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An array of 3� 3 plasmonic photoconductive terahertz emitters with logarithmic spiral antennas is

fabricated on a low temperature (LT) grown GaAs substrate and characterized in response to a 200

fs optical pump from a Ti:sapphire mode-locked laser at 800 nm wavelength. A microlens array is

used to split and focus the optical pump beam onto the active area of each plasmonic

photoconductive emitter element. Pulsed terahertz radiation with record high power levels up to

1.9 mW in the 0.1–2 THz frequency range is measured at an optical pump power of 320 mW. The

record high power pulsed terahertz radiation is enabled by the use of plasmonic contact electrodes,

enhancing the photoconductor quantum efficiencies, and by increasing the overall device active

area, mitigating the carrier screening effect and thermal breakdown at high optical pump power

levels. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4866807]

Photoconductive antennas are one of the most promising

and commonly used means of terahertz generation,1–9 mainly

due to availability of high performance and compact optical

sources with pulsed and continuous-wave operation required

for broadband and narrowband terahertz generation. Another

valuable characteristic of photoconductive terahertz emitters

is that their quantum efficiency is not limited by the Manley

Rowe limit10 and, therefore, can offer much higher quantum

efficiencies compared to terahertz emitters based on nonlin-

ear optical phenomena. In spite of this great potential, the in-

herent tradeoff between high quantum efficiency and

ultrafast operation in conventional photoconductors severely

limits the optical to terahertz conversion efficiency of con-

ventional photoconductive terahertz emitters.

Recently, it has been demonstrated that incorporation of

plasmonic contact electrodes can mitigate the inherent trade-

off between high quantum efficiency and ultrafast operation

in conventional photoconductors.11–17 This is because of the

unique capability of plasmonic electrodes to enhance photo-

carrier concentration near photoconductor contact electro-

des, allowing a larger number of photocarriers to reach the

photoconductor contact electrodes within a terahertz oscilla-

tion cycle to efficiently contribute to terahertz wave genera-

tion. This unique capability has enabled significant

enhancements in the optical to terahertz conversion of photo-

conductive emitters.18–20

The concept of optical-to-terahertz conversion effi-

ciency enhancement through use of plasmonic contact elec-

trodes is universal and can be utilized to enhance the

optical-to-terahertz conversion efficiency of photoconduc-

tive emitters with any choice of the terahertz radiating

antenna, bias feed, and photo-absorbing substrate. Here, we

demonstrate a plasmonic photoconductive emitter array

with logarithmic spiral antennas that generates record high

pulsed terahertz radiation power by extending the antenna

bandwidth and by mitigating the carrier screening effect21

and thermal breakdown22 at high optical pump powers.

Under a 320 mW optical pump power, the emitter generates

1.9 mW of pulsed terahertz radiation in the 0.1–2 THz

range.

Figure 1(a) shows the microscope image of a plasmonic

photoconductive emitter element of the implemented array

on a low-temperature grown (LT) GaAs substrate with a car-

rier lifetime of �400 fs. When operating in pulsed mode,

since the terahertz radiating antenna is being driven by a

broadband pulse of electrical current, the ideal antenna

should be chosen to offer a broadband radiation resistance

while maintaining a reactance value near 0 X.21,22 For this

purpose, a logarithmic spiral antenna is designed and inte-

grated with plasmonic contact electrodes for efficient tera-

hertz generation over a broad frequency range.23,24 The

logarithmic spiral antenna is designed to offer a broadband

radiation resistance of 70–100 X and a relatively low react-

ance level over the 0.1–2 THz range, as shown in Fig. 2(a).

Figure 1(b) shows the scanning electron microscope

(SEM) image of the plasmonic contact electrodes. Each con-

tact electrode of the plasmonic photoconductive emitter is a

plasmonic grating covering a 30� 30 lm2 area. The plas-

monic contact electrode gratings (pitch¼ 225 nm, metal

width¼ 125 nm, metal height¼ 50 nm) are designed to maxi-

mize device quantum efficiency at optical pump wavelength

of 800 nm.18,19 The end-to-end spacing between the anode

and cathode contact electrodes is set to 30 lm to maintain

the highest photocarrier drift velocity across the entire

30� 30 lm2 plasmonic contact electrode area.18,20

The fabrication process started with patterning plasmonic

contact electrode gratings using electron-beam lithography

followed by deposition of Ti/Au (5/45 nm) and liftoff. A

150 nm SiO2 passivation layer was then deposited using

plasma-enhanced chemical vapor deposition. Next, contact

vias were patterned using optical lithography and opened

using dry plasma etching. Finally, the logarithmic spiral

antennas and bias lines were patterned using optical lithogra-

phy, followed by deposition of Ti/Au (10/400 nm) and liftoff.

The plasmonic photoconductive emitter with logarith-

mic spiral antenna is characterized in response to a 200 fs
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optical pump from a Ti:sapphire mode-locked laser at

800 nm wavelength. The optical pump is focused asymmetri-

cally on the 30� 30 lm2 anode plasmonic contact electrode

to maximize device quantum efficiency by concentrating the

majority of photo-generated electrons in close proximity to

the anode electrode and by maintaining a high impedance

loading to the logarithmic spiral antenna.18,25 The relatively

large device active area of 30� 30 lm2 allows the optical

pump power density to be maintained at relatively low levels

under high optical pump power levels and, thus, enables

high power terahertz generation by mitigating the carrier

screening effect and thermal breakdown at high optical

pump power levels.

The radiated power from the plasmonic photoconductive

emitter with logarithmic spiral antenna is measured as a

function of the optical pump power and bias voltage (Fig.

