Terahertz Wave Emission from Layered Superconductors:
Interferometer Measurements
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Abstract

Rectangular Bi,Sr,CaCu,0g,5 (Bi2212) mesa structures were fabricated on as-grown Bi2212 single crystal
superconductors using standard photolithography and Ar ion beam etching techniques. We have performed c-axis
resistance versus temperature (R-T), current-voltage (I-V) characteristics and bolometer measurements. Furthermore,
in contrast to previous studies, the emission frequency was determined using interferometer set up instead of FTIR.
The interference patterns were detected outside the cryostat after traveling long way through ambient space. The
emission frequency calculated by Fourier transform of interference data is consistent with Josephson frequency-
voltage relation.

1. Introduction

There is a growing interest in technology of electromagnetic waves in terahertz frequency region (0.1-10 THz)
due to their variety of application areas in the physical, astronomical, medical and biological sciences, including
imaging, spectroscopy, information technology, environmental monitoring and medical diagnosis [1]. However, these
applications have been limited by the scarcity of inexpensive compact solid-state sources of powerful continuous wave
THz radiation.

The ac Josephson effect occurring between two superconducting electrodes separated by a thin insulating layer
provides a unique way to develop voltage-tunable generators of electromagnetic radiation in the terahertz frequency
range. When a bias voltage is applied to a Josephson junction, it behaves as a source of high-frequency
electromagnetic radiation whose frequency is governed by the ac Josephson relation fj,,= V/®,, where V is the voltage
across the junction and @, is flux quantum. Therefore, 1 mV corresponds to 0.483 THz. However, the operation
frequency is restricted by the superconducting gap, so it cannot exceed several hundred gigahertz for the devices made
of conventional superconductors [2]. Also, the power emitted from a single junction is too small for practical
applications, typically in the order of pW. Large series arrays of conventional Josephson junctions could emit much
larger power, if they radiate coherently [3]. However, the synchronization is necessary and different junction
parameters may cause desynchronized oscillations in junctions.

Natural stacks of Josephson tunnel junctions in layered high temperature superconductors, such as
Bi,Sr,CaCu,04,5 (Bi2212), are very promising devices for developing coherent sources of THz radiation. Since the
intrinsic Josephson junctions (IJJs) are homogeneous in the atomic scale along the c-axis of Bi2212 single crystals,
highly-uniform junction arrays hold great potential for very high emission power, and the large value of the
superconducting gap, typically of tens of meV, covers the whole terahertz frequency band. Many instructive ideas
have been proposed and tried to achieve synchronized THz radiation from intrinsic Josephson junctions such as
applying a magnetic field to induce coherent Josephson vortex flow [4], the use of shunting elements, inserting the
Bi2212 crystal into a microwave cavity. However, the far-field radiation power obtained from Bi2212 is limited to the
pW range.

Recently, we succeeded in detecting strong, coherent, and continuous-wave radiation in the THz frequency
range emitted from the rectangular mesa structure fabricated on top of the Bi2212 surface without an applied magnetic
field [5]. Since the width of mesa is smaller than the propagation distance of the Josephson plasma waves, mesa
behaves like a cavity. When a resonance condition is approached by scanning the applied voltage, oscillating
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Josephson current in an individual IJJ synchronized with the help of cavity resonance and this leads to increase of the
coherent in-phase oscillation of more junctions. When the Josephson frequency of the 1JJ matches one of the cavity
resonance modes of Josephson plasma wave inside the mesa, resonance condition occurs and almost all of the 1JJ
synchronized into a coherent in-phase oscillation. We observed that the fundamental frequencies of the emission were
as high as 0.85 THz and radiation power was up to 0.5 uW. More recently, emission powers of 5 uW and frequencies
at the higher harmonics up to 2.5 THz have been obtained. These encouraging progresses inspire further
investigations. Kurter et al. [6] presented thermal analysis of the mesa structure. Tunability of the THz emission and
angular dependence of the emission power have also been studied [7]. Using low temperature scanning laser
microscopy, Wang et al. [8] imaged electric field distributions in the junction stack of Bi2212 and observed standing
electromagnetic waves (cavity resonances). Fabrication of clear rectangular mesas with sharp edges [9] and emission
characteristics of THz emitting mesas were reported. Hot spot is another important theme and is under intense
investigation [10].

