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Abstract

A high-Tc superconducting (HTS) detector based on a YBa2Cu3O7−x (YBCO) step-edge

Josephson junction has been developed and applied to terahertz (THz) detection. The detector

was coupled to a ring-slot antenna designed for operation at 600 GHz, and used for THz

imaging. The results suggest that the characteristic voltage and frequency of our HTS step-edge

junctions can be readily optimized for the chosen THz frequency range at easily achievable

temperatures. The images also clearly demonstrate some of the unique properties of THz

radiation, including the sensitivity to water content and the ability to penetrate packaging

materials.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Terahertz waves (300–3000 GHz) have many unique prop-

erties, such as strong sensitivity to water content, high

transmission through a range of plastics, fabrics, and paper

materials, and spectroscopic responses to many materials [1].

These features mean THz waves are applicable to non-

destructive imaging or inspection of numerous materials,

including explosives, drugs, and hidden objects, and medical

imaging and diagnosis. Despite huge prospects, widespread

application of THz systems has been delayed due to limitations

of the available source and detector technologies. Developing

new THz sources, detectors and imaging systems is a subject

of great current interest.

Detectors with high sensitivity, wide-band frequency

coverage and large arrays are required for THz imaging.

Semiconductor bolometers [2] have been widely used as

sensitive cryogenic detectors of THz waves but they are

extremely sensitive to temperature fluctuation, mechanical

vibration and electrical interference, and the performance

deteriorates with increasing frequencies in the THz range.

Superconducting devices are excellent candidates due to their

distinctive advantages of extremely low noise, low power

consumption and high frequency operation (well into the THz

band). Luukanen et al [3, 4] developed low-temperature

superconducting (LTS) Nb microbolometers and obtained

passive THz images for security screening. Ariyoshi et al

[5, 6] developed a Nb tunnel junction detector and acquired

transmission THz images at very low temperatures (0.3 K).

Detectors based on Nb technology can only operate at liquid

helium temperatures (4.2 K or below) and the tunnel junction

detectors have an upper frequency limit of ∼1 THz (due to a

gap voltage of ∼2.8 meV). High-temperature superconducting

(HTS) devices can operate at higher temperatures, which

reduce cryogenic costs, and have a higher energy gap than

LTS devices, giving response frequencies well into the THz

range. The energy gap of YBCO ranges from 10 to 60 meV [7],

corresponding to a gap frequency of 5–30 THz. There

have been a few demonstrations of THz frequency detection

based on HTS bicrystal junctions [8–13]; the highest detected

frequency is ∼4.25 THz [12]. However, imaging at THz

frequencies with HTS Josephson junction detectors has not,

to our knowledge, been reported, although a demonstration

of mm-wave imaging using an HTS ramp junction was

reported [14].

In this work, we propose and demonstrate an HTS

Josephson detector for THz imaging. The aim is to develop
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Figure 1. (Left) Micrograph of the fabricated ring-slot
antenna-coupled superconducting Josephson detector (the YBCO
junction is located in the upper part of the circular slot), and (right)
a close-up view of the step-edge Josephson junction. The YBCO
microstrip line underneath the gold antenna shown in the left photo is
for the dc biasing of the junction.

a practical and compact real-time THz video camera with a

detector being able to work at temperatures well above liquid

helium temperatures, so that cooling can be provided by a

relatively cheap commercial cryocooler. Our HTS YBCO

step-edge junction technology [15, 16] is well placed to make

such a detector as its characteristic voltage and, therefore,

characteristic frequency can be tailored to some degree for high

frequency applications. It also has the flexibility to allow the

junction to be placed anywhere on the chip and is suitable for

building an array of detectors. As a proof of the concept, we

have obtained the first images with a single HTS step-edge

Josephson junction detector coupled with a thin-film ring-slot

antenna.

2. Device fabrication and DC I–V characterization

The devices are based on the established step-edge YBCO

junction technology developed at CSIRO [15, 16]. The MgO

substrates were first angle-etched using Ar-ion beam milling

to produce steps of ∼400 nm height and an angle of ∼35◦

normal to the substrate surface in the desired positions. The

YBCO films of 200–220 nm with a 50 nm in situ gold film were

deposited by Theva GmbH. Josephson junctions of ∼2 µm

wide were then patterned using a standard photolithography

technique. An additional gold layer was then deposited using

a dc magnetron sputtering technique for the contact pads and

the antenna structures. The total gold film was chosen to be

300 nm for the designed antenna. A layer of 50 nm in situ gold

on YBCO ensures a low contact resistance [17] for both the

contact pads and the antenna.

Figure 1 shows micrographs of the fabricated antenna-

coupled HTS Josephson detector and a close-up of the step-

edge junction. A 2 µm wide YBCO microbridge positioned

across a step on the MgO substrate forms the weak link. The

junction is located across the ring-slot antenna and positioned

orthogonally to a coplanar waveguide filter. The YBCO

microstrip line underneath the gold antenna shown in the photo

on the left is for the dc biasing of the junction. The ring-slot

antenna was designed for an operation frequency of ∼0.6 THz

and was chosen for its simplicity and its ability to be packed

closely for an array configuration.