2(b)) using a pyroelectric detector. At an optical pump power

of 20 mW, a single emitter element radiates 100 lW of tera-

hertz power at a bias voltage of 40 V, �4 times higher than

the radiated power offered by previously demonstrated plas-

monic photoconductive emitters with bowtie antenna.18 This

significant radiation power enhancement is mainly due to use

of the logarithmic spiral antenna, which offers a very broad-

band radiation resistance while maintaining a relatively low

reactance value (Fig. 2(a)).

The radiated electric field from the plasmonic photocon-

ductive emitter is characterized in a time-domain terahertz

spectroscopy setup with electro-optic detection in a 1 mm thick

ZnTe crystal.19 The measured time-domain and frequency-

domain radiation are shown in Figs. 3(a) and 3(b), respec-

tively, indicating terahertz radiation over a bandwidth of more

than 2 THz. It should be noted that the detection bandwidth of

the terahertz spectroscopy setup is limited by the thickness of

the ZnTe crystal26 and; therefore, the actual radiation band-

width is expected to be broader than that shown in Fig. 3(b).

FIG. 2. (a) Radiation resistance (blue

curves) and antenna reactance (red

curves) for the designed logarithmic

spiral antenna (left) in comparison

with a bowtie antenna (right) calcu-

lated using a finite-element-based full-

wave electromagnetic solver (ANSYS

HFSS), (b) Radiated power from the

logarithmic spiral photoconductive

emitter with plasmonic contact electro-

des in comparison with a comparable

bowtie photoconductive emitter with

plasmonic contact electrodes.

FIG. 1. Fabricated logarithmic spiral antenna integrated with plasmonic con-

tact electrodes on a LT-GaAs substrate. (a) Microscope image of the spiral

antenna. (b) SEM image of the plasmonic contact electrodes.
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We implemented a two dimensional array of the plas-

monic photoconductive terahertz emitters with logarithmic

spiral antennas, which further increases the power of the gen-

erated terahertz pulses by not only extending the antenna

bandwidth but also by mitigating the carrier screening effect

and thermal breakdown at high optical pump powers.27–29

Figure 4(a) shows the schematic diagram and microscope

image of the implemented terahertz emitter, which consists of

a 3� 3 array of plasmonic photoconductive emitters with log-

arithmic spiral antennas. A plano-convex parabolic microlens

array from Edmund Optics with 500lm pitch and 13.8 mm

focal length is used to simultaneously split and focus portions

of the optical pump beam onto the active area of each plas-

monic photoconductive emitter in the 3� 3 array. For efficient

optical focusing, the pitch of the antenna array is designed to

match that of the microlens array at 500 lm. The logarithmic

spiral antennas, the bias lines, and plasmonic contact electro-

des are identical in the array, offering a broadband radiation

resistance of 70–100 X over the 0.1–2 THz range and efficient

optical pump transmission through the plasmonic electrodes

into the LT-GaAs substrate.

To pump the 3� 3 plasmonic photoconductive emitter

array, the microlens array is mounted on a motorized rotation

mount. The fabricated plasmonic photoconductive emitter is

mounted on a motorized XYZ translation stage for precise

alignment, and the optical alignment of the microlens and

terahertz emitter array are optimized iteratively using com-

puter control. The radiated power of the plasmonic photo-

conductive emitter array is shown in Fig. 4(b). Up to 1.9

mW of terahertz power is measured at an optical pump

power of 320 mW and bias voltage of 100 V. Since the inci-

dent optical pump beam on the microlens array has a

Gaussian spatial profile, the optical power incident upon the

center device in the array is significantly higher than that of

the surrounding devices. By only applying the bias voltage

to the center 1� 3 plasmonic photoconductive emitter array,

we observe that approximately 50% of the total emitted

power from the 3� 3 plasmonic photoconductive emitter

array is generated by the middle row of the array. The radia-

tion power and optical-to-terahertz conversion efficiency of

the presented plasmonic photoconductive emitter array can

be enhanced even further by increasing the overall array size

and/or distributing the optical pump power more evenly

across the photoconductive emitter elements.

In summary, we experimentally demonstrate generation of

record high pulsed terahertz radiation power from a 3� 3 array

of plasmonic photoconductive terahertz emitters based on log-

arithmic spiral antennas. At an optical pump power of 320

mW, we generate 1.9 mW of pulsed terahertz radiation in the

0.1–2 THz frequency range. Similar to previously demon-

strated plasmonic photoconductive terahertz emitters, the pre-

sented photoconductive emitter takes advantage of the

enhanced device quantum efficiency enabled by the enhanced

photocarrier concentration near the plasmonic contact electro-

des. Compared to the previously demonstrated plasmonic pho-

toconductive terahertz emitters, the presented photoconductive

emitter offers significantly higher power terahertz pulses by

extending the antenna bandwidth and by mitigating the carrier

screening effect and thermal breakdown at high optical pump

powers. The radiation power of the presented terahertz emitter

can be further enhanced by incorporating high aspect ratio

plasmonic contact electrodes30,31 and by increasing the number

of the plasmonic photoconductive emitter array elements,

which further enhance the device quantum efficiency and

FIG. 3. Measured radiated electric field in the (a) time-domain and (b)

frequency-domain.

FIG. 4. (a) Plasmonic photoconductive terahertz emitter array. A microlens

splits and focuses the optical pump beam onto the active area of each plas-

monic photoconductive emitter element. The emitter array is mounted on a

hyper-hemispherical silicon lens through which the terahertz radiation emits.

(b) Radiated power from a 3� 3 plasmonic photoconductive emitter array as

a function of optical pump power and bias voltage.
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mitigate the carrier screening effect and thermal breakdown at

high optical pump power levels.
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