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We investigated the emission of subterahertz frequency electromagnetic radiation from high-TC

superconducting c-axis NdBa2Cu3O7−� /PrBa2Cu3O7−� /NdBa2Cu3O7−� trilayer thin film tunneling
junctions when external electric and magnetic fields are applied. The current-voltage characteristics
under applied ab-plane magnetic fields H �up 8 T� exhibit well defined steps, Vn, such that eVn

�h�p / �2n��, where the plasma frequency �p�0.4 THz and n=1,2 ,3 , . . . .. These steps may be
interpreted using Josephson plasma dynamics. The applied voltage creates oscillating currents via
the Josephson coupling energy EJ �EJ=hIJ /4�e, where IJ is the Josephson current and h is Planck’s
constant� and the charge energy EC �EC=e2 /2C, where C is the junction capacitance�. Thus the
Josephson plasma becomes excited by the tunneling current, with some of the energy being emitted
as subterahertz frequency radiation. Our results provide a new insight into a solid-state quantum
system with considerable potential for new solid-state terahertz emission sources. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2840019�

I. INTRODUCTION

Superconducting electromagnetic emission is an attrac-
tive application of optoelectronic devices. In the supercon-
ducting steady state, the generation of electromagnetic waves
with wavelengths varying from the microwave to the milli-
meter range is attainable using four distinct methods related
to dc-biased Josephson junctions.

First, the self-radiation induced by Josephson ac currents
has been widely used.1 For high-temperature superconduct-
ors �HTS� YBa2Cu3O7−� �YBCO� and Bi2Sr2CaCu2Oy

�Bi2212�, the Josephson self-radiation in the picowatt range
has been detected by using a superheterodyne-mixer
technique.2–7

Second, the irradiation of samples with a femtosecond
laser pulse led to the emission of electromagnetic waves in
the terahertz region.8,9

Third, quasiparticle injection has been intensively stud-
ied using HTS tunneling junctions and the emission of mi-
crowave radiation from dc-biased HTS YBCO/Insulator/Au
tunneling junctions.10–13 Here, microwave emission was ob-
served in the absence of an external applied magnetic field,
and was broadband, in contrast to the narrow-band emission
usually observed from Josephson junctions.

The flux-flow effect14 is the fourth method of generating
electromagnetic waves. It produces microwave radiation of
several hundred gigahertz by applying strong Lorentz forces
to the magnetic fluxes. Broadband microwave emission has

been observed15 using this method by applying strong mag-
netic fields parallel to the CuO2 plane of Bi2212 single crys-
tals.

In this paper, we discuss the emission of subterahertz
electromagnetic radiation from high-TC superconducting
c-axis NdBa2Cu3O7−� /PrBa2Cu3O7−� /NdBa2Cu3O7−�

�NBCO/PBCO/NBCO� multilayer thin film tunneling junc-
tions when external bias and magnetic fields are applied. The
current-voltage characteristics �I–V� under applied ab-plane
magnetic fields H exhibit sharply defined steps at applied
bias voltages Vn, so that

Vn = eV/n � h�p/�2n�� , �1�

where the plasma frequency �p=0.4 THz, and n=1,2 , . . . .
Our observations may be interpreted in terms of the

quantization of the Josephson plasma �subterahertz� emission
in layered HTS tunnel junctions.

II. EXPERIMENTAL

For the fabrication of HTS tunneling junctions, very
high quality thin films with atomically flat surfaces and in-
terfaces are required. Because of the close lattice match and
growth conditions in PBCO oxide superconductors, a very
promising approach is to epitaxially grow nonsuperconduct-
ing PBCO thin films on lattice matched superconducting
NