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ABSTRACT

Low-loss waveguides with minimal dispersion are desired throughout the electro-
magnetic spectrum. These properties are difficult to achieve in the Terahertz (THz)
region due to material and geometric constraints. This thesis focuses on the design,
fabrication, and testing of waveguide-based devices using two promising technologies:
the free-space metallic-slit waveguide (MSWG) and the coplanar strip (CPS) waveg-
uide on a thin (1 pm) commercial silicon nitride membrane. The work presented
here differs from standard THz waveguide research which commonly uses the field
radiated by a photoconductive antenna (THz optics) for excitation and detection.
To improve upon system integration, a focus is placed on planar waveguide devices
without refractive THz elements. Three main waveguide devices are investigated.
First, an edge-coupled MSWG-based linear tapered slot antenna (LTSA) was used
for THz-Time Domain Spectroscopy (TDS). This device functions as an alternative
to a standard photoconductive switch coupled to a silicon lens and maintains com-
parable performance. Next an edge-coupled tapered MSWG was investigated. The
MSWG conductor separation was increased to a low-loss configuration where the
field propagated for 24 mm, after which the conductors were tapered to focus the
field onto the receiving active region where a THz-bandwidth pulse was detected.
Finally a CPS waveguide was fabricated on a thin silicon nitride membrane where a
THz-bandwidth pulse was detected after propagating for 10 mm. The active regions
for this device were fabricated using a unique method. This method results in the
creation of thousands of small (40 um x 20 pum) active regions (from a 4 mm x
4 mm host substrate) which can be placed anywhere for THz excitation and detec-
tion. The small active regions in conjunction with the CPS waveguide on the silicon
nitride membrane provide an excellent platform for THz system testing. A single
membrane can host many THz circuits which can be made “active” by the placement
of a few thin-film photoconductive devices. Main potential future applications include

waveguide-based spectroscopy and coherent THz-bandwidth circuit analysis.
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Chapter 1

Introduction

1.1 Thesis Format

This thesis presents our experimental research completed on low-loss waveguides with
minimal dispersion. A publication-based format is used and the bulk of the novel
research is copied into the Appendices. Chapter 1 provides a background to Terahertz
(THz) engineering which includes example applications, standard methods for THz
field generation and detection, and a summary of THz waveguiding technologies.
Chapter 2 discusses the fabrication methods used during the research. Chapter 3
describes the motivation for each of the contributions. Chapter 4 is the conclusion

and identifies a few potential future projects.

1.2 THz Gap

The THz gap is an isolated region of the electromagnetic spectrum with exists be-
tween electronic and photonic regions (Fig. 1.1). Note that the THz gap range is
not consistently defined across literature; however, it typically falls within the 100
Gigahertz (GHz) to 30 THz range [3]. A key benefit of the THz gap is that photon
energies are low (< 0.1 eV) such that the dangers associated with ionizing radiation
(> 10 eV) are removed. Also THz wavelengths are relatively short that admirable
resolution (sub-mm) can be achieved in an imaging system.

There are two logical approaches to accessing the THz gap, either using high
frequency electronic methods or low frequency photonic methods. Resonant Tunnel-

ing Diodes (RTDs) approach the THz gap from the electronic side of the spectrum



and have demonstrated room temperature generation of frequencies up to 1.92 THz
(0.4 kW) [4]. Quantum Cascade Lasers (QCLs) approach from the photonic side of
the spectrum and have demonstrated room temperature operation down to 2.06 THz
(4.2 uW) [5]. A hybrid room temperature electronic/photonic technique called Pho-
toconductive (PC) switching generates a broad spectrum of frequencies (typically 0

to 4 THz) with potentially large average powers (4 mW [6]).

Microwaves Visible X-ray y-ray
MF, HF, VHF, UHF, SHF, EHF

100 108 106 109 1012 1018 1078 1021 1024
kilo mega giga tera peta exa zelta yotta
Example Radio Radar 777 Optical Medical Astrophysics
industries: communications communications imaging
Frequency (Hz)

Figure 1.1: Terahertz gap. Reprinted by permission from [7]. (© 2002 Springer

Nature.

Within the THz gap realistic materials (like humid air) exhibit a chemically-
dependent loss-spectrum which gives them a unique fingerprint which can be used
for unknown material identification. Figure 1.2 plots the absorption spectrum for
a few chemicals (H,O, CO, NHs, and H,S) [8]. A room temperature experimental
technique called Terahertz Time Domain Spectroscopy (THz-TDS) (discussed later)

is commonly used to probe a portion of these absorption spectra.
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Figure 1.2: Chemical absorption spectrum in the THz region.

1.3 THz Generation and Detection [9]

THz fields can be generated using a number of methods, for example, photoconduc-
tive switching [10], photoconductive mixing [11], optical rectification [12], microwave
frequency multiplication [13], backward wave oscillators [14], free-electron lasers [15],
or quantum cascade lasers [16]. Each method has its benefits and drawbacks, and
the price can vary substantially - from thousands of dollars for the photoconductive
methods, to millions of dollars for free-electron lasers. This thesis only focuses on
photoconductive devices because they are an inexpensive option which perform ad-
mirably at room temperature (> 4 THz bandwidth with resonable average output
powers).

A photoconductive device consists of a voltage-biased semiconductor which is ex-
cited by an optical laser. Optical excitation of the photoconductor results in the
generation of electron-hole pairs which alters the substrate conductivity. The change
in conductivity in conjunction with an applied or induced electric field generates a

photocurrent with frequency components that can extend into the THz range. A com-



mon substrate material is Low Temperature Grown Gallium Arsenide (LTG-GaAs)
(EgG“AS = 1.42 eV) because it can function as a transmitter or receiver (short carrier-
lifetime) and absorbs standard near-Infrared Radiation (IR) (Ezsonm = 1.59 €V) op-
tical sources.

Figure 1.3 illustrates a typical photoconductive device coupled to a High Resis-
tivity Float Zone Silicon (HRFZ-Si) lens. In this document this structure is called
a Photoconductive Antenna (PCA). The HRFZ-Si lens serves two purposes, it colli-
mates the radiation emitted by the antenna and it maximizes the transmitted power
by minimizing refraction losses. Refraction losses occur because the discrepancy be-
tween dielectric constants at the Semi-insulating Gallium Arsenide (SI-GaAs)/air
interface. Figure 1.4 illustrates the trapped rays which occur without the HRFZ-Si
lens. The critical angle, 6., for a GaAs substrate is 6. ~ sin™'(1/1/13) = 16.1°. With-
out a HRFZ-Si lens only ~ 4% of the total power will escape the substrate (350 pm
thick). Usage of a HRFZ-Si lens eliminates refraction loss, however a reflection still
exists at the interface, therefore at most ~ 68% of the incident power is radiated into

free-space.

Contact Pads

AR

=

‘ﬂ\

Dipole

Active Area

<«<——IT-GaAs (~3um)

<——5I-GaAs (~350um)

<—HRFZ-Si Lens
(Radius = 5mm) *Image not to scale

Figure 1.3: Illustration of a THz PCA [9].
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Figure 1.4: Trapped substrate rays. Reprinted by permission from [17]. (© 1982
IEEE.

1.3.1 Photoconductive Mixing [9]

Photoconductive mixing is used to generate a Continuous Wave (CW) THz signal by
combining two lasers, A; and \g, separated by nanometer-scale wavelength difference,
AX. The combined beam is then focused onto the voltage-biased active area of a
PCA. Optimal mixing occurs when the spatial distribution and polarization state of
the two lasers are identical [18]. Figure 1.5 illustrates a standard photomixer. The
total laser intensity is modulated at beat frequency:

C’)\l — )\2’ C|A)\|
S Av= _ , 1.1
Joear = AV Mg A (1.1)

where c is the speed of light in a vacuum. For a beat frequency of 1 THz at a center
wavelength of A, = 854 nm a wavelength separation of A\ = 2.431 nm is required.
Photomixing was initially investigated by [19], which states that the THz emission
is dependent on the photocarrier density [20]:
dn n

n
&t~ hdd DT (12

where w = 2w Av, n is the photocarrier density, n is the quantum efficiency, A is the
active area, d is the absorption depth, hv. is the photon energy, 7. is the 1/e carrier

lifetime. The incident optical power is given by:
P(w,t) = P, + Py + 2/mP, Pycos(wt), (1.3)

where P; and P are the laser powers at A\; and \g, respectively. Modulation depth

(0 <m < 1) accounts for the polarization overlap between the two lasers.



Step 1:
Beating Laser Focused
Onto Active Area

Lasers Beating

Step 2:
CW Emitted
From THz Lens

Figure 1.5: Photoconductive mixing. a) Incident beating CW lasers focused onto
biased active area. b) CW THz emitted from the back of the substrate [9].

THz radiation is generated by driving an antenna with an oscillating current
source. This is achieved by applying a fixed voltage across a modulated conductance

which is given by:

pedv/A

r

G(w,t) ~ n(w,t) ~ Go[l + Bsin(wt + ¢)], (1.4)
where p is the effective carrier mobility, e is the elementary charge, r is the width of
the photoconductive gap. The second part of Eqn. 1.4 is used to simplify the concept
of photomixing; (G is the average photoconductance and [ represents the modulation
of the photoconductance.

Photomixing is conceptually simple but its performance is limited by a key diffi-
culty: the average source resistance, Gy ', is much larger than the antenna radiation
resistance, R4. Typical values for Gy are in the (0.5 MQ)~! region whereas R4 < 200
Q). This results in poor transmitter and receiver antenna efficiency, thereby limiting

the practicality of a radiating photomixing source.



This concept is illustrated by considering the following circuit (Figure 1.6) which

models an ideal (no capacitance) photomixer:

Figure 1.6: Photoconductive mixer circuit equivalent.

where:

GV
W SRt

G(t)VeRa

o(t) = i(t)Ra = GORA+ 1

the total radiated power, is given by:

. 2
Tp—
Praa = - R )
’ (Ni) !

(1.5a)

(1.5b)

(1.6)

where i,_, is the peak-to-peak current. In a realistic situation (except ignoring C)

we can select: Gy = (0.5 MQ)™Y, B =1, R4 =100 Q, f = 1 THz, and V3 =20 V

which results in 80 nW of radiated power.

1.3.2 Photoconductive Switching [9]

Photoconductive switching is the process of generating a pulsed THz signal. Pulsed

THz signals are generated by focusing a sub-picosecond optical pulse onto the active

area of a PCA as shown in Fig. 1.7. The semiconductor conductivity rises sharply

when the optical pulse is absorbed and falls as the carriers trap and recombine when

the optical pulse dissipates.



Step 1:

Incident laser
pulse absorbed by
semiconductor

Femtosecond
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Step 2:
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R S
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Figure 1.7: Photoconductive switching. a) incident femtosecond pulse focused onto

biased active area. b) THz pulse emitted from the back of the substrate [9].

During excitation photocarriers are generated and accelerated along the electric
field, E'g, established by Vz towards the antenna electrodes. The emitted THz field
is proportional acceleration of charge, Erpy, dId’;C, where the photocurrent is given
by [3]:

2
Ipc = Iymp |€XP T _ 1 Cerfe [ 22— )
At2 1, 2. 1, (17)

where Iy, = ‘/Tﬁ,ueED(;Iopt, lte is the electron mobility, Ep is the electric field es-
tablished by Vg, I, is the optical pump intensity, 7, is the optical pulse width
(Gaussian), 7. is the carrier lifetime, 74 is the momentum relaxation time, 7., =
(r'+ 77171 and erfe(x) = 1 —erf(x) = 2 [ e dt.



Figure 1.8a plots the radiated E-field using Eqn. (1.7) for various 7.. Figure
1.8b plots the spectral response. Typical optical pulse width (7, = 0.048 ps) and
momentum relaxation time (7, = 0.03 ps) were used [3]. Iy, Was set to 1.0A because
we are interested in the relative difference. From Fig. 1.8b it is clear that substrates
with a long carrier lifetime radiate better than short carrier lifetimes. This means
that LTG-GaAs (7. =~ 0.5 ps) is not required for a transmitter, however it functions

adequately [21].

a) Temporal Response b 10 Spectral Response
0.10 - — T.=5.00 ps
A — t.=1.00ps
0.08 1 ﬂ —— 7.=050ps g
3 0.06 - — T7.=0.10 ps -
: — T.=0.05ps 2
L o
. 0.04 - o
T © — T, =5.00 ps
“ 0.021 g 30 —— T.=1.00ps
o — T.=0.50 ps
0.00 - —40 — T.=0.10 ps
—— 1.=0.05 ps
—0.02 - 5o ‘ P
—0.50-0.25 0.00 0.25 0.50 0.75 1.00 0 1 2 3 4 5
time (ps) frequency (THz)

Figure 1.8: Radiated E-field, using Eqn. (1.7): I, =1, 7, = 0.048 ps, 7, = 0.03 ps.

As with photomixing, the conductance is dependent on the incident optical power.
For photoconductive switching the instantaneous peak pulse power is large, Pyeqr ~
4kW, compared to photomixing where P, (w,t) ~ 50mW. The conductance of the
photoconductive switch becomes comparable to the radiation resistance during the

illumination time resulting in higher THz output powers.

1.3.3 THz Field Sampling

A PCA on LTG-GaAs can act as either a transmitter or receiver, the only difference is
the connection to external circuitry. For a transmitter an electrical bias is applied to
the active area via the contact pads. For a receiver the contact pads are connected to
a lock-in amplifier which is used to cleanly measure the small photocurrents (100 pA
- 10 nA) induced by the incident THz field.
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No Analog-to-Digital Converter (ADC) exists that can sample at 60 x 10'? sam-
ples/s, therefore another method must be used to reconstruct the temporal profile of
a THz bandwidth pulse. Figure 1.10 gives an overview of the THz generation and
detection process using PCAs. Photocarriers are generated in the receiver when the
optical pulse reaches the semiconductor which exist for the carrier lifetime. The pho-
tocarriers will become accelerated by the incoming THz field creating a photocurrent,
J(t). This current can be calculated by [3]:

J(t) = /_ " oult — ) By (£ (1.8)

where Erp.(t) is the incident THz pulse and o4(t) is the receiver surface conductivity

which is given by:

2 t / / !
os(t) = \/;S_ / eI (1 — e (-t )/Ts) e~ meqy (1.9)
p J—00

where,

_ Vepe(1 — Ropt) IoT,
2hw ’

and e is the electron charge, p. is the receiver’s electron mobility, IR, is the substrate

0o

(1.10)

reflectance, Iy is the optical intensity, A = h/2m where h is Planck’s constant, w is
the angular frequency, 7, is the optical pulse width, 7, is the momentum relaxation
time, and 7. is the carrier lifetime.

In the frequency domain Eqn. 1.8 is given by the pointwise product of the indi-

vidual Fourier transforms (convolution theorem):
F{J} = Flos} - FlErn.}. (1.11)

The simplest way to interpret this equation is to define the ideal scenario, in which
the received photocurrent should be directly proportional to Erp,. This is accom-
plished when F{o,} = constant, a condition that is satisfied when o(¢) is an impulse.
Therefore o,(t) should approximate an impulse (pulse width < 1 ps). LTG-GaAs has
a short carrier lifetime (= 0.5 ps) whereas SI-GaAs has a much longer carrier life-
time (hundreds of picoseconds) [21]. Figure 1.9 illustrates o4(¢) for SI-GaAs and
LTG-GaAs where it is clear that LTG-GaAs is a closer approximation to a impulse.
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Temporal Response

h 
~ 0.75 1

3

©

—— SI-GaAs (1. = 200 ps)

; 0.50 1 —— LTG-GaAs (1. = 0.5 ps)
© 0.251 k
0.00 : : : - '
time (ps)

Figure 1.9: SI-GaAs and LTG-GaAs surface conductivities.

Experimentally the temporal THz electric field profile is reconstructed by varying
the time delay between the received incident THz and optical pulses. A mechanical
delay line is commonly used to introduce this delay and the sampling rate becomes a
function the speed of light and translational step size, Az (in pm), which is given by:

Az(2 x 1
Ar = BrCxlim) 6 dS (1.12)
3 x 108m/s wm

Current stepper motors are capable of achieving minimum step sizes of < 0.2 pum

which corresponds to a sampling period of 1.33 fs. This translates into a Nyquist

frequency of 376 THz which will not be a limiting factor.

Transmitter Receiver

_—
Delayed Pulse THz Pulse
t=t'-t (generated at
t=t'—1)

Figure 1.10: THz pulse detection. The THz pulse is plotted by varying the delay

between the receivers optical pulse and incident THz pulse.
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1.4 THz-Time Domain Spectroscopy

When introducing THz waves it is common to discuss THz-TDS because it is one of
the most used applications. THz-TDS is used to obtain spectrographic information
from a sample (e.g. Fig. 1.2). Ideally, in the time domain, the spectrum is obtained
by generating an infinitely short pulse, transmitting it through a sample, and contin-
uously sampling the received pulse forever. In reality this is not possible, however it
is possible to generate a short electrical pulse with frequency components extending
into the THz region. This pulse can be sampled at discrete points in time over a finite
duration. To better define a short pulse Fig. 1.11 plots the temporal and spectral re-
sponse for a selection of Gaussian pulses with differing Full Width at Half Maximums
(FWHMs). From Fig. 1.11 it is clear that very short pulses (FWHM << 50 fs) are
required to achieve a broad frequency response which spans across 30 THz. It is possi-
ble to generate and receive pulses with wide bandwidths (> 15 THz) [22, 23], however
they are frequently avoided due to experimental difficulties. It is more common to in-
vestigate the 0.1 THz to 4 THz region because experimentation is simpler and many
(but not all) spectroscopic lines appear in this range (see Fig. 1.2). Stringent envi-
ronmental controls are not necessary for many THz-TDS applications, meaning it can
be performed in an illuminated area at room temperature; however, water vapor will
likely be detected.

1.0 4
—_ 0 -

= 0.8 S
3- ~
s 9]
o 067 g —20
3 a
£ 0.4 T
Q_ —
€ g —40 -
c 0.2 A L a

0.0 T T T _60 T T T T T

-4 -2 0 2 4 0 5 10 15 20 25 30
time (ps) frequency (THz)
—— FWHM=0.05ps FWHM=0.10ps —— FWHM=0.50ps —— FWHM=1.00ps

Figure 1.11: Gaussian frequency response for a selection of full width at half maxi-

muis.
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1.4.1 THz-TDS Experiment

THz-TDS uses a configuration similar to Fig. 1.10. Figure 1.12 illustrates the stan-
dard component arrangement defining the optical delivery paths. A femtosecond laser
generates an optical pulse train (for example, 780 nm wavelength, 100 fs pulse width,
80 MHz repetition rate, 20 mW average power) which is directed though a beam split-
ter to obtain two beams which are sent to the transmitter and receiver PCAs. In the
transmitter path, the optical beam passes through a mechanical delay line and optical
chopper before becoming focused onto the PCA active area. In the receiver path, the
optical beam is simply focused on the PCA active area. The optical waist size at
both active areas is approximately 7 pym (for a 5 um gap). The delay line can be
placed in either path, however the optical chopper must be placed in the transmitter
path such that the transmitted THz pulse is modulated at a known frequency. The
transmitter typically has ~20 Vp¢ bias applied for a 5 um gap active area (Fig. 1.3).
The receiver is connected to a lock-in amplifier (referenced to the optical chopper)
to measure the induced photocurrent. It is crucial that the total transmitter path
(a,b,c,dy,ds, e, f,g) and receiver path (z1,x2,y, z) have the correct lengths; otherwise
no pulse will be detected. To setup the THz-TDS experiment the mechanical delay
line should be placed near its half-way point (middle of travel length), then set:

(&
a+b+c+d1—|—d2+

+f+
Nsub Nsub

=x+22+y+2, (1.13)

which can be simplified given that a +c¢ =y, b = d;, z = 2, and approximating that
the substrate and silicon lenses are air (ng,, = 1), then do + e+ f + g = z1. These
conditions and assumptions result in the simple condition that b = z.

The exact lengths are not crucial providing b = 2z near the middle of the delay line,
however the lengths are constrained by beam divergence (not typically an issue with
adequate collimation) and physical space available. Table 1.1 tabulates the lengths
that were found useful (sufficient working space for experiment). Note the odd choice

of units (inches) is selected because it corresponds to the optical tables bolt spacing.
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Figure 1.12: THz-TDS optical setup, see Table 1.1 for used lengths. The “Sample”

could be a gas cell, chemical compound, or waveguide.

Path a|blc|d|de] e |[f] g |[x1|x]|y]| z
Length (inches) |7 |14 | 1|14 | 5 |05 (4|05 |10 |14 | 8| 14

Table 1.1: Lengths Used During Experiments.

Figure 1.13 illustrates a THz-TDS measurement in dry (left side) and humid
(right side) air. Note that water vapor in humid air appears as dips in the absorption
spectrum (Fig. 1.13b). The motorized delay line is translated and the lock-in amplifier
is sampled to obtain the temporal response (Fig. 1.13a). Figure 1.13b is obtained
by applying the Discrete Fourier Transform (DFT) to the data in Fig. 1.13a. The
difference between Egump(w) and E,ef(w) can be calibrated to measure the complex

permittivity of the sample resulting in data similar to Fig. 1.2.
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Figure 1.13: The reference and samples pulses are shown in (a) for dry and humid air.
Numerical Fourier transforms of the amplitude and phase, (b) and (c), respectively,
illustrate the effect of the sample on the plane wave components that comprise the
THz pulse. Reproduced by permission from [24]. (©) 2008 Taylor & Francis Group,
LLC.

1.5 Maxwell’s Equations

Maxwell’s equations describe the relationship between the electric and magnetic field

in a medium (and source terms). In phasor form they are given by [25]:

VxE=—jwuH, (1.14a)
V x H = jweE + J, (1.14b)
V-D=p, (1.14c)
V-B=0, (1.14d)
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the constitutive relations which describe the impact of the medium are given by:
D=c¢cE, (1.15a)

B = uH, (1.15Db)

where E is the electric field (V/m), D is the electric flux density (C/m?), H is the
magnetic field (A/m), B is the magnetic flux density (Wb/m?), J is the electric
current density (A/m?), p is the electric charge density (C/m?®). The sources of
electromagnetic fields are J and p.

Source-free (J = p = 0) electromagnetic field propagation is described by solving
Eqn. (1.14a) or (1.14b). This well-known procedure is accomplished by taking the
curl of either equation, then using the vector identity V x V x A = V(V - A) — V24

[25]:

V x E=—jwuH, (1.16a)
VxVxE=—juuV x H, (1.16b)
V(V-E)—V?E = —jwu(jweE), (1.16¢)
V?E +K*E =0, (1.16d)

where Eqn. (1.16d) is the Helmholtz equation and k is the wavenumber given by:
k = wy/ue, w is the angular frequency, u is the permeability, ¢ is the permittivity. As a
example where E is uniform and linearly-polarized normal (z or g) to the propagation
direction (2), then F = E,& + E,j + E.2 = E,&:

V2E, + K°E, =0, (1.17a)
PE, .,
5 TRE =0, (1.17Db)

which has the following solution:
E, = Ete % 4 et (1.18)

which states that E, consists of two waves of amplitudes E* and E~ traveling in the
+2z and —z directions, respectively. Once either E or H is known then the other can

be solved using Eqn. (1.14a) or (1.14b) (again source-free).
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1.6 Pulse Propagation

Electromagnetic pulse propagation is an important concept which is relevant to THz-
bandwidth systems. Pulse propagation is impacted by many factors but mainly ma-
terial properties and waveguide geometry. Electric field propagation is described in

the frequency domain by the following equation:
Eou(w) = e @2 (W) (1.19)

where E;, (w) and Eout(w) are the Fourier transforms of the input and output pulses,
respectively, z is the propagation distance, w is the angular frequency, k(w) is the
wavenumber, and j = /—1.

Complications associated with field propagation are introduced by k(w) = f(w) —
ja(w) where f(w) is the phase constant and «(w) is the attenuation constant. For
a plane wave in a lossless vacuum system [(w) = w/c and a(w) = 0 where c is the

speed of light. With these substitutions the output is given by:
Eout(w) = e_j“’Z/CEm(w) (1.20)

which means the output is a time-shifted copy of the input (Fourier transform prop-
erties), which is an ideal scenario for many applications. This scenario is not pos-
sible throughout the entire electromagnetic spectrum due to realistic material prop-
erties. In the non-ideal plane wave scenario, the phase constant in a material is
given by f(w) = wy/e(w)u(w), where e(w) = gpe,(w) is the complex permittivity and
pw(w) = popr(w) is the complex permeability. The vacuum permittivity and perme-
ability are given by e &~ 8.8542 x 107'2 F/m and py = 47 x 1077 H/m, respectively.
The frequency dependence and complex nature (lossy) of £(w) and p(w) modify Eqn.
(1.20) such that the output is no longer a simple time shift of the input. For the
remainder of this thesis we do not investigate magnetic materials, thus it is assumed
pr(w) = 1. Figure 1.14 illustrates a general form of ¢,(w) = €/ (w) — je!/(w) from Di-
rect Current (DC) to the Ultra Violet (UV) portion of the electromagnetic spectrum.
From Fig. 1.14 it is clear that the dielectric function becomes more complicated above
1 GHz.
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Figure 1.14: Frequency response for dielectric mechanisms. Ionic and dipole relax-
ation are prominent at the sub-THz region. In and above the THz region atomic and

electronic resonant polarization effects are observed [26].

1.6.1 Attenuation

Attenuation occurs through a number of mechanisms; however, imperfect conductors
(such as gold) and dielectrics (such as GaAs) always introduce some attenuation,
a. and ag, respectively. Referring to Eqn. (1.19), attenuation (or possibly gain) is

introduced by the imaginary part of k(w). A propagating wave is given by:

A

Eou(w) = e’jﬁ(“)ze’a(”)’zEAm(w), (1.21)

which indicates that the output will be attenuated for a(w) > 0. The overall attenua-
tion coefficient, a(w) = a.(w)+ ag(w), is given in Nepers (Nps) per unit length which
implies a reduction in the field amplitude by 1/e at that distance. For example, if
a(w) = 1.1513 cm™? then the field amplitude will be reduced by a factor of 0.3679
after propagating for 1.15137! ecm. The attenuation constant is commonly used to
discuss the power attenuation which is proportional to the square of the field. In this
context attenuation coefficient can be multiplied by 10 log €? = 8.686 dB/Np to ex-
press the power loss in terms dB per unit distance. For example a(w) = 1.1513 cm™!
x 8.686 dB/Np = 10 dB/cm, therefore the power will be multiplied by 0.1 every cm
which corresponds to e~2x1-1513em™Ixlem — ) 1

The attenuation coefficient for a specific structure is calculated from the power
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loss per unit length, P, which is obtained by recognizing that [25]:
P(z) = Pye %, (1.22)

where F, is the input power and therefore:

P(z) = _agiz) =2aPe?* =2aP(z) — a= Pl(;—}z), (1.23)

note that o could relate to the conductor and dielectric attenuation (next Sections).

Dielectric Loss

Dielectric loss is introduced by the imaginary part of the dielectric function, e(w) =
g'(w)—je"(w). It is common to specify the dielectric loss tangent, tan 6. = &”(w) /e’ (w)
to characterize the dielectric loss. Using this definition, the dielectric function can be

expressed in terms of the loss tangent:
e(w) = &'(w)[1 — jtan d.(w)] = gog,(w)[1 — j tan i, (w)]. (1.24)

To calculate the dielectric attenuation coefficient for a specific guiding structure the

transverse electric (E) and magnetic field (H) profiles must be known. First the input

power, Fy, must be calculated by integrating the Poynting vector:
1 _
Py = §Re/ E x H* - ds, (1.25)
S

then the dielectric power loss and attenuation coefficient per unit length is given by

[25]:

= Py

El’ds, — og=—, 1.26
/v 2] ‘2P, (1.26)

we”(w)

P =

where the integration occurs over the dielectric area in the transverse plane (Z, §)
and up to a unit distance in the propagation direction (2). The dielectric attenuation

coefficient will typically take the following form:
ag(w) o< we” (w) Zo(w) (1.27)

where Zy(w) is the characteristic impedance of the specific guiding structure.
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Conductor Loss

Conductor loss describes attenuation associated with field propagation along a con-
ductor with finite conductivity. A key parameter in determining the conductor loss is
the surface resistance, R;. The surface resistance originates because high frequency
waves are unable to propagate deeply into a conductor. The skin depth characterizes

the penetration depth and is given by:

0s = L, (1.28)
wp(w)o
where ¢ is the conductivity of the metal. Figure 1.15a plots the skin depth for a few
common metals where it is clear that submicrometer skin depths are expected in the
THz range. The shallow skin depth implies the majority of the power will propagate
near the conductor surface. Once the skin depth is known the surface resistance
(Fig. 1.15b) is calculated by:

Ry(w) = . (1.29)

0.1 1.0 40 0.1 1.0 4.0
frequency (THz) frequency (THz)

Figure 1.15: Skin depth and surface resistance in the THz range for a few common

metals.

The conductor attenuation coefficient is obtained using a similar method to the
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dielectric attenuation coefficient, Eqn. (1.26), and is calculated by [25]:

P
2P

Rs(w _
P — L/ H%ds, — a (1.30)
2 Js
where the integration occurs over the conductor surface in the transverse plane (z, §)
and up to a unit distance in the propagation direction (2). The conductor attenuation

coefficient will typically take the following form:

(1.31)

noting that R(w) o w'/? the conductor loss will increase with this frequency depen-

dence.

Leaky-wave Radiation Loss

THz systems are susceptible to leaky-wave radiation loss which can greatly exceed
dielectric or conductor loss. This loss occurs when a field propagates along a mis-
matched dielectric interface. This concept is best characterized by difference in group
and phase velocity for pulse propagation, however it can be intuitively described by
Snell’s law (Fig. 1.16):

nysin(fy) = ngsin(6y), (1.32)

where n; and n, are the refractive indexes of the two mediums, #; is the incident
angle, and 6 is the refracted angle. Leaky-wave radiation is similar to setting the

incident angle to 6; = 90° which results in a refracted angle of:

0y — sin”~! (ﬂ) , (1.33)

L)
assuming a typical THz scenario where n;(air) = 1 and ne(LTG-GaAs) ~ /13, this
corresponds to 6 = 16.1°. This small angle means that a very small portion of power

propagates near the dielectric-air interface. It is desirable for 6y to be close to 90°

which would minimize radiation.
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Figure 1.16: Snell’s law illustration. Incident ray in medium 1 (n1) with angle 6; with
respect to surface normal. Refracted ray in medium 2 (nq) with angle 6, with respect

to surface normal.

Less intuitively leaky-wave radiation is described by the difference between the
wavenumber of the propagating field and radiated field in the substrate [27]. Figure
1.17 illustrates this concept for a Coplanar Strip (CPS) waveguide. As a quasi-
static approximation, a transmission line on the dielectric interface will have a quasi-

Transverse Electromagnetic (TEM) mode with a phase constant given by:

Barem(w) = wy/ErcrrEofio, (1.34)

where €, .¢¢ = (6,1 + €,2)/2, €1 and €, 5 are the relative dielectric constants for the
two materials. For a GaAs-air interface this corresponds to &,.r = (1 +13)/2 = 7.

The propagation constant in the substrate is given by:

Boun(w) = wy/ 13040, (1.35)

The semicone of radiation emits at an angle, ¢, which is calculated by [27]:

Y =cos™! <6;TEM) =cos™ " (%) = 42.8°. (1.36)
sub

This angle is close to what was calculated using Eqn. (1.16) which assumed the
incident ray existed in air only (n; = 1). If the average (ny = /(1 + 13)/2) was

selected the two results would be identical.
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Figure 1.17: Leaky-wave radiation for a CPS waveguide. Reprinted by permission
from [28]. (© 1983 IEEE.

The leaky-wave radiation loss is dependent on the waveguide geometry, dielec-
tric mismatch, and frequency. For example the leaky-wave radiation loss for a CPS

waveguide is given by [29]:

ws 5 (3=VBY Jes(F) eepr(F)\° (S +2W)%?
rad‘”( > ) 28 (-0 R 0

where e.7¢(f) is the frequency-dependent effective relative permittivity for the guided
field, e, is the relative permittivity for the substrate, S is the separation between the
two conductors, W is the width of the conductors, ¢ is the speed of light, k = S/(S +
2W), K (k) is the complete elliptic integral of the first kind, K'(k) = K(v/1 — k?),
and f is the frequency.
An important observation is that the leaky-wave radiation loss scales cubically,
i.e. f3; however, e.;;(f) modifies this dependency such that [29]:
a®oc ", wheren =2 — 3. (1.38)

rad

Figure 1.18 shows the results of a time domain simulation (using ANSYS HFSS)
which illustrates leaky wave radiation for a CPS transmission line (similar to Fig. 1.17).
The transmission line was excited with a short Gaussian pulse (FWHM = 0.5 ps) and
the field (Fig. 1.18) was plotted 1.5 mm away from the source. The CPS conductors
were Perfect Electric Conductors (PECs) and the dielectrics were lossless air (n; = 1)
and GaAs (ny = 3.59). The difference in radiation angle (40° vs 42.8°) is explained

by the usage of the quasi-static approximation in Eqn. (1.36). When non-quasi-static
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effects are accounted for (see set of equations in [29]), the radiation angle becomes

closer to 40°.
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Figure 1.18: Electric field illustrating leaky-wave radiation for a short pulse traveling

along a CPS transmission line on GaAs.

1.6.2 Dispersion

Dispersion characterizes a variation in field propagation velocity with respect to fre-
quency. This could refer to either the phase, v,, or group, v,, velocities which are

given by:
w Ow

Up<w> = ma vg(w) = 8/6(&])
The phase velocity describes the propagation of a fixed phase point. The group

(1.39)

velocity is more applicable to pulsed systems because it describes the velocity at
which a wave packet propagates. For a material to be non-dispersive the phase and

group velocity must be equal and constant with respect to frequency. This is true for
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a material with a constant relative dielectric function where k(w) = w,/g0¢, 1io:

1 1
vp(w) = Nk vg(w) = N (1.40)
however any dependence on w will introduce dispersion (i.e. &,(w)). The terms
dispersion and Group Velocity Dispersion (GVD) are used to describe the variation
in phase and group velocities with respect to frequency, respectively. Dispersion is
more relevant to continuous wave systems (i.e. not short pulses systems), GVD is
relevant to short pulse systems. For a system with uncompensated GVD a short pulse

will broaden.

Pulse Propagation in a Lossy Dispersive Medium

The simple Debye relaxation model is used to illustrate the impact of a non-ideal

dielectric (such as water) on pulse propagation [3]. Debye relaxation is described by:

£(0) — &(c0)

e(w) =¢e(o0) + 1 jom,

(1.41)
where w is the angular frequency, £(00) is the high frequency limit of the dielectric
function, £(0) is the DC value for the dielectric function, 7, is the Debye relaxation
time, and j = /—1.

For illustrative purposes Fig. 1.19 plots plane wave pulse pulse propagation for
a non-magnetic Debye material, u,.(w) = 1, £,(0) = 13, ,(c0) = 11, the Debye re-
laxing time is varied 7, = 1 ps, 10 ps, 100 ps, and 1000 ps. Figure 1.19(a-b) plots
the real and imaginary parts of the dielectric function. Figure 1.19c plots the in-
put (Gaussian FWHM = 0.5 ps) and output (1 cm away) pulses for a selection of 7.
Figure 1.19d plots the spectral attenuation for the pulses shown in Fig. 1.19¢c. From
Fig. 1.19(c-d) it is clear that the output pulse can become significantly attenuated

depending on the value of 7.
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Figure 1.19: Pulse transmitted 1 cm with Debye e(w).

Waveguide Dispersion

Apart from material properties, waveguide geometry impacts k(w). For a simple two-

conductor free-space transmission line where the conductor geometry and spacing is

small compared to the guided wavelength only a single TEM mode will exist (E, =

H, = 0). This results in an identical wavenumber to the free-space plane wave case,

k(w) = w/c. Deviations from this case will result in modifications of the wavenumber.

To illustrate this concept pulse propagation along a common THz waveguide, the free-

space Parallel-Plate Waveguide (PPWG), is shown for a few Transverse Magnetic
(TM) (H, = 0) modes. Figure 1.20 illustrates the geometry of a PPWG.
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Figure 1.20: PPWG geometry. Reprinted by permission from [25]. (©) 2012, 2005,
1998 John Wiley & Sons, Inc.

The phase constant, (w), for TM,, modes in a PPWG is given by:

671(“) Y, krgz(w) - kg,n? (1'42)

where k., is the cut-off wavenumber which is given by k., = nn/d (for a PPWG), n
is the specified mode, and d is the plate separation. From Eqn. (1.42) it is seen that
k?(w) must be greater than k2, for §,(w) to be real valued. This means that a specific
mode can only propagate at frequencies above the cut-off frequency (or wavenumber)
which is defined by the waveguide geometry. Here we will illustrate propagation of
the y component of the electric field which is calculated from the longitudinal portion

of the electric field given by:

Bep =sin (252 ) e/, (1.43)
from E.,,, E,, can be calculated as:
_jﬁn(w) aEz,n _jﬁn(w) nmy —jBn(w)z
Ey,n = kan ay = l{,’qn cos (T) e’ ) . (144)

Note that for n = 0 then E, = 0 which means that both H, = 0 and E, = 0 which
is the definition for a TEM wave, therefore Eqn. (1.44) is not applicable. For n = 0
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the ¢y component of the electric field is given by:

o= Y0 ke

y,0 d ) (145)

where V) is the potential difference between the two plates.

In Eqn. (1.44) the transverse y-dependence is contained within the cosine term
and varies between -1 and 1. To provide a consistent demonstration of the impact on
the temporal pulse we will look at the maximum value (i.e. set the cosine term to 1):

By = %”(w)ejﬁn(w)a (1.46)

Figure 1.21a plots the normalized (and time shifted) pulses for the first four TM,,
modes after propagating in PPWG for 10 cm where d = 300 pm. The input pulse is
Gaussian shaped with FWHM = 0.5 ps. Figure 1.21b plots the relative unnormalized
spectral power for each of the modes. The cut-off frequency for modes in a free-space

PPWG are calculated by: ;

Jen = Qd—m, (1.47)
which results in: f.o = 0 Hz, f.; = 0.5 THz, f.o = 1.0 THz, and f.3 = 1.5 THz.
These cut-off frequencies are seen in Fig. 1.21b where the spectral power for each
TM,,~o mode sharply decreases.

Figure 1.21b illustrates that TM,,~o modes broaden significantly and heavily os-
cillate due to significant dispersion near the cut-off frequency. For broadband pulse
propagation these higher order modes are typically not beneficial and best to avoid.
For a PPWG this can be accomplished by ensuring the cut-off frequency of the TM;
mode is larger than the highest detectable signal frequency.

Figure 1.21c plots the phase and group velocity normalized to the speed of light for
the PPWG (d = 300 pm). This plot illustrates that modes fail to propagate (v, — 0)
below their cut-off frequency. The strong variation in phase and group velocity near
the cut-off frequency indicates dispersion. From Fig. 1.21c (for the TM,,~¢ modes) the
group velocity increases with frequency, thus higher frequency components propagate
faster indicating normal (non-anomalous) dispersion. Inspection of the TM; modes
leading edge in Fig. 1.21a clearly shows that higher frequencies travel faster. The

superluminal phase velocity is expected as it is a measure of the bouncing phase front

along the propagation axis, but no information is propagating at this velocity.
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Figure 1.21: PPWG characterization (d = 300 um). a.) Temporal response at output
of a 1 cm long PPWG with input pulse width FWHM = 0.5 ps. b) Spectral response
for the pulses. c¢) Relative phase and group velocity for d = 300 pm waveguide ge-

ometry, ¢ = 3 x 10% m/s.

1.7 THz Field Guiding Technologies

To retain signal strength and integrity low-loss waveguides with minimal dispersion
are desired throughout the electromagnetic spectrum. At low frequencies, <10 GHz,
twisted-pair conductors, coaxial cables, or waveguides can provide this functional-

ity. At much higher frequencies, >100 THz, optical fibers can be used. As previ-
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ously discussed a common method for generating a THz-bandwidth signal is called
PC switching which generates an electric field with a broad spectrum of frequencies
(i.e. 100 GHz — 4 THz). Given that our THz sources utilize PCA switching we limit
our focus to this range.

A number of broadband THz waveguides currently exist, each with its own ben-
efits and drawbacks. The main waveguiding technologies in the THz region are the
PPWG [30], Sommerfeld wire [31], Two-Wire Waveguide (TWWG) [32], CPS trans-
mission lines [29], Metallic-Slit Waveguide (MSWG) [33], Plastic Photonic Crystal
Fiber (PPCF) [34], and the ribbon waveguide [35]. The following subsections give a
brief description of each and summarize the advantages and disadvantages. To re-
main consistent, all the quoted attenuation coefficients are obtained around 0.5 THz

because this is the upper limit to some of cited experimental results.

1.7.1 Parallel-Plate Waveguide

The PPWG was previously illustrated in Fig. 1.20 when discussing waveguide dis-
persion. With proper design a PPWG provides low loss and minimal dispersion in
the THz region. The inset of Fig. 1.22a depicts a common excitation method for
PPWGs. The electric field generated by a photoconductive switch is coupled in and
out of the PPWG using high resistivity silicon plano-cylindrical lenses. Figure 1.22a
plots the detected THz-bandwidth pulse after propagating for 22.4 mm in a PPWG
(plate separation = 108 pum) [30]. Figure 1.22b plots the spectral response of the
received pulse. The dotted line is the reference spectrum without PPWG, for this
measurement the silicon lenses were arranged in a confocal configuration. The solid
line is with a 22.4 mm PPWG in place (as shown in the inset). Introduction of the
PPWG attenuates the spectrum by a relatively minor amount which demonstrates
that the PPWG performs admirably in the THz region. The first higher order mode,
TM, (f.; = 1.4 THz) is not excited because of its odd mode profile, the second TM,
(f.2 = 2.8 THz) mode is attenuated more than the TM; mode thus GVD is not
observed [30].

The main disadvantage for the PPWG relates to system integration. At minimum
two high resistivity silicon lenses are required (four if using a PCA transmitter and
receiver) and THz alignment is required at each of these lenses which is a sensitive

procedure.
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Figure 1.22: Experiment results for PPWG. a) Temporal Response. b) Spectral
response, the dotted line is the reference without PPWG with the silicon lenses placed
in a confocal configuration. The solid line is with 22.4 mm long PPWG in place (as
shown in the inset). Reprinted by permission from [30]. (© 2001 Optical Society of

America.

1.7.2 Sommerfeld Wire

A single wire can guide a THz-bandwidth pulse by coupling to the radially polarized
Sommerfeld mode [31]. The Sommerfeld wave propagates with low loss and dispersion
(Fig. 1.23), however it has a few detriments. First the wave is weakly bound to the
conductor, thus it experiences a large bending loss [36]. Also exciting the radially
polarized mode is difficult when most THz sources are typically linearly polarized.
Initially the Sommerfeld wave was excited by placing an input coupler near the wire
to transfer energy into the radial mode (see Fig. 1.24). Another technique was shown
in [36] where the source photoconductor geometry was modified to maximize the
field overlap between the generated field and the radial mode, however then other
difficulties arise related to focusing the optical pump. Ultimately the usefulness of
the Sommerfeld wire is limited by the substantial bend loss, however it can still be

used for spectrographic applications [37].
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Figure 1.23: Sommerfeld wire pulses excitation and detection. Reprinted by permis-
sion from [31]. (© 2004 Springer Nature.
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Figure 1.24: Sommerfeld wire excitation and detection experiment. Reprinted by

permission from [31]. (© 2004 Springer Nature.

1.7.3 Two-Wire Waveguide

The TWWG is the natural extension to the single Sommerfeld wire where another wire
is added. Figure 1.25 illustrates the cross-section of the TWWG and flux distribution
[38]. Theoretically a TWWG can exhibit low loss (0.001 dB/mm) and dispersion
[39, 38], however there do not appear to be experimental results supporting this
claim (to this degree). Regardless there are experimental results for more practical
structures when the TWWG is supported by a dielectric [40, 41]. In [40] a commercial

twin-pair TV-antenna cable (Fig. 1.26b) was used and an attenuation coefficient of



33

~0.01 dB/mm was obtained. Figure 1.26a plots the received pulse for two different
lengths (24 cm and 60 cm) where it is clear that the dielectric causes substantial pulse
distortion.

In [41] the TWWG (14 cm long) was clamped in a polystyrene foam and the loss
was ~0.1 dB/mm. Figure 1.27 plots the results for the TWWG in [41] where less

pulse distortion is observed likely because the surrounding dielectric is homogeneous
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Figure 1.25: TWWG [38]. a) Cross-section. b) Flux distribution for the TEM mode

of a two-wire waveguide. Arrows show vectorial distribution of the corresponding

and ¢, ~ 1.

transverse electric field. Reprinted by permission from [38]. (© 2013 Optical Society

of America.
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Figure 1.26: TWWG from [40]. a) Transmitted THz pulses along a 60 cm and 24 cm
waveguide. The inset shows the spectral response for the pulses after truncation at
the dashed line. b) Image of the twin-lead cable used for this experiment. Reprinted
by permission from [40]. © 2009 AIP Publishing.
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Figure 1.27: TWWG from [41]. a) Image of TWWG. b) Image of TWWG embed-
ded in polystyrene foam. b) Detected temporal pulse with TWWG embedded in
polystyrene foam. c¢) Detected temporal pulse with TWWG in air. e) Reference
without wires. f) Transmission spectra of the corresponding electric field. Reprinted

by permission from [41]. (© 2014 Optical Society of America.

1.7.4 CPS Waveguide

The CPS waveguide is a planar structure which was introduced when describing
leaky-waves (Fig. 1.17). CPS waveguides are a desirable technology because they are
compatible with standard lithographic processing, therefore planar micrometer-scale
structures are easily fabricated. The cross section for a CPS is shown in Fig. 1.28.
Key detriments for the CPS waveguide are the conductor and leaky-wave losses (Fig.
1.18), note these loss mechanisms typically exceed the dielectric material loss. The
loss is expressed as: a(fy) = Acond 01 /2 + A fg’, where fj is the unitless magnitude of
the frequency in THz. For example, fo=1 corresponds to 1 THz. A.onq and A;.q the

conductor and leaky-wave radiation attenuation coefficients, respectively. The cube
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dependence for the leaky-wave radiation loss implies A,.q requires minimization. For a
CPS-like structure on a Silicon-on-Sapphire (SOS) substrate the following values were
obtained: Acong = 6 cm™ and A,.q = 32 ecm™! (S = 15 um, W = 4 um, H = thick)
[42]. This corresponds to a power loss of 7.2 dB/mm at 0.5 THz and 230 dB/mm
at 2 THz. Without leaky-wave radiation (A,.q = 0 cm™!) the following values are
obtained: 3.7 dB/mm at 0.5 THz and 7.4 dB/mm at 2 THz which shows improvement
but the total loss is still substantial.

wW S

| "l A2
Conductor 1 Conductor2 T

y Substrate H
L
Figure 1.28: CPS cross-section.

Leaky-wave radiation losses can be mitigated by sandwiching the waveguide to
make the surrounding dielectric homogeneous [27], however then optical excitation
becomes difficult. Another potential solution is to reduce the conductor separation,
S, and width, W, below 1 pum, however this will increase the conductor loss sub-
stantially [42]. Alternatively the substrate can be thinned (H reduced) such that
the field remains localized near the conductors in free-space [27, 43]. In [43] a CPS
was fabricated on a thin (H = 1.4 pum) membrane where S = W = 20 pm. The
authors claim that no f3 dependence was observed within their measurement window
(up to 1 THz) which implies A;.q < Acona- The experimental data in [43] does not
follow a f1/2 dependence below 1 THz (see Fig. 1.29); however, it experiences low
loss, 0.4 dB/mm at 0.5 THz. This improvement over the previously estimated value
(3.7 dB/mm) is likely due to different conductor geometry i.e. S = W = 20 pm,
compared to S = 16 yum and W = 4 um. The narrower conductor strips will have
a higher resistance thus conductor loss. This concept illustrates that the waveguide
geometry (S and W) can be optimized for low loss operation; however, as the cross-
section (S + 2W) increases radiation loss increases during excitation. This concept is
discussed more in Appendix C. The substrate thickness, H, was reduced to minimize

the leaky-wave loss; however as the substrate enters the H ~ 50 pum region then
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surface waves may become present within the signal bandwidth. Surface waves are
the result of the pulse resonating in the substrate. As an approximation the reso-
nance occurs at Af = 3x10%/(2nH). For silicon nitride (n = 2.76) this corresponds
to Af(50 um) = 1.1 THz, if the substrate thickness was changed to H = 1 um then
the resonance now occurs at Af(1 um) = 54.3 THz, thus when using very thin sub-
strates surface waves will not be observed. To summarize, the CPS waveguide on a
thin membrane is an attractive technology because experimental results demonstrate
it is capable of functioning up to at least 1 THz with reasonable attenuation and very

minor distortion.
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Figure 1.29: CPS experiment from [43], d is the propagation distance. a) Temporal
response illustrating the pulse on membrane and GaAs substrate (for comparison).

b) The attenuation coefficient for each structure. Reprinted by permission from [43].
© 1994 TEEE.

1.7.5 Metallic-Slit Waveguide

The MSWG resembles a CPS waveguide (Fig. 1.28) except it is wider (W >> )
and thicker (50 pm < 7' < 300 pum). Figure 1.30 illustrates the cross-section of a
MSWG. The increased thickness improves the mechanical strength (compared to a
CPS waveguide on a thin substrate) and the guiding region can be suspended in
free-space (when supported by the outer edges). Suspension in free-space eliminates
the previously discussed leaky-wave radiation because the surrounding dielectric is
homogeneous. The conductor loss for the MSWG is reduced because of the relatively

large conductor surface area.
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Figure 1.30: MSWG cross-section [2].

The MSWG was first experimentally investigated in the THz region in [44] with
the following dimensions: S = 270 ym and 7" = 300 um. Figure 1.31 plots the
experimental and simulated data presented in [44]. The temporal pulse profiles shown
in Fig. 1.31a illustrate that the pulse is not heavily distorted when propagating and
experiences a reasonable loss of 0.03 dB/mm (at 0.5 THz).

A downside to the MSWG relates to system integration. In [44] the MSWG was
excited by placing a photoconductive switch array normal to the waveguide entrance.
The detector probe was placed normal to the propagation direction. This results
in two orthogonal optical excitation paths which is sufficient for experimentation,
however it is limiting when attempting to construct an integrated system. Solutions

to this problem are identified later in Sections 3.1.1 and 3.1.1.
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Figure 1.31: MSWG experimental data from [44]. a) Terahertz pulses sampled for
different propagation distances along the MSWG. b) Frequency-dependent attenua-
tion and effective permittivity derived from the time-domain data and from numerical
field simulations. Reprinted by permission from [44]. (©) 2007 AIP Publishing.
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1.7.6 Plastic Photonic Crystal Fiber

PPCF's are capable of transmitting a THz pulse with relatively low loss and dispersion
(compared to a step-index single-mode fiber). In [34] a PPCF was constructed which
consisted of a solid High Density Polyethylene (HDPE) core (diameter = 500 pm)
surrounded by HDPE tubes (outer diameter = 500 pm, inner diameter = 400 pm).
Figure 1.32 illustrates the cross section of the constructed PPCF. The PPCF guides
the field via Total Internal Reflection (TIR) and therefore no conductors are required
which eliminates the conductor loss. Field attenuation is primarily dependent on the
dielectric material loss of HDPE which resides in the 0.2 dB/mm to 2 dB/mm range at
1 THz [34]. The loss for the PPCF in [34] was measured to be 0.4 dB/mm at 0.6 THz.
Figure 1.33 plots the temporal and spectral responses for a THz pulse transmitted
through a PPCF where it is clear that the pulse experiences some distortion. The
PPCF is not well-suited for system integration because it requires excitation by a

radiated source (i.e. photoconductive antenna) and is not a planar structure.

Figure 1.32: PPCF cross-section. Reprinted by permission from [34]. (© 2002 AIP
Publishing.
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Figure 1.33: PPCF experimental data from [34]. a) Measured (dots) and calculated
(solid line) pulses after propagating through a 2 cm long PPCF. The inset shows the
measured input pulse. b) Amplitude spectra of measured (dots) and calculated (solid
line) pulses after propagating through a 2 cm long PPCF. The dashed line shows the
input pulse spectrum. Reprinted by permission from [34]. (©) 2002 AIP Publishing.

1.7.7 Ribbon Waveguide

The ribbon waveguide consists of a thin dielectric layer suspended in air and claims
the lowest loss in the THz region (0.0002 dB/mm) [35]. Little discussion will be given
for this waveguide because it is heavily impacted by GVD limiting its applicability
when transmitting THz pulses (however it is useful for narrow-band systems). This

limitation was discussed in detail in [45].

1.7.8 Summary of Waveguide Technologies

A number of previous studies use a similar experiment to THz-TDS (Fig. 1.12) for
characterization, except the “Sample” is the waveguide of interest. More specifically
all waveguides, except the CPS waveguide, were excited by radiation. The radi-
ation configuration is acceptable for characterization; however, it is impractical to
implement into an integrated system due to coupling issues. Table 1.2 compares an
achievable attenuation coefficient for each of the discussed waveguide technologies.
The approximate spatial field area is given as a geometrical comparison between the

various waveguides.
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Waveguide Type ~ « (dB/mm) @ 0.5THz ~ Afaq (mm?)

PPWG [46] 0.01 0.104 x 10 = 1.04
Sommerfeld Wire [31] 0.005 762 =113

TWWG [32] 0.005 0.3 x5=15

CPS on a thin membrane [47] 0.4 0.06 x 0.03 = 0.0018

MSWG [33]. 0.03 0.3 x 0.3 = 0.09

PPCF [34] 0.4 7 0.252 = 0.2
Ribbon Waveguide [35] 0.0002 N.A.

Table 1.2: Approximate attenuation coefficient and field area for various waveguides.

We limited our focus to waveguides which could be excited using a photoconduc-
tive region which acts similarly to a small current line (~ 20 pm). This means the
waveguide is not excited with a plane wave or a mode-matched field which limits the
options significantly. The Ageqq column of Table 1.2 helps clarify this concept. If the
field area is relatively large then relatively large structures (i.e. conductors) are likely
present. The fundamental mode profile of large structures are unlikely to match to a
small current source and will resonate (higher order modes). To overcome this issue it
is desirable to select small structures to avoid resonances and provide better coupling,
the trade-off is higher attenuation.

A PPWG is not feasible because of the large geometry. A Sommerfeld wire is
undesirable because of the bend loss and the radial mode is poorly matched to a small
current line. The TWWG is also not feasible due to its large transverse geometry.
The CPS is nicely matched [48] to a small current line, thus it is of interest. The
MSWG can potentially be excited by a small current source, thus it is of interest.
The PPCF can only be excited by a radiated field and is not of interest. Again the
ribbon waveguide is not of interest due to substantial GVD (and requires excitation
by a radiated field).

This research was constrained to using waveguides which could be integrated with
other components (i.e. filters, resonators, antennas, etc). The MSWG and CPS
waveguide were the most appealing because they could satisfy this criteria. While
both of these structures do not have the lowest attenuation, past literature [33, 47]
illustrated sufficient performance to justify further investigation. The CPS waveguide
on a thin membrane is the most appealing because photolithography can be used to

fabricate complex circuits.
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Chapter 2
Fabrication

This chapter discusses the fabrication process for the device presented in Appendix C.
Fabrication for the photoconductive devices in Appendix A-B is not explicitly dis-
cussed here because they are simple in comparison; however, their processing steps

can be inferred by negating irrelevant steps (i.e. removing the epilayer).

2.1 General Fabrication

This section details the individual fabrication steps required to fabricate the structure
in Appendix C. Section 2.2 uses the information from this section to describe the

procedure for fabricating thin-film LTG-GaAs devices.
The following list identifies the required fabrication processes:
1. Crystal Growth and Annealing,
2. Photolithography,
3. Surface Metalization and Etching,
4. Epitaxial Layer Lift-off,

5. Photolithography on a Thin Silicon Nitride Membrane.

2.1.1 Crystal Growth and Annealing

A main component in a photoconductive THz system is the LT G-GaAs epilayer which

is required because of its subpicosecond carrier lifetime. For most THz applications
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the LTG-GaAs epilayer is grown at a low-temperature (~ 230°C) via Molecular Beam
Epitaxy (MBE) on a SI-GaAs substrate. Low-temperature growth of GaAs results in
defects (Arsenic antisites) in the crystalline structure which form midgap states that
quickly trap electrons from the conduction band [49].

As-grown LTG-GaAs (unannealed) has a minimal carrier lifetime (= 0.09 ps) and
substrate resistance of 3 MQ (for a 5 pum gap) [49]. It is desirable to increase the
substrate resistance to reduce the dark current. This is accomplished by thermal
annealing; however, as a consequence the carrier lifetime also increases. In the limit
of reasonable annealing (i.e. 600°C for 10 mins) the defect concentration reduces
substantially and the carrier lifetime becomes much greater than 1 ps. For the work
in Appendix C the substrate was annealed at 450°C for 10 minutes which corresponds
to carrier lifetime of ~ 0.23 ps and a substrate resistance ~ 15 M (for a 5 pm gap)
[49].

Later during fabrication, we plan to remove the LTG-GaAs epilayer from the
base SI-GaAs substrate. This process requires another compound between the layers
that can be etched selectively, meaning that the other compound dissolves leaving
the LTG-GaAs and SI-GaAs intact. LTG-GaAs is grown on SI-GaAs because they
have similar lattice constants, as required by MBE. AlAs has a lattice constant of
5.6605Awhich is similar to GaAs (5.6533A) and can therefore be grown epitaxially
on GaAs. Fortunately AlAs is etched by Hydrofluoric (HF) acid while both LTG-
GaAs and SI-GaAs are resistant to it, thus the LTG-GaAs epilayer can be released by
submerging the crystal in HF acid [50]. Figure 2.1 illustrates the cross-section of the
crystalline structure used in Appendix C. Note that the selected AlAs and LTG-GaAs
layer thickness should be modified in the future, 50 nm AlAs and >1 pm LTG-GaAs
[50].

!
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O Avas [N, eoonm

/i

Figure 2.1: Crystal structure which is obtained by growth via MBE.
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2.1.2 Photolithography

Photolithography is a process used to selectively mask areas on a substrate surface.
The first step is to ensure the substrate is clean. For GaAs this requires that the
substrate surface is free of organic compounds, metal ions, and the thin (1-2 nm)
native oxide layer [51]. To remove organic contaminates and metal ions the follow-
ing procedure was used: sonicate the substrate in acetone for 10 mins, sonicate the
substrate in methanol for 5 mins, then rinse the substrate in Deionized (DI) water
(> 15 MQ:-cm). Next the oxide layer is removed by placing the substrate in a 1:1
HCI/H5O0 solution for 10 s. If the substrate is heavily contaminated other recipes are
available (see [51]).

After the substrate surface is clean and dry, the following procedure is performed

for a each sample (see Fig. 2.2):

1. The substrate is coated in Lift-off Resist (LOR) via a spin coater (2500 rpm,
30 s, 10000 rpm/s) (Fig. 2.2b).

2. The substrate is placed on a hotplate (170°) for 3 minutes to evaporate the
solvent in the LOR.

3. The substrate is removed from the hotplate and left to cool to room tempera-

ture.

4. The substrate is coated in Shipley S1813 (the positive photoresist) via a spin
coater (5000 rpm, 30 s, 10000 rpm/s) (Fig. 2.2¢).

5. The substrate is placed on a hotplate (110°) for 1 minute to evaporate the
solvent in the Shipley S1813.

6. The substrate is removed from the hotplate and left to cool to room tempera-

ture.

7. NOTE: The surface is now delicate, if the thin LOR/S1813 film gets scratched
you must start over (be careful with tweezers). Remover PG is required to clean
the LOR layer (discussed later).

After the sample has been coated in Shipley S1813 the process for mask alignment
begins. The mask aligner uses a high power collimated UV light source with a pro-

grammable exposure timer. A mask (typically chrome on quartz) is placed between
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the UV light and the substrate surface to selectively place a shadow over desired
areas (i.e. mask). The mask and substrate are brought into contact to minimize
the effect of diffraction (Fig. 2.2d). Then the substrate is exposed to the UV light
for a specified amount of time, At. The mask aligner’s UV intensity should be con-

2. To calculate

stant. During our research it was measured to be Iy = 22 mW /cm
an appropriate exposure dosage (Eq = Iy x At) knowledge of the dissolution rate of
the LOR in the developer solution (MF-319) is required. From [52] the dissolution
rate of LOR in MF-319 is approximately 14 nm/s. From experimentation we found
that an undercut of roughly 840 nm (60 s) was sufficient for good device yield. This
implies that the sample needs to remain in the developer for at least 60 s after the
S1813 is removed via development. It is desirable to have a relatively slow S1813
development rate such that the 60 s required to remove and undercut the LOR does
not cause any undesirable effects to the S1813. From experimentation it was found
that an At ~ 3 s (Eg = 3 X 22 mW/cm? = 66 mJ/cm?) gave the best results. After
UV exposure, development in MF-319 for 3 min 45 s (Fig. 2.2e) was required. As a
final step the sample is rinsed in DI water (> 20 s). The previously specified values
can vary depending on environmental conditions and chemical ages. Figure 2.3 is
a top-down image of a small section of a CPS transmission line after development

where the undercut is clearly visible.
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Figure 2.2: Photolithography process. a) Clean sample. b) Addition of LOR 2A via
spin coating. ¢) Addition of Shipley S1813 via spin coating. d) Stucture masking and
exposure to UV light. e) Development in MF-319 to remove S1813 and LOR2A in
areas which were exposed to UV light.
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Figure 2.3: Top-down image illustrating the undercut during the fabrication of a CPS

transmission line.

2.1.3 Metalization and Etching

After photolithography is completed certain areas of the substrate surface will be
masked by the S1813 and LOR. Depending on the fabrication goal there are two
common directions to pursue, either metallic conductors will be deposited or trenches
will be etched in the substrate. Figure 2.4 illustrates both methods.

Figure 2.4(a-b-c) illustrates the gold deposition and lift-off procedure. The metal-
lic contacts are deposited by Physical Vapor Deposition (PVD), both electron-beam
evaporation and Radio Frequency (RF) sputtering were used during the research (de-
pending on equipment availability). Titanium (Ti) (5 nm) is used as an adhesion
layer and Gold (Au) (100 nm) is used for its superior conductive and environmental
resistance properties. Figure 2.4b demonstrates the purpose of the LOR. If the LOR
was absent then the Ti/Au thin film could form a continuous connection between the
S1813 and the substrate surface. This bond makes it difficult to cleanly remove the

S1813 without damaging the metalization on the substrate surface.
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Figure 2.4: Metal deposition and substrate etching. a) Substrate with lithograhically
masked areas. b) Metal deposition over entire sample. ¢) Lift-off of masking materials

in Remover PG. d) GaAs substrate etched in unmasked areas. e) Removal of masking

materials in Remover PG.
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Figure 2.4(a-d-e) illustrates the substrate etching process. For substrate etching
the LOR provides no benefit and could have been skipped in previous steps. Figure
2.4d depicts GaAs etching. GaAs is etched by most acid/oxidizer combinations. In
this thesis a combination of citric acid and hydrogen peroxide (30%) was used (5:1).
After gold deposition or etching the substrate is placed in Remover PG (a proprietary
N-Methyl-2-Pyrrolidone (NMP) based solvent) at 60°C to soak (1 hr) which removes
the S1813 and LOR. Note that Remover PG is extremely flammable (flash point
88°C) and must be used below this temperature. After the soaking is completed, the

substrate is thoroughly rinsed with DI water and the processing is complete.

2.1.4 Epitaxial Layer Lift-Off

This process requires the use of HF acid (hazardous!). Proper training is required.

As noted in Section 2.1.1 the LTG-GaAs epilayer was grown on a sacrificial AlAs
layer. When the sample is submerged in HF acid the AlAs layer dissolves while the
LTG-GaAs and SI-GaAs layers remain unharmed. Figure 2.5 illustrates the process.
To ensure the LTG-GaAs epilayer does disappear in the HF acid (after etching) an
etch resistant wax (Apiezon Wax W) is melted (hotplate 130°C) onto the LTG-GaAs
surface. Next a polystyrene rod is carefully placed in contact with the wax to bond
the two structures (see Fig. 2.5b). Next the polystyrene rod (attached to the sample)
is placed in a closed plastic container 1/4 to 1/2 filled with 10% HF acid overnight
(sample submerged, not entire rod). Once the LTG-GaAs layer is separated, the
polystyrene rod (and epilayer) are removed from the plastic container and rinsed in
a water mixed with calcium carbonate to neutralize any residual HF acid. Then the
sample is rinsed in DI water. The polystyrene rod is carefully removed from the wax
mechanically using a scalpel. At this point the LTG-GaAs layer can be placed on
another substrate (SiO, Si3Ny, Mylar, Teflon, etc.) provided that it is not impacted
by the chemical used to dissolve the Apiezon Wax W. For example, the substrate
should be resistant to Trichloroethene (TCE) .
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Figure 2.5: Epitaxial layer lift-off process. a) Starting clean substrate. b) Apiezon
Wax W is melted onto the LTG-GaAs surface and a polystyrene rod is gently placed
in contact with the melted wax to bond the materials. ¢) The polystyrene rod is
placed in HF acid to dissolve the AlAs layer. d) The polystyrene rod is removed from
the HF acid and cleaned in water mixed with calcium carbonate (to neutralize the
HF acid) then rinsed with DI water.

2.1.5 Photolithography on a Thin Silicon Nitride Membrane

This section describes the methods used to overcome unique issues associated with
UV lithography on a thin silicon nitride membrane window. The main issue is that
the membrane is very delicate and great care is always required, plastic tweezers

are necessary when handling the sample. Initial cleaning of the membrane is likely
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to cause more harm than good, therefore cleaning is avoided unless necessary (i.e.
a mistake was made during fabrication); however, cleaning will be discussed later.
The second issue is that the silicon nitride membrane is suspended in free-space on
a silicon frame which makes it difficult to use the vacuum chuck on the spin coater.
This issue was overcome by using 2-sided thermal release tape to bond the silicon
frame to a standard silicon wafer for mechanical support. The mechanical support
wafer (and attached silicon frame and silicon nitride membrane) could then be placed
on the vacuum chuck, and the spin coater could be used normally (place a number
of LOR drops on the membrane surface, then turn on). Next, the silicon frame is
removed from the mechanical support wafer by placing it on a 110°C hotplate for
approximately 10 s. After heating, the thermal release tape is no longer adhesive
and the sample can be removed. The sample was then placed on another hotplate
to evaporate the LOR solvent (170°C for 3 mins). The sample was removed from
the hotplate to cool to room temperature, then it was re-bonded to the mechanical
support wafer with the 2-sided thermal release tape. Shipley S1813 was deposited
on the membrane surface via spin-coating. Again the sample was removed from the
mechanical support wafer by placing it on a 110°C hotplate for approximately 10
s. The sample was then replaced onto the hotplate to evaporate the S1813s solvent
(110°C for 1 min). The sample is then removed from the hotplate where it cools to
room temperature, after which it is now ready for mask alignment. Mask alignment,
UV exposure, and development are identical to the previous discussion (i.e. not on
membrane). However, after development, the undercut (Fig. 2.3) must be visible
under the microscope (40x objective). If no undercut is visible, the procedure must
start over, except now the substrate must be cleaned first.

To clean the silicon nitride membrane (remove the LOR and S1813) it must be
placed (no squirt bottles because the pressure could damage the substrate) in a heated
bath of Remover PG (60°C) for at least 30 min. Afterwards it should be placed in
a bath of isopropyl alcohol for 1 minute, then placed in a bath of DI water for 1
minute. Drying with a Ny blower must be done very careful, low pressure and blown
tangential to the surface (not normal to the surface becuase the membrane will get
damaged). It is unlikely that all the water will dissipate due to crevices in the silicon
frame, a cleanroom cloth can be used to soak up some of the droplets in the frame.
The frame should then be placed on the 110°C hotplate for 10 mins to dehydrate
the surface. After cooling to room temperature processing can begin again, however

adjusting exposure and development times to attempt to achieve a visible undercut.
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2.2 Fabrication of Small LTG-GaAs Active Regions

The goal is to use a single host substrate (4 mm X 4 mm) to create an array of
many small thin-film LTG-GaAs active regions (40 ym x 20 pm). Figure 2.6 is a
rendering of the desired devices. This goal was achieved by following a fabrication

process similar to the one described in [53].

Front Back

v~
S

&
Figure 2.6: Single small thin-film LTG-GaAs region.

Starting from an annealed substrate (Fig. 2.1) cleaning, photolithography, deposi-
tion, and lift-off are performed to define the contacts across the entire 4 mm x 4 mm
sample. Next the process is repeated (except skipping the LOR) on the same sample
which now has gold contacts. This time actual mask alignment is required meaning
that markers on the mask are aligned with lithography-defined features on the sub-
strate (gold “4” symbols). After mask alignment, UV exposure, and development
each of the future active regions will be coated in S1813 for protection against the
LTG-GaAs etchant (5:1, citric acid and 30% hydrogen peroxide). The entire substrate
is submerged in the GaAs etchant for ~ 1 min then removed to measure the etching
rate using a profilometer (=~ 130 nm/min). Once the actual etch rate is known the
substrate is placed back into the etchant until only 200 - 300 nm of the LTG-GaAs
substrate remain (this requires knowledge of the epilayer thickness). Next the LTG-
GaAs layer is removed from the substrate by following the procedure in Section 2.1.4.

Afterwards the substrate is then placed back into the GaAs etchant to remove the
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200 - 300 nm of substrate which was previously left behind. At this point the back
of many small thin-film GaAs devices should be visible (see Fig. 2.7a). Finally the
LTG-GaAs devices need to be removed from the wax and placed onto another sub-
strate for storage. This is accomplished by placing the samples (attached to the wax)
onto a Mylar membrane which is tilted at a slight angle (~ 5-10°) then slowly placing
TCE droplets onto the wax. TCE quickly liquefies the black Apiezon Wax W and is
messy therefore cleanroom clothes need to be readily available to absorb the run-off.
Once all the wax has been dissolved, a large percentage of the small thin-film LTG-
GaAs should remain on the Mylar membrane. The front of the devices should now be
visible on the Mylar membrane (Fig. 2.7b). Note that the dark spots in Fig. 2.7b are
residual wax which existed when the picture was taken. The last step is to remove
any remaining S1813 which was providing protection against the GaAs etchant and
the wax. This is accomplished by carefully placing some drops of methanol onto the

surface of the samples (on the Mylar membrane), then carefully placing some drops

of Isopropyl Alcohol (IPA) to remove the remaining methanol, then a few drops of DI
water are placed to bond the devices via Van der Waals (VDW) forces [50]. Figure
2.7b is an image of the front side of the LTG-GaAs devices on the membrane.

Figure 2.7: Array of small thin-film LTG-GaAs regions. a) Back-side attached to

wax. b) Front-side visible on the Mylar membrane.
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Placement of thin-film LTG-GaAs regions onto an arbitrary substrate

After the LTG-GaAs regions are bonded to the Mylar membrane they can be trans-
fered to an arbitrary substrate by placing the Mylar membrane with the devices facing
the arbitrary substrate. The devices can then be “popped” off the Mylar membrane
by applying pressure from the back of the membrane using a sharp needle. For this
research we used an acupuncture needle connected to an x-y-z stage on a probe sta-
tion to perform this process. After the thin-film LTG-GaAs device is transfered to
the arbitrary substrate it is pushed to the desired location again using a x-y-z stage
with acupuncture needle on a probe station. Once the device is in the correct location
a drop of DI water is placed onto the surface and left to dry where it becomes bonded
via VDW forces [50]. We found this process works reasonably well; however, if a

better bond is required the Focus Ton Beam (FIB) can be used as noted in Appendix
C.
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Chapter 3
Contributions

A key focus of the research was to design, fabricate, and test THz waveguides with low
loss and minimal dispersion. Equally important (and more challenging) was to design
the THz system (source, waveguide, receiver) which could be implemented into a man-
ufacturable Terahertz system-on-chip (TSoC) platform. A promising THz waveguide
structure was proposed in my M.A.Sc thesis [9] but the design suffered from a diffi-
cult and expensive (thousands of dollars per device) manufacturing procedure. This
thesis focused on simplifying the manufacturing procedure while demonstrating suit-
able experimental results for proof-of-concept designs. Numerous experiments were
proposed and executed, but a number of these experiments did not have satisfactory
results. Regardless, all of the experiments provided useful insight and helped identify
the next logical step. This section states my main contributions to our research group

and Section 3.1 lists the contributions to scientific literature.

Developed and demonstrated a TSoC platform. We successfully constructed
and tested a proof-of-concept TSoC platform using a CPS waveguide on a thin
silicon nitride membrane. This research concluded that fabrication was possible
and THz pulses can be generated, transmitted, and detected over reasonably
long distances. Going forward there is no question if fabrication is possible or if
experimentation generates useful results with minimal distortion. Future work
can use this platform to investigate a wide variety of circuit elements. For exam-
ple, a simple filter can be fabricated by periodically varying the characteristic

impedance of the waveguide (similar to Bragg grating).

Developed recipe to lift-off LT G-GaAs epilayer. Using equipment available to

our research group we successfully replicated the fabrication of small thin-film
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LTG-GaAs layers from [53]. Using these thin-film LTG-GaAs epilayers we gen-
erated and detected THz pulses on a thin SizN, membrane and on a glass slide.
The small thin-film LTG-GaAs devices can be bonded to different substrates,

thus future research could use them for system characterization.

Fabricated and tested MSWG structures. Originally we investigated MSWG
structures because of their low loss and low-dispersion properties (and planar
geometry). We experimentally demonstrated two useful structures. A Lin-
ear Tapered Slot Antenna (LTSA) which can be used as an alternative to a
HRFZ-Si for THz beam forming. During this work we noticed an effect which
was not clearly identified in the original publications [44, 54]. We found the
MSWG would resonate and distort the pulse. A simple fix was identified, using
a thinner MSWG (=~ 50 pm); however, the trade-off is higher loss and reduced
mechanical strength. For us the larger concern was the reduced mechanical
strength because copper becomes delicate when thinner than 150 ym. However
we wanted to overcome the resonance issue for our next device in a step towards
a MSWG-based THz platform. This platform consisted of a photoconductive
THz source, MSWG, and photoconductive receiver. The MSWG was tapered
to a lower loss configuration for the majority of the propagation distance to re-
duce the overall loss. To overcome the mechanical strength issue we selected to
fabricate the waveguide from 51 pm (0.002”) gold-plated stainless steel which
functioned well. Any future work which utilizes a MSWG should consider this

resonance effect.

Developed and maintained an experimental facility. All of the research pre-
sented in this thesis required experimentation. Most of the experiments were
configured similarly to the THz-TDS experiment (i.e. Fig. 1.12) which requires
automated instrument control to obtain accurate and reproducible results. For
the THz-TDS experiments software was written (in C Sharp) which controlled
the delay line via its controller (Thorlabs BSC201), collected the data from
the lock-in amplifier (Stanford SR830), and plotted the temporal and spectral

response. This software is available for future students to use and modify.

A number of other experimental configurations were assembled using a 1550 nm
excitation wavelength and used extensively. Unfortunately we did not obtain
useful results from all these experiments, thus experimentation stopped; how-

ever, useful knowledge was gained relating to experimental design. These ex-
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periments are noted briefly here:

e A fiber-based pulsed THz system for photoconductive switching at 1550 nm
was designed similar to [55]. The system was fully operational and included
dispersion management, functionality was confirmed by optical autocor-
relation measurments. The instrument control scripts (in Python with
PyVISA) controlled the delay line (General Photonics MDL-002), voltage
(Agilent E3631A), data collection (Standford SR830), and plotting (mat-
plotlib). This experiment was stopped because of unsatisfactory THz pulse
generation, transmission, detection results. We knew that a wavelength of
1550 nm is weakly absorbed by GaAs and decided to eliminate this vari-
able and revert to 780 nm. Upon reverting to 780 nm we obtained the
data that was published in [1, 2].

e A fiber-based CW THz system for photoconductive mixing was assem-
bled in parallel with the pulsed system. This system was similar to the
pulsed system, but two CW tunable (1465 nm to 1575 nm) lasers were
combined and used instead. An Erbium-doped fiber amplifier (EDFA) was
used to increase the optical pump power delivered to the photoconductors.
The instrument control scripts (in Python with PyVISA) controlled the
lasers (Agilent 81989A), EDFA (Lightwave 2020 VGA), voltage (Agilent
E3631A), data collection (Standford SR830), and plotting (matplotlib).
This system was abandoned for a similar reason, 1550 nm is weakly ab-
sorbed by GaAs. Given the pulsed difficulties we decided that CW results

were unlikely, thus we proceeded to try quasi-CW system.

e A fiber-based quasi-CW THz system for photoconductive mixing. A quasi-
CW system is similar to a CW system except the mixed CW optical signal
is intensity modulated with a small duty cycle to reduce the average optical
power. After modulation the signal is amplified to increase the peak power.
This experiment utilized an electro-optic intensity modulator to reduce the
duty cycle to D = 0.8 ns / 1.0 us x 100% = 0.08%. Unfortunately this
experiment was halted prematurely primarily due to an equipment failure.
The software in our Tektronix Communications Signal Analyzer (CSA)
8000A failed to load and was too expensive to fix. Figure 3.1 illustrates
the measured intensity for the modulated optical pulse with two separate

beat frequencies. For Fig. 3.1 the beat frequency could be resolved by
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the CSA, whereas when the beat frequency was 1 THz the beat frequency

could not be resolved, thus the average value is seen.

Figure 3.1: Quasi-CW experiment. a) Beat frequency, f,e,y = 1 GHz. b) Beat fre-
quency, fpeat = 1 THz.

3.1 Contributions to Scientific Literature

3.1.1 Main Contributions

The following main contributions are presented in chronological order and state the
initial reasoning for pursuing the research. Copies of the published papers are located
in the Appendices. It is intended that the respective Appendix is read after reading

each of the following sections.

THz-TDS Using a Photoconductive Free-Space Linear Tapered Slot An-

tenna Transmitter [1]

In [1] we investigated coupling the THz field generated by photoconductive switch
to a MSWG configured as a LTSA. This experiment was the initial step for testing
near-field coupling to a thin MSWG for use in a THz system. The designed THz
LTSA proved to be a useful antenna which could be used as an alternative to existing
HRFZ-Si refractive elements.

See Appendix A for copy of published paper.
Contributions:
Levi Smith - Concept, Fabrication, Experiment, Simulation, Writing
Thomas Darcie - Concept, Writing

Afshin Jooshesh - Experimental assistance
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James Zhang - Conceptual assistance

Photoconductive Generation and Detection of THz-Bandwidth Pulses Us-
ing Near-Field Coupling to a Free-Space Metallic Slit Waveguide [2]

Success of the work presented in [1] made it clear that we should investigate the same
antenna, except, used as both the transmitter and receiver to remove all refractive
THz elements. Instead, we decided that first we should directly connect the transmit-
ter and receiver using the MSWG in a low-loss configuration (i.e. larger conductor
separation). Using knowledge gained from [1] we selected a thinner MSWG to reduce

pulse distortion. This concept is the basis of the work [2].

See Appendix B for copy of published paper.
Contributions:
Levi Smith - Concept, Fabrication, Experiment, Simulation, Writing
Thomas Darcie - Concept, Writing
Afshin Jooshesh - Experimental assistance

James Zhang - Conceptual assistance

Demonstration of a low-distortion terahertz system-on-chip using a CPS

waveguide on a thin membrane substrate

Shortly after [2] was published we discovered that we could purchase a large (10 mm
x 10 mm) thin (1 gm) silicon nitride membrane window on a silicon frame (15 mm
x 15 mm). Using this substrate we could expect to transmit THz-bandwidth pulses
with minimal distortion [43]. With this new information we decided to defer projects
related to MSWG structures until we investigated the feasibility of creating a waveg-
uide on a silicon nitride membrane. Upon literature search it seemed viable to fabri-
cate structures on the thin membranes, but it was not clear if lithographic processing
should be completed before or after silicon substrate etching (large difference in me-
chanical strength). We decided to experiment and attempt to fabricate transmission
lines on the 1 pum thick silicon nitride membrane using standard UV lithography,
Ti/Au sputtering deposition, and lift-off. We found that fabrication was possible (see
Fig. 3.2) and the membranes are surprisingly durable for their thickness; however, as
expected, fabrication is an extremely delicate procedure (i.e. sonication is not possi-
ble without destroying the membrane). Detailed information regarding fabrication is

given in Section 2.1.



99

The work presented in Appendix C can be summarized as follows: a CPS waveg-
uide was fabricated on a thin silicon nitride membrane, novel photoconductive devices
were placed on the transmission line, THz-bandwidth pulses were generated, trans-
mitted (10 mm), and detected with excellent performance. In Appendix C we did
not investigate any transmission line components (filters, resonators, etc) because we
were primarily interested in the proof-of-concept. However we are extremely opti-
mistic about the ability of this platform to support a wide variety of complex THz
systems on an integrated device. Figure 3.3 illustrates the experiment used for the

work in Appendix C, a similar arrangement to that used for the work in Appendix
B.

See Appendix C for copy of accepted paper.
Contributions:
Levi Smith - Concept, Fabrication, Experiment, Simulation, Writing

Thomas Darcie - Concept, Writing

Figure 3.2: Image of CPS on membrane with lithographically-defined gold contacts.
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Figure 3.3: Image of CPS on membrane experiment.

3.1.2 Other Contribution

Non-waveguide related experiment and not copied into the Appendix.

Nanoplasmonics enhanced terahertz sources [56]

This work was completed in collaboration with Prof. R. Gordon’s group at the Uni-
versity of Victoria. The majority of the work was completed by Dr. A. Jooshesh.
The goal of this work was to increase the power radiated by a PCA by introducing a
plasmonic array of gold hexagons. The array maximized the bias field (and current
density) near the surface such that the gold hexagons could act as heat sinks. Fab-
rication of this device was completed using photolithography, Ti/Au deposition, and
lift-off. Afterwards the plasmonic devices were “drawn” by sputtering away the gold
(deposited over the active area) using a FIB. Figure 3.4 illustrates the result of this
process. For this work I assisted with photolithography and optical/THz alignment.

Abstract:

Arrayed hexagonal metal nanostructures are used to maximize the local current

density while providing effective thermal management at the nanoscale, thereby al-
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lowing 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 had 75%
of the bias voltage. The arrayed hexagonal outperforms our previously investigated
strip array nanoplasmonic structure by providing stronger localization of the cur-
rent 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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Figure 3.4: Hexagonal structures from [56]. a) Scanning electron microscope image
of the 20 pum dipole on SI-GaAs substrate. b) The active area of the hexagonal
plasmonic array. ¢) The active area of the strip plasmonic array. The diagram shows
apex angle 0, gap size d and periodicity p. d = 100 nm, p = 587 nm, § = 127°.
Reprinted by permission from [56]. (©) 2014 Optical Society of America.

Contributions:
Afshin Jooshesh - Concept, Fabrication, Experiment, Simulation, Writing

Levi Smith - Experimental and Fabrication assistance



Mostafa Masnadi-Shirazi - Fabrication

Vahid Bahrami-Yekta - Fabrication

Thomas Tiedje - Concept, Fabrication, Writing
Thomas E. Darcie - Concept, Writing

Reuven Gordon - Concept, Writing
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Chapter 4

Conclusion and Future Work

This thesis investigated three planar waveguide devices experimentally. The first
device (Appendix A) was a MSWG configured as an LTSA which was used for THz-
TDS. This device can function as an alternative to standard refractive beam forming
THz components (i.e. HRFZ-Si lenses). The second device (Appendix B) was an
MSWG which was tapered (conductor separation increased) to reduce the overall
loss and is an attractive option when transmission over relatively long distances (&
20 cm) is necessary. The last device investigated was a CPS waveguide on a thin
silicon nitride membrane (Appendix C). This device was found to function very well
and shows great promise to serve as a THz platform which can host a multitude of
circuits. To begin with filters, resonators, power dividers, couplers, tapers, antennas,

antenna arrays, can all be investigated.

4.1 Future Work

4.1.1 Metallic-Slit Waveguide Devices

As mentioned earlier we had plans to test two MSWG-based antennas functioning
as the transmitter and receiver. There are currently no experimental results for this
configuration. Completion of this experiment should result in further justification

that edge-coupled MSWG-based devices are useful in specific circumstances.
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4.1.2 Waveguide Components on Silicon Nitride Membrane

In Appendix C a basic CPS on a thin silicon nitride membrane was investigated.
In this work we wanted a baseline measurement, therefore no variation in waveg-
uide geometry was introduced along the propagation direction. Future work will now
recognize that the pulse will only undergo moderate distortion on a continuous waveg-
uide. With this knowledge future devices such as filters, resonators, and couplers can

be designed and tested then compared with the baseline measurement.

4.1.3 Fiber-Based Probe-Station Measurements

Early on we attempted to simplify the analysis of THz waveguides using a Fiber-Based
Probe-Station (FBPS). The purpose the FBPS was to use standard telecommunica-
tion band (1550 nm) lasers and optical components (i.e. optical fibers) to excite and
detect THz pulses. The setup was desirable because it allowed for experimentation
with multiple configurations of THz circuitry. Usage of the FBPS for THz excitation
and detection (via photoconductive switching and mixing) is a novel method which
we have not seen demonstrated elsewhere in literature. The concept is illustrated in

Fig. 4.1. The experiment was to be divided into a number of steps:

1. 1550 nm pulsed excitation without MSWG (Fig 4.2a),
2. 1550 nm continuous-wave excitation without MSWG (Fig 4.2a),
3. 1550 nm pulsed excitation with MSWG (Fig 4.2b),

4. 1550 nm continuous-wave excitation with MSWG (Fig 4.2b).

Lensed Fiber

Optical Chopper r\lgo}orilged LTG-GaAs
elayline
4
1550nm fs-laser 8 J

~100mW > | . =1

~100fs >| 3dB = ]

38MHz coupler f——m 8 —_ DC Bias /. §>

Lock-in
D'\(Aala;rlllljiile Detection
Lensed Fiber

Figure 4.1: Optical fiber setup using the FBPS with lensed fibers.
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Figure 4.3 is a picture which illustrates the electrical probes contacting the sub-
strate to bias the active area and detect the generated current. The lensed fibers are
also visible which deliver the optical pump to the active areas. Figure 4.4 gives an
overall view of the FBPS.