Figure 2. (a) DC I–V characteristics of a step-edge junction at
different temperatures (Rn ≈ 8 �) and (b) Ic and Ic Rn values versus
temperature.

Figure 2 shows the measured dc current–voltage (I –V )

characteristics of a junction detector at different temperatures,

and a graph of the junction critical current, Ic, and

characteristic voltage, Vc ≡ Ic Rn, versus temperature. The

junction demonstrated resistive-shunt-junction like I –V curves

with a normal resistance Rn ∼ 8 �, determined from the linear

sections of the I –V curves. The Ic value increases dramatically

with decreasing temperature and, therefore, the junction

characteristic voltage, Vc ≡ Ic Rn, and the characteristic

frequency, fc ≡ Ic Rn/�0 (�0 ≡ h/2e is the magnetic flux

quantum), are also temperature dependent. By varying the

temperature, the Vc and fc values can be adjusted to a large

degree. A high Ic Rn product is desired for Josephson junction

detectors as the dynamic resistance Rd(V ) = dV/dI =

Rn(V 2
+V 2

c )1/2/V and the voltage sensitivity η(V ) = �V/Prf

(where Prf is the rf power coupled into the junction and �V is

the voltage modulation amplitude induced by rf radiation) are

Vc dependent. For a broadband detector biased just above Ic,

a higher Ic Rn value (high Rd value) should result in a larger

voltage response �V (V ) for a fixed incident rf power. For

the junctions used in this experiment, typical Vc values are

∼100 µV at 77 K and ∼3 mV at 4.2 K, which correspond to fc

values of ∼50 GHz and ∼1.5 THz, respectively. These figures

show that our step-edge Josephson junctions are suitable for

detecting mm, sub-mm and THz waves.
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Figure 3. Schematic diagram of the THz transmission imaging
set-up.

3. Imaging system design

The antenna-coupled HTS Josephson detector was successfully

operated in an imaging mode. The system set-up [18] is shown

in figure 3. A backward wave oscillator (BWO) was used to

generate tuneable CW radiation around 0.6 THz. The junction

and antenna were mounted on a liquid N2/He cryostat and were

illuminated with the THz source through a THz-transparent

window on the cryostat. A quasi-optical system, comprising

collimating and focusing mirrors, was used to focus the beam

through the sample and then onto the detector. By translating

the sample through the fixed focused point the transmission

properties of the sample were able to be imaged. The spot

size of the imaging system is approximately 1 mm and the

typical scan resolution is 0.5 mm. The junction was dc current

biased at just above Ic (a sharp dV/dI point on the I –V curve

shown in figure 2(a)), and the voltage response �V induced

by the incident THz radiation was obtained and amplified

by a low noise preamplifier operated at room temperature.

Both the dc current source and the preamplifier were battery

powered to reduce the possibility of power supply-related

noise. The sample being imaged was raster scanned in a plane

perpendicular to the beam axis using a linear XY motor stage.

A lock-in amplifier synchronized with an optical chopper was

used to acquire the voltage responses, which were processed

by a computer for imaging. All measurements were performed

with no added dc or rf shielding other than that provided by the

aluminium cryostat housing.

4. Results and discussion

Figure 4 shows the frequency-selective response of one of our

ring-slot antenna-coupled detectors cooled in the cryostat filled

with liquid helium and illuminated with the 0.6 THz radiation

source. Clear Shapiro steps were induced at the voltage Vn =

n�0 fs = n× (1.22 mV) (n = . . . ,−2,−1, 0, 1, 2, . . .), where

the signal frequency fs = 0.6 THz. Sub-harmonic steps

at half voltage steps were also observed, which are not yet

fully understood. It is thought to result from the Josephson

frequency mixing effect. The current step-heights, In, increase

with increasing rf power (with each increment of 3 dB). The

Figure 4. Shapiro steps on the I–V curves for a ring-slot
antenna-coupled HTS step-edge junction induced by the radiation of
the 0.6 THz signal. The graphs for different rf powers are shifted
horizontally for clarity. The rf power increment is 3 dB each time.

changes of the rf power were obtained by using a number

of 3 dB cardboard attenuators placed in front of the cryostat

window. This graph proves that our antenna-coupled step-

edge junction detector responds to the applied THz radiation

as predicted by the AC Josephson effect.

From the graphs, we can estimate the rf power coupled

into the junction and the voltage sensitivity. The nth Shapiro

step size is In/Ic = Jn(2 eVrf/h f ), where Vrf is the rf

voltage amplitude and Jn (x) is the nth-order Bessel function.

For example, using the current step-height I0 at zero voltage,

I0/Ic = J0(2 eVrf/h f ), we obtained Vrf = 1.55 mV for the

I –V curve of the maximum rf power radiation (the rightmost

I –V curve in figure 4), which corresponds to the rf power,

Prf = (1/2)V 2
rf/Rn ≈ 0.3 µW (note: Rn = 4 � for this

junction). Then, by differentiating the un-irradiated I –V curve

in figure 4, we obtained the dynamic resistance Rd = dV/dI ≈

30 � at the device operating point. The voltage modulation

amplitude �V = Rd�I , where �I is the induced current

change, and from these observations, we estimate the voltage

sensitivity η = �V/Prf ≈ 12 000 V W−1. Using any of the

I –V curves under different rf power levels in figure 4, similar

η values were obtained. This value is higher than that of the

Schottky-diode detectors reported [19]. The rf power coupled

into the junction was estimated to be less than 1% of the source

power. There is a considerable amount of impedance mismatch

between the antenna (∼30 �) and the junction (typically 1 to

10 �). In our design, we positioned the junction to maximize

the impedance matching. A higher Rn value is desired for

a better signal-coupling. However, the Rn value could not

be increased too much beyond 10 � as the Ic value and,

therefore, the Ic Rn value would decrease significantly. We

are continuously optimizing the parameters of our step-edge

Josephson junctions in order to maximize the Rn and Ic Rn

values that are suitable for specified operating frequencies and

temperatures.

The results presented here were obtained using liquid

helium in the cryostat; the temperature at the device is

estimated to be ∼10 K. Illuminating the detector with

3
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Figure 5. Mounted leaf sample (left) and THz image of the
leaf (right).

0.6 THz radiation (under the same weakly-coupled power) did

not produce a measurable response when cooled with liquid

nitrogen (77 K). This was due to the small Vc value (80 µV)

of the detector and, therefore, a low characteristic frequency fc

(∼40 GHz) at 77 K. A study by Chen et al [12] showed that

HTS Josephson junctions respond to a very broad frequency

band but the maximum response is at a signal frequency fs ∼

2 fc [12]. Because the cryostat did not have a temperature

controller, we were unable to verify whether the device was in

fact more sensitive at 60 K, as suggested by figure 2(b) where

Vc = 600 µV and fc ≈ 300 GHz. However, such an operating

temperature would be easily achieved with a relatively cheap

one-stage cryocooler.

Figure 5 shows a THz transmission image of a leaf, which

was acquired in 20 min. An area 5 cm × 5 cm was scanned at

0.5 mm resolution, giving an image size of 100×100 or 10 000

pixels. The integration time was 20 ms per pixel. However, a

further 100 ms was required to position the stage and request

the information. The leaf image demonstrates one of the key

THz features, its sensitivity to water, with higher water content

leaf veins showing higher attenuation.

Figure 6 shows a THz transmission image (also acquired

in 20 min with the same scan points) of a chocolate bar in

wrap with a metallic blade inserted inside. The text written

on the chocolate and the blade are clearly visible in the THz

image, even though they are not optically visible through the

packaging. This observation clearly demonstrates the ability

of THz radiation to see through packaging materials and reveal

concealed items. This suggests that potential applications of

THz imaging may be the detection of metallic contaminants in

food through packaging materials.

The quality of the image is influenced by the source power

and the detector noise, which includes the Josephson noise

and bias current noise in the junction, and amplifier noise

in the room temperature electronics. In this experiment, the

maximum voltage response acquired by the lock-in amplifier

with the optical chopper ‘on’ was ∼13 mV. The noise floor,

measured when the THz source was completely blocked and

the XY motor stage was stationary, was ∼1 µV. This

gives a signal-to-noise ratio (SNR) >10 000 or 40 dB and

a noise equivalent power NEP ≈1.67 × 10−11 W Hz−1/2

(corresponding to a voltage sensitivity of 12 000 V W−1 and

a bandwidth of 25 Hz). The SNR and NEP were limited

by the room temperature electronics rather than the intrinsic

noise of the Josephson detector (for noise in HTS Josephson

Figure 6. Optical photos of the wrapped chocolate bar with a
metallic blade inserted (upper picture) and the text on the chocolate
(lower left), and THz image of the chocolate bar (lower right).

junctions, see, for example, [20]). In addition, we observed

during the sample scanning that the movement of the linear

motor caused mechanical vibration (jittering) of the cryostat

due to an unstable cryostat stage. This adds additional voltage

noise which degrades the image quality. By comparing the

acquired blocked and unblocked signal amplitudes, the SNR

for the images presented here is approximately 18 dB.

Further work is under way to characterize and optimize the

detector performance and reduce the additional noise sources

caused by mechanical vibration and the room temperature

electronics. In particular, we are working towards obtaining

an HTS detector operating at liquid nitrogen temperature by

optimizing our step-edge junction characteristics so that a

compact, portable and cost-efficient imaging system can be

realized. Design and implementation of an array configuration

of such detectors will also be trialled to improve the scanning

time and resolution.

5. Conclusion

We have successfully designed, fabricated and demonstrated a

THz detector based on a ring-slot antenna-coupled HTS step-

edge Josephson junction. An image system was constructed to

test the detector’s ability to generate images at 0.6 THz. The

images acquired show the sensitivity of THz radiation to water

content, and the capability of penetrating packaging materials

to reveal concealed items. The work has demonstrated the

potential of using the HTS Josephson junction device as

a sensitive THz detector for imaging at higher operating

temperature than that of the LTS devices.
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