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A B S T R A C T   

Optical excited photoconductive antennas are a central technology for the Terahertz (THz) domain, crucial for 
both emitting and detecting THz radiation. This work proposes and experimentally realises a new approach in 
digitated photoconductive antennas (d-PCAs) based on a single digitated high resistivity metal contact with 
integrated resistances as voltage dividers. This permits a uniform applied electric field over a large surface area 
and a single step device processing procedure, simplifying the device realisation. This concept is further com-
bined with digitated plasmonic nano-antennas that permits to enhance the light-matter interaction. Through 
femtosecond optical excitation of such structures, THz pulses can be generated efficiently through this device. 
Further, for the plasmonic d-PCA, the detected THz electric field of the device shows the effect of polarisation of 
the incident IR beam, highlighting the role of the nanostructured digitated contacts. This work is supported by 
electromagnetic simulations showing the optical and THz response of this new type of photoconductive antenna 
with integrated resistances.   

1. Introduction 

The terahertz (THz) field of electromagnetic waves offer unprece-
dented opportunities for a wide array of applications such as spectros-
copy, security imaging, medical sensing or ultrafast communications 
[1]. A particular important technology for the THz range are optically 
excited photoconductive antennas (PCA). They are typically employed 
to generate and/or detect broadband THz pulses for time domain 
spectroscopy (TDS, covering the frequency range from ~ 0.1–4 THz, 
when excited with a femtosecond laser [2,3]. These antennas exploit the 
ultrafast photoconductive properties of a semiconductor material to 
convert ultrafast optical pulses into short THz pulses. The principle is 
based, in the simplest case, of an applied electric field between two 
metallic contacts separated by a gap on top of the semiconductor (e.g 
GaAs). Exciting the material between the gap generates carriers that 
results in an ultrafast current pulse that radiates as an electromagnetic 
pulse in the THz range. THz PCAs come in a range of diverse designs, 
each tailored to specific applications and performance requirements. 
This includes for example bow tie, parallel line, or logarithmic spiral 
antennas [2]. These typically, however, have small active gaps (a few 
microns), meaning that hemispherical silicon lenses need to be 

integrated to collect efficiently the THz emission. Although large gaps 
(> 100 µm) can be used, this results in a non-uniform applied electric 
field with the field stronger at one of the contacts. One prevalent design 
that overcomes some of these limitations involves large surface area 
interdigitated electrodes that permits small gaps between electrodes 
distributed over a large surface area, and a uniform applied electric field 
between electrodes [4,5], and can be engineered for functionalities such 
as THz polarisation control [6,7], diffraction limited spectroscopy[8] or 
coupled to THz cavities[9,10]. However, the process of Interdigitated 
PCAs requires multiple processing steps where electrodes on deposited 
of the semiconductor laser, a thick isolating layer of SiO2 and then a 
second metallic layer that is composed of metallic fingers covering gaps 
with a periodicity double that of the first such that the applied electric 
field is in the same direction. Here we demonstrate a new PCA geometry 
based using a single contact, high resistivity metal to realise large sur-
face area digitated fingers with integrated resistors to act as voltage 
dividers and hence a uniform applied field. Further, we show that this 
single contact geometry can be easily adapted for the incorporation of 
nanometric plasmonic structures that permits a stronger light-matter 
interaction and a higher THz field generation. 
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2. Design 