2. Experiment

In this work, experiments were performed on as-grown Bi2212 single crystals which were grown using
Traveling Solvent Floating Zone growth technique (TSFZ). Rectangular mesa structures with 55 um width and 300
wm long were fabricated on Bi2212 single crystals using standard photolithograph and Ar ion beam etching techniques.
In order to make a contact on top of the mesas, firstly an insulating layer (CaF,) deposited onto the crystal and a small
area of the mesa. After that, a gold stripe with the width of 30 um was created by lift-off technique on the mesa and
CaF, layer. Finally three gold probe wires were connected to the two contact paths and mesa by silver epoxy.

In order to characterize the Bi2212 mesas, c-axis resistance versus temperature (R-T) and current-voltage (I-V)
behavior were measured in a He flow cryostat. During I-V characterization, Si composite bolometer was used to
detect the emission. THz interferometer set up shown in Fig. 1 was used to find the emission frequency of the mesa.
This system was controlled by Labview program. When we apply certain voltage in the emission region, this set up
splits a single wave coming from long edge of mesa, then brings the constituent waves back together so that they
superpose, forming an interference pattern. Here we used a Si wafer as a beam splitter.
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Fig. 1 Interferometer setup for frequency determination.

3. Results: I-V and Bolometer-V Measurements

Figure 2(a) shows a typical I-V characteristics of one of the THz emitting mesas with 55x300 um?” at T=22 K.
The backbending of the I-V curve at high voltages is due to self heating effects as indicated by the appearance of
unpolarized blackbody radiation. Figure 2(b) shows emission characteristics of mesa. When I[-V curve shows
backbending, the bolometer detects the heating of the mesa in the form of unpolarized blackbody radiation. When all
junctions, in this case 534, are in the resistive state and the bias is decreasing slowly, the bolometer begins to give a



response at 0.66 V. Further decreasing the bias, the signal reaches a peak position around 0.64 V. Polarized emission
peak for negative bias voltages can be also seen. On the bias decreasing part of the I-V curve at low bias there are
some jumps, which occur as some junctions switch to the zero voltage state. These jumps are called as re-trapping.
We did not observe re-trapping event in the emission region, this indicates that all junctions are locked to resistive
state.

In addition, maximum bolometer response value of the emission peak can be seen in the unpolarized thermal
radiation region at 1410 mV. If we think this thermal radiation detected by the bolometer as blackbody radiation from
the mesa, we can estimate the emission power. To do so, we need to determine the local temperature of unpolarized
infrared radiation at 1410 mV, which equals V/I, along the I-V curve. However, such a high resistance cannot be
observed in temperature-dependent mesa resistance, so, we extrapolated the curve to lower T and determined the
temperature of unpolarized radiation as T=71.9 K. Modified Stefan-Boltzmann law was used to calculate expected
blackbody radiation from the Bi2212 surfaces. The emitted power is given by the modified Stefan-Boltzmann law.
Assuming we collect all the radiation, we get 72.6 nW peak power. This leads to a value of 4.65 uW total power when
we take into account the geometrical configuration of the equipments.
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Fig. 2 I-V (a) and Bolometer-V (b) curves of the mesa at 22 K.

4. Results: Interferometer Measurements

The explanation about interferometer setup was given in section 3. It is important to observe interference
patterns because it simply shows coherence. THz waves coming from long edge of mesa travel 56.5 cm through
ambient space from the mesa to the bolometer over two different paths. Since each wave passes twice between
mirrors and the Si wafer, moving movable mirror a distance A/2 will cause a change in the phase of one wave at the
bolometer. This cause passes through a minimum and return to a maximum. Figure 3(a) shows the signals detected by
bolometer. When we take the fast Fourier transform (FFT) of this wave form using Labview program, we can find the
emission frequency. Figure 3(b) shows the result of the frequency spectrum of the emission and the peak in this figure
indicates that emission frequency is 0.537 THz. Here, the full width at half maximum (FWHM) of the peak is 31.3
GHz. This quite large value is attributed to the instrumental origin. Moreover, there are some technical difficulties, for
example, we cannot keep the voltage constant during the measurement. The width of 55 pm corresponds to an
emission frequency of roughly 0.530 THz for this sample, according to the Josephson voltage-frequency relation,
occurs at 586 mV for 534 junctions. This is nearly equal to interferometer result, so it satisfies Josephson voltage-
frequency relation.

5. Conclusion
Intrinsic Josephson junctions of layered superconductor Bi2212 was patterned as a THz emitting device. A simple

interferometer set up was used for frequency determination. THz emission frequency of 55 um mesa was found 0.537
THz, which is consistent with Josephson voltage-frequency relation.
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Fig. 3 Interference patterns detected by bolometer (a) and the frequency spectrum of the emission (b).
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