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Abstract: THz-bandwidth pulses are generated, transmitted along a gold-plated stainless steel
metallic slit waveguide, and detected with a 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 um) 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
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.
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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 approximately equal to the spatial
pulse length in air because the effective relative permittivity of the MSWG is ~1). For example,
if a MSWG is excited with a 0.5 ps pulse then T <« 150um.

@)

Section B-B’ |

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 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 (DC
block) from the slotline into the MSWG which travels along a tapered section of waveguide to



Research Article Vol. 25, No. 22 | 30 Oct 2017 | OPTICS EXPRESS 26495|

Optics EXPRESS

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 (discussed later in Section 3). 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 pm at the start of the taper which proved to be sufficient since
we detected a signal. For the work presented here we pre-selected to machine a slight 40 um
taper into the MSWG plates so the transmitted field would remain confined to an area close to the
free-space spatial pulse length. Given that we were able to position the start of the MSWG with a
separation of S = 80 um, this corresponded to separation of S = 160 um at the end of the taper
which resulted in 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 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 um).

The THz source and detector are identical W = 20 um slotlines made of Ti/Au (5 nm/100
nm) RF sputtered on a 1 um low-temperature Gallium Arsenide (LT-GaAs) epilayer. LT-GaAs
is a sub-picosecond carrier-lifetime photoconductive material [19] which is commonly used
for detecting THz pulses [20]. 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
fc if === ---- O—}
= ~ Z S z S Z, > -
Vv \‘:‘:‘ t{\‘ 02, 13 03, 2 04, ::%r = z
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Slotline Tx MSWG MSWG MSWG  Cpe 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 perfect electric conductors (PECs). For the frequency-domain
simulation the substrates are lossless GaAs with the relative permittivity set to €, = 12.9
and the MSWG conductors 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 Zo(f, S)
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[Fig. 3]. The attenuation coefficient 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).

200
175 o %/
150 {5 — ]
E 125 —
Q L) ~. L ————
3 -_-' —_
5 9; 100 A \//——
§ -2 N
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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 (7, = 0.21 ps, 7. = 0.39 ps, 74 = 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,(¢) = f E (t)-d [ at each time step. In Section 5 the simulated receiver
voltage is used to fit the experimental data.
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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 is not 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.

Temporal response 20 Insertion loss (relative to no gap)
1.0 1 — Oum — 50 um
— 10 um —— 40 um
0.8 1 — 20 um 15 4 —— 30 um
— 20 um
o — 10 um
Z 10
C
o
=
3
c
2 57
£
©
0_
2 4 6 8 10 12 14 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
time (ps) frequency (THz)

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. S = 80 um, W = 20 um,
T =51 um. 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 [Fig. 6]. 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 pm). 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).

Laser
Delay [_|
line u|
Metallic slit
waveguide

&5 N7

Optical ch R
ptical chopper =
/ N

| DC Bias | |Lock-in Amplifier‘

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 Eq. (1) fitted to
signal (rp, = 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 Eq. (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.

3.0
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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
voltage across the transmitter active area is represented by v;(¢), the conductance of the source
active area is given by g;(¢), and the substrate conductivity of the transmitter and receiver is
given by o1 (t) and o7(t), respectively. Given that vy (t) oc g1(¢) oc 071 (¢) [4,20,21] the curves will

be fit based on normalized Eqn. (1) [20]:

2 2
_ ™ t Tp t ™ t Tp t
O'I(t) = O'z(t) o exXp (E - Z -erfc 2‘1’6 - ; —€exp 47-35 - : -erfc 27'CS - ; . (1)

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.y = (7' +771)7,
and erfe(x)=1-erf(x)=2/v7 [.” ™" 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,(¢), and
the sampling substrate conductance, g»(¢)(cc 0(t)). To generate the plot shown in Fig. 7(a) the
relative delay between the two signals (v,(¢) and g»(¢)) is swept 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,(¢) 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
(9 = 0.18 ps, 7 = 0.5 ps, 7{ = 0.03 ps) then adjusting until they fit the experimental results,
which occurs when 7, = 0.21 ps, 7. = 0.39 ps, 7, = 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, Eq. (1). Figure 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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