Here we propose and realise a digitated photoconductive antenna (d- 
PCA) source that incorporates a single layer grating structure over a 
large surface area made of high-resistivity metal – β-Tantalum (β-Ta) - 
with integrated resistors made from the same material. By using the 
high-resistivity β-Ta, we demonstrate the relatively homogeneous dis-
tribution of applied bias over the whole photoconductor resulting in the 
efficient emission of THz radiation from the d-PCA. Fig. 1(a) shows the 
schematic of the d-PCA with β-Ta electrodes and whist (b) shows the 
microscope image of the prototype of the antenna using standard 
photolithography on semi-insulating GaAs with the Ta deposited at 

room temperature to ensure the β phase is realised. Here the electrode 
fingers are 700 µm long over a 200 µm width, with the total of 20 
electrode fingers, each 8 µm wide and a spacing of 1.5 µm. The narrow 
β-Ta metallic loops (2.5 µm wide, 100 µm long) act a resistors and hence 
as voltage dividers. The digitated electrode is deposited on the surface of 
500 µm thick semi-insulated (SI) GaAs substrate. The electrode material 
β-Ta has a relatively high electrical resistivity ρβ-Ta = 180–220 µΩ⋅cm 
[11] in contrast to the gold’s electrical resistivity ρAu = 2.2 µΩ⋅cm [12] 
at room temperature. The resistance R of the β-Ta metallic loops then 
can be determined as R=ρ L/S where ρ represents the electrical re-
sistivity of the material, S and L represent the cross-sectional area and 
length of the conductor, respectively. We utilized an array of 2.5 µm 

Fig. 1. Schematic of d-PCAs (a). Scheme of d-PCA: single metal 8-µm wide digitated electrode of β-Tantalum were deposited on a 500µm-thick GaAs substrate. The 20 
electrodes fingers were spaced by 1.5 µm metal loops that act as integrated resistors. Inset shows the realised device using photolithography (b). Scheme of the nano- 
structured d-PCA for optical plasmonic confinement: 100 nm-wide digits of Titanium were deposited on a 500µm-thick GaAs substrate. The digits were separated by 
~100 nm with Ti metal loops as integrated resistors (not to scale). 
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Fig. 2. (a) Time-resolved THz pulse generated by the d-PCA. (b) Peak-to-peak field as a function of applied voltage showing a linear behaviour. (c) Frequency 
spectrum corresponding to the FT of the time resolved electric field (black line). Red points corresponds to calculated electromagnetic response. (c) Electromagnetic 
simulations of emitted field from d-PCA at 0.7 THz. 
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narrow, 100 µm long β-Ta electrode fingers as resistors connected in 
series to act as voltage dividers for the thicker electrode fingers, where 
due to the longer width (larger cross-section) and consequently lower 
resistance, electric potential is distributed relatively uniformly over the 
whole length. A resistance of ~ 400Ω is estimated. The DC field is 
constant along the length of the digit as confirmed with COMSOL sim-
ulations. A nanostructures plasmonic d-PCA is shown in Fig. 1b and is 
discussed further below. 

3. Characterisation 

The samples of Fig. 1a were measured in a standard THz-TDS system 
based on a Ti:Sapphire 100fs oscillator with the d-PCA in reflection 
geometry. A quasi-static bias field (square wave, 10 Vpp at 80 kHz) is 
applied to the d-PCA. The PCA was also excited by a femtosecond laser 
beam with power up to 600 mW and pulse duration ~15 fs. After 
femtosecond excitation, photo-induced carriers are created by absorp-
tion of the pump laser are accelerated, resulting in a time-varying cur-
rent that radiates as a THz pulse. The emitted THz pulses are collected 
and focused on to an electro-optic crystal (100 µm thick ZnTe) by series 
of off-axis parabolic mirrors. The THz electric field waveforms are then 
measured using standard electro-optic sampling (EO). The whole THz 
radiation path is purged with dry air to eliminate the absorption of water 
vapor in the ambient atmosphere. Fig. 2(a) represents the measured time 
trace of the d-PCA showing a clear single-cycle THz pulse, corresponding 