Figure 4.2a depicts the first step of the series of experiments. This setup was
selected to be the first since similar experiments were completed using free-space
780 nm [48] and 1550 nm [57] pulsed lasers without a FBPS. It was proposed that
after we completed the first two steps (Fig 4.2a), we would cleave the substrate and
move onto the next steps (Fig 4.2b). The first two steps of the experiment seemed like
a simple task since they had been completed elsewhere [48]; however, after a number
of months we were unable to collect any meaningful results from the FBPS. Prior to

constructing this optical setup a number of non-ideal features were recognized:

1. A 1550nm laser (E1550nm = 0.8eV) is only weakly absorbed by LT-GaAs (Eg =~
1.4eV') because excitation occurs via defect states or two-photon absorption
[58, 59, 55].

2. The optical pulse will broaden inside a fiber by dispersion (linear and simple
to compensate) and self-phase modulation (non-linear and difficult to compen-
sate); both of these effects will limit the THz-bandwidth, but not eliminate the

signal.

3. The optical modulation (for lock-in detection) will be directly detected by the
receiver and should appear as a fixed offset. Also given that past literature [57]

used a similar arrangement we were not worried about this artifact.

Given that we were aware of the weak 1550 nm optical absorption we reverted
to using a 780 nm optical excitation where absorption was guaranteed which led to
quick results and the work presented in Appendix B.

We currently believe the reason why we were unable to obtain results using the
FBPS was related to the entire substrate surface becoming modulated by the incident
optical excitation beam. Using the structure from Appendix C this effect would
be removed due to the localized LTG-GaAs transmitter and receiver regions. Re-
attempting this experiment using the device from Appendix C could have significant
impact because prototyping speeds would drastically increase and 1550 nm excitation

is typically more desirable (due to component availability).
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Figure 4.2: FBPS experiment schematic. a) Stage one of FBPS experiment. b)
Proposed stage two of FBPS experiment.
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Figure 4.3: Pictures of FBPS experiment on LTG-GaAs. a) Transmitter b) Receiver

c¢) Transmitter/Receiver overlap.
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Figure 4.4: FBPS overall image.

4.1.4 Optical Waveguides on Silicon Nitride Membrane

In Appendix C a basic CPS on a thin silicon nitride membrane was investigated. The
optical pump was delivered using free-space optics. In the future optical waveguides
could be lithographically defined on the membrane surface and directed to the LTG-
GaAs regions. This would allow for a pigtailed package to be manufactured which

would be desirable in a CW system.
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1. Introduction

Terahertz 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. Subsequently, extensive research was pursued in
free-space antenna design and optimization. At this point two approaches appeared for collimating
the generated THz field: guided-wave electronic antennas [2—6] and optical lensing from a point
source [7, 8].

The work completed by [2—4] uses substrate slotline and coplannar strip antennas. These
antennas function admirably but distort the temporal response due to reflections and the refractive
index mismatch on the guiding interface. The induced pulse distortion limits the ability for these
antennas to function as a broadband THz time-domain spectrometer (THz-TDS) source. In [5, 6]
the undesired effects associated with the substrate are mitigated by using a slotline antenna on a
thin dielectric membrane. This method functions well but has several issues: the resulting antenna
is delicate, manufacturing requires harsh etchants, and the conductor loss is relatively high. The
issues associated with guided-wave antennas are mostly overcome by optical lensing [7, 8] which
therefore became the dominate method for guiding the electromagnetic field generated by a
photoconductive switch. The main issues associated with substrate lenses are: pulse attenuation
and dispersion, lens manufacturing, alignment, physical size, and cost.

In this paper we investigate a hybrid photoconductive structure which is edge-coupled in
the near-field region to a guided-wave metallic-slit antenna termed a photoconductive free-
space linear tapered slot antenna (PC-FS-LTSA). Near-field coupling methods have existed
for a number of years, although they are commonly found in the form of near-field probes for
surface characterization [9-11]. The PC-FS-LTSA overcomes many of the issues associated with
substrates lens and guided-wave antennas. The PC-FS-LTSA can be small (2mm X 2mm X Smm),
inexpensive (eg. fabrication using precision stamping), and easily assembled using a top-down
alignment. Providing that the pulse shape remains undistorted at the output of the antenna, the
PC-FS-LTSA could be a viable alternative to a substrate lens. Thus the pulse distortion along the
optical axis of a prototype PC-FS-LTSA is investigated is this paper.

The novelty of the PC-FS-LTSA presented here arises from its simplicity and performance as
a THz-TDS transmitter in the absence of refractive THz optical components. The same near-field
edge-coupled source can be used as an alternative method (to [12—14]) for exciting waveguides
without THz optics.

2. 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 and
direct the THz field [15]. It is desirable to eliminate the need for a HRFZ-Si lens because they are
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costly, lossy, and introduce dispersion thus limiting the transmitted power and bandwidth. Here
we focus on the design of a PC-FS-LTSA for near-field edge-coupled THz antenna excitation as
an alternative to the standard HRFZ-Si lens.

Figure 1 illustrates the PC-FS-LTSA which consists of a photoconductive active-area on
SI-GaAs which is edge coupled to a metallic-slit based antenna [16-21] (i.e. the FS-LTSA). The
photoconductive active-area was patterned using standard UV-lithography and the metalization
(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 [22].

The metalization 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 Fig. 1(b) was
able to couple to the FS-LTSA without significant pulse distortion.

The FS-LTSA should be relatively thin (T~50um) to reduce the Fabry-Pérot resonances (see
Appendix A) yet maintain mechanical rigidity and minimize conductor loss. In this work the
FS-LTSA is constructed out of a relatively long (L~15mm) and thick (T~127um) copper sheet
because hand-polishing a short (L<5mm) and thin (T~50um) copper sheet was found to be
difficult. For this proof-of-concept experiment a FS-LTSA was selected (instead of, for example,
a broadband Vivaldi taper [23]) for the manufacturing convenience. The FS-LTSA can be easily
constructed by-hand whereas a Vivaldi taper requires precision machining.

a.) fs-laser —>

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 § ~28°

A key difference between this work and past work [2—4] is the usage of a metallic-slit based
free-space LTSA. A free-space antenna has a number of advantages over planar substrate based
antennas. In particular, after the field is coupled to the FS-LTSA, the effect of substrate radiation,
surface-waves, and dispersion are mostly eliminated. This goal has been mostly achieved by [5]
where substrate etching was used to create an antenna on a thin (<2um) SiO,/Siz N4 membrane.
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The antenna presented here has some distinct advantages over thin membrane antennas: the
metallic-slit based antenna has lower conductor loss due to increased conductor surface area, it is
less delicate due to the material and thickness, and the manufacturing process doesn’t require
harsh etchants (EDP, HF, etc). Other substrate-based antennas [2—4] which closely model coplanar
strip/slotline configurations can have a total loss of ~17dB/mm at 1 THz [24], whereas the
free-space metallic-slit geometry has a loss of <1dB/mm at 1 THz [16]. To note, these numbers
are not representative of all designs, but they illustrate the possible large difference between the
expected losses.

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. The antenna presented here
provides an excellent alternative to membrane-based antennas and illustrates that a guided-wave
antenna can be used as a THz-TDS transmitter.

3. Simulation

The design of the PC-FS-LTSA was aided by simulations performed using the Ansys HFSS
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-Pérot
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). To summarize, the thickness of the FS-LTSA should be selected
to minimize the Fabry-Pérot resonances while maintaining some thickness to reduce conductor
loss. Also the active-area should be close to the substrate edge.

Figure 2 illustrates the simulated E-field of the PC-FS-LTSA after transient excitation. Figure
3(b) 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.

Fig. 2. Transient simulation with Ansys HFSS which illustrates the E-field

Note that the length, L, of the simulated structure is 2.25mm, whereas the experimental
structure has a length of 15mm. The shorter length in the simulation was required to solve the
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simulation with an acceptable resolution. 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 [23].

The discrepancy between the experimental and simulated length may cause concern thus further
elaboration is warranted. To reiterate, the manufactured PC-FS-LTSA length was selected purely
based on manufacturing convenience. Given that this paper is an investigation of the temporal
response along the optical axis, then the main requirement is that the conductor separation at the
end of the FS-LTSA is much greater than the free-space pulse length. The conductor separation
at the end of the experimental PC-FS-LTSA is ~7.5mm and ~1.1mm for simulated structure,
both of which are multiple times greater than the free-space pulse length (=0.3mm). The effects
associated with the different lengths will appear in the off-axis field components which are not
investigated is this paper. Appendix B illustrates the simulated results for a number of LTSA
lengths and concludes that when the length of the LTSA is longer than 2.1mm the temporal and
spectral responses are relatively unaffected.

4. Experiment

We used a standard THz-TDS arrangement [Fig. 3(a)] to investigate the PC-FS-LTSA’s perfor-
mance. 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 photoconductors. Then the optical
beam is split into two paths to excite the transmitter and gate the receiver.

a. ) b) — Temporal
Laser S T T T T T T T ]
s —— PC-FS-LTSA Experimental
3 —— PC-FS-LTSA Simulation
2 05F Standard PCA Experimental |+
Delay [ ] =
line N § o
- 3
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T 05
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-5 0 5 10 15 20 25 30 35 40

time (ps)
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Fig. 3. a) Experimental setup for testing the PC-FS-LTSA. The active-area consisted of a
5%5um area biased by 20V 4. The average optical power focused onto the transmitter and
receiver were 6mW and 7mW, respectively. The iris (opening = Smm diameter) was placed
midway between the transmitter 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. b) Experimental and simulated response obtained from the setup

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 wavefront components. This increases the detectable
bandwidth but reduces the detectable power. A portion of the THz beam reaches and biases the
commercial LT-GaAs PCA receiver [25] and the detected current is read by a lock-in amplifier.
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An identical experiment was performed with a PCA transmitter (identical to receiver) in-place of
the PC-FS-LTSA to provide a comparison. The results of this experiment are plotted in Fig. 3(b).

5. Discussion

The temporal response [Fig. 3(b)] of the PC-FS-LTSA resembles that of a standard PCA which
is desirable. The bandwidth of the PC-FS-LTSA 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-Pérot modes (see Appendix A).
This effect is most clearly observed by comparing the experimental PC-FS-LTSA and standard
PCA spectral responses.

A notable feature in Fig. 3(b) 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. These lines do not originate from the previously
stated Fabry-Pérot resonance because the “cavity” has a relatively low Q.

When comparing the simulated and experimental results [Fig. 3(b)] 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 transmitter has a slow carrier decay (step-like response) resulting in a small
negative peak [22]. Also note that the simulation peak at ~0.255THz originates from a cavity
(Iength=D+T, n, ~ /(12.9 + 1)/2 = 2.64) which is stronger for the simulated structure due to
ideal edges.

Referring to Fig. 3(b), 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. A small hump also appears for the
standard PCA before and after the main pulse. This typically arises from imperfect substrate lens
alignment.

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.

Regarding the physical size of the PC-FS-LTSA simulation shows that the length could
be reduced to, for example, the simulated size (L=2.25mm) without causing pulse distortion.
Therefore the total structure could quite likely fit into a volume ~5Smm X 2mm x 2mm = 20mm?
which is significantly less than the volume of a typical PCA coupled to a silicon lens *10mm X
10mm X Smm = 500mm?>.

6. Conclusion

If the thickness of the FS-LTSA is adequately selected for the anticipated system bandwidth then
the generated THz pulse should not exhibit signs of pulse distortion, thus illustrating that the
PC-FS-LTSA could be a useful alternative to a substrate lens. 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-Pérot Resonance

The Fabry-Pérot modes can be excited when a thick (with respect to wavelength) metallic slit
waveguide is used. Figure 4(a-b) illustrates the results of a time-domain simulation that shows
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the Fabry-Pérot resonance when the metallic slit is thick. The start and stop frequency of the
excitation pulse are 0.3 and 3THz respectively. Figure 4(c-d) illustrates the removal of the
resonance by reducing the thickness of the metallic slit waveguide. Figure 4(d) illustrates the
desired undistorted response.

a) t=1ps c) t=1ps
T=400um 3 T=50um

Source

y
Source ky z
X Omm |+|1mm < OMM r—] 1 MM

b) t=6ps
> T=400um

S

y
k: k-
OMM ] 1 MM OMM ] 1 MM

Fig. 4. Transient E-field plot illustrating the Fabry-Pérot resonance. a) Thick waveguide,
field profile around the source location just after excitation (t=1ps) b)Thick waveguide, field
profile of guided-wave after 6ps, note that the field profile is dispersed by reflections. c)
Thin waveguide, field profile around the source location just after excitation (t=1ps) d) Thin
waveguide, field profile of guided-wave after 6ps, note that the field profile is relatively
undispersed and confined to the waveguide.

Appendix B - FS-LTSA length

Figure 5 plots the temporal response for various FS-LTSA lengths. When the length of the
FS-LTSA exceeds 2.1mm there is little change in the radiated temporal response. To note, the

simulated structure in Fig. 5 does not include the substrate/FS-LTSA interaction (as found in Fig.

2 and Fig. 3(b)). The substrate was negated because the high dielectric constant of the substrate
demands a finer mesh (more computational resources) which would limit our simulation structure
size to less than 3.3mm. Also, the structure was excited by a current sheet (closely matched to
fundamental mode) instead of a current line to minimize the Fabry-Pérot resonance as discussed
in Appendix A. The noise floor of the various lengths are different due to nonidentical meshes at
convergence and does not contribute much insight to the comparison as it models an extremely
small portion of the injected energy.
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Abstract: THz-bandwidth pulses are generated, transmitted along a gold-plated stainless steel
metallic slit waveguide, and detected with 1.5 THz bandwidth and 60 dB dynamic range. The
source and detector were edge-pumped slotlines on LT-GaAs placed within the near-field region
of the waveguide entrance and exit aperture. The motivation for this work was to develop a
complete dispersion-free THz system which was simple to manufacture and could be utilized for
free-space waveguide experimentation.
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1. Introduction

Photoconductive pulse generation and detection on a substrate was investigated in the 1980s [1-5].
In [1] the theory of photoconductive pulse generation and detection was investigated. This theory
was expanded upon in [2] where experimental results were provided. In [3] THz-bandwidth pulses
are generated and transmitted along an 8mm coplanar transmission line and the “sliding contact”
excitation method was introduced. The results of [3] are re-analyzed in [4] and conclude that a
sliding contact source or detector can have no capacitance. In [5] the sliding contact is slightly
modified to generate short pulses from a long-carrier-lifetime substrate. This was achieved by
asymmetrically exciting the transmission line.

In the previously cited work the transmission lines consisted of metallic contacts deposited on
a thick dielectric substrate. This configuration is undesirable because of leaky-wave radiation [6].
Leaky-wave radiation can be minimized by reducing the waveguide width or homogenizing the
dielectric. To approximate a homogeneous dielectric a superstrate with same dielectric constant
as the substrate can be placed [7], or the substrate can be thinned (<2 pm) to approximate the
loss and dispersion of an air dielectric [8].

In this paper we use a metallic slit waveguide (MSWG) for low-loss and dispersion-free
waveguiding [9-13]. In [9-11] a relatively thick (>300 yum) MSWG was excited by coupling the
radiated field generated by a photoconductive switch. In [12] near-field excitation of a relatively
thin (127 um) copper MSWG was performed and used as a linear tapered slot antenna. In other
works [14—-16] near-field detectors have been utilized for surface conductivity and transverse
field mapping. Plasmonic MSWGs have also been investigated in the optical [17] and THz
regimes [18].

The novelty of this paper arises from the designed THz system. The system provides an effective
and simplistic method for generating, transmitting, and detecting dispersion-free THz-bandwidth
pulses which is not found elsewhere. The method of waveguide excitation is similar to past
work [12], but here the THz source is a DC biased edge-pumped slotline which minimizes the
pulse distortion by eliminating reflections associated with the bias lines. THz field transmission
along a free-space MSWG is found elsewhere [9—-12], but in this work a thinner gold-plated
steel MSWG is utilized for broadband transmission. Also the MSWG includes tapers to reduce
attenuation which is unique to this work. THz field detection is achieved by tapering the MSWG
onto an edge-pumped slotline detector which located within the near-field region of the exit
aperture of MSWG. We were unable to find a similar detector in other work. Other near-field
detectors exist [14—16] which could potentially be utilized, but the manufacturing procedure for
these detectors is difficult in comparison to a simple cleaved slotline.

2. Design

We have designed a THz system [Fig. 1] which uses a MSWG to overcome the issue of leaky-wave
radiation, loss, and dispersion associated with substrate-based waveguides. The MSWG and
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slotline are excited by an optical pulse illuminating the biased slotline [Fig. 1(b)]. The generated
field is transmitted along the MSWG and detected at the receiver [Fig. 1(c)]. Cross-sections of
the MSWG and slotline are shown in Figs. 1(e)-1(f). Figure 1(d) illustrates the configuration of
the experimental structure.

The thickness, T, of the MSWG should be selected based on the system bandwidth and
excitation configuration. In [12] we identified detrimental Fabry-Pérot oscillations which are
excited when a thick MSWG is asymmetrically excited by a current line (similar to the source
presented here). These oscillations are present when the MSWG thickness, T, is comparable to the
spatial pulse length in the metallic-slit waveguide (which is the same as the spatial pulse length
in air because n~1). For example, if a MSWG is excited with a 0.5 ps pulse then T <« 150um.

@

Section B-B’ i

Fig. 1. Design of the THz system. (a) Overall structure. (b) Transmitter active area and optical
excitation location. (c) Receiver active area and optical excitation location. (d) Configuration
of experimental structure (top-down view). (e) Cross-section of MSWG and definitions. (f)
Cross-section of slotline and definitions.

