =27/k,. By comparing &n and &y it becomes clear that the

electrical field at THz frequencies extends into dielectric much further than its

wavelength e.g. a few centimeters.
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Unlike the optical regime where subwavelength confinement is usually obtained at

frequencies near plasma frequency, plasmonics at THz employ structured surfaces to
circumvent the limitations of lower frequencies. For example, extraordinary transmission
of terahertz waves through metallic hole arrays was studied by Azad et al. [139] and
[140]. Chen et al. studied THz waves coupled into a 2 nm wide slit that leads to field
enhancement factor of 1300 [141]. In another work, surface plasmons are guided on a
periodically corrugated conical wire and focused down to 1 um at its tip [132]. Such
configurations have found applications in near field imaging, THz filters, sensing, and

manipulation of nanometer scale structures [142-144].



50

Chapter 3 : Fabrication and experimental methods

3.1. Fabrication processes
This chapter explains standard fabrication processes and measurement techniques for

prototyping and testing photoconductive antennas. Procedures and recipes that were used
for preparation of each sample were repeated multiple times for each project. Typically,
substrates are grown in-house at the molecular beam epitaxy (MBE) laboratory. Then,
antennas were patterned on the surface of the semiconductor using a photolithography
process. An accurate geometry can be milled through metals using focused ion beam with
10 nm resolution. It uses an accelerated stream of Ga+ ions to cut the surface at nano-
scale. The excess Ga+ particles, oxide layer or biochemical residuals are typically
cleaned using wet etching or plasma etching techniques prior to packaging. The final step
is to mount photoconductive antennas on printed circuit boards (PCB). To ensure
electrical connection to laboratory equipment, Gold wire bounding or silver paste was
used.

3.1.1. Molecular beam epitaxy growth of thin films

There are different methods of growing crystalline semiconductor layers in industry.
Molecular beam epitaxy (MBE) has the highest crystal quality among all methods. MBE
growth is expensive but clean and accurate. With an MBE machine, pure thin films of
crystalline semiconductors can be grown with precise controllability of the thickness,

material composition, and growth temperature.
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The VG-V80H MBE machine at the University of Victoria consists of three sections

that are separated by gate valves: growth and preparation chambers and a load lock. The
goal of the design is to keep the growth chamber ultra-clean and under ultra-high vacuum
at a pressure less than 10° Torr. An epitaxy layer is grown on top of a crystalline
substrate. In this work, semi-insulating GaAs (001) orientation, 2” wafers were used as a
substrate for LT-GaAs devices. For the first step, a GaAs wafer is heated up to 460 °C in
the preparation chamber to remove the moisture from its surface. Once the substrate is
placed inside the growth chamber, its temperature is raised to 610 °C for 10 minutes
under Arsenic flux. This process ensures the oxide layer formed on the substrate is
removed prior to growth. The oxide removal process leaves the surface with 40 nm
craters. Therefore 500 nm of GaAs buffer layer is usually grown at 580 °C on the
substrate to smooth the surface. Now the substrate is ready for epitaxial growth of desired

materials.

3.1.1.1. MBE growth of low temperature GaAs
Growing a LT-GaAs layer requires lower operation temperatures (200 ~ 270 °C) at a

certain ratio of Arsenic and Gallium. In fact, more Arsenic is incorporated during the film
growth process at a low temperature, resulting in desired excess Arsenic clusters. The
ratio is measured with a retractable ion gauge that reads the beam equivalent pressure
(BEP) at the location of the substrate. Later, the BEP number of sources will be translated
to flux ratio [145].

Arsenic defects are actually damaging the lattice structure of the GaAs (Fig. 3.1).

Therefore, as the As/Ga ratio increases, the chance of continuing a crystalline growth
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decrease. LT-GaAs growth stops when the substrate surface roughens. Reflection high

energy electron diffraction (RHEED) and light scattering setups are used to monitor the
surface evolution during growth. A beam of electrons is emitted to the surface and the
RHEED setup detects the diffraction pattern, which contains information about the way
atoms line up on the surface [146]. A beam from a 488 nm laser hits the surface and its
specular reflection is allowed to leave the chamber through a window while the scattered
light is detected by a photo multiplier. The scattered light intensity corresponds with the
surface roughness. Relaxation in the growing occurs when the light scattering signal
increases and RHEED pattern turns from elongated lines into star shape spots. At this
time, the growth is no longer crystalline and has to be stopped. For example, surface
roughening happened at the thickness of 500 nm for a LT-GaAs layer with As/Ga (BEP)
ratio of 20, whereas a thickness of 3 um was achieved without any roughening with the

As/Ga (BEP) ratio of 3.2.

Figure 3.1 Lattice structure of GaAs with an interstitial Arsenic (red ball). Grey balls are Gallium

atoms and blue balls are Arsenic atoms (reconstructed from [147]).

Once the epitaxial growth stops, the substrate is taken out for quality check. At The

University of Victoria, a D8 Discovery high resolution x-ray diffraction (XRD) Bruker
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machine was used to evaluate thickness and defect concentration of MBE grown LT-

GaAs. Diffraction of an x-ray beam with the wavelength in the order of the spacing of the
atomic planes gives the Fourier transform of the atom distribution in the lattice. An XRD
machine collects multiple diffraction patterns by emitting and detecting x-ray beams from
different angles with respect to the surface planes (Fig. 3.2). When angles ® and 26
satisfy Bragg diffraction condition for a certain set of crystal planes, a peak appears. The
height, shape and angle between diffraction peaks gives information about thickness,

composition and even crystal relaxation.

Incident x-ray reflected x-ray

Figure 3.2 Crystalline planes and diffraction of incident x-rays.

Fig. 3.3 compares XRD curves for two LT-GaAs materials. The right peak is from Sl-
GaAs substrate. The left is a result of LT-GaAs layer. For example, the height of the left
peak shows the thickness of the LT-GaAs. The separation between peaks shows how
much the LT-GaAs is different to a pure SI-GaAs e.g. Arsenic content. A software
models the pattern by sweeping thickness and As/Ga ratio and once the model matches

the measured curve, the accurate thickness and As/Ga ratio of the LT-GaAs are found.
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— 500 nm LT-GaAs with As:Ga=20
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Figure 3.3 X-ray diffraction results. The red curve belongs to a low Arsenic but thick LT-GaAs

substrate and the blue curve belongs to a thin but Arsenic rich LT-GaAs.

3.1.2. Photo-lithography
With an inexpensive material and processing cost, lithography is the primary part of the

PCA fabrication after MBE growth. It relies on the change in chemical property of a thin
resist layer under UV light. Photolithography involves light exposure through a mask to
project images on a flat surface. There are two types of patterning. First, is contact
photolithography that uses 1:1 scale mask in contact with the surface of the material (see
Fig. 3.4). Second, is projection photolithography where the mask is a bigger replica of the
pattern. In the case of non-contact photolithography, light passes through the mask and
focuses on the surface with a set of optical lenses. In both cases, light diffraction places a
limit on the smallest size of the features. The diffraction limit is about one-half of the
wavelength of light [148] and that is the reason why precision lithography has been

shifted to UV and X-ray wavelengths.
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Material is coated with
photoresist S1813
Baking for 5 min at 115 C

Exposure for 150 mJ/cm”2
with 410 nm LED light

Sample is hard baked
Developing in MF319 for 75
seconds

The pattern is ready for gold
deposition or etching

Figure 3.4 Left: photolithography processes used for PCA fabrication. Right: image of a
GaAs substrate sample patterned with a large gap dipole structure and ready for metal
deposition.

The process starts with cleaving wafers. In this work all samples were 5 x 5 mm slices.
Below is a step-by-step recipe to pattern antennas with facilities at the University of
Victoria.

- Surface cleaning: Dust and small particles are typical contaminants on the surface
of the substrate. Using labeled wash bottles, each sample must be cleaned by
acetone, isopropanol and DI water respectively. Then, the liquids must be taken
away immediately using a compressed nitrogen blower.

- Oxide layer removal: An oxide layer forms on the surface of GaAs with a
logarithmic growth rate after first contact to air. It is the fast in first few hours and

slows down as the thickness reaches 40 Angstrom [149]. The oxide can be removed
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if the sample is submerged in an aqueous solution of (1:1) HCL: H,O for one

minute [150].

Spin coating with photoresist: The substrate must be held at the centre of the
spinner by vacuum. Depending on viscosity of the resist, a uniform layer obtains
with 3000-6000 RPM spinning speed. For example, a thickness of two micrometers
is achieved at 5000 RPM for S1813 resist.

Soft baking: In this step the photoresist hardens. Each resist has its own
specifications. Baking parameters for S1813 is 115 °C for 5 minutes on a hotplate.
In general, higher temperatures give slower development rates, and lower
temperatures do the opposite.

Exposure: Samples were exposed to 40 mW of UV light for 8 seconds. According
to the datasheet 150 mJl/cm? exposure dosage is required around 410 nm
wavelength for S1813 photoresist.

Hard baking: Similar to soft baking, a 5-minute bake time is required at 115 °C for
S1813 photoresist.

Developing: MICROPOSIT MF319 was used for developing all exposed samples.
The optimum timing for MF319 was found to be 75 seconds. MF319 does not stop
dissolving the photoresist after 75 seconds. Thus, timing is important if a number of
samples must be produced with equal dimensions.

Washing: Samples were submerged in DI water for at least 20 seconds. It is
important to keep samples clean and to place them in vacuum within few hours

after the photolithography process.



57

3.1.3. Electron-beam deposition
Electron beam (E-beam) evaporation is a form of physical vapour deposition (PVD)

process that uses electron beam to heat a source material in vacuum similar to the
drawing in Fig. 3.5. Thermionic emission with a filament and electron beam steering
using magnetic fields are the two fundamental mechanisms of each E-beam machine. E-
beam requires vacuum pressure less than 7.5x107 to allow electron emission and beam
guidance without arcing [151]. Thus, the chamber must be pumped for 2~6 hours

depending on the performance of its cryopump.
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Figure 3.5 Diagram of a typical electron beam evaporator. The target source is heated by an

electron beam. The evaporated source material rises up and coats onto the substrate.

Once the electron beam falls on the surface of the source material, the temperature rises
and the material evaporates and coats the surface of the sample holder above the source.
A crystal sensor monitors the growth rate with an angstrom per second resolution
(typically 1 A/s). The source can be any kind of metal or oxide. For conductors, Gold is

the most popular source material. But, it does not bond with GaAs and an adhesion layer
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is needed to hold it on the surface. For our samples, 5 nm of Titanium was deposited

prior to the Gold evaporation.

Lift-off is the final process after the E-beam evaporation. The photoresist dissolves in
remover liquids (solvent) e.g. acetone. The Gold that is deposited on the resist peels off in
the solvent, leaving the patterned area intact. Note that deposition and lift-off is very
effective for thin layers of Gold but for thick layers, surface polishing may be used.
Sometimes and especially for thicker Gold layers (>150 nm), edges of Gold bends and
flips over the electrodes.

3.1.4. Plasma etching and cleaning

Plasma etching is a form of etching technique that uses a stream of high-speed ionized
gas particles to etch the surface of the sample. These particles collide with atoms of the
target sample and produce volatile products that will be removed by a gaseous stream. At
high energies, plasma etching can be used to cut and modify the sample. In this work, it
was used only for cleaning purposes.

3.1.5. Rapid thermal annealing

As mentioned earlier, annealing helps to reduce conductivity and carrier-lifetime of the
low temperature grown GaAs samples. Annealing is very sensitive to temperature
variations and time. The quality of the process is dependent on how sharp the temperature
rises and drops.

At the University of Victoria, this process was performed via a vacuum chamber
connected to a turbo pump (Fig. 3.6). An operator manually controls the duration of the
process. The temperature rises instantly as a halogen light bulb turns on under a copper

sample holder. A k-type thermocouple was mounted on the surface of the copper holder
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and to monitor the temperature. A closed loop controller module turns the light bulb

on/off in vacuum to maintain a pre-set temperature. Once the annealing time elapses, the

operator must vent the chamber immediately with nitrogen gas.

Nitrogen vent

Thermometer

Controller

Figure 3.6 Diagram of the rapid thermal annealing chamber used at the University of Victoria.

3.1.6. Focused ion beam
Also known as FIB, it is a milling machine used in semiconductor industry with

nanometer fabrication accuracy. The operation principle of FIB resembles a scanning
electron microscope. But, it uses a focused beam of positive ions instead of electrons e.g.
Ga+ is used for Hitachi FB-2100 FIB at the University of Victoria. A stream of high
velocity ions bombards the surface of the sample, resulting in a controllable material
removal. Beam steering, alignment, and stigmation correction are performed with a set of
condenser, octopole, and objective magnetic lenses. A detector is usually positioned
beside the sample to collect the reflected ions for creating real-time images. Usually
multiple beam configurations are available with a FIB machine. For our fabrications 40-
1-15 and 30-0-30 were used. The first two digits show the acceleration voltage in kV, the
middle digit shows whether the condenser lens is on/off and last two digits show the

beam intensity (Ga+ aperture size). The condenser lens provides better accuracy and
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increases the beam power. The aperture size controls number of ions that fall on the

surface.

Hitachi FB-2100 accepts 2000 x 2000 pixel bitmap images to pattern the working
area. Fig. 3.7 shows an interdigitated plasmonic structures fabricated by FIB with a pre-
designed bitmap mask. The size of the array is usually determined by the GaAs thermal
breakdown (~1 mW/pum? light intensity) and it is about 7 x 7 pm for our PCAs. For this
size, 20 k magnification results in 10 nm cut resolution. The Ga+ beam sweeps the
bitmap pattern with 1 ps dwell time. Number of sweep iterations depends on the Gold
thickness and it is about 100 times for a 100 nm Gold film using 40-1-15 beam. Reducing
the number of iterations and increasing the dwell time may have a same result. However,
prolonged stay (larger dwell time) increases the heat and deforms the edges of the Gold
during milling process.

It is also important not to cut the photoconductive material. One way to find the
optimum iteration number is to cut rectangles in a practice area and look for any
significant change of the pattern. The color of the surface changes as the FIB reaches the

interface between Gold and semiconductor.

Figure 3.7 Left: horizontal plasmonic structure fabricated on a 100 nm Gold strip. Right: bitmap

mask drawn by CorelDraw and imported to the FIB for patterning the Gold surface.
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Ga+ ions usually embed in GaAs after FIB processes and increase the conductivity of
the processed area. The common way to remove Ga+ ions is to submerge the sample in
an aquatic solution of (1:1) HCL: H,O for 10 minutes. Care must be taken as the
nanostructures are very delicate and may be removed by the air blower or water wash.

3.1.7. Characterization using scanning electron microscope

The scanning electron microscope was invented to see objects below the diffraction
limit of visible light. It uses an electron beam to scan across the sample surface. When
high-speed electrons strike the material, multiple signals are generated. While an electron
count detector collects electrons for imaging the surface, an x-ray detector looks for high
energy photons emitted by electrons colliding with the sample (see Fig. 3.8). The energy
of the photon carries information from the parent element. Analysis of this signal (Energy
Dispersive X-ray Spectroscopy or EDS) provide elemental composition information of

the sample. It can also show elemental distribution on the sample surface.
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Figure 3. 1 diagram of a scanning electron microscope (SEM).
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EDS at the university of Victoria was used to determine bismuth from Ga that form
Ga-Bi droplets on top of the GaAsBi surface. The SEM was also used for taking high
resolution images of the nano-structures.

3.1.8. Wet etching of metals and semiconductors

Wet etching refers to fabrication processes that involve liquid etchant for removing
target materials. One advantage of using wet etching as opposed to plasma etching is
selectivity. Chemicals can be chosen such that they only react with a specific material at a
controllable etch rate. As mentioned earlier HCL: H,O was used for removing Ga+ and
the oxide layer formed on the surface of GaAs. The important benefit of this compound is
that the hydrochloric acid neither attacks Gold, nor GaAs.

The photoconductive material can be etched selectively as well. A MESA structure for

example, is an etched out column of photoconductive material grown on a latticed
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matched substrate [110]. To etch GaAs or LT-GaAs, one can use aqueous solution of

(5:1:1) H,SO4: H,0,: H,0 (rate: 1.4um/s) [152].

It is also possible to etch the Gold layer without affecting the GaAs substrate. Gold and
iodine form Gold iodide and it can be removed by adding Kl into the solution. The Gold
etch rate of lum/min is expected in a mixture ratio of (4 g: 1 g: 40 ml) KI: I,: H,O at
room temperature. Titanium can be removed by HF or a concentrated HCL acid. These
processes can help salvaging valuable photoconductive materials from defective PCAs.
3.2. THztime domain spectroscopy setup and alignment

Transmission and detection are line of sight in a typical THz-TDS setup, which was
also used in this thesis. With focusing silicon lenses, The THz beam will have a Gaussian
beam profile, which is narrower for higher frequency components. Thus, it is challenging
to obtain the best bandwidth with the initial alignment. Fig. 3.9 Shows a THz-TDS setup

and component labels that are necessary for the alignment.

@ N e —— ]
¢ 80 fs - Laser
@ . Delay line

..._t® @1 -

Figure 3. 2 step-by-step alignment procedure for a THz-TDS setup.

As the first step, it is essential to align two optical beams (transmitter pump beam and
receiver probe beam) such that they propagate in parallel with the surface of the optical
table. The delay line is a retro-reflector mirror on a motorized stage, which is less
sensitive to misalignment. The path of the transmitter beam can be aligned by adjusting

two knobs of the kinematic mirror mount. An iris may be used to check the position of
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the beam in front, and far from the mirror. If the iris translates horizontally/vertically on

the table and the beam passes the iris, the beam in aligned and it is parallel to the surface.

Now, mirrors 2 and 3 must be placed in the setup. The probe beam should be aligned
with these mirrors such that it exactly follows a same path as the transmitter beam
propagates. To do that, the third mirror must be placed at the spatial location such that
both beams cross each other orthogonally. The role of the third mirror is to re-direct the
probe beam exactly on the transmitter beam.

Once the optical path is established, silicon lenses (number 4 and 5) should be inserted
in the setup. Laser beams must illuminate the approximate centre of each silicon lens. At
this time, the position of silicon lenses is not accurate but it should be enough for getting
the initial THz signal.

The next step is to insert optical lenses (number 6 and 7) in place with their flat
surfaces facing silicon lenses. If the laser beam is orthogonally incident on silicon lenses,
translation of optical lenses must result in circular spots at focus of the laser beams. If
this condition is met, the PCA should be placed inside the setup with its back side
touching the silicon lens. Because all lenses are positioned along a straight line, it is
better not to change their locations at this time.

A camera, which is sensitive to the excitation wavelength can be placed beside the
setup to look at the reflected beam coming from the surface of the sample. The camera
may need a beam splitter that deflects the reflected beam from the direction of the
through beam. Real-time video of the PCA at microscale is a vital tool for alignment. The

active area of each PCA must be moved toward the location of the lasers at focus.
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If PCAs are biased, their photocurrent increases once the laser beam scans their gap

area. The photocurrent must be maximized by slightly tweaking the spatial position of the
optical lenses.

Now if the biased transmitter is chopped electrically or optically and the frequency of
the chopping is fed to the lock-in-amplifier connected to the receiver, a small
photocurrent appears. By changing the position of the delay line, the peak of the THz
signal may be found. At this point, it is not likely to have an optimum alignment with the
best bandwidth. Fig. 3.10 shows three different signals recorded for different positions of
the silicon lens.

If the THz beam hits the dead centre of the silicon lens, it travels the longest thickness
of the silicon. Therefore, the sharpest THz signal always appears with maximum delay.
The best alignment technique is to move the silicon lens and record the position of THz
signal on the time axis. The full width half maxima FWHM and bandwidth must be
monitored in each step as well. This algorithm must be repeated for both x and y axis to

obtain the maximum bandwidth.
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Figure 3.8 lllustration of the THz signal quality with respect to the position of the silicon lens.
The best THz signal has the smallest FWHM and appears with the longest delay because the THz

beam passes the thickest portion of the silicon lens (green lens).

3.3. Computational processes and data acquisition
Typically, a lock-in amplifier reads the current that is generated by the receiver PCA.

Since the delay line maps the phase of the THz signal, displacement of the delay line
translates into time. In our measurements, the delay line has a maximum displacement of
20 mm corresponding to a 132.5 ps time window. An application was developed in C# to
communicate with the lock-in amplifier through GPIB port and to control the delay line.
The software moves the delay line step-by-step and reads the current from lock-in
amplifier. The output is a CSV file with two columns; time and signal amplitude.

Because each THz pulse contains the whole spectral information, the speed of the
measurement is only limited to the speed of the motorized delay stage and the time
constant of the lock-in amplifier. Of course, a longer integration time results in a lower
noise, but it is also possible to average multiple scans to eliminate the effect of noise.

Wieweg et al. demonstrated a bandwidth of 4.5 THz with 90 dB dynamic range by
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averaging 1000 scans at 4.4 s integration time [153]. Most of the measurements at the

University of Victoria were single 180 seconds long scans with 1 second lock-in
amplifier integration time resulting in 50 dB dynamic range. Nevertheless, scanning at
much faster speed is possible if the delay line is equipped with an oscillatory transition
stage and calculations are performed by a fast processor at real-time.

The spectrum of the THz signal can be obtained by taking the fast Fourier transform
(FFT) over the time window. Note that the signal level at the start and the end of the time
window must be equal. Otherwise, the discontinuity results in ringing in the spectrum. In
our presentations, the power spectrum is two times of the absolute value of the FFT result
in a log scale. A simple MATLAB code such as the one shown Fig. 3.9 provides a matrix

with spectral information of the THz signal.

1 e e S i Y

2 - L=length (X); % Time

2= data = ¥; ¥ Y is the THz amplitude matrix for X

4 - period = le-12*max(132.5);

5

& — T=period/L:

7= F==1/T;

8

o= nfft = length(X)*1; % Multiply by 2,3,... for more spectral details
10

11 = fuwll fft = abs(fft(data,nffc)): % Taking fast Fourier transform

j Ll | = NumUniguePts = ceil | (nfft+1)/2);

12 |= f = (0:HumUniguePts-1)*Fa/nifc;

14

15 |= Spectrum = abks(log(2.*full_£fct)); % Cbtaning power spectrum from amplitude
16

17

18 — plot (£(1:300),Spectrum(l1:300)) % Plotting results

Figure 3.9 Simple MATLAB code for obtaining the power spectrum of the THz detected

photocurrent. Y is a matrix of THz current amplitude as a function of time X.

It is also important to mention that the tail of the THz signal has essential information
about the material inside the THz path. Thus, the THz peak must be the in first quarter of

the time window.



68

Chapter 4 : Simulation, modeling, analysis, and measurement
results

4.1. FDTD simulation methods
The design principle of PCAs combines multiple fields of science and physics. It

includes optics and photonics, electromagnetics and material science. Thus, performance
of the design may not be estimated solely using a single simulation environment.

The optical response of the system can be simulated with finite-difference time-domain
(FDTD) method. In this method, both space and time are segmented into small discrete
elements. The field vectors are known on each cell and time is quantized into small
segments that the electromagnetic wave needs to travel from one to the other cell. The
time-dependent Maxwell’s equations (in partial differential form) is applied to each cell
to find the electric and magnetic field components. At each step of time, electric fields
and then magnetic fields are computed. The combination of many FDTD cells provides a
map for the field distribution inside the simulation volume [154]. Numerical calculations
continue while field values decay and until a state of convergence has been reached e.g.
the total field inside the simulation area decays to a pre-defined value like 10°°. In this
work, FDTD was used to simulate interaction of light with the gap area of the PCAs. The
periodicity and gap size of the plasmonic structures are obtained from Lumerical FDTD

Solutions V 8.15.758.
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4.1.1. Optical field coupling analysis and plasmonic structure design
To find the best periodicity and size of the plasmonic structures it is most efficient to

simulate a single cell of the structure. Because an array of unit cells is usually fabricated
inside the active area, periodic boundary conditions may be applied to the FDTD
simulation volume. Once the design is complete, the software can sweep dimensions,
wavelengths, or any other variables using a script command file one by one. This is a
common way to find optimum parameters of periodic plasmonic structures.

Modeling starts by building components. Solid structures can be used to define
geometrical shapes of the unit cells. Materials are available in a library and they must be
assigned to each component correctly. For example, Palik [155] and Johnson & Christy
[156] permittivity values were used for GaAs and Gold respectively. If permittivity
values (real or imaginary parts) are not in the library, it is also possible to add them
manually at discrete wavelength set-points. The user must define a simulation region by
placing FDTD boundaries and setting up the mesh size. A general rule of thumb is to use
ten cells per wavelength to obtain an acceptable resolution. Then, sources and monitors
must be placed at desired locations. Fig. 4.1 shows a 2-dimentional view of a single
resonator on GaAs. Monitors on the surface, behind the source and deep inside the
material provide normalized transmission, field and power values at the location of the
monitors. The difference between transmission values on the surface and deep in the
GaAs indicates the amount of light that is coupled into the specific depth of the

semiconductor. Maximizing this value is the goal of each simulation.
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Figure 4.1 2D view of a single cell in Lumerical FDTD simulation environment. Here, the pink

arrow points at the direction of the light and blue arrows show the electric field polarity.

Two main plasmonic structures were studied in this work as shown in Fig. 4.2. A slit
structure is fabricated by milling narrow grooves on the surface of the Gold. Fig. 4.2b
shows a scanning electron microscope (SEM) image of an array of hexagonal cells at the
centre of the dipole antenna. Simulation region (Fig. 4.1) is a side-view presentation of a
single cell in Fig. 4.2c. Although stronger field is expected under the edges of the Gold
inside the gap, but this is a flat edge along with the length of each slit. To further increase

the field between cells, a hexagonal design was proposed.
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Figure 4.2 Images of nanostructures fabrication using focused ion beam at the center of dipole

antennas.

Fig. 4.3 compares power density profiles of a 785 nm laser source with hexagonal or
slit structures obtained from Lumerical FDTD simulations. To find the optimum
dimensions, 2-dimensional periodicity of the Gold and the apex angle were varied from
400 nm to 800 nm and between 90° and 180° respectively. It was found that periodicity of
587 nm with 06=127° results in maximum transmission with a source at 785 nm
wavelength. Hexagonal structures bring more benefits to the overall performance of the

PCA, which will be discussed in next sections.
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Figure 4.3 FDTD simulation results for optical power “log(|P|)”” distribution inside the substrate
of a single cell in an arbitrary unit. (a) cross section view of a hexagonal cell and (b) cross section
view of a strip cell.

As expected, Fig. 4.4 shows a stronger optical power close to the apexes of the
hexagonal cell. Because periodicity is 587 nm in both x and y directions, the structure
absorbs light even with a vertical polarization (transverse electric excitation mode). This
ensures carrier generation even if the light is not horizontally polarized. However, the

THz signal is maximum when the polarization is horizontal.
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Figure 4.4 2D surface power density profile of a single cell period from top.
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It is also possible to manipulate propagation of surface plasmons with plasmonic

structures. Section 2.4.2 explained how a grating structure can launch surface plasmons
on the surface of Gold. Usually, the periodicity of grating is smaller than the wavelength
of impinging beam. A grating structure with half that periodicity can reflect the surface
waves.

As an example, an array of shallow grating structure with periodicity of 772 nm was
placed beside a grating structure with twice its periodicity to unilaterally launch surface
plasmon waves with a normal incident source at 1570 nm. FDTD simulation result in
Fig. 4.5 depicts performance of a grating reflector structure in directing surface plasmon

waves to the left.
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Figure 4.5 FDTD simulation of a unidirectional surface plasmon wave launch system with a
grating structure and a grating reflector with periodicities of 1545 nm and 772 nm respectively.

Colorbar is in log scale and in an arbitrary unit.
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4.1.2. DC field distribution analysis
Since the THz radiation power is proportional to the total energy stored in the gap

capacitance, it is important to have a larger bias voltage over the structure. The reason is
the stored energy, which is proportional to the square of voltage i.e. U =0.5CV? where
U is the total energy, C is the capacitance and V is the voltage [31, 35]. In addition, a
higher bias voltage generates a stronger electric field amplitude, which is important for
acceleration of the carriers.

Plasmonic structures provide stronger localized field near the edges of metal due to
shorter distance between cells. Nevertheless, filling the active area with Gold structures
reduces the semiconductor gap and lowers the overall resistivity of the PCA and the
breakdown threshold. Therefore, a trade-off between the gap size and bias voltage is
required to obtain high power THz radiation.

Fig. 4.6 illustrates common periodic structures. The electric bias field inside the gap in
all configurations is greater than a large gap dipole. Thus, stronger THz emission is
expected. Note that all electrodes in both structures shown in Fig. 4.6 a and c are
electrically in parallel [36, 113, 157]. Our experiments showed that maximum bias of 1
Vpc can be applied on a 100 nm GaAs gap. This means that both interdigitated and tip-
to-tip structures are limited to one volt of bias, resulting in significantly lower radiation

power in comparison with a large gap dipole.
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Figure 4.6 Different periodic Gold structures for optical and electrical field enhancement of the
active gap area. (a) interdigitated structure. (b) slit structure. (c) tip to tip structure. (d) hexagonal

structure

Our experimental studies have confirmed superiority of the hexagonal and slit
structures shown in Fig. 4.6 b and d [93]. Apexes of the hexagonal cells can further
increase the local field amplitude that eventually contributes to stronger THz emission.
Fig. 4.7 compares the local electrical field amplitude of a hexagonal, slit, and a large gap
dipole structures. Field amplitudes were obtained by monitoring the electric field at the
interface of Gold and semiconductor with a source at 1 THz in a Lumerical FDTD
simulation. The red spikes are associated with the apexes of the hexagonal cells and

clearly show a stronger electric field at the interface of Gold and semiconductor.
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Figure 4.7 Electric field distribution across the active area and on the surface of GaAs obtained
from Lumerical FDTD simulation. Strongest field peaks belong to the hexagonal array structures.
Yellow rectangles represent Gold cells and the gap location between them.

An array of ten or more 100 nm gaps enables >10 Vpc bias voltage with reasonably
high dark resistance (>200 k<) that is important to work below the thermal breakdown.
4.2. Heat management and plasmonic structures

The main reason for the failure of the photoconductive antennas is thermal breakdown.
Most semiconductors, including GaAs possess poor thermal conductivity
e.g. 0.55 W cm™ °C* for GaAs [158]. As a result, their temperature increases when
substantial amount of current passes through them and convection cannot take the excess
heat away. Carriers participate in the Joule heating process and further increase the
chance of failure.

It has been seen that current-voltage (I-V) curve of PCAs respond nonlinearly beyond
specific bias voltages [32]. Over-biasing the gap area results in gradual material
deformation and thermal breakdown. Therefore, it is important to operate below the onset

of nonlinearity. While this onset is 25 Vp¢ for a typical large gap (5 um) PCA, a slit
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structure can be biased up to 10 Vpc with ten 100 nm size grooves (see Fig. 4.8). It can be

inferred that the electric field amplitude inside the slit structure is two times stronger
when both devices are operating just under the thermal breakdown threshold.

Our measurements suggest that the metallic plasmonic structure improves the poor
thermal conductivity of the GaAs by removing heat from the active area. More
accurately, Gold has a thermal conductivity of (3.14W/cm-K), which is 6 times that of
the GaAs (0.55 W/cm-K). The current density is localized underneath the Gold edges for
the nano-plasmonic structures, so it benefits efficient heat removal. This process ensures
safe operation of the device even at high bias voltages. Hence, carriers accelerate faster
resulting in stronger THz radiation.
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Figure 4.8 1-V curves of a hexagonal, slit and a large gap dipole photoconductive switches at dark

condition. Note the onset of nonlinear response for different structures.

4.3. Lumped element model of the photoconductive antennas
There are two phases involved in operation mechanism of PCA emitters in a THz-TDS

setup. First is the charging process that happens in the dark. The gap capacitor charges

with the bias voltage and charges accumulate on both electrodes. Then, the optical pulse
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arrives and reduces the resistance of the gap that launches a surge of current flow and

generates electromagnetic radiation.

Therefore, there are two modes of operation describing operation of a PCA: DC and
AC modes. In the DC mode, the source is an external power supply with equivalent
components shown in Fig. 4.9a. The discharge process launches a transient current burst
that forms a radiative electric field i.e. THz radiation. Hence, the AC model has a voltage
source, which is at the centre of the active area. The AC source drives the input
impedance of the antenna R; as a load (Fig. 4.9b). Resistance of the gap under

illumination R(t) is actually the internal impedance of the source.
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Figure 4.9 Simplified equivalent circuit model of a photoconductive antenna emitter. (a) dc model

(b) ac model.

To understand the transient response of the circuit, impedances must be determined.
The dark resistance of the PCA is measurable with laboratory equipment. It is around 5
MQ for a large gap (5um) dipole, 200 kQ for a plasmonic slit structure and 10 kQ for an
interdigitated design with same sizes. The resistance under exposure can be estimated
from photocurrents and optical pulse parameters i.e. pulse duration and repetition rate.

Because the gap capacitance is not directly measurable, a conformal mapping
technique was used to estimate the capacitance of the planar electrodes on GaAs [159].

This technique includes fringing fields to accurately estimate the capacitance for any
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configurations including interdigitated, slit and the large gap (5 um) structures. For a

typical active area size of 5 x 5 um, the capacitance of a large gap PCA was 1.8 fF. A slit
structure array with 10 cells has 3.2 fF capacitance and an interdigitated structure with
same number of cells possess 8.9 fF of capacitance. 3D models of gap structures were
designed and studied in COMSOL Multiphysics with stationary field analyzer.
Simulation results confirm numerical capacitance calculations using conformal mapping
i.e. with tolerance of <10 %.

With both resistance R and capacitance C of the gap, the charging time constant (RC)
associated with each design can be easily calculated. The charging time (5 x RC) of the
large gap, slit and interdigitated dipole structures are 45 ns, 3.2 ns, and 0.44 ns
respectively. It can be concluded that the PCA is virtually disconnected from the power
supply during the femtosecond exposure time because the gap is short circuited.
Moreover, stronger THz radiation is expected if optical pulses arrive when the gap
structure is charged. This means that a laser with lower repetition rate would potentially
result in a stronger THz field at each cycle.

The detector has a relatively simpler model. From the circuit point of view, the receiver
antenna can be replaced by a voltage source. Therefore, the input impedance of the
antenna in Fig. 4.9b must be replaced with the inputs of the lock-in-amplifier Fig. 4.10.
The impedance of the active area R(t) is the only resistor in the circuit that defines the

amount of current, which flows through the circuit.
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Figure 4.10 Simplified ac model of a detector photoconductive antenna.

4.4. Noise analysis
While extensive research has been conducted on increasing the THz amplitude, few

studies are focused on noise. Reduction of noise may be as important as the THz signal
generation for obtaining a large signal to noise ratio and dynamic range [33]. Sources of
noise in photoconductive antennas are: bias or laser power fluctuations, shot noise and
Johnson-Nyquist noise.

The origin of shot noise is current fluctuations of discrete carriers leaving an electrode
or passing through potential barrier i.e. non-Ohmic schottky barrier of metal-

semiconductor. Spectral density of the shot noise is frequency independent and it is

Si_shot(w):qu, where q is an electron charge, | is current, and o is an angular

frequency. Therefore, the shot noise current for the frequency range Af is

Ir?—shot = 2q(| photocurrat — Idark)Af (41)

The dominant output noise current of the receiver is determined by Johnson-Nyquist

noise. The spectral density of this type is S_jonmeor(@)=4KT / Ry,,. The noise current can

be obtained from

o _AkTAf

n-Johnson — R—’ (42)

gap
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where Rgap is the impedance of the active area, T is temperature in Kelvin, and k is

Boltzmann’s constant.

There are multiple approaches available to reduce the noise and increase signal to noise
ratio. In a very likely case that the input impedance of the antenna becomes larger than
Rgap under exposure, reducing the gap size or increasing the optical excitation increases
the detector noise current [33]. Thus, it is better to use a large gap dipole structure.
Because photoconductive antennas based on short carrier lifetime materials exhibit lower
noise level, LT-GaAs can be a better candidate for designing a low noise detector.

An intuitive idea to remove carriers in a SI-GaAs based detector is to apply bias over
the active area. The bias voltage ensures carriers sweep-out in sub-picosecond time,
which imitates a short carrier lifetime material e.g. LT-GaAs. Our experimental results in
Fig. 4.11 suggest that even a very low bias voltage over the active area of the detector can
enhance both the bandwidth and the amplitude of the THz signal.

The THz current can be isolated from the DC bias with a simple inductive-capacitive
filter. In the presence of a DC bias, carriers accelerate toward electrodes. However, a

large bias induces heat inside the active area that degrades the signal by increasing the

-3/2

noise current and reducing the mobility i.e. zocT ' “[160]. Thus, a biased detector may

benefit from this technique with a good level of bias voltage. According to the
experiments, 1 Vpc for large gap and 0.1 Vpc for plasmonic structure dipoles result in

maximum signal to noise ratio.
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Figure 4.11 THz photocurrents and power spectrum of the biased SI-GaAs PCA receivers with
hexagonal structures. (a) no bias. (b) biased at 0.1 VDC (c) biased at 1 VDC.
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4.5. Measurements and experimental results
Advantages of plasmonic structures over a large gap dipole have been discussed

previously. Measurement results in this section confirm superiority of plasmonic
structures and study their performance. Here, we want to focus on the performance of
plasmonic structures. Thus, we used SI-GaAs as a substrate to reduce the complexity of
the fabrication and samples were tested at 785 nm laser. In addition, SI-GaAs has a high
mobility, which is essential for a transmitter PCA. During this experiment multiple PCAs
with hexagonal, slit and large gap structures were fabricated.

To be consistent, all gap structures were fabricated on short dipoles (20 um long x 7
pm wide). A 100 femtosecond 785 nm mode-locked laser generated optical pulses with
68.9 MHz repetition rate. Transmitters were biased below the onset of the nonlinearity
and received an average 10 mW of optical power. A commercial BATOP (PCA-40-05-
10-800-a) photoconductive antenna was placed as a receiver during the measurements at
the distance of 10.6 mm from the transmitter and exposed to an average 13 mW of optical
power. A lock-in amplifier (Stanford SR830) was used to measure the received THz
photocurrent. To reduce the complexity, none of the receivers were biased.
Measurements were taken when the temperature and humidity were 23 °C and 32%. To
verify the results, the THz spectrum was overlapped with the HITRAN water absorption
lines.

Experimental results in Fig. 4.12 show THz radiation enhancement from hexagonal and
slit array structures in comparison with the large gap dipole reference samples. It is clear
that the hexagonal plasmonic array outperforms the commercial PCA, which uses an
antireflection coating to absorb more light. As explained previously, this is due to

stronger localized field next to the apexes of the hexagonal cells.
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Figure 4.12 THz photocurrent received from a plasmonic hexagonal, a slit structure, a large gap
dipole and a BATOP commercial PCA.

Fig. 4.13a shows the received THz peak to peak photocurrent as a function of 785 nm

laser power. By comparing the hexagonal and slit-structure PCAs, it is clear that the

initial slope is greater for the hexagonal array structure, in same experimental conditions

including bias voltage of 10 Vpc. We believe that this is caused by a combination of the

higher local bias field and the localization of the photo-excited carriers close to the

hexagon apexes. Besides, screening plays an important role in performance of the

hexagonal array structure due to the larger photo-excited carrier density. This can be seen

from the saturation in the enhancement factor in Fig. 4.13b. Here, results of the

hexagonal and the slit structures are normalized to the 5-micron gap.
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Figure 4.13 (a) Peak to peak received THz photocurrent of the samples as the function of the

pump power. (b) Emission enhancement with respect to 5-micron large gap dipole.

A key factor in determining radiation efficiency of the PCAs is the photocurrent that is
generated during the light absorption. Since the number of photo-excited carriers is
proportional to the electro-optical power inside the gap we can re-write the current
density as J o« PE where P is the 785 nm optical power and E is the electric bias field
inside the gap. In a FDTD simulations a plane wave source at 0.5 THz (a nominal low
frequency value) was used to find the quasi-static electric field profile in a 3-dimentional
unit cell of the plasmonic structures. Then, the electric field was normalized to the
voltage drop over each cell based on the experimental conditions. Similarly, the 3D
optical power profile of a unit cell was obtained using a 785 nm source. The product of P
and E gives the current density distribution profile inside the cell. After integrating from
P.E in yz plane slices, the current profile was plotted over the x axis Fig. 4.14. Lastly, the
photocurrent enhancement 5 =JE. Pdv was obtained by integrating E.P over the active area

and along the x axes.
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Figure 4.14 Calculated photocurrent (P.E) over a unit cell of the plasmonic structures. Dashed

line is the edge of Gold on GaAs substrate.

In Table 4.1 the hexagonal array plasmonic structure possesses the highest enhancement
factor. If we multiply # by the experimentally used bias voltages, we see reasonable
quantitative agreement with experimentally measured peak to peak THz photocurrent. in
this calculation, the effect of screening is neglected, which has an influence on the
hexagonal structures, as described earlier. Screening explains the lower measured THz

photocurrent for the hexagonal structure as compared with the numerical prediction.

Table 4.1 Theoretical and measured emission amplitudes of plasmonic photoconductive antennas.

C=0.93 is a fitting constant that was applied to numerical calculations.

bias  lty,=m*xCxV  measured Iy,

ap structure
gp "V (@u) (nA)
hexagonal 4.26 10 39.6 32
strip 1.13 10 10.51 11.38

5 um gap 029 20 5.39 7.57
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To study the effect of the gap size, two more hexagonal structures with 50 nm and 150

nm gap sizes were fabricated. Fig. 4.15 compares THz emission of these samples. The
smaller gap size increases the DC bias field but it allows less optical transmission to the
substrate. Thus the 50 nm gap size hexagonal structure showed the least THz emission.
The 150 nm gap size design allows more light. However, the lower DC field has a
negative impact on carrier acceleration that results in lower bandwidth. The 100 nm gap

size was found as an optimum trade-off to obtain maximum bandwidth and THz radiation

amplitude.
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Figure 4.15 THz photocurrent received from 50, 100 and 150 nm gap size hexagonal structures
PCA emitters.

Finally, all plasmonic structures were over biased to find thermal breakdown threshold.
While the 100 nm gap hexagonal structure was functional up to 18 Vpc, the 100 nm slit
structure failed at 13 Vpc. According to the observations, not all hexagon cells were
removed from the surface at the breakdown. This makes plasmonic hexagonal structures

more robust than the slit design.
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An easy experimental way to prove optical coupling to the substrate is to rotate the

polarization of the light and check the reflection from the plasmonic structure. While this
is not really effective for hexagonal structures, Fig. 4.16 shows reflection images from a
slit structure when polarization of electric field on the surface is vertical (transverse

electric TE) or horizontal (transverse magnetic TM).

Figure 4.16 Reflection images of a plasmonic slit structure captured with a CMOS camera at

785nm wavelength. (a) polarization is horizontal (b) polarization is vertical.

Variations in reflection means whether the light is coupled effectively to the substrate
or not. This also has a strong effect in performance of the PCA in THz-TDS setup. For
instance, Fig. 4.17 shows THz photocurrent measured from a plasmonic slit structure
fabricated on LT-GaAs i.e. PE-LT-GaAs. The slit structure is designed to absorb
1570 nm wavelength light. Due to the polarization dependence, THz photocurrent goes to
zero as the mismatch angle between the electric field of the light and the array reaches
90°. The figure also shows the superiority of the plasmonic structures in comparison with

a large gap dipole in a same experimental condition.
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Figure 4.17 THz photocurrent received as a function of laser polarization. Polarization
dependency of the plasmonic slit structure (PE-LT-GaAs) is compared with a large gap (5um)
dipole.

In summary, we explained Lumerical FDTD simulations and discussed design criteria
for a plasmonic structures. Hexagonal and a slit design plasmonic structures were
fabricated and tested in a THz-TDS setup. It was found that the plasmonic structures can
enhance THz generation and detection by increasing the localized field and coupling
more light into minimum depth of the semiconductor. Covering the active area with Gold
nano-structures also increases thermal conductivity, which is essential for safe operation
of the PCA at higher optical excitation power. Biased receiver measurements showed that

Johnson-Nyquist noise can reduce signal to noise ratio in the time domain THz setup.
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Chapter 5 : Optimization of photoconductive materials

5.1. Photoconductive materials for 1550 nm
Although InGaAs is a popular photoconductive material, its low resistivity and long

carrier lifetime set a limit in the performance of InGaAs based PCAs in terms of output
power and bandwidth. Recent advances in fabrication of InGaAs/InAlAs multi quantum
well were successful to overcome the material deficiencies. However, complexity of
fabrication increases total cost of these InGaAs based PCAs. Currently InGaAs
photoconductive antennas are several times more expensive than comparable LT GaAs
devices in the 800 nm window.

Meanwhile LT-GaAs is the only low cost photoconductive material with proven
performance in the THz industry that can also absorb 1550 nm light by means of mid-gap
Arsenic states [71, 81]. LT-GaAs was not considered as photoconductive material for
1.5 um excitation because it is almost transparent at this wavelength. Just recently, it has
been recognized that LT-GaAs can generate substantial carriers under intense 1.5 pum
laser exposure to generate and detect THz waves [87, 161]. The advantage of LT-GaAs is
its lower price in comparison with InGaAs, its lower conductivity, and short carrier-

lifetime.
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Absorption of 1570 nm by an in-house fabricated LT-GaAs was confirmed at the
University of Victoria during an experiment in December 2014. This chapter explains
initial experimental results and discusses the potential of LT-GaAs as a material of choice
for future PCA devices. Following our initial results, several LT-GaAs films were
fabricated on GaAs wafers with different Arsenic to Gallium ratios. Moreover, different
thicknesses of LT-GaAs were grown and annealed to further study properties of Arsenic
defect states at 1570 nm excitation.

5.1.1. Below bandgap absorption of LT-GaAs and experimental results

According to the literature, photo-carrier excitation improves if intensity of the light
increases [88]. Therefore, we used plasmonic structures to localize the light inside the
minimum depth of LT-GaAs layer. A slit design plasmonic structure was used to cope
with poor absorption of LT-GaAs at 1570 nm.

In this experiment, a 2 um thick LT-GaAs layer with As/Ga ratio of 6.7 was annealed
at 630 °C for 1 minute. The annealing condition was previously obtained and repeated
multiple times for optimization of LT-GaAs under 800 nm excitation [93]. 20 pm long
dipole antennas were patterned on the surface of LT-GaAs using contact
photolithography. A 5 nm Titanium layer followed by a 150 nm Gold layer were
deposited according to the recipe explained in Section 3.1.3 over the surface of all
samples at the same time.

To make plasmonic structures, an array of 18 slits (490 nm periodicity) was milled
through the Gold at the centre of each closed gap dipole using FIB. We call this sample

plasmonic-enhanced (PE) LT-GaAs PCA. Fig. 5.1a shows the 2-dimentional field
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intensity profile of the plasmonic structure, which is compared with a same size large gap

area dipole Fig. 5.1b. The inset is a closer look of the field enhancement under Gold
edges in a 100 nm gap and shows a stronger light in comparison with the bulk LT-GaAs

material Fig. 5.1b.
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Figure 5.1 Cross section view of a gap are (a) with and (b) without plasmonic structures. Inset

shows local intensity increase under the Gold.

Fig. 5.2a and b show diagrams of the THz-TDS setup, which was used to test PCASs as
receivers and transmitters respectively. For alignment purposes, we relied on second
harmonic generation (SHG) in a periodically poled lithium niobate (PPLN) crystal that
was used to drive a commercial LT-GaAs photoconductive switch (BATOP, PCA-40-05-
10-800-a). The reason is to ensure a high-bandwidth and high-power THz source/detector

on the opposite side for characterization. All devices under test were pumped only with
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1570 nm and 80 fs (PolarOnyx - Mercury) laser beam, which was ensured by

implementation of dual long-pass filters — Edmund Optics 950 nm dichroic). The
commercial sample was biased and chopped at 1 kHz according to its datasheet

specifications and the receivers were directly connected to the lock-in amplifier [162].
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Figure 5.2 Dual beam THz-TDS setups used for characterization of LT-GaAs based PCAs. (a)

receiver setup. (b) transmitter setup.

Results of Fig. 5.3 demonstrates that the plasmon-enhanced (PE) LT-GaAs devices
outperform existing commercial InGaAs devices (BATOP, PCA-40-05-10-1550-a) as
transmitters and receivers, doubling both the bandwidth and power. The number of phot-
excited carriers is more important for the transmitter to ensure quick depletion of the gap
capacitor in sub picosecond time. Thus, the bandwidth of the transmitter is more
vulnerable to absorption of 1570 nm in LT-GaAs. It is expected to obtain 2.5 THz

(similar to the receiver results) if more optical power and As/Ga ratio are provided.
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Figure 5.3 (a) THz photocurrents detected by the plasmonic-enhanced LT-GaAs, large gap LT-
GaAs dipole and a commercial InGaAs PCAs. (b) power spectrum of the received signals. (c)
THz signal radiated by PE-LT-GaAs, large gap LT-GaAs dipole and a commercial InGaAs.

Fig. 5.4 shows THz generation and detection with pure 1570 nm laser beams on both
LT-GaAs based PCAs. In this experiment, the LT-GaAs commercial sample (BATOP,
PCA-40-05-10-800-a) was used as a transmitter and the PE-LT-GaAs sample was placed
at the location of the receiver. First, the THz path was aligned at 780 nm. Then, the PPLN
crystal was removed from the laser path and 1570 nm beams were re-aligned to the gap

area of both samples. Due to the poor performance of LT-GaAs commercial emitter at



95
1570 nm, the signal amplitude is low but the experiment demonstrates a fully operational

THz-TDS setup with LT-GaAs based PCAs under 1570 nm laser excitation.
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Figure 5.4 Time domain THz current of both LT-GaAs based source and receiver at 1570 nm.
Transmitter is a LT-GaAs commercial sample and detector is the PE-LT-GaAs sample.

It is important to note that the PE-LT-GaAs device can handle much higher optical
powers. There are two reasons to explain this. First, GaAs is almost transparent at 1550
nm. Second, plasmonic structures can remove heat efficiently from the surface. During a
thermal breakdown threshold test, the PE-LT-GaAs was exposed to 200 mW of 1570 nm
laser power but did not fail. Fig. 5.5a shows the photocurrent recorded with 1 Vpc bias
voltage as a function of pump power. Fig. 5.5b shows that unlike the commercial InGaAs
sample none of the LT-GaAs PCAs were saturated at normal operation condition (< 25
mW). This indicates that if the pulse broadening produced by the EDFA is compensated,
the PE-LT-GaAs PCA can generate much stronger THz signals. Currently, femtosecond

lasers have built in amplifiers and dispersion compensators that can reach to half a watt in
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output power. Thus, pumping PE-LT-GaAs PCAs with extraordinary optical powers is

technologically feasible.
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Figure 5.5 Dependency of the photocurrent to the pump power. (a) Photocurrent of the PE-LT-
GaAs sample exposed to 1570 nm laser power. (b) Peak to peak THz received photocurrent of
three devices that does not show any saturation for LT-GaAs.

Considering all benefits of LT-GaAs, it is possible that PE-LT-GaAs devices can
potentially displace all InGaAs based PCAs in the market today. Therefore, the material

must be studied in detail to find the optimum growth condition for maximum

performance.

5.2.  Optimization of LT-GaAs for 1550 nm excitation
Section 3.1 explained how the beam equivalent pressure (BEP) was used to control the

incorporation of Arsenic into the LT-GaAs. There are three important parameters
involved in growth of the LT-GaAs layer. As/Ga ratio or Arsenic density, material
thickness and annealing temperature. For this experiment seven LT-GaAs films were
grown on semi-insulating GaAs. Table 5.1 provides specifications of LT-GaAs substrates

that were used in this experiment.



Table 5.1 list of LT-GaAs substrates with their growth conditions.

Sample number Thickness Growth temperature As:Ga BEP ratio

R2348 1pum 230°C 15
R2617 2 um 226 °C 6.7
R2639 3 um 230°C 3.2
R2640 500 nm 230°C 10
R2643 400 nm 230°C 20
R2647 450 nm 230°C 5

R2648 450 nm 230°C 15
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Fig. 5.6 compares absorption of as-grown LT-GaAs films as the function of BEP and

wavelength for substrates with almost similar thicknesses (r2640, r2643, r2647, r2648).

absorption coefficient(cnil)

Figure 5.6 Absorption of as-grown LT-GaAs films with different Arsenic to Gallium ratio.

2000

1800

1600

—
s
o
<

1200

1000

800

600

400

200

1

1 1 1 | | 1
1520 1530 1540 1550 1560 1580

wavelength (nanometer)

1 1 1
1490 1500 1510 1570



98
Here, we patterned similar large gap dipole antennas on LT-GaAs substrates listed in

Table 5.1. PCAs were tested as receivers at a same time and under a same test condition.
Each PCA was exposed to 40 mW of 1570 nm optical power. the THz transmitter was a
commercial (BATOP, PCA-40-05-10-800-a), which was pumped with 12 mW from the
780 nm beam.

THz photocurrents were directly measured with a SR830 lock-in amplifier. In the
absence of a THz beam, the signal level settled down at -80 dB. Thus, -80 dB was
selected as a reference (noise level) to find the bandwidth associated with each
measurement.

In the first phase of the tests, large gap (5 pum) dipoles were fabricated and tested on
different thicknesses of LT-GaAs substrates. Table 5.2 summarizes the preliminary
results with less than £+20% accuracy. Here, we measured current with Keithley 2010
multimeter at 5 Vpc bias voltage. I, is the pure photocurrent generated by light i.e. the

subtraction of the currents measured with and without light.

Table 5.2 Photocurrent Ip, dark current Id, and peak-to-peak THz currents of similar PCAs
fabricated on different thicknesses of LT-GaAs film. Each sample was annealed and tested to
understand the influence of annealing.

R2647 (0.5um) R2348 (Lum) R2617 (2pm) R2639 (3 um)
BEP: 5 BEP: 15 BEP: 6.7 BEP: 3.2
As  630C As 630C As 630C As  630C

Bias: 5V
grown 1min grown 1min grown 1min grown 1min

1, (MA) 2.6 08 61 337 419 087 38 216

lq (UA) 11 006 509 019 1456 015 71 124

THz (pA) 314 354 336 370 457 670 512 860
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It was expected to see a rise in peak-to-peak THz signal amplitude as thickness increases.

Because it is not possible to growth a thick (>2 um) crystalline LT-GaAs with large
As/Ga ratio, we used the LT-GaAs substrates with close BEP ratio numbers.

An evident fact here is the nonlinear dependent of THz photocurrent to thickness. The
peak to peak THz of the PCA fabricated on r2639 is not 6 times the signal amplitude that
was recorded from the PCA on r2647 even with greater BEP. As explained in Chapter 2,
carriers generated deep inside the material cannot participate to photocurrent in a sub-
picosecond time. Thus, increasing the thickness does not necessarily improve the
photoconductive material per dollar e.g. growth of a 3 um LT-GaAs takes 3 hours or
MBE time whereas a 0.5 pm thick LT-GaAs needs only 30 minutes of MBE time.

It is interesting to see that annealing enhances photocurrent. This can be explained by the
nature of annealing. As-grown LT-GaAs material has Arsenic defect states distributed
between the conduction and valance band. As the temperature rises clusters form defect
states closer to the mid-gap that increases the efficiency of the two-step absorption
process.

In another experiment, a 1 pum thick LT-GaAs substrate was used to test the effect of
annealing temperature. In total 5 samples were made. Results in Table 5.3 indicate that
the performance of the mid-gap states degrade at very high temperatures. In fact, material
purifies from Arsenic defects as the annealing temperature or time rises. Arsenic clusters
move upward and those on the surface escape immediately due to the high vapor pressure
of Arsenic. Therefore, annealing at 630 degrees Celsius for 1 min is recommended for an

optimum performance of the LT-GaAs.
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Table 5.3 Photocurrent Ip, dark current Id, and peak-to-peak THz currents for a same LT-GaAs
substrate annealed at different temperatures.
Bias:5V  AsGrown 500C-1min 580C-1min 630C-1min 680C-1min

I, (WA) 2.2 2.06 121 0.309 0.27
Iy (WA) 4.42 3.24 2.34 0.12 0.68
THz (pA) 313 306 363 454 206

The most important phase of this experiment was the study of Arsenic to Gallium ratio. It
is expected to have more photocurrent from an Arsenic rich LT-GaAs. However,
extremely high As/Ga BEP ratio makes the material conductive that results in greater
dark current and smaller dynamic range. Experimental results in Table 5.4 support the
theory and show that the optimum trade-off is for the LT-GaAs with As/Ga BEP ratio of

10 in this list.

Table 5.4 Photocurrent I, dark current I4, and peak-to-peak THz current for as grown LT-GaAs
films with different As/Ga BEP ratio. A similar large gap (5 um) dipole antennas were fabricated

on all substrates.

Bias: 5V R2647 (BEP:5) R2640 (BEP:10) R2648 (BEP:15) R2643 (BEP:20)
I, (MA) 2.6 2.87 2.76 33

lq (MA) 1.1 341 2.77 2.32

THz (pA) BW(THz) 314 16 1163 2 100 12 106 1.23

Finally, a similar slit design (100 nm gap, 490 nm periodicity) plasmonic structure was
milled through the Gold to make three samples on LT-GaAs with As/Ga BEP of 3.2, 6.7,
and 20 as shown in Fig. 5.7. PE-LT-GaAs samples were tested as receivers receiving 40

mW of 1570 nm laser power.
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Figure 5.7 Scanning electron microscope (SEM) image of a slit design plasmonic structure with

100 nm gap size and 490 nm periodicity. The thickness of Gold is 150 nm.

According to Table 5.5, the Arsenic rich (BEP:20) LT-GaAs based PCA generates the
highest THz signal but its dynamic range and bandwidth shrunk because of its
conductivity (see Fig. 5.8). The best trade-off between signal and bandwidth in this

experiment belongs to the sample with As/Ga BEP ratio of 6.7.
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Figure 5.8 THz photocurrent received by plasmonic PCAs fabricated on LT-GaAs substrates with
different BEP ratios.
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Table 5.5 Photocurrent Ip, dark current Id, and peak-to-peak THz current for different As:Ga BEP
ratio LT-GaAs films annealed at 630 °C for 1 minute with slit design plasmonic structure.

Bias: 0.5V R2643 (BEP:20)  R2639 (BEP:3.2)  R2617 (BEP:6.7)
Ip(uA) 0.83 03 1.04
1d(uA) 1.72 0.42 0.73
THz(pA) BW(THz) 2771 1.9 1431 2.1 1835 2.15

In conclusion, it was learned that THz signal and bandwidth do not rise linearly with
Arsenic density inside the LT-GaAs film. It can be inferred that a thickest possible LT-
GaAs film, annealed at 630 °C for 1 minute with As:Ga BEP ratio between 7 to 9 can

potentially results in an optimum performance at 1570 nm excitation.
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Chapter 6 : Conclusion and future work

6.1. Conclusions
In this dissertation, enhancement of photoconductive antennas for THz-TDS was

studied. The work was divided into three sub-sections. Enhancement of the electrical
field, increasing the optical field coupling, and optimizing material with the goal of
reducing the cost for THz spectroscopy systems.

Chapter 4 explained how plasmonic structures can help with increasing optical field
coupling into the minimum depth of the photoconductive material. The superiority of
hexagonal shape plasmonic structures in increasing the local electrical field was also
studied in detail. Experiments showed that plasmonic structures can efficiently remove
heat from the active area, which increases the bias range and the output power.

Many photoconductive materials were tested in this research such as GaBiAs, InGaAs,
GasSh, InP, InAs, and LT-GaAs. Considering that an optimum photoconductive material
must have the least dark conductivity, sub-picosecond carrier-lifetime, and high mobility,
LT-GaAs was selected as the best fit. Chapter 5 showed how mid-gap states help LT-
GaAs to outperform existing InGaAs based PCA and reviewed experimental results.
Finally, outcomes of the study on thickness, As/Ga BEP ratio and annealing were

explained.
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Contribution of this work to future visions

Main contributions of this work can be summarized below:

Reviewing operation principle and modeling of THz PCAs both as a transmitter
and a receiver.

Understanding radiation pattern, efficiency, and input impedance of micro-scale
THz antennas.

Comparing and evaluating performances of semiconductor photoconductive
material as transmitters and reviewers.

Explaining fabrication recipes and measurement techniques for THz-TDS setups.
Studying plasmonic structures and their applications in optical and electrical field
enhancement at minimum depth of the photoconductive materials.

Introducing plasmonic enhanced LT-GaAs technology that exploits Arsenic mid-
gap defect states to operate at telecom window.

Optimizing Arsenic concentration, annealing, and thickness of LT-GaAs to obtain

maximum performance at telecom window.

Along with the main achievements and contributions of this work, dozens of projects

were defined and explored. For example, feasibility analysis of electro-optical sampling

using nonlinear crystals, biasing receivers, field electron emission or third harmonic to

generate photocurrent, and study of an oxide layer for reduction of the dark current.

Results of each experiment helped to reach the goals of this research.
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6.2.1. Future fiber coupled transmitters and receivers
A portable and compact THz-TDS system must be independent of any free space

alignment. This vision necessitates fabrication of fiber coupled transceivers. Therefore,
next step is to find practical solutions for mounting optical fibers directly on the surface
of the PCAs. At this time, many companies have implemented this technology into their
THz modules and it should be possible with current facilities at the University of
Victoria.

6.2.2. Future waveguide based THz-TDS

Rather than radiating the THz wave from an antenna, the generated THz can be
coupled into a waveguide. Waveguide based THz-TDS may offer advantage on
packaging and performance. They can be robust against vibration and misalignment
because they use fiber-based laser guiding and focusing to the active area and a rigid THz
waveguide. The combination of PE-LT-GaAs PCSs and THz waveguides can potentially

pave the wave to industrialization of cost effective portable THz systems.
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Abstract: Arrayed hexagonal metal nanostructures are used to maximize the
local current density while effectively removing heat at the nanoscale, thereby
allowing for increased emission from photoconductive terahertz (THz) sources.
The THz emission field amplitude was increased by 60% above that of a
commercial THz photoconductive antenna, even though the hexagonal
nanostructured device has 75% of the bias voltage. The arrayed hexagonal
outperforms our previously investigated strip array nanoplasmonic structure by
providing stronger localization of the current density near the metal surface with
an operating bandwidth of 2.6 THz. This approach is promising to achieve
efficient THz sources.
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1.
A

Introduction
photoconductive antenna (PCA) can produce terahertz (THz) bandwidth pulses by the

generation of photocarriers in the antenna gap using a femtosecond laser [1, 2]. Such THz waves

(©.

3~10 THz) have applications in security, imaging [3-11], near-field scanning microscopy and

spectroscopy [12-16]. Today, PCAs are commercially available as THz sources, with compact
size, low cost, and room temperature operation.

Previously, nanoplasmonic structures have been investigated to enhance the performance of

THz detectors [17-19]. The main advantage of the nanoplasmonic structure for detection is to
create a fast sweep out time, and thereby allow for the usage of a low-cost high-mobility long
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carrier lifetime substrate like semi-insulating GaAs [18, 20-22], as opposed to other less common
substrates with short carrier lifetimes (such as low-temperature GaAs or GaBiAs) [23-31]. For
pulsed THz sources, however, the carrier lifetime is not a limiting factor [32], yet nanoplasmonic
structures can still provide an advantage, as we will investigate in this work.

To understand the advantage of nanoplasmonic structures for THz sources, we consider that
the radiated THz field amplitude is proportional to the photocurrent density Erw,oc 0J(2)/0t with
J(t)=n(t)guE(t), where n(t) is photocarrier density as a function of time, g is the electron charge, 1
is mobility, and E(t) is the bias field [33]. It is desirable to maximize J to maximize the THz
generated; however, the bias field and charge density are limited by material breakdown, charge
screening and thermal damage [1, 34-36]. Among these, the most significant factor is thermal
damage. Many researchers in the nanoplasmonics community have realized the ability of metal
nanostructures to effectively remove heat in high-field applications such as nonlinear optics [37]
and optical tweezers [38]. Here we demonstrate that both the bias field and the carrier density can
be increased in a nanoplasmonic structure by effectively removing heat generated near the metal
nanostructures. Therefore, the main role of the nanostructured metal is to localize the current
density near the metal, where the heat generated can be efficiently removed.

2. Fabrication

Figure 1 shows the nanoplasmonic structures investigated in this work. We used a 500 pm SI-
GaAs (100) wafer with 10 MQ-cm resistivity and electron mobility of ~5500 cm?/V.s. Closed-
gap dipole antennas were patterned using contact UV-photolithography on cleaved substrates.
The samples were then placed in an e-beam evaporator to deposit 100 nm gold with a 5 nm
titanium (Ti) adhesion layer. We used Ti instead of Cr to increase the electric field of the surface
plasmons of the gold and semiconductor interface [39]. Finally, plasmonic structures were milled
through the gold using a focused ion beam Hitachi FB-2100 at 11.6 pA current and 40 kV bias.
Two 100 nm hexagonal array plasmonic samples, one 100 nm gap strip array plasmonic structure
and a 5 pm gap dipole were fabricated for the experiment. The periodicity p and the apex angle 6
of the hexagonal structure were optimized using FDTD to increase the field intensity in the
substrate (see supporting A).

hexagonal

b) The active area of the hexagonal plasmonic array. c) The active area of the strip
plasmonic array. The diagram shows apex angle 0, gap size d and periodicity p.
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3. Results and discussion

Figure 2 a) shows the PCA testing setup. Samples were mounted on printed board circuit (PCB)
and positioned against a high resistivity float zone silicon aspheric focusing lens with focal length
of 53 mm. The femtosecond-laser is a 785 nm mode-locked fiber laser, which generates 100 fs
optical pulses with a 68.9 MHz repetition rate. The delay line was used to sample a 100 ps time
window of the THz pulse. In this setup, transmitters were biased with a chopped voltage and
received an average 10 mW of optical power. A commercial BATOP (PCA-40-05-10-800-a)
photoconductive antenna was placed as a receiver during the measurements at the distance of
10.6 mm from the transmitter with an average 13 mW of optical power. A lock-in amplifier
(Stanford SR830) was used to measure the current at the receiver, which is proportional to the
THz field. The time domain response and power spectra are shown in Figure 2 b) and c). Clearly,
the 100 nm hexagonal array has the highest intensity and bandwidth.
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Fig. 2. a) Pulsed mode terahertz setup. BS is a Beam splitter, SL is silicon lens, TX is the
transmitter PCA and RX is the commercial PCA receiver. b) and c) are received time and
frequency domain signals. Red line is the response of the hexagonal array device resulting
in 32 nA peak-to-peak current amplitude, blue line is the strip array device with 11.38 nA
peak-to-peak current, green line is the Batop commercial device as a transmitter with 19.8
nA peak-to-peak current and black line is the received THz signal of a 5 um gap dipole
with 7.57 nA peak-to-peak current. Dashed lines in c) are HITRAN water absorption lines.

The higher intensity in Figure 2 b) is directly proportional to the photocurrent. The maximum
photocurrent is limited by the bias that can be achieved prior to thermally induced breakdown. To
determine the bias, we measured the IV characteristics under illumination, as shown in Figure 3.
Using the results from Figure 3, the bias was set to 20% of the on-set of breakdown, to be
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consistent with the operating characteristics of the commercial sample. Even though the voltage is
higher for the 5 micron gap structure, the local bias field is higher in the nanoplasmonic
structures, due to the smaller gaps. Also, the hexagonal array structure has apexes that further act
to confine the bias field, and thereby increase the local current density. We note that there is an

offset in the I-V characteristic due to photocurrent which is not present under dark conditions (see
supporting B).
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Fig. 3. Electrical characteristics of our semi-insulating GaAs based samples under laser
illumination.

Figure 4 a) shows the THz power as a function of femtosecond laser average power, which
generates the photocarriers. Comparing the hexagonal and strip array, we see that the initial slope
in the THz power generated is higher for the hexagonal array structure, even for the same bias
voltage of 10 V used here. This is due to a combination of the higher local bias field and the
localization of the photocarriers near the apexes. Of course, screening plays a bigger role in the
hexagonal array structure due to the larger photocarrier density, which can be seen from the

saturation in the enhancement factor when normalizing to the 5 micron gap, as shown in Figure 4
b).
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Fig. 4. a) Peak THz received current of the samples as the function of the pump power. b)
Enhancement ratio with respect to 5 um gap dipole (Iplasmonic/15 um gap).
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As mentioned previously, the improvements to performance are related to the increased
photocurrent that can be achieved, due to increased local bias field and photocarriers generated.
Gold has a thermal conductivity (3.14W/cm-K) that is 6 times that of GaAs (0.55 W/cm-K). The
current density is localized underneath the gold edges for the nanoplasmonic structures, so this
benefits efficient heat removal. We use numerical simulation to quantify local current density in
the various structures investigated and relate this to the experimental observations. In Table 1, we
consider the photocurrent enhancement by integrating the bias field times the laser power in the
GaAs (which is proportional to the photocarriers generated) as determined by finite-difference
time-domain simulations (see Appendix C for details): 7=JE.Pdv. We see that the hexagonal
array nanoplasmonic structure has the highest enhancement. If we multiply these by the
experimentally used voltage, we see reasonable quantitative agreement with our experimentally
measured peak THz field, to within a constant scaling factor (C=0.93) dependent on the
experimental setup. We have neglected screening in this analysis, which has a bigger influence on
the hexagonal structures, as described above. This can explain the lower measured current for the
hexagonal structure as compared with the numerical prediction.

Table 1. Theoretical and measured emission amplitudes of plasmonic photoconductive antennas.
bias  lyy,=n*xCxV measured

gap structure

V) (a.u.) Itz (NA)
hexagonal 4.26 10 39.6 32
strip 113 10 10.51 11.38
5 um gap 029 20 5.39 7.57

The bandwidth obtained is comparable for all devices and similar to past works [26, 40, 41].
We have used a short dipole to give a more uniform emission pattern than our past work [18]. We
estimate the RC time constant of around 0.5 fs (see supporting D for details), and this is not a
limiting factor in the bandwidth. In theory, a 100 fs Gaussian pulse corresponds to 4.4 THz
bandwidth [42] and lower bandwidth in practical measurements may be the result of kinetic
inductance; however, further investigation of this effect is required.

4. Conclusion

In conclusion, we have demonstrated that nanoplasmonic structures can be used to improve the
performance of THz photoconductive sources. Nanoscale localization of the bias field and carrier
density close to the metal surface allows for rapid removal of heat, which typically limits PCA
power output. In the future, we hope to expand these thermal-management strategies to improve
the performance of CW photomixers, where there have already been pioneering works using
nanoplasmonics, but not focusing on the thermal management aspects [43].

Supporting A: Optimization of hexagonal array nanoplasmonic structure with finite-
difference time-domain simulations

We used the particle swarm optimization method implemented in Lumerical FDTD with
the goal of maximizing the transmission into the substrate. Johnson & Christy
permittivity values were used for gold. Since the saturation velocity of electrons in GaAs
is 1.2x10cm/s, a 100 nm gap is considered to allow electrons to reach the electrodes in
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sub-picosecond time. Therefore, with a fixed 100 nm gap size, we varied the 2-
dimensional periodicity of the gold from 400 nm to 800 nm and the apex angle & between
90° and 180°. We found that periodicity of 587 nm with 6=127° results in maximum
transmission into the substrate with a source at 785 nm wavelength.

Figure 5 a) shows 2D optical power density profile of a single hexagonal cell with
100 nm gap size excited at 785 nm. A cross section view of the hexagonal plasmonic
cells in Figure 5 b) shows a higher power density profile beneath the hexagon apexes, as
compared with a strip array plasmonic structure shown in Figure 5 c¢). Therefore, we
expect to generate a greater number of carriers close to the apexes of the hexagonal array

nanostructures.
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Supporting B: Electrical characteristics of the in-house fabricated samples
Figure 6 shows the dark (without illumination) current-voltage characteristic of the
photoconductive switches.
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Fig. 6. Electrical characteristics of photoconductive switches at dark condition

Supporting C: Photocurrent enhancement

A key factor in determining the radiation efficiency of the photoconductive emitters is the
photocurrent that is generated during the absorption of the pump. As explained in the
manuscript, the hexagon structure confines both electric bias field and laser power into
the area between apexes. Because the number of photo-generated carriers is proportional
to the power inside the gap we can rewrite the current density as Joc P.E where P and E
are the power at 785 nm and the bias electric field distribution profiles inside the gap. We
used a plain wave source in FDTD at 0.5 THz (a nominal low frequency value) to
determine the quasi-static electric field profile in a 3-dimentional unit cell (587 nm x 587
nm x 400 nm depth) of the plasmonic structures. Then, we normalized the electric field to
the voltage drop over each cell of the array according to experimental conditions.
Similarly the power profile of a 3-dimentional unit cell was obtained by FDTD
simulations using a source at 785 nm. The product of P and E provides the current
density distribution at each point. After integrating the P.E over YZ plane slices, the
current profile can be plotted over the X axis as can be seen in Figure 7. Finally, the
photocurrent enhancement 7=|E.Pdv obtained by integrating over the gap area along the
X axes.
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Fig. 7. FDTD simulation results for the photocurrent (P.E) over a unit cell of the plasmonic
structures inside the SI-GaAs substrate. Red line is the photocurrent of the hexagonal
structure. Blue line is the photocurrent of the strip structure and black is the photocurrent of
the GaAs without plasmonic structures on the surface.

Supporting D: Capacitive time constant of the structure

We found a resistivity of 0.5 Q for the hexagonal array plasmonic structure, 1.2 Q for the
strip array plasmonic structure and 27 Q for the 5 um gap photoconductive antenna,
using their current-voltage characteristics. Electrostatic simulations in COMSOL
Multiphysics suggest a capacitance between 1 fF to 1.5 fF for the plasmonic and 5 pm
gap dipole that gives a resistance-capacitance time constant of around 0.5 fs. Therefore,
we believe that the RC-roll off does not limit the bandwidth of the THz pulse.



130

Appendix B: Plasmon-Enhanced below Bandgap
Photoconductive Terahertz Generation and Detection

(2015, Nano-letters)
Reprinted with permission from the Nano Letters Journal © Copyright (2015)

American Chemical Society.

The manuscript was written by Afshin Jooshesh and Prof. Reuven Gordon. Sample
fabrication was done by Afshin Jooshesh and Vahid Bahrami Yekta. THz emission and
detection results were measured by Afshin Jooshesh. The project was founded and

supported by Prof. T. Darcie, Prof. R. Gordon, and Prof. T. Tiedje.
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Plasmon-Enhanced below Bandgap Photoconductive Terahertz
Generation and Detection
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Abstract: We use plasmon enhancement to achieve terahertz (THz) photoconductive switches
that combine the benefits of low-temperature grown GaAs with mature 1.5 micron femtosecond
lasers operating below the bandgap. These below bandgap plasmon-enhanced photoconductive
receivers and sources significantly outperform commercial devices based on InGaAs, both in
terms of bandwidth and power, even though they operate well below saturation. This paves the
way for high-performance low-cost portable systems to enable emerging THz applications in
spectroscopy, security, medical imaging and communication.

There has been considerable interest in terahertz (THz) systems for applications'™
including process control’, imaging®®, security’, medical'®"*, communications'> '®, and
spectroscopy'2°. For these applications, portable and low-cost THz systems have been
enabled by 1.5 micron femtosecond fiber laser technologies”’°. Yet the small bandgap,
low resistivity and slower carrier response of 1.5 micron photoconductive antennas using
InGaAs limits the performance in terms of output power and bandwidth?” *°*°. In
addition, InGaAs photoconductive switches are currently several times more expensive
than comparable LT-GaAs devices. Interestingly, it has been recognized that LT-GaAs
can be used to absorb 1.5 micron light by means of mid-gap arsenic states*®>®. However,
past photoconductive analysis of such devices showed weak photocurrent — an order of
magnitude smaller than would be desired for useful devices™®.

Plasmon enhanced THz devices, using nanostructured metals to enhance light-matter
interaction, have recently been investigated for THz technologies®'. These have already
allowed improved performance in terms of bandwidth, power and thermal management™.
Here we show significant benefit of applying plasmon enhancement for the two-stage
mid-gap absorption process associated with LT-GaAs with 1.57 micron laser sources, as
depicted in Figure la. In particular, we demonstrate plasmon enhanced LT-GaAs (PE-
LT-GaAs) photoconductive switches with twice the peak-to-peak current and three times
the bandwidth of current commercial InGaAs devices. It is important to note that
plasmonic arrays do not necessarily improve InGaAs based photoconductive switches
because they further decrease resistance of the sample.

Figure 1b shows a scanning electron microscope image of one of the tested
photoconductive devices. It consists of 2 microns of LT-GaAs grown on GaAs. The
growth temperature is 226 Celsius followed by annealing at 630 Celsius for 1 minute.
Photolithography was used to define a THz dipole antenna of 15 microns in width in 150
nm of gold with a 5 nm titanium adhesion layer, deposited by e-beam evaporation. Here
we implement a simple slit array plasmonic structure with 100 nm gaps and 490 nm
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periodicity. These parameters were chosen using finite-difference time-domain
simulations, which will be explained later. 18 periods of the array were chosen to have an
approximately square active region for optical excitation (considering the width of the
bridge was around 10 microns). The slit array was fabricated with focused ion beam
milling, and there was an additional trench milled around the dipole to eliminate short-
circuiting. A hydrochloric acid etch was used to remove excess gallium deposited by the
ion beam.
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Figure 9. Plasmon enhanced detection characteristics. (a) Schematic of two step 1.57 micron
photon absorption process enabled by mid-gap states in arsenic-rich LT-GaAs. (b) Scanning
electron microscope image of plasmonic photoconductive switch with 100 nm gaps and 490 nm
periodicity. (c) Experimental setup for measuring THz detection using 1570 nm femtosecond
laser to excite carriers in photoconductive switches (InGaAs, LT-GaAs, PE-LT-GaAs). THz
excitation using commercial LT-GaAs photoconductive switch for all samples. (d) Time domain
THz driven current detected at receiver — each curve is offset for clarity. (e) Power spectrum of
THz response obtained from results in d.

Figure 1c shows a schematic of the THz detection experiment. For characterization
purposes, we relied on second harmonic generation in a periodically poled lithium
niobate crystal and a commercial LT-GaAs photoconductive switch for the THz source
(BATOP, PCA-40-05-10-800-a). This was done to ensure a high-bandwidth high-power
THz source; however, all the receiver devices where pumped only with 1.57 micron 80 fs
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light (as ensured by dual long-pass filters — Edmund Optics 950 nm dichroic). The
transmitter was biased according to specifications (chopped for lock-in) and the receivers
were each directly connected to the lock-in amplifier.

Figure 1d shows the THz driven photocurrent detected at the receiver for three separate
devices: commercial InGaAs (BATOP, PCA-40-05-10-1550-a), an LT-GaAs dipole with
5 micron gap, and a PE-LT-GaAs device as shown in the SEM of Figure 1b. The curves
are offset for clarity. It is clear from this figure that the PE-LT-GaAs device has a sharper
and higher peak response than the commercial device for the same operating conditions.
It is interesting to note that our devices do not have any antireflection coatings, which are
used in the commercial devices to improve coupling. Figure le shows the power
spectrum of these photoconductor receivers, showing that the bandwidth is three times
larger for the PE-LT-GaAs device as compared to the commercial sample. Of course, the
bandwidth may be improved by further averaging to lower the noise floor; therefore the
roll-off is also an important characteristic. Here we obtain a roll-off that is typically better
than the 20 dB/THz obtained in commercial InGaAs devices (also those provided by
other vendors). This shows the benefit of using LT-GaAs in these applications due to its
superior material response characteristics. The usual water absorption lines are seen in
the power spectrum (denoted with vertical dashed lines in Figure le) since the
experiment was performed in ambient conditions. We estimate an approximately 0.05
uW of power™ generated by the PE-LT-GaAs (also see supporting information for the
electric field). Table 1 summarizes experimental results for the receiver configuration.

While it is clear that the PE-LT-GaAs device shows improved performance up to 25
mW pump power, it is important to note that this is well below the saturation power for
this device. The InGaAs commercial device begins to saturate below 20 mW (i.e., the
linear curve rolls off) as shown in Figure 2a. By contrast, the LT-GaAs and PE-LT-GaAs
devices do not show saturation up to 25 mW. The superiority of the LT-GaAs material at
1.5 um is more noticeable at greater pump powers. Therefore, we used maximum
capacity of our femtosecond laser to illuminate PE-LT-GaAs and LT-GaAs samples (see
Supporting Information for THz time domain results at a same power). We increased the
pump power to 200 mW using an external erbium-doped fiber amplifier and still did not
see saturation (see Figure 2b); however, this external amplifier degrades the pulse
bandwidth and so it was not used in general. Nevertheless, this shows the potential of
these devices to operate using commercially available higher power femtosecond 1.5
micron devices. The high power potential of these PE-LT-GaAs devices is enabled by
three factors: the lack of direct bandgap absorption, the lower absorption from the gold at
1.5 microns (as compared to 800 nm), and the fast heat dissipation by the adjacent gold
material’®. We also note that there is an initial super-linear dependence (P'*°) observed
for low powers in the PE-LT-GaAs and LT-GaAs devices This is expected from the two-
stage absorption process before the saturation of the mid-gap states’*>*.
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Figure 2. Power dependence of photocurrent. (a) Pump-power dependent peak-to-peak THz
signal of three devices tested as a receiver. Inset shows a 1.35 power dependence of LT-GaAs up
to the saturation of the mid-gap states, as reported in past works. (b) Photocurrent of a PE-LT-
GaAs device under 1.5 micron laser excitation. The device was biased at 1 V DC during the
measurement.

Finally, we investigate the performance of these devices as THz sources, as shown
schematically in Figure 3a. The LT-GaAs and PE-LT-GaAs samples were biased at 20 V
and the InGaAs device was biased at 3V (following the specification sheet). The 20 V
bias was selected to be 20% lower than the on-set of breakdown on both in-house
fabricated samples, to be consistent with operation specification of the InGaAs
commercial sample. The higher bias is allowed in LT-GaAs devices due to the higher
resistivity. Overall, similar performance enhancements as for the receiver are seen for the
PE-LT-GaAs photoconductive source with respect to the commercial InGaAs device and
the LT-GaAs dipole, as shown in Figures 3b and c.
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switch for all samples. (b) Time domain THz driven current detected at receiver, offset for clarity.

(c) Power spectrum of THz response obtained from results in b.

Table 1. Summary of the measurements and comparison with past works.

Sample THz amplitude Bandwidth
PE-LT-GaAs | 2.10 (nA) 2.43 (THz2)
1.57 (TH2)
LT-GaAs 0.187 (nA) .
5 um gap 0.08 (nA) - Tani et al.36 3.2 (THz) with 70 fs laser -

Ramer et al.38

0.95 (THz)
1.5 (THz) — BATOP GmbH

1.137 (nA)
1.7 (nA) planar system -
Roehle et al.54

InGaAs
commercial

We performed finite-difference time-domain simulations to design our PE-LT-GaAs
structures. With a fixed 100 nm gap width, we swept the period from 100 nm to 1500 nm
and the thickness from 100 to 150 nm using Lumerical’s FDTD Solutions with the goal
of maximizing the transmission into the substrate. Johnson & Christy and Palik
permittivity values were used for gold and GaAs, respectively. We found that periodicity
0of 490 nm results in maximum transmission (40%) into the substrate with a source at 1.57
pm wavelength at the thickness of 150 nm (maximum Ion beam milling fabrication
thickness for 100 nm gap size). From these simulations, we found that the maximum
local electric field intensity inside the PE-LT-GaAs structure is enhanced by 25 times
with respect to the 5 micron gap LT-GaAs dipole. The plasmonic enhancement is shown
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in Figure 4. This peak enhancement occurs over a reduced volume where there are
plasmonic hot-spots, so the increased PE-LT-GaAs linear absorption from the mid-gap
states (once saturation of the mid-gap states is achieved) is less than 25. The
enhancement of LT-GaAs mid-gap absorption has the characteristics that make it well-
suited for plasmonics: there is a weak optical process that requires high bandwidth
response and losses can be tolerated””.

Depth (micrometer)

Depth (micrometer)

2 2

I1
4 0 1 0
Width (micrometer)
Figure 4. Cross section of plasmonic enhancement showing local intensity increase. (a) PE-LT-
GaAs. (b) LT-GaAs.

We performed polarization analysis on the PE-LT-GaAs and LT-GaAs
photoconductive switches in receiver mode and found strong polarization dependence
(with extinction down to zero) for the plasmon enhanced device, and a weaker
polarization dependence for the 5 micron gap device (see Supplementary Information).
The strong polarization dependence is expected since the 100 nm slits can transmit only
TM polarization. There is weaker polarization dependence from the metal edges of the
LT-GaAs device.

In summary, we have demonstrated a plasmon-enhanced LT-GaAs photoconductive
antenna as a THz detector and source. This device achieves performance characteristics
superior to existing InGaAs-based photoconductive devices as summarized in Table 1.
This technology is poised to have a transformative impact on emerging applications for
low-cost portable THz systems by leveraging well-established high-power 1.5 micron
fiber-laser technologies.
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Supporting Information

THz generation and detection using LT-GaAs based devises under 1.57 laser
excitation

Figure S1 shows THz generation and detection using 1.57 um laser excitation on both
LT-GaAs based samples. We used the LT-GaAs commercial sample (BATOP, PCA-40-
05-10-800-a) as a transmitter and the PE-LT-GaAs sample as a receiver. First, we aligned
the THz path at 780 nm. Then, the periodically poled lithium niobate crystal was entirely
removed from the laser path and we realigned optics to illuminate the gap area of both
samples. Due to poor performance of the large gap LT-GaAs commercial sample, the
signal amplitude is low but it clearly shows operation of LT-GaAs based devices under
1.57 um laser excitation
a
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Figure S1. Time domain THz current of both LT-GaAs based source and receiver at 1570 nm.
Transmitter is a LT-GaAs commercial sample and detector is the PE-LT-GaAs sample.

THz current detection at a fixed pump power
Figure S2 shows THz current detected by PE-LT-GaA, LT-GaAs and InGaAs

commercial samples under 20 mW of laser power. Samples were tested in the THz setup
shown in Figure 1c.
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Figure S2. Time domain THz driven current detected with 20 mW of 1.57 um laser power.
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Figure S3. Polarization dependence. The driven THz current detected at the receiver as a
function of 1.57 micron laser beam polarization. The measurement was performed using a
zero-order 1.5 micron wavelength half wave plate in front of the receiver.

As expected from the FDTD simulations, the PE-LT-GaAs device showed a strong
polarization dependence since the slits only transmit TM waves.

Estimation of the electric field

Based on simple electrical considerations of the receiver current and resistance, we estimate a
peak THz field of 280 V/m at the receiver generated by the PE-LT-GaAs excited by 1570
nm. This includes a factor of 10 field enhancement estimated for the gap antennai. Assuming
10% power coupling efficiency between the transmitter and receiver, the field at the PE-LT-
GaAs source would be ~90 V/m.
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Appendix C: THz Field Enhancement by Antenna Coupling to a
Tapered Thick Slot Waveguide

(2014, IEEE JOURNAL OF LIGHTWAVE TECHNOLOGY)
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THz Field Enhancement by Antenna Coupling to a Tapered Thick
Slot Waveguide

Levi Smith, Farid Ahmed, Afshin Jooshesh, Jinye Zhang, Member, IEEE, Martin Jun,
and Thomas Darcie, Fellow, IEEE

Abstract—We demonstrate experimentally the coupling of a THz beam into a laser-
machined double-tapered thick slot waveguide operating between 0.3 and 2 THz.
Simulation reveals that the THz field generated by a standard photoconductive antenna
coupled to an undoped aspheric HRFZ-silicon focusing lens can be enhanced by 30 dB in
the 40 um taper waist, relative to a traditional Gaussian beam waist (at 1 THz). Analysis
of the 8 dB insertion loss reveals positive implications for coupling between THz
transceivers and in-plane-emitting antennas or low-loss THz waveguides.

Index Terms—~Parallel plate waveguide, tapered waveguide, terahertz, terahertz field
enhancement.

Optical guiding and focusing mechanisms are commonly used in the terahertz (THz)
frequency domain. Reflective (metallic) or transmissive (typically silicon or Teflon)
lenses are generally used in commonplace THz time-domain spectrometers to focus the
THz beam into a sample region. More recently, it has become desirable to increase THz
field intensity beyond that which can be obtained using traditional Gaussian beam optics
for sensitive spectroscopy and non-linear THz applications [1]. Previous studies have
investigated tapered parallel-plate waveguides where the field confinement geometry is
well defined [1]-[3] as a means of achieving sub-wavelength beam dimensions and hence
high field intensities. For plate separations of 40 um, enhancements of approximately 30
dB have

been demonstrated [2].

Parallel-plate waveguides show promising characteristics, but they suffer due to complex
construction and implementation. Parallel-plate waveguides are usually implemented by
translating one or both waveguide plates using a micrometer stage, a technique that
requires significant interaction and could not be simply integrated into a turn-key system.
The thick slot wave- guide presented here is capable of attaining similar performance, but
with significant ease of construction.

Adiabatic field compression and expansion of parallel-plate waveguides has been
demonstrated by others. Zhang and Grischkowsky [4] investigated a double-tapered
parallel-plate waveguide which utilizes Si lenses to couple the THz field in and out of the
waveguide. While the approach shows good results, it is subject to reflective losses at the
lens interfaces and challenging alignment. Shutler and Grischkowsky [5] have de-
veloped a double-tapered parallel-plate waveguide without THz lenses utilizing cylinders.
In this work we use a thick slot wave- guide rather than a parallel-plate waveguide. Our
structures can be manufactured easily with other planar circuit elements (resonators,
filters, etc).
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The novelty of the work presented in this paper is primarily associated with the simplicity
and effectiveness of the tapered thick slot waveguide. Using femtosecond laser
micromachining, efficient tapered thick slot waveguides can be accurately constructed
and implemented.

In addition to enhancing the strength of the THz field, adiabatic waveguide tapers may
provide other useful functions. Typical semiconductor THz sources and receivers have
dimensions of typically a few um. For example, a typical photoconductive antenna (PCA)
has a gap width of less than 5 microns [6]. Active circuits operating at THz frequencies
[7] use extremely small features sizes such that these oscillators or mixers are much
smaller than the wavelengths of the signals to be generated. However, as has been
demonstrated through numerous recent studies, low-loss waveguide propagation requires
waveguide dimensions more comparable to the wavelength (i.e. 0.3 mm at 1 THz). Two-
wire or parallel-plate waveguides of these dimensions are capable of propagation loss at 1
THz of less than

1.87 dB/cm [8], [9], substantially lower than for any wave- guide with dimensions
comparable to transceiver dimensions. Waveguide tapers offer an attractive means for
coupling into and out of low-loss THz waveguides.

Another application for tapers is antenna coupling. A conventional PCA places the
photoconductive gap at the center of a planar dipole or other planar antenna. Resulting
radiation is emitted normal to and into the semiconductor surface and collimated or
focused typically using a silicon lens at the back of the substrate. An alternative is to
define an antenna aperture at the output of a slotline taper and to capture the emission in
the plane of the semiconductor. Such in-plane-emitting antennas offer a wealth of design
possibilities with potentially significantly reduced beamwidths, as demonstrated in many
examples at microwave frequencies [10].

Similar taper structures are required for all three applications discussed above; enhancing
field intensity, matching between small sources and larger waveguides, and defining in-
plane antennas. Enhancing field intensity requires a two-sided taper to compress and re-
expand an incident THz beam. The other two applications require just an expansion taper,
which is just one half of the two-sided taper. Ideally, structures would convert be- tween
a photoconductive gap of a few microns and an aperture width or waveguide conductor
separation of several millimeters. In the previously explored parallel-plate structures, the
plate thickness is greater than the plate separation. While performance is potentially
good, these structures are rather difficult to manufacture and implement into a system.
Our preference is to consider a planar structure fabricated using a standard thin

(= 400um) copper sheet and laser machining to define the thick

slot waveguide taper with high precision.

Section | will describe the individual components associated with developing a practical
waveguide. Section Il will describe the simulation techniques and results obtained for the
wave- guide taper. Section Il will describe our experimental procedure and analyze the
results. Section IV discusses our results which exhibit good agreement between
simulation and experiment. Section V concludes the paper with a brief summary and a
forecast of the impact that this waveguide can have on other THz applications.
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l. TAPERED THICK SLOT WAVEGUIDE

This section explains the design philosophy behind our tapered thick slot waveguides.
After a introduction to slotlines waveguide (Section 1-A) and the PCAs used to generate
and detect the THz signals in our experiment (Section 1-B), the design and fabrication of
our waveguide is described.

A. Slotline Waveguide

A slotline waveguide is a printed or etched metalization on a dielectric substrate which is
commonly used at microwave frequencies. A slotline is typically used since it only
requires a single-sided metalization on a substrate. Alternatives, such as a microstrip
waveguides operate on a dielectric with a two-sized metalization. For most THz
applications, fabrication, coupling, and loss (conductor and dielectric) limit the
usefulness of microstrips. The slotline also has the added benefit that it doesn’t require
the field to exist in the dielectric because the field can exist in the air between the two
metalizations; although, to note, the field fringes into the substrate. Slotlines on dielectric
sub- strates are prone to high-frequency dielectric losses which originate from leaky-
wave (or shock-wave) radiation; to mitigate the leaky-wave radiation loss, the slotline
can be sandwiched between two identical dielectric substrates [9].

B. PCA Basics

PCAs are one of the simplest and cheapest methods to gener- ate broadband THz signals.
In essence a PCA is a metalization on a high-mobility photoconductive substratetypically
GaAs, LT-GaAs, or InAs. Most commercial THz PCAs are constructed using LT-GaAs
where the sub-ps carrier lifetime allows for use as either a transmitting or receiving
antenna. The metalization is used to supply charge to the antenna that will be impulsed by
a femtosecond laser which in turn emits a broadband THz field. Upon generation of the
THz field, most of the radiation is transmitted pseudo-omnidirectionally into the substrate
due to comparatively high dielectric constant. At the substrate/air interface at the back of
the substrate a THz lens must be used

Transmitting PCA  THz Lens

/
fs-laser

Fig. 1. A THz field is generated by pulsing a biased PCA with a femtosecond laser. The
transmitted field profile of the THz beam is dependent on the aspheric focusing Si THz lens.
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Fig. 2. Overview of the thick slot waveguide structure used in the experi- ments. For our
experiments: dma x =5 mm, dmin =40 um, w =400 pm,
L =40.4 mm, and 0 = 7o,

to maximize useful power by overcoming the total internal re- flection condition at the
interface. The THz lens can either be focusing, collimating, or diverging. Fig. 1 illustrates
a typical THz transmitter mounted to a focusing lens.

This work uses commercially available PCAs coupled to an aspheric focusing lens as a
source and detector of THz radiation. The source radiation is coupled into and received
from the laser- machined tapered thick slot waveguide. Consideration is made, as
discussed below, to match the taper aperture to the THz beam profile from the PCA.

C. Thick Slot Waveguide Tapers

Slotline tapers for THz applications have been analyzed in detail [11], but in the absence
of strong experimental results publication of these analytical and simulation results is
limited [12], [13]. Based on these prior findings, Fig. 2 illustrates the tapered waveguide
structure used in the current work. The waveguide consists of a planar input and output
taper which are designed to match to the convergence angle of the PCA’s Si focusing
lens to optimize coupling. The waveguides plate separation, d(z), tapers from 5 mm to 40
um and then tapers back to 5mm. The waveguide was constructed using a high
conductivity copper sheet with a thickness, w, of 0.4 mm. The waveguide tapers were
machined using a femtosecond laser as discussed later.

Waveguide dimensions have been selected to provide significant field enhancement and
to minimize the frequency dependent conductor loss. Conductor loss has been estimated
by Eqn.

(1) [14] and Fig. 3 illustrates the total integrated conductor loss for the entire waveguide.
It can be observed that the loss is low and therefore should not pose significant
detrimental effects to
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Fig. 3. Worst case integrated conductor loss along the length of the waveguide modeled
using the equation for a TEM parallel-plate waveguide.

Fig. 4. Copper tapered thick slot waveguie supported by two Teflon braces. Braces are
bolted together (not shown) though the conductors.

the waveguides performance:
Ry 1 Wt
md(z)  md(z) \ 200, (1)

Our design differs from a slotline waveguide because the thickness of the metalization
exceeds the wavelength for frequencies greater than 0.75 THz; hence the name, thick slot
waveguide. Closed form solutions are not readily available for analysis of such a
structure. Others who have investigated the effect of metal thickness on slotline operation
have concluded that the metal thickness does not significantly affect the propagation
constant[15]; this is consistent with the attenuation and pulse distortion seen in our
experimental results discussed later. To mechanically support the structure illustrated in
Fig. 2 a Teflon brace was used which is illustrated in Fig. 4; the bolts

fastening the structure have been omitted for clarity.

. SIMULATION
Simulations of the tapered waveguide structure were completed using Ansys HFSS with a
combination of solution techniques; standard frequency domain finite element method
(FEM) and the transient analysis which utilizes the discontinuous Galerkin finite element
method (DGTD). These solution types were selected due to their ability to accurately
model geometries and closely model a THz pulse in the time domain.
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Fig. 5. Ideal Gaussian beam E-field profile at the waist of the THz beam.
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Fig. 6. Gaussian beam waist size (w0 ) versus frequency. Referring to Fig. 5 it becomes apparent
that as the frequency increases, the THz waist intensity increases.

The simulations were excited using various sources depending on the goal. Waveport
excitation was used when well-defined

conductor geometry permitted it. Incident wave (plane, Gaussian, spherical) excitation
was used when it would closely model the experiment. Plane-wave excitations were for
transient simulations. Simulation boundaries were commonly set to PML regions due to
their ability to minimize reflections.

A. Field Coupling

Fig. 5 illustrates the idealized field profile at the focal point of the THz lens which is
representative of the maximum field intensity attainable. Fig. 6 plots the Gaussian beam
waist size, w0 , vs frequency using a THz lens with a convergence angle of

7-. Fig. 7 illustrates the waveguides TE field profile for a few

discrete values of d(z).

Optimum coupling exists between the Gaussian beam and the waveguide when the field
overlap is maximized. The overlap integral (Eqn. (2) [16]) can be interpreted visually by
overlaying Fig. 5 onto Fig. 7(a) and approximating the similarities between the two field
profiles:

[ E;EydAJ?
1 = = s .
? [|E1|2dA [|Ey[2dA
@)



148

(a) - d(z)=5mm
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L

(b) d(z)=0.4mm -
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(¢) d(z)=0.04mm

Fig. 7. The E-field profile for various plate separations, d(z), which correspond to different
locations within the taper. It can be seen from these plots that field confinement is dependent on
the d(z). Also to note is that a.) and b.) are better approximations to the Gaussian field plotted in

Fig 5, hence coupling is dependent on d(z).

Our estimation for sufficient coupling was to locate the focal point where the plate
separation was equal to the beam diameter, d(z) = 2w0 (2 THz). This estimation could be
enhanced by vigorous analysis and optimization of Eqn. (2) and the respective co-
directional and counter-directional coupled-wave equations. For this initial proof of
concept design we did not deem this necessary due to the various complicated
relationships which exist between the frequency dependent Gaussian beam wavefront and
the fringing fields of the waveguide.

B. Field Enhancement

Using techniques similar to [1] and [2], we can provide field enhancement by coupling
the radiated field into an adiabatic taper. For the waveguide, maximum field intensity
occurs when the plate separation is at a minimum; similarly, for maximum field
enhancement we want d(z) as small as possible. Using laser micromachining techniques
it is possible to obtain a mini- mum plate separation of around 20 pm, although for our
initial experiments we used a plate separation of 40 pm.

Fig. 8 pictorially illustrates the E-field enhancement achieved by the adiabatically
tapering conductors. To provide a measure of achievable field enhancement the
waveguide was implemented in a FEM simulation with a plane-wave excitation. Upon
completion of the simulation Eqn. (3) was solved numerically where Ein and Eout
represents the field at dmax and dmin ,
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Fig. 8. FEM simulation which demonstrates the E-field enhancement for f = 0.3 THz. Note that
this illustration only shows half the waveguide structure.
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Fig. 9. FEM field enhancement simulation for f = 0.3-1.5 THz for dma x = 0.5 mm.

Respectively:
Eout I"i)ut/dmin dmax Lout Eout dl

Eiu Vin/dmax dulin Lin Ejn - dl ‘ (3)
Due to the extremely large mesh sizes required to simulate the waveguide in its entirety,
the simulation was truncated to dmax = 0.5 mm, where in reality dmax = 5 mm. This
truncation means the simulation is simply an approximation, but it should not result in
any significant errors since the TE field profile is well defined between the conductors.
Fig. 9 plots the simulated results representing Eqgn. (3), the average field enhancement is
30 dB. Referring to Eqgn. (3) the enhancement scales with dmax , so it can be assumed
that the structure likely provides a greater field enhancement than the simulation sug-
gests.

C. Radiation Pattern

The waveguide has similar characteristics to the Gaussian beam since the input and
output taper angles are matched to the respective convergence and divergence angles.
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Also to note, it is rather important to maintain the divergence angle to ensure adequate
focusing of the THz beam onto the receiver PCA. The main observable difference in the
waveguide arises from the planar confinement geometry which doesn’t affect the radiated
field much providing the waveguide width, d(zout), is sufficient. To demonstrate this
idea, Fig. 10 plots the simulated radiation patterns in the YZ-plane for a couple different
values of the plate separation at the output. For values of d(zout) <w the radiation pattern
in not as focused as for larger values where d(zout) > w. Therefore a rather simple
criterion exists: d(zout) » w; for our experiments examined in the next section,
d(zout) = 12.5 w. Due to the existence of the bounding conductors, the radiation pattern
in the XZ-plane (not illustrated) doesn’t show similar beam deformation.

Output Taper E-Field YZ-Plane

30 T30

60 / 60
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120 /120

150 S, 150
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— d(z) =1mm
--- dfz) = 0.6 mm

Fig. 10. Radiation patterns at f = 1 THz for various plate separations at the output taper. The
plotted radiation patterns conclude to a rather intuitive result: the output taper should be designed
to provide adequate directivity. This can be accomplished by tapering the conductors such that
d(zout) » w

I1. EXPERIMENT
A Waveguide Fabrication

A femtosecond laser (Spectra-Physics Ultrafast Ti: Sapphire laser) was used to fabricate
the tapered waveguide structure on a 0.4 mm thick copper sheet. The kilohertz ultrafast
laser operating at 800 nm has the pulse duration of 120 femtosecond and a maximum
average output power of 1 watt. A computer controlled electronic shutter and a motorized
power attenuator was used to deposit adequate pulse energy into the work piece. To
reduce heat affected zone and restrict the width of laser cut within 20 pum, the beam
diameter was reduced from 6 to 2 mm using an iris diaphragm. The laser beam was
focused using a microscope objective lens (magnification: 20x, numerical aperture: 0.42).
The sample was mounted on a computer controlled 3-axis stage and the software,
LaserCAM was used to generate scanning path of the laser head. The waveguide
fabrication was done with an average laser power of 0.3 W (pulse energy of 300 wJ) and
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scanning speed of 100 um/sec using 20 passes, each vertically offset by 20 pm. To ensure
desired machining accuracy, the micromachining process was monitored in-situ using a
CCD camera.

Mode locked Femtosecond Fiber Laser
780nm 100fs, 69MHz

Waveguide

A e
Delay Line

Bias ILockin

Fig. 11. The experimental setup used is similar to a typical THz-TDS setup, a key benefit for
the tapered thick slot waveguide. To test the waveguide, it is simply placed in between two
PCA’s with Si focusing lenses and then translated and rotated to achieve maximum transmission.

B. Waveguide Testing

Fig. 11 illustrates the experiment setup. We start by splitting a mode-locked femtosecond
laser pulse into two paths; one for the transmitter, the other for the receiver. The
transmitter path passes through an optical delay line which becomes translated to obtain
the THz pulses temporal response. The receiver path is directed to the receiver PCA to
gate the antenna; the output of the receiver PCA is connected to current input on a lock-in
amplifier.

For our experiments copper plates were placed perpendicular to the waveguide to scatter
surface waves potentially excited by the Gaussian beam; therefore ensuring our
experimental measurements were the result of the confined waveguide fields. The
experimental spectral response for the waveguide in Fig. 12 demonstrates that the
waveguide gives minimal pulse distortion and acceptable insertion losses (= 8 dB). The
majority of the loss originates from sub-optimal coupling in and out the waveguide.
Coupling loss could be decreased by increasing the waveguide thickness, w. The
coupling enhancement would originate from greater field matching in the overlap integral
[see Egn. (2)]. Although greater coupling can be achieved, it comes at expense of
decreased laser machining accuracy and more difficulty in integrating with small THz
transceivers, trade-offs that require further consideration in future work. Even with an 8
dB insertion loss, the waveguide is capable of providing a localized 30 dB field
enhancement which can be utilized to mitigate some of this loss irrespective of the
coupling losses.

The dips in the spectral response in Fig. 12 correspond to water vapor absorption peaks;
out of convenience we typically do not run experiments in a purged environment unless
doing sensitive spectroscopy. These peaks are useful to precisely calibrate our spectral
response by correlating with data obtained from the HITRAN database.

A comparison between the experiment and simulation results is seen by inspecting Figs.
12 and 13. The main point to observe is that pulse broadening and ringdown are minimal
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in both experiment and simulation. This concept illustrates negligible dispersion and
higher-order mode excitation; other literature [17] which focuses on exciting higher-order
modes clearly illustrates the ringdown effect.
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Fig. 12. Experiment: The received pulse when transmitted though free-space as a
reference, and the received pulse when transmitted through the thick slot waveguide.

.
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Fig. 13. DGTD simulation: The pulse at the input to the waveguide as a reference, and the pulse
at the output of the thick slot waveguide.
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experiment and simulation. This concept illustrates negligible dispersion and higher-order
mode excitation; other literature [17] which focuses on exciting higher-order modes
clearly illustrates the ringdown effect.

The differences between the experimental and simulation responses are attributed to
different excitation sources and de- tection mechanisms. Due to software limitations the
excitation source for the DGTD simulation is a Gaussian monopulse with a uniform
wavefront; a cylindrical wavefront would provide a better approximation to the
experiment. Experimental detection of the THz field is given by: J(v) = os (v).ETHz(v),
where J(v), os (v), and ETHz(v) are the Fourier transforms of the photocurrent, surface
conductivity, and THz field [18]. The simulation directly measures ETHz(v) and is
unaffected by the transient surface conductivity of the detector; thus a direct comparison
cannot be made.

IV.  DISCUSSION

Using the tapered thick slot waveguide in combination with commercial PCAs enables a
simple method to generate high THz field intensities. A number of applications exist
which can be enhanced by using this technique; such as spectroscopy, biomarker
detection, non-linear THz applications, or high resolution surface imaging.

The results presented in this work show good agreement with theory; we have been able
to successfully transmit THz pulses through laser machined waveguides. During the
experiments it was found that alignment was simple in comparison to the free-space
optics which we use regularly. This is likely due to the directive nature of the output taper
as plotted in Fig. 10. In the free-space optical setup two PCAs are roughly aligned onto
one another, then carefully tilted and adjusted to maximize the THz signal. Introduction
of the waveguide allowed us to steer the THz beam by gently tilting the waveguide
without need of realigning the laser on the receiving PCA.

Fig. 10 illustrates that the tapered thick slot waveguide can operate similar to an antenna.
For our proof of concept design we didn’t do any extensive antenna optimization or beam
shaping since we wanted broadband operation. Future tapered thick slot waveguides
designed for continuous wave operation could shift the focus towards antenna design
where existing frequency dependent antenna theory could be utilized.

Using a similar concept to the previous paragraph, frequency dependent waveguide
structures could be machined into the tapered thick slot waveguide. For example,
referring to the position of minimum plate separation, dmin ; it can be found for similar
geometries (d(z) « w) eigenmodes are defined simply by existing parallel plate
waveguide theory. Using mode-matching theory highly efficient filters, resonators, and
power splitters can be machined into the waveguide and impedance matched to the
tapered thick slot waveguide/antenna. Using a combination of these techniques antenna
arrays can be developed to provide THz beam steering capabilities.
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V. CONCLUSION

We have demonstrated experimentally our goal of coupling a commercial PCA to a
tapered thick slot waveguide; the wave- guide provides significant field enhancement
over a simple silicon lens according to theory and simulation. The tapered thick slot
waveguide was designed specifically for field enhancement and coupling into and out of
a commercial PCA [6]. Therefore, this waveguide may not operate identically across all
manufactures designs, but the design process demonstrated in the work can be easily
adjusted for other THz optics. The tapered thick slot waveguide simply consists of two
tapers; adiabatic compression and expansion. This was done to provide a simple
qualitative measure to the concept of planar waveguide structures. More advanced
designs can be easily laser machined into planar conductors such as a filters or
resonators. Using this waveguide in combination with microfluidic channels which
traverse through the high field region could allow for simple small signature detection of
both gas and liquid phase samples in a spectroscopy application.
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THz-TDS Using a Photoconductive Free-Space Linear Tapered Slot
Antenna Transmitter

Levi Smith, Afshin Jooshesh, and Thomas Darcie, Fellow, IEEE

Abstract—A photoconductive free-space linear tapered slot antenna has been constructed
as a planar alternative to the standard photoconductive switch coupled to a high
resistivity silicon substrate lens. Experimental results show that a 1.6 THz bandwidth
with a =50dB dynamic range is achievable using a semi-insulating gallium arsenide
substrate and copper conductors.

Index Terms—THz, THz-TDS, Terahertz, antenna, linear tapered slot antenna, LTSA.

l. INTRODUCTION

ERAHERTZ photoconductive (PC) switches have existed for a number of years and were
investigated as early as 1984 [1]. In [1] two PC switches were placed on opposing sides
of the same substrate and did not include free-space propagation. Afterwards extensive
research pursued in free-space antenna design and optimization. At this point two
approaches appeared for the radiating and focusing THz pulses: guided-wave electronic
antennas [2][5] and optical lensing from a point source [6], [7]. Electronic antennas were
found to distort the temporal THz pulse due to dispersion and reflections which limit the
ability to function as a broadband THz spectrometer. In this letter we will investigate a
hybrid between a substrate lens and a guided-wave electronic antenna termed a
photoconductive free-space linear tapered slot antenna (PC-FS-LTSA) which can be used
for THz time-domain spectrometry (THz-TDS).

. DESIGN

Standard photoconductive antennas (PCAs) are commonly coupled to a high-resistivity
float-zone (HRFZ) silicon lens to overcome the total internal reflection (TIR) of substrate
back- face [8]. It is desirable to eliminate the need for a HRFZ-Si lens because they are
costly, lossy, and introduce dispersion thus limiting the transmitted power and bandwidth.
Here we focus on the design of a PC-FS-LTSA for THz generation as a potential
alternative to the standard HRFZ-Si lens.

Fig. 1 illustrates the PC-FS-LTSA which consists of a photo-conductive active-area on
SI-GaAs which is edge coupled to copper conductors (i.e. the FS-LTSA). The
photoconductive active-area was pattered using standard UV-lithography and the
metallization (15nm Ti, 150nm Au) was fabricated using E- beam deposition and lift-off.
A SI-GaAs substrate was selected for its low-cost, high DC resistivity and high
responsivity to 785nm [9].
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Fig. 1. Design of the PC-FS-LTSA. a) Overall structure b) Active-area to FS-LSTA c) Image of
experimental structure where T~127um, S~45um, D=85um, L=~15mm, and 6 ~28.

The metallization pattern was selected to bias the active- area and guide the generated
THz field into the FS-LTSA. It was found through simulation that the geometry
illustrated in Figure 1b was able to couple to the FS-LTSA without significant pulse
distortion. The FS-LTSA [8] is constructed out of a 127um (0.005”) thick copper sheet
which was hand-cut and polished. Ideally the FS-LTSA should be thin (=50um) to reduce
Fabry-Pe’rot resonances in the transverse plane (see Appendix A) but due to the
limitations of hand-polishing this was found to be difficult. A FS-LTSA was selected
(instead of a broadband Vivaldi taper [10]) for this proof-of-concept experiment for the
manufacturing convenience. The FS-LTSA can be easily constructed by-hand whereas a
Vivaldi taper requires precision micromachining.

A key difference between this work and past work [2]-[4] is the usage of a metallic slit
based [11], [12] free-space LTSA. A free-space antenna has a number of advantages over
planar substrate based antennas, namely, after the field is coupled to the FS-LTSA the
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effect of substrate radiation, surface-waves, and dispersion are mostly eliminated.
Another advantage is the reduction of conductor loss. Substrate-based antennas closely
model coplanar strip transmission lines which have losses of ~17dB/mm at 1 THz [13],
whereas the metallic slit geometry has a loss of ~0.35dB/mm at 1 THz [11]. To note,
these numbers are not representative of all designs, but they illustrate the possible large
difference between the expected loss.

The loss of a metallic slit waveguide is dependent on the conductor material, separation,
and thickness. For the copper FS-LTSA used in this experiment a FEM simulation was
used to estimate the loss. Given the FS-LTSA dimensions at the entrance to the antenna
(T=127um, S=45um, f=1THz), the loss is =0.11dB/mm. As the FS-LTSA expands (S
increases) the field localization on the conductors reduces resulting in a lower loss.

A. Simulation

The design of the PC-FS-LTSA was aided by simulations performed using Ansys HFSS’s
transient solver which utilizes the Discontinuous Galerkin Time Domain (DGTD)
method. Key observations that resulted from the simulations were: the existence of a
transverse Fabry-Pe’rot resonance in the FS- LTSA which will disperse the THz pulse
(cavity length=T); a resonance between the PC active-area and the FS-LTSA edge (cavity
length=D); combination of both cavities (cavity length = D+T); and when the active-area
is not located at the end of an open-circuited transmission line then either half the power
will be lost or resonances will occur. To summarize, the FS- LTSA should be thin and the
active-area should be close to the substrate edge.

Fig. 2 illustrates the simulated E-field of the PC-FS-LTSA after transient excitation. Fig.
4 plots the simulated pulse shape at the output of the PC-FS-LTSA. The active-area in
the simulation is modeled by a current pulse with a rise time of 800fs. The simulation
illustrates that relatively few resonances are introduced by the waveguide and
metalization geometries. To note the length, L, of the simulated structure is 2.25mm,
whereas the experimental structure has a length of =<I15mm. The shorter length in the
simulation was used to reduce the simulation time. This is not expected to have a large
effect on THz pulse because as the conductors separation increases the field confinement
on the conductors reduces resulting in a radiated wave [10].
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Fig. 2. Radiated field.

1. EXPERIMENT

We used a standard THz-TDS arrangement (Fig. 3) to investigate the PC-FS-LTSA’s
performance. A 1570nm fiber laser with a 100mW average power producing 100fs pulses
at 38MHz was used. The 1570nm beam is frequency doubled using a periodically-polled
lithium niobate (PPLN) crystal resulting in =20mW at 785nm to excite the experiment.
Then the optical beam is split into two paths to excite the transmitter and gate the
receiver. The transmitter optical beam path length can be varied using a mechanical
delay line which is used to obtain the temporal response of THz field. The optical beam
passes through an optical chopper, then afterwards the optical beam is focused onto the
active-area to generate a THz field which is coupled to the FS-LTSA then radiated. Then
the THz beam is passed through an iris to block or scatter off-axis wave-front
components which increases the detectable bandwidth but reduces the detectable power.
A portion of the THz beam reaches and biases the commercial LT-GaAs PCA receiver
[14] which is detected by a lock-in amplifier.

Laser

Delay I:_|

line

Optical chopper H | [— a/

| DC Bias ‘ |Lock-in Amplifier|

Fig. 3. Experimental setup for testing the PC-FS-LTSA. The active-area consisted of a 5x5um
area biased by 20Vdc. The average optical power focused onto the transmitter and receiver were
6mW and 7mW, respectively. The iris (opening = 5mm diameter) was placed midway between
the trans- mitter and receiver which were separated by 10cm. The optical chopper was set at
1.1kHz. The receiver was connected to the current input of a lock-in amplifier.



161

Temporal Response

e

E 1t ]

(0] Experimental

E 0.5 — Simulation

g

c O

©

(0]

N 05

©

£ | ! L ! .

5 -

< -5 0 5 10 15 20 25
time (ps)

_@ Spectral Response

3 op Experimental | |

= ——— Simulation

T -2F

(@]

©

E -40F

e}

(0]

260

(]

§ 80 . L L L

5 -

= 0.5 1 1.5 2 25

frequency (THz)

Fig. 4. Experimental and simulated response obtained from the setup illustrated in Fig. 3.

IV.  DISCUSSION

Fig. 4 plots the result of the experiment illustrated in Fig. 3. The temporal response of the
PC-FS-LTSA resembles that of a standard HRFZ-Si PCA which is desirable. The
bandwidth of the PC-FS-LTSA is reaches around 1.6THz which is admirable considering
the simplicity of the design. It is also expected that the PC-FS-LTSA should become
lossy at higher frequencies due excitation of transverse Fabry-Pe’rot modes (see
Appendix A).

A notable feature in Fig. 4 is the presence of the water vapor absorption lines which are
observable around 1.26THz. Presence of these absorption lines indicate that the PC-FS-
LTSA is capable of functioning as a THz-TDS source. It is required to note that these
lines do not originate from the previously stated Fabry-Pe’rot resonance because the
“cavity” has a low Q. When comparing the simulated and experimental results (Fig.
4) an obvious discrepancy is observed. For the simulated results the pulse has a strong
negative portion whereas for the experiment this is minor. This is expected since the
simulation defines the source as an impulse, whereas a SI-GaAs trans- mitter has a slow
carrier decay (step-like response) resulting in a small negative peak [9]. Also note that the
simulation peak at ~0.255THz originates from a cavity (length=D+T,ne ~ ./(12.9 +
1)/2 = 2.64) which is stronger for the simulated structure due to ideal edges.
Referring to Fig. 4, a common trait of a LTSA is observed. After the initial transient, a
small “double hump” occurs which is characteristic of the LTSA [2]. The double
hump is undesirable because it broadens the pulse thus limiting the bandwidth. The
simple method to eliminate this feature is to use a Vivaldi taper instead of a linear taper.
The bandwidth of the PC-FS-LTSA could be increased by correcting non-idealities
with the following adjustments: utilize a thinner FS-LTSA (T=50um); reduce the
distance between the active-area and the FS-LTSA (D~=10um); and use a Vivaldi taper.
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V. CONCLUSION

We have shown that the PC-FS-LTSA provides an alternative method to HRFZ-Si
lensing for guiding and radiating a THz field produced by the photoconductive switching.
Experimental results have shown that a =1.6THz bandwidth with a =50dB dynamic range
can be achieved. Water vapor absorption lines can be resolved which confirms that the
PC- FS-LTSA is a functional THz-TDS transmitter.

The PC-FS-LTSA allows for a planar THz setup which could be used for imaging or
spectroscopy in a less bulky arrangement than current implementations which utilize
PCAs coupled to a HRFZ-Si lenses.

APPENDIX A FABRY-PE" ROT RESONANCE

The Fabry-Pe’rot modes can be excited when a thick (with respect to wavelength)
metallic slit waveguide is used. Fig. 5 illustrates the results of a time-domain simulation
that show the Fabry-Pe'rot resonance when the metallic slit is thick. The start and
stop frequency of the excitation pulse are

0.3 and 3THz respectively. Fig. 6 illustrates the removal of the resonance by reducing the
thickness of the metallic slit waveguide. Fig. 6b illustrates the desired undistorted
response.

a) t=1ps
T=400pm
Yy
k £ Source
X OMM fr—— MM
b) t=6ps
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X

Fig. 5. Transient E-field plot illustrating the Fabry-Perot resonance for a thick (T=400um,
Av=0.375THz) metallic slit waveguide. a) Field profile around the source location just after
excitation (t=1ps) b) Field profile of guided-wave after 6ps, note that the field profile is dispersed
by reflections.
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Fig. 6. Transient E-field plot illustrating the removal of the Fabry-Pe rot resonance by
reducing the thickness (T=50pm, Av=3THz) of the metallic slit waveguide, a) Field
profile around the source location just after excitation (t=1ps) b) Field profile of guided-

wave after 6ps, note that the field profile is relatively undispersed and confined to the

waveguide.
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