to a spectral coverage from a few 100 GHz to ~ 2.5 THz as shown in 
Fig. 2(b). We further studied the relationship between the bias applied 
and the detected EO signal up to 50 V (limited by the current pulse 
generator). The inset of Fig. 2(a) shows a linear dependence of the 
emitted electric field on applied bias without any saturation effects. 
Fig. 2(b) also shows the simulated electric field as a function of fre-
quency using COMSOL multiphysics that is modelled as a surface current 
between the electrode gaps. The emitted field is integrated over probes 
placed at the top of the d-PCA structure [13] corresponding to the 
reflection geometry and a good agreement is observed between the 
simulated and measured fields. (The response of EO crystal is not taken 
into account as it is relatively flat for the crystal employed in the spectral 
region investigated). The simulated emission is shown in Fig. 2(c) at 
0.7 THz. In terms of emitted THz field strength, this is comparable to 
interdigitated PCA with equivalent applied fields and surface areas [13]. 

With the principle experimentally demonstrated and simulated 
above, we adapted the concept of single metallic contact d-PCA to op-
tical plasmonic gratings (Fig. 1b), highlighting the potential and 
simplicity of this processing approach. Plasmonic gratings for the optical 
range refer to periodic structures composed of metallic elements with 
nanoscale periodicity and exploit the plasmonic properties of metals at 
optical frequencies to control and manipulate light at the subwavelength 
scale. The interaction between incident light and localised plasmons of 
the metallic grating results in a resonance, leading to enhanced elec-
tromagnetic fields near the surface [14]. The increased electric field 

Fig. 3. TEM images of the nanostructured plasmonic d-PCA. (a) Overall design of plasmonic d-PCA with active surface of 165 µm × 95μm. (b) Integrated resistances 
are implemented on the edges of the digits (red zone) (c) Active area for THz generation showing electrode digits with gaps of 100 nm (blue zone) and (d) shows an 
enhanced view of the resistance loops (green zone). 
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strength and its strong localization near the nano-scaled object can 
provide an important increase in absorption in the optical range [15,16]. 
Plasmonic structures have been applied to interdigitated PCAs [15,17], 
where one of the electrodes is nanostructured to increase the optical 
absorption but again requires multiple processing steps. 

The schematic of the structure is shown in Fig. 1b and was realized 
using electron lithography on a 500µm-thick SI GaAs substrate with 
widths and gaps of 100 nm (Fig. 3a) [15]. The metal used here was Ti-
tanium which also has a high resistivity compared to gold, that was 

further structured in loops to realize integrated resistors (Fig. 3b) 
perpendicular to the electrode fingers owing to the small dimensions 
and the number of digits when compared to the simple design of the 
non-plasmonic structure. Fig. 3b shows the complete device covering a 
large area of 96μm by 165μm. Although this is smaller than the previous 
design, leading to a more divergent beam (see below), the concept of this 
design can be scaled for efficient collection of the THz emission. 
Regarding processing, e-beam lithography used to define the d-PCA 
structure and 60 nm-thick Titanium was deposited. For simplicity laser 

Fig. 4. (a) Non-normalized Time domain THz pulse generated by the plasmonic nano d-PCA and (b) Frequency spectra for the two orthogonal polarization IR 
excitations (linear y-axis). (c) Electromagnetic simulations of emitted field from nano d-PCA at 0.7 THz. 
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Fig. 5. (a) Influence of the polarization of the IR incident beam on the peak-to-peak signal amplitude of the THz pulse (high frequency oscillations). (b) Total power 
dissipation density at 800 nm obtained for the plasmonic digits (100 nm wide digits separated by 100 nm) for S and P incident polarization. 
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lithography was then used to define the large area bonding pad. Each 
integrated resistance connected to this antenna has an estimated value 
of 4000Ω with the electric field between each digit of this device is 
approximately E = 2 kV/cm for the voltage applied across the entire 
structure. (This field is limited by the current pulse generator) 