Figure 2 illustrates the circuit diagram which approximates the THz system. A DC bias voltage
(90 V) is applied to the transmitter active area using a slotline. The transmitter active area is
illuminated by a femtosecond optical pulse resulting in a conductance spike in g; (t). The current
spike through g (t) drives both the slotline and MSWG. Ideally no power should be delivered to
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the slotline but this is difficult to incorporate without introducing unwanted resonances due to
discontinuous bias lines. A portion of the signal is near-field coupled across an air-gap from the
slotline into the MSWG which travels along a tapered section of waveguide to reach a geometry
with a lower attenuation coefficient. To maximize the signal coupled into the MSWG from the
slotline the air-gap should be small [Fig. 5]. To minimize the radiation into free-space (and
maximize coupling into the MSWG) the separation, S, at the start of the taper should be close to
the slotline gap width (W =20 um) or slightly larger (such that the active area is not blocked from
the optical pump). The MSWG was positioned by-hand and we were able to achieve S = 80 um
which proved to be sufficient since we detected a signal. For the work presented here we selected
to use a slight taper so the field remains confined to an area close to a free-space pulse width.
Given that we were able to achieve S = 80 um this corresponded to S = 160 um based on our
pre-machined MSWG plates which gives an appreciable reduction in the attenuation coefficient
[Fig. 3]. After the taper the pulse travels the length of the MSWG for 24 mm before tapering
to the receiver. A portion of the signal couples to the receiver which generates a detectable DC
current proportional to the product of the incident signal voltage and receiver conductance. The
cross-correlation trace is produced by sweeping the relative time delay between the two signals
(i.e. via an optical delay line).

The MSWG material and thickness was selected to have acceptable mechanical strength and
Fabry-Pérot oscillation reduction. As the waveguide becomes thinner the bend strength degrades
but the adverse effects of Fabry-Pérot oscillations are minimized. In the limit of T — 0 um,
the metallic slit becomes a free-space slotline and the oscillations are eliminated, but this is
impossible to achieve (or approximate) while maintaining mechanical strength. Copper with
a thickness less than 100 um is delicate therefore steel was used. The MSWG was fabricated
using 0.002” (T = 51 um) 304 stainless steel via wire electrical discharge machining (EDM) then
gold-plated (plating thickness = 1.5 ym).

The THz source and detector are identical W = 20 um slotlines made of Ti/Au (5 nm/100 nm)
RF sputtered on a 1 ym low-temperature Gallium Arsenide (LT-GaAs) epilayer. LT-GaAs is
a sub-picosecond carrier-lifetime photoconductive material [20] which is commonly used for
detecting THz pulses. The LT-GaAs epilayer was grown on a semi-insulating Gallium Arsenide
(SI-GaAs) substrate (h = 350 um) which was annealed for 60 seconds at 600°C. Slotlines were
selected because they do not introduce unwanted cavity resonances and are simple to manufacture
(lithography, deposition, lift-off, then cleave at any point). Compared to our previous source [12],
we expect that the transmitter losses a portion of the power to the slotline but the signal transmitted
into the MSWG will have less distortion.

Cm51 Cmsz
i ---- ——-- i
+ + + +
= ~ Z sz s Z, > -
V \4:': ta 02, o 03, o 04, \t‘i, = Z
8 ZowYou > g,(t) 2 VY g Vos g Yoo & = 9,(t) o Yo
Slotline Tx MSWG MSWG MSWG  C., Rx Slotline

Fig. 2. Transmission line representation of circuit

3. Simulation

The structure was simulated in both time and frequency domain using Ansys HFSS v18. For all
time-domain simulations the substrates are lossless GaAs with the relative permittivity set to
€ = 12.9 and the conductors set to PECs. For the frequency-domain simulation the substrates
are lossless GaAs with the relative permittivity set to €, = 12.9 and the MSWG conductors
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are set to gold with conductivity of o4, = 4.1 x 10’S/m. The frequency-domain simulation
was used to calculate waveguide parameters a(f,S) and Zy(f, S) [Fig. 3]. The attenuation
coeflicient is dominated by conductor loss which was determined by comparing simulations
with MSWG set to a PEC and gold. The attenuation coefficient at the entrance and exit of the
MSWG is a(2 THz, 80 um) = 0.099 dB/mm. The central section has an attenuation coefficient
of @(2 THz, 160 um) = 0.054 dB/mm. The difference between these attenuation coefficients is
the reason for the taper. By doubling S the attenuation coefficient is approximately halved (note
this does not scale linearly).

175 1
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(@) S=200um m— (C) S=120um
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Fig. 3. MSWG attenuation solved with Ansys HFSS. The attenuation for various separations
is plotted. Traces (f)-(g) are plotted to verify that our simulation results align with the results
presented in [9]. The real part of the Z,,, characteristic impedance is also plotted.

Time-domain simulations were used to visualize pulse coupling and transmission in a similar
method to experimentation [Fig. 4]. For all transient simulations the source was a current source
with the pulse shape defined by the normalized form of Eqn. 1 where the parameters where
obtained from the experimental fit (, = 0.21 ps, 7. = 0.39 ps, 75 = 0.08 ps). For the transient
simulations the length of the central section of MSWG was reduced from 24 mm to 3 mm to reduce
the simulation time. Videos for the transient simulations are included in the Supplementary
Material to better illustrate the pulse propagation. The voltage at the receiver was calculated by
integrating the E-field, v,(7) = f E (1) - dl at each time step. In Section 5 the simulated receiver
voltage is used to fit the experimental data [Fig. 7].
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normalized amplitude (a.u.)

Fig. 4. Time-domain simulation illustrating the field coupled into MSWG 4 ps after excitation.
The MSWG was set to a PEC. W=20um, S=80um—160um. a) xz-plane (for video see
Visualization 1). b) yz-plane (for video see Visualization 2).

The slotline to MSWG transition was investigated using a time-domain simulation with ideal
material parameters (PECs and lossless dielectrics). The simulated structure consisted of a slotline
coupled to a MSWG (without a taper or receiver). Figure 5 plots the results of the simulation
which illustrates that the pulse does not get heavily distorted by the introduction of a gap and that

the relative attenuation remains less than 6dB for the gap size investigated in this paper.
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Fig. 5. Time-domain simulation which illustrates the field coupled to the MSWG from the
slotline for a selection of gap sizes between the slotline and MSWG. a) Temporal response for
various gap sizes normalized to the case without a gap. b) Frequency-dependent attenuation
for various gap sizes relative to the case without a gap.

4. Experiment

A 780nm mode-locked femtosecond laser generated 80 fs pulses with an 80 MHz repetition for
the experiment. The average optical power delivered to the transmitter and receiver was ~15 mW.
A photoconductive slotline transmitter and receiver were placed at the entrance and exit of a
MSWG [Figs. 1(b)-1(c)]. The slotline and MSWG overlapped by approximately 20 um. At the
transmitter the slotline physically contacted one plate of the MSWG. At the receiver the slotline
does not contact the MSWG and was separated by a small gap (=10 um). This configuration was
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selected to minimize the low-frequency modulation of the optical chopper from being detected
(which would appear as a DC offset).
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Fig. 6. Experimental setup. An 80 fs 780 nm laser beam is split into two paths, one directed
to the transmitter through a mechanical delay line for THz generation, the other directed
to the receiver for detection. A 25 mm MSWG connects the slotline based transmitter and

receiver.
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Fig. 7. Time-domain signals and respective Discrete Fourier Transform (DFT). (a) Experi-
mental signal detected using the designed structure. (b) Autocorrelation of Eqn. 1 fitted to
signal (7, = 0.21 ps, 7 = 0.39 ps, 75 = 0.08 ps). (c) Simulated response, the receiver voltage
was obtained with Ansys HFSS transient, the conductivity was obtained from Eqn. 1.

5. Discussion

Figure 7 plots the measured results for the experiment illustrated in Fig. 6. The detected pulse
proves that we are able generate, transmit (25 mm), and receive a THz-bandwidth pulse using
a thin gold-coated steel MSWG. Use of near-field coupling of slotlines to the transmitter and
receiver allows for a simple alignment with a non-resonant broadband response which is a
desirable attribute for undistorted pulse transmission.
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In this paper we are primarily concerned with the temporal profile of the received pulse. Many
factors affect the amplitude therefore constant scaling factors are negated for curve fitting. The
small signal voltage across transmitters active area is represented by v;(¢), the conductance of the
source active area is given by g1(¢), and the substrate conductivity is given by o (). Given that
vi(t) oc g1(¢) o< 01(¢) [4,21,22] the curves will be fit based on normalized Eqn. 1 [21]:

5 2
T t Tp ! e ! » !
, L _ _ — — |- erfi -—1,
oi(t) « exp (_412 - erfc o —Tp exp prC erfc T (D

c

where 7, is the square-root of the sum of squares of laser pulse width and carrier transit time [4], 7.
is the substrate carrier lifetime, 7; is the substrate momentum relaxation time, 7.¢ = (7! +7;1)71,
and erfc(x)=1-erf(x)=2/+/m /xoo e dt.

Experimentally the average current measured at the receiver is given by the time integral of
the cross-correlation [3] of the induced voltage across the receivers active area, v,(t), and the
sampling substrate conductance, g»(f). To generate the plot the signal shown in Fig. 7(a) a relative
delay swept between the two signals via an optical delay line.

Observation of Fig. 7 reveals that the detected pulse is a baseband signal which contains a
DC component in the Discrete Fourier Transform (DFT). This may cause confusion because
there are gaps between the slotlines and MSWG which should block the DC component. This
can be explained by a couple points. First, the detected current, at a given delay, is obtained by
the convolution of v,(r) and g,(¢) which implies the average detected current does not directly
correspond to v,(¢). Next, given the relatively narrow temporal window (10 ps) the DC component
appears large, if the temporal window length was substantially larger, the DC component would
be heavily reduced. Finally, the detected signal was scaled between zero and one which modified
the DC component.

Figure 7(b) was fitted to the experimental results by starting with common initial time constants
(1) = 0.18 ps, 7 = 0.5 ps, 7{ = 0.03 ps) then adjusting until they fit the experimental results,
which occurs when 1, = 0.21 ps, 7. = 0.39 ps, 75 = 0.08 ps. Of these values the only parameter
which can be easily modified is the carrier transit time (contained in 7,,) which could potentially
increase the bandwidth. We selected to use a W = 20 um slotline primarily because we had that
lithography mask available. It is presumed that by reducing W, the reduced carrier transit time
will result in a wider bandwidth.

Figure 7(c) is the result of a transient simulation which is numerically cross-correlated with
the normalized conductivity function, Eqn. 1. Fig. 7(c) illustrates that the leading edge of the
detected pulse is relatively undistorted by traversing the MSWG.

6. Conclusion

We have demonstrated THz-bandwidth pulse generation, transmission and detection over a
MSWG, showing that using near-field coupling for waveguide excitation and detection can be
both simple and effective. Dispersion-free transmission is achieved over 25 mm with a bandwidth
of 1.5 THz. Comparison with a theoretical model suggests bandwidth is limited by carrier transit
time which will be reduced in subsequent photoconductor designs.
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Abstract: Distortion-free transmission of THz-bandwidth pulses over centimeter-scale distances
is desirable for future THz system-on-chip (TSoC) applications. In this work we achieve this
by utilizing a coplanar strip (CPS) transmission line fabricated on a thin (1 pum) silicon nitride
membrane. To generate and detect the THz-bandwidth pulses we use a well-known lift-off
technique to construct thousands of small (20 um x 40 ym) thin-film LTG-GaAs photoconductive
devices from a small (approx. 4 mm X 4 mm) substrate. The devices are then bonded to the
CPS transmission line on the thin silicon nitride membrane, DC biased and optically pumped
by a sub-picosecond laser. We demonstrate the generation and detection of a pulses containing
frequencies up to 1.5 THz after propagating for 10 mm.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

THz technology continues to advance from the original Austin switch ([1], 1984) to support
a wide variety of applications in spectroscopy, science, inspection, communications, etc. The
vast majority of these applications use common photoconductive antennas (PCAs) to transmit
and receive THz radiation through an optical path formed using bulk-optical THz elements.
However, to decrease cost and increase performance and functionality, it is essential to develop
a next generation of THz system-on-chip (TSoC) [2-6] comprising multiple THz components
and functions. In analogy with MMICs operating at microwave frequencies, such TSoCs would
include active devices (photoconductors, photomixers, amplifiers, mixers, etc.), passives (filters,
matching elements, capacitors, chokes, etc.) and, as is the focus of this work, low-loss and
non-dispersive waveguides and transmission lines.

Experiments that demonstrated sub-picosecond pulse transmission were first completed in
the 1980s [1,7]. In [7] a coplanar waveguide (CPW) fabricated on a silicon-on-sapphire (SOS)
substrate was used to a transmit a subpicosecond pulse over 8 mm after which it broadened to
2.6 ps. Later in the 1990s a coplanar strip (CPS) transmission line was fabricated on a thin
silicon dioxide/silicon nitride membrane which supported subpicosecond pulse transmission
over 4 mm [8]. After this initial work a number of other waveguide technologies [9-12] were
investigated which achieve low loss and minimal pulse distortion over relatively long distances
(>24 cm). However, they are rather bulky mechanically, which limits their suitability for direct
connection to active devices or precise fabrication of complex TSoC. As a result, these are
typically excited by capturing a portion of the far-field radiated from a standard photoconductive
antenna (PCA). Previously we utilized a different approach to achieve low loss and low dispersion
THz waveguides by near-field coupling to a metallic slit waveguide [13]. However, this waveguide
is still far from ideal for TSoC integration. In 2009 CPS transmission lines were investigated on
low-permittivity substrates for spectroscopic applications where thin-film active regions were
connected to a plastic substrate using pre-process bonding [14]. In [14] discrete active regions
were bonded before the lithographically-defined transmission lines were deposited (thus requiring



mask alignment), limiting the flexibility for complex system fabrication where many discrete
components may be required. Post-process bonding is desirable because the active regions
can be placed onto an existing conducting circuit, which is similar to placing low-frequency
surface-mount components onto a printed-circuit board (PCB). In [15] a CPS transmission line
on a 400 um thick quartz substrate was excited by post-process LTG-GaAs bonding, however
only short distances were investigated (= 1 mm).

This work is motivated by the development of a practical TSoC platform or workbench for
engineering circuits for THz frequencies, circuits that may ultimately include a wide variety of
active and passive components designed largely by scaling MMIC counterparts. To meet these
objectives we require 1) compatibility with standard surface-mount fabrication techniques, 2)
THz transmission lines with low loss and low dispersion and 3) ability to define and fabricate
RF-engineered features (stubs, impedance transformers, multi-section filters, etc.) with high
precision. After considerable investigation, we conclude that only approach that meets all three
requirements is one similar to that reported in 1994 in [8]. Low-loss and low dispersion result from
fabrication of the CPS on a thin membrane, which results in relatively weak dielectric loading,
which minimizes group velocity dispersion (GVD) and Cherenkov radiation [16]. Precision is
insured using standard photolithography to define circuit features.

In this paper we resurrect and extend the approach presented in [8] to demonstrate a simple
example of this TSoC platform; a system consisting of a transmitter, waveguide and receiver.
Several things have changed since the original 1994 work. We use thin (1 um) silicon nitride
membranes which are now commercially available over at least 1 cm X 1 cm areas, rather
than the previously demonstrated oxide-clad membranes. In [8] the pulse was generated by
photoconductive switching and detected by electro-optic sampling. While electro-optic sampling
performs well, the optical elements required are not compatible with our TSoC objectives. Rather,
we use small (40 ym x 20 um) discrete thin-film photoconductive LTG-GaAs epi-layers as both
transmitter and photoconductive receiver.

This paper combines several contributions in demonstrating the transmission of THz-bandwidth
pulses and potential of this TSoC platform. Specific contributions include 1) extending prior
work (mainly [8, 17]) to fabricate a non-dispersive CPS transmission line on a thin silicon nitride
membrane, 2) detection of pulses containing frequencies up to 1.5 THz after propagating for
10 mm, the furthest a pulse with this bandwidth has been transmitted on a CPS, 3) demonstration,
for the first time, of post-processing placement of thin-film photoconductive LTG-GaAs devices
on the membrane-based CPS, 4) investigation of contact efficacy between the CPS and placed
devices, 5) demonstration of a simple radiatively-coupled DC block to isolate the photoconductive
receiver from relatively high DC bias voltage applied at the transmitter and 6), numerical
simulation of various CPS configurations to show a path forward to lower loss and increased
functionality. Taken together, these contributions demonstrate a novel technology platform that
allows precise and simple fabrication of THz-bandwidth circuits. Work continues to investigate
various other applications of this platform to produce membrane-based TSoCs.

2. Design

The structure investigated in this paper is a CPS transmission line on a thin (1 pm) silicon nitride
membrane. Silicon nitride was selected because thin-film membranes on silicon frames are
commercially available. The dielectric loss for silicon nitride is reasonable at THz frequencies
(thin-film loss tangent, tan 6, ~ 0.00526 [18]). Note that the majority of the field is located in
the surrounding air, thus the overall dielectric loss is minor. Figure 1(a) illustrates renderings
of the overall structure and enlarged images of the transmitter and receiver regions are shown
in Figs. 1(b)-1(c), respectively. Figure 1(d) is a microscope image of the fabricated receiver
region. The cross-section of the CPS transmission line is shown in Fig. 1(e). Electrical contacts
are patterned onto a commercial silicon/silicon nitride frame which is typically used for X-ray
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microscopy [19]. For this experiment we used a 10 mm X 10 mm silicon nitride window on a
15 mm X 15 mm silicon frame. We were most concerned with the proof-of-concept design (not
heavily optimized) so we selected waveguide dimensions (S = W = 10 gm) which would have a
moderate attenuation at high frequencies while keeping the total structure dimensions (S + 2W)
relatively small compared to the spatial pulse length (<300 um) to minimize radiation losses
during excitation.

a) [by €)  |W=ioum S=10pm Air (e1) I
Si,N, (£=7.6) —
Tx LTG-GAAs X Air (=1) T
t’y 1ym
"~ cps :
Transmission \To Lock-in
/\ Line l Amplifier

e

DC Bias

ii
Fig. 1. llustration of the THz platform. a) Overall structure on membrane. b) Rendering
of transmitter LTG-GaAs connection. ¢) Rendering of receiver LTG-GaAs connection. d)

Microscope image of receiver LTG-GaAs connection. e) Cross-section of CPS transmission
line.