The sample was characterised with a similar THz time domain 
spectroscopy system described above. Here electro-optic sampling with 
a 200-µm thick ZnTe crystal was employed. To demonstrate the effect of 
plasmonic confinement and the nanostructuration of the metal, the 
polarisation of the optical pump beam was controlled using a half wave 
plate. As can be seen in Fig. 4a, the nano d-PCA showed THz pulse 
generation with the P polarised beam excitation showing a higher peak- 
to-peak field when compared S polarised optical excitation for the 
rapidly varying oscillation of the THz field. (P (S) polarisation corre-
sponds to the electric field of the optical beam perpendicular (parallel) 
to the electrode and therefore couples to the plasmon mode). This dif-
ference in the rapid oscillating field can be seen in the spectrum (Fig. 4b) 
where the frequency spectrum is considerably wider for the P optical 
excitation when compared to the S optical case, limited by the detection 
crystal. This appears to illustrate that carriers are generated closer to the 
surface, and hence closer to the electrodes resulting in a broader emis-
sion [18]. In further detail, the peak-to-peak signal of the rapidly 
varying part in the time domain (between 1 ps and 1.5 ps) was inves-
tigated as a function of half wave plate angle and is shown in Fig. 5, 
showing an enhanced signal for the IR beam polarized perpendicular to 
the electrodes with an increase of 50% in these high field oscillations. 
(Fig. 4c shows the electromagnetic simulations of the emitted field of the 
nano d-PCA showing a more divergent beam that of Fig. 2 owing to the 
smaller overall dimensions of the nano d-PCA). 

The nanostructured d-PCA was simulated in COMSOL Multiphysics 
using the Plasmonic Wire Grating method, with an optical wave at 
800 nm incident with an array of the plasmonic electrode. Indeed, as the 
performance of the grating depends on the polarization of the incident 
wave, both a transverse electric (TE, S polarised) and a transverse 
magnetic (TM, P polarised) case are simulated. In our case, the TE wave 
has the electric field component in the z direction, out of the modelling 
xy-plane so should not couple to the plasmonic grating. For the TM 
wave, the incident electric field is specified in the xy-plane and 
perpendicular to the direction of propagation. As shown in Fig. 5b, the 
highest optical absorption and photo-carrier generation regions are 
located just near the metal contacts which is the dielectric-metal inter-
face where the excited surface plasmon waves appear for the P polarised 
wave, resulting in the enhanced THz emission. Although the difference 
between the S and P absorption is large in the simulations, the experi-
mental results do not show such a large difference and effect of plas-
monic confinement. This is possibly a result of the thick substrate where 
the optical beam is absorbed over a large depth (~1 µm) and not just 
close to the contact, or that titanium is not the ideal metal for a strong 
plasmonic confinement[19]. In this case tantalum has a more favourable 
complex refractive index. There is also the possibility that the top 
digitated contact acts as a polariser where the P polarisation has an 
increase transmission compared to S, although the low frequency parts 
of the THz spectra are similar. Nonetheless, this plasmonic approach 
could be more beneficial for thin structures (for example thin layers of 
LT-GaAs for detection[20] or to investigate 2D materials[21]) 

4. Conclusion 

This work has demonstrated a novel large area THz antenna, a d- 
PCA, based on using high resistive metal such as β-Ta or Ti, permitting a 
simple processing procedure to realise large area PCAs with a single 
digitated contact and uniform applied electric field. The approach was 
further applied to a nanostructured d-PCA permitting enhancemment of 
the THz field when coupled to TM polarised light. The structure can be 
signficantly improved such as optimising the fill factor (active excited 
surface to metal surface), the metal used for the nanostructured d-PCA 

for improved plasmonic performance, or to couple to THz cavities that 
would permit to further enhance the emitted THz pulse. As well as 
impacting THz sources and detectors, this work could impact the 
interaction of 2D materials and THz ultrafast photocurrents. Indeed, a 
uniform field can be applied over a large surface area, with a strong 
optical absorption in an atomically thin material that would result in 
large THz photocurrents. This would faciltate the investigation of ul-
trafast transport mechanisms at THz frequencies. 
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