X N

Our selected circuit configuration resembles a standard “sliding contact” transmitter except
that the transmitter is located at the end of the transmission line. This excitation method is used
to maximize the transmitted power towards the receiver and minimize the resonances which
can occur with biasing features. The receiver is similar to a standard PCA which is placed in
close proximity to the DC biasing lines. This configuration was selected because it resembles a
microwave bias tee and minimizes signal distortion which occurs from resonant cavities, this was
confirmed by prior simulations. The transmitter and receiver bias lines are fed from opposing
sides of the silicon frame primarily such that they fit onto a probe station.

The thin-film photoconductive LTG-GaAs layer originated from a 940 nm LTG-GaAs/900 nm
AlAs/650 um semi-insulating (SI)-GaAs structure. The LTG-GaAs layer was grown at 260°C
via molecular beam epitaxy (MBE). After growth the substrate was annealed at 450°C for 10
minutes. We found that these anneal conditions give subpicosecond carrier lifetimes that are in
agreement with [20] (1/e carrier lifetime of ~0.23 ps). Note that the extremely thick sacrificial
AlAs layer was not required for this experiment, however the material was available. A much
thinner AlAs layer (= 50 nm [21]) should be used to reduce substrate deterioration by oxidization.

To fabricate the LTG-GaAs photoconductive devices we used a processing method similar
to that described in [17]. To summarize the procedure we first used standard photolithography,
gold deposition (5 nm Ti and 100 nm Au), and lift-off. Afterwards photoresist was used to
protect the active regions via mask alignment and development. Then the entire substrate was
submerged in a GaAs etching solution (citric acid and hydrogen peroxide) to create an array
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of mesa devices. Next an etch resistant wax was melted onto the surface, then the structure
was submerged in Hydrofluoric (HF) acid which etches the sacrificial AlAs layer and releases
the LTG-GaAs epilayer. The structure, still bonded to the wax, was reinserted into the GaAs
etching solution until all the mesa devices were cleanly separated. The wax and structures were
placed onto a Mylar membrane, then the wax was removed with Trichloroethylene (TCE). After
this procedure we obtained thousands of 40 ym x 20 um x 0.4 um LTG-GaAs photoconductive
devices which can be used as either transmitters or receivers.

3. Simulations

The transmission line was simulated in both the time and frequency domain using commercial
software [22]. Time-domain simulations are used to characterize transmission-line excitation.
Frequency-domain simulations are used for transmission-line design and insight. Due to
the extreme dimensional ratio - a 1 ym thick membrane and a 10 mm length (1:10000) - long
simulation times are required to characterize the structure in its entirety. To gain the most insight,
evaluation the complex propagation constant, y = a + i is needed, where « is the attenuation
coefficient and S is the phase constant. To obtain y a 2D simulation of the transmission-line cross
section is required. After y is obtained via simulation the pulse transmission can be characterized
by application of the Fourier transform:

V(z, w) = V(0,w)exp (—yz), (D

and its inverse: | -
V(z,t) = ﬂ/ V(z, w) exp (—iwt) dw, 2)

where z is the propagation distance, V(0, w) is the Fourier transform of the input pulse V(0, 1), w
is the angular frequency, and V(z, w) is the Fourier transform of the output pulse V(z, 7).

The following material properties are used in the simulations. For silicon nitride: the relative
permittivity &, = 7.6, relative permeability u, = 1, electrical conductivity o = 0 S/m, and loss
tangent tan 6, = 0.00526 [18]. For the gold contacts we assumed the best case scenario with
negligible surface roughness and selected the standard bulk conductivity oa, = 4.1 x 107 S/m.
Adjustment of the transmission-line separation, S, and width, W, can greatly impact y. To
illustrate this we simulated the transmission line with various S and W values (see Fig. 2).
Figure 2(a) plots the attenuation coefficient, @, which can be significant and will limit the
bandwidth of the system. Note that the majority of the attenuation originates from conductor loss
(confirmed by comparing simulations with perfect and gold conductors). Figure 2(b) plots the
phase constant, 5. The difference between the light line (vacuum/lossless propagation) and the
other traces indicates the presence dielectric loading. For convenience we selected to set S equal
to W, however when optimizing system performance they are unlikely to be equal, Appendix A
illustrates the impact of varying the W/S ratio for a fixed cross section (S + 2W).

Thus far the simulation suggests that we should select a large CPS separation and width
to achieve the best performance (i.e. S =W =50 um). However, as the cross-section of the
transmission-line increases (i.e. S + 2W = 150 um) more radiation will occur at the higher
frequencies during excitation. Figure 3 plots the time-domain simulation results located 950 yum
from the source, V(z = 950 um, t), for various transmission-line widths and separations. From
Fig. 3(b) it is clear that larger transmission-line cross-sections experience more loss at higher
frequencies which is contrary to the data shown in Fig. 2(a). This occurs because the transmission
line looks like a larger antenna during excitation (S + 2W is larger); however, once the pulse
is coupled to the transmission line it will propagate with lower loss. This is the reason that we
have selected to use S = W = 10 um for the experiment (minimize radiation during excitation)
although the transmission line attenuation is larger [Fig. 2(a)]. The time shift for the various
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peaks in Fig. 3(a) is the result of a variation in the effective dielectric constant. For smaller
cross-sections the field is more localized to the dielectric thus the group velocity is reduced. The
crossing traces in Fig. 3(b) originates from the complex nature of radiation during excitation
and coupling to the transmission line. Future work will investigate optimized tapering structures
which minimize the radiation during excitation (i.e. S =W =5 um) then transform to a low-loss
configuration (i.e. S = W = 50 um) for the majority of the propagation distance. Also, we have
focused on membrane thickness of 1 um, which reduce dielectric loading adequately for the
frequencies considered. Substantially thinner (e.g. down to 100 nm) membranes are available
providing another dimension for investigation.

a) Attenuation Coefficient b) Phase Constant
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Fig. 2. Frequency-domain simulations results for a CPS transmission line on a 1 um
silicon nitride membrane with S = W = 10 ym, 20 um, 30 um, 40 um, and 50 um. a) The
attenuation coeflicient. b) The phase constant.
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Fig. 3. Time-domain simulation results for Gaussian pulses plotted 950 um from the source
for S =W =10 pm, 20 pm, 30 pm, 40 pm, and 50 um. These pulses are plotted 950 um
away from the source to ensure any ringing has sufficiently decayed.

Once the complex propagation constant is known, the output pulse for an arbitrary input pulse
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can be obtained by numeric application of Egs. (1) and (2). In this work we assume the excitation
pulse is of the following form [23]:

2 2
V(t) « o(t) o« exp L) erfc I _L)_ exp r_ L - erfc T
472 7 2

P c 27, Tp 4T3~ s Tcs Tes  Tp

t

), 3

where 7, is the laser pulse duration, 7. is the substrate carrier lifetime, 7, is the substrate
momentum relaxation time, 7.5 = (77! + 7;1)7!, and erfc(x)=1-erf(x)=2/+/7 fx * e dt.

We have selected to use common values for the following analysis [23]: 7. = 0.5 ps, 75 = 0.03 ps,
and 7, = 0.054 ps. Figure 4a plots the input and output pulses in the time domain. The input
pulse is given by Eq. (3) and the output pulse is obtained by application of Eqgs. (1) and (2)
using the simulated complex propagation constant. Figure 4(b) plots the spectral response. It is
apparent from Fig. 4(a) that the pulse both broadens and becomes attenuated after propagating
10 mm. Note that the peak amplitude of the received pulse is 0.066x the input amplitude. While
the attenuation is large, if the pulse can be resolved with a reasonable signal-to-noise ratio (via
a lock-in amplifier) then the transmission line can still be used to investigate circuit elements.
However for longer interconnects it would be desirable to taper the transmission line to a lower
loss configuration, for example, if S = W = 50 um (not pictured) which would change the peak
reduction to 0.367x the input amplitude (10 mm) - a potentially substantial improvement.
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Fig. 4. Input and calculated output pulses via Fourier Transform (using simulated y(w)) for
S=W=10 um.

4. Experiment and results

The experimental setup used (Fig. 5) is similar to a standard THz-time-domain spectroscopy
(TDS) measurement setup. A femtosecond laser (90 fs pulse width, 780 nm wavelength, 80 MHz
repetition rate) is passed through a beam splitter; one beam is directed to the transmitter through
a optical chopper (1100 Hz), the other to the receiver via a mechanical delay line. Note that we
used optical chopping to remove the inductively coupled signal which is detected when using
electrical chopping. The transmitter consists of a thin-film LTG-GaAs layer which has a 25 Vpc
bias applied. The receiver contacts are connected to a lock-in amplifier which is referenced to
the optical chopper in the transmitter optical path. The received pulse is plotted by sweeping
the physical path length difference between transmitter and receiver. Providing that the receiver
has a minimal carrier lifetime (7. in the subpicosecond range) it becomes possible to resolve
THz-bandwidth signals, which is why LTG-GaAs (1. ~ 0.5 ps) is used.
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Fig. 5. Experimental setup for testing the transmission line. For the FIB-bonded experiment
the optical power delivered to the transmitter and receiver is 6.2 mW and 7.4 mW, respectively.
For the VDW-bonded experiment the optical power delivered to the transmitter and receiver
is 1.6 mW and 2.0 mW, respectively.

Two different techniques were explored for the physical connection between the thin-film
LTG-GaAs transmitter and receiver and their respective contacts on the silicon nitride membrane.
Initially we bonded the transmitter and receiver similarly using the Van der Waals (VDW)
technique [Fig. 6(b)] [17,21]. In short, we placed the thin-film LTG-GaAs transmitter and
receiver with their contacts touching the CPS conductors on the silicon nitride membrane, then
using a micro-manipulator they were moved to their precise location (as illustrated in Fig. 1). A
drop of deionized (DI) water was then placed over each, dried, then the thin-film LTG-GaAs layer
was bonded to the silicon nitride membrane and gold contacts. Although there is no bonding
material (i.e. Indium), after fabrication and testing this VDW-bonding technique [Fig. 6(b)]
was found to function reasonably well. We were able to measure a strong photoresponse for
both devices. However, with an applied DC bias, we noticed that as the optical power increased,
the photocurrent would gradually become unstable, we suspect, due to heating, thus we limited
the optical power to the VDW-bonded transmitter. To provide better thermal dissipation we
decided to “weld” the transmitter contacts to the membrane contacts. The thin-film LTG-GaAs
transmitter was removed, then a new thin-film LTG-GaAs device was placed upside-down,
repositioned, and re-bonded via the VDW method except without any gold-on-gold contact.
The exact same device was not reused because we were unsure if original device had become
thermally damaged during testing; however, we did use a device from the same batch which
performs near identically. Afterwards we directly welded the thin-film LTG-GaAs contacts onto
the membrane contacts using Tungsten deposition in a Focused Ion Beam (FIB) [Fig. 6(a)]. This
helped to reduce the photocurrent noise however it increased the dark current which we suspect
is the result of Gallium implantation which occurred during Tungsten deposition via the FIB.
With this modification higher optical powers could be used with the FIB-bonded configuration
compared to the VDW-bonded configuration.
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a) FIB Configuration b) VDW Configuration
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\A( O, }V\ A Thin-film LTG-GaAs Transmitter
Aik ) Aix
X z X Y4

Fig. 6. Illustration of the LTG-GaAs bonding techniques. Note that the gold contact pads
are both 12.5 um X 10 um and are separated by 5 um, the feature resolution has a radius of
curvature of 2.5 um. a) Van der Waals bonding with FIB deposited tungsten. b) Van der
Waals bonding without tungsten.

Figure 7(a) plots the received temporal pulse where the inset is focused on the normalized
leading edge of the pulse. Figure 7(b) plots the spectral response (magnitude) which is obtained
by applying the Fast-Fourier Transform (FFT) to the received temporal pulse. The data in Fig. 7(b)
is normalized to the maximum of the FIB configuration spectrum, and the VDW configuration
spectrum is shifted down by 10 dB for clarity. Note that the phase is not plotted, as is common
practice in literature. For the FIB-bonded method it is evident from the spectral response that the
received pulse contains frequency components which extend to 1.5 THz. For the VDW-bonded
method frequencies extend up to approximately 1.0 THz. This is explained by a difference in
optical power. As previously mentioned, when the optical power for the VDW-bonded transmitter
increases, the photocurrent becomes noisy, likely due to heating. To mitigate this issue for
the VDW-bonded method a lower optical power is used: 1.3 mW (transmitter) and 2.0 mW
(receiver). For the FIB-bonded method an average optical power of 6.2 mW (transmitter) and
7.4 mW (receiver) is used. For both cases the optical beam is focused to a waist diameter of
approximately 7 um on the transmitter and receiver. Since the noise issue was not noted in past
work we suspect it is occurring because we used a very thin LTG-GaAs layer (0.4 ym). We
selected to use this thickness simply because the material was available to us. Past work used
the following LTG-GaAs layer thicknesses: 0.8 ym in [14] and 2.0 ym in [15, 17]. Compared
with the work in [14] (pre-process bonding), these post-processing bonding techniques have
lower bandwidth and dynamic range; however, we did demonstrate comparable results when
transmitting over a longer distance using a higher loss configuration (S = W = 10 gm compared to
S =W =20 um in [14]). Given the large advantage in terms of fabrication (i.e. mask alignment
is not necessary), post-process bonding becomes a very attractive option.

Future work will explore the two related issues, device bonding and heat dissipation. Device
bonding with the FIB is undesirable due to a high processing cost and potential Gallium
implantation effects, however it provides better heat dissipation. VDW bonding is desirable
because of the lower cost, however it appears to not dissipate heat as effectively. Another option
to improve heat dissipation is to use a thicker metalization on the thin-film LTG-GaAs devices
and the CPS transmission line. Alternatively, and preferably, use of well known flip-chip bonding
with Indium as a bonding material may be a useful method to provide a better bond, low contact
resistance and good heat dissipation.
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Fig. 7. Experimental result plotting the received THz-bandwidth pulse.

In Fig. 7(a) the received pulse has a relatively flat tail following the main pulse which is
desirable for high resolution system. The two peaks following the main pulse in Fig. 7(a)
correspond to two resonant cavities, this is seen as ringing below 0.25 THz in Fig. 7(b) (two
peaks at 59 GHz and 117 GHz). The first cavity occurs between the receiver and the back of the
Silicon frame (along the air/Silicon interface). Quasi-statically the resonance is calculated as
Af =3x10%/(2 x2.54x 117 GHz) = 0.505 mm which is close to the frame thickness (0.500
mm). The second cavity occurs between the receiver and the end of its contact pads (1.00 mm
long). As approximation (ignoring the silicon nitride because it is very thin) this can be calculated
quasi-statically as Af = 3 x 10%/(2 x 2.54x 59 GHz) = 1.04 mm which is close the distance
between the receiver and the end of its contact pads. The first ringing effect can be minimized
by placing the silicon frame onto another thicker silicon mount which has a rough end-face to
minimize reflections. The second ringing effect can be minimized by extending and smoothly
flaring the receiver contact pads.

Appendix B illustrates the importance of the thin silicon nitride substrate by plotting the result
which uses a glass coverslip as the substrate and the VDW-bonding method.

5. Conclusion

We have demonstrated a simple system-on-chip for the generation and detection of THz-bandwidth
pulses after propagating 10 mm on a coplanar stripline defined on a thin silicon nitride membrane.
Thin-film LTG-GaAs photoconductive devices are positioned and bonded using two separate
bonding methods. Received pulses exhibit low distortion due to the minimal dielectric loading
of the thin substrate. A pathway forward to lower propagation loss and increased system
functionality is articulated. The combination of thin membranes, photolithographic feature
definition and compatibility with surface-mount techniques provides an attractive platform for
the construction of complex TSoCs. Challenges in device bonding and heat dissipation are under
ongoing investigation as we explore implementation of more complex circuits.

Appendix A - Sweeping the CPS width and separation ratio

As previously mentioned the optimal W/S ratio for the CPS transmission line is not likely obtained
when S = W. The concept is illustrated here. Figure 8 plots the simulated attenuation coefficient
for a few different frequencies when the total CPS cross-section (S + 2W) is held at 90 ym. From
Fig. 8 it is clear that the lowest attenuation occurs near W/S = 0.75 (S = 36 um and W =27 um).
Note when S = W the attenuation coefficient is not significantly different than the optimal value.
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Fig. 8. Simulated attenuation coefficient for a number of S/W ratios at different frequencies.
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Appendix B - Experiment on a thick glass coverslip

Before constructing the CPS transmission line on the thin silicon nitride membrane we constructed
the same waveguide structure on a 18 mm x 18 mm x 0.18 mm glass cover-slip for fabrication
practice. It was expected to have significant pulse distortion due to heavy dielectric loading.
Figure 9(a) illustrates the received pulse when using glass cover-slip. Figure 9(b) plots the
spectral response. Comparison between Fig. 7 and Fig. 9 illustrates that the usage of a thin

membrane can have a profound impact on the performance of the device (as expected).
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Fig. 9. Detected pulse on glass cover-slip using the VDW-bonding method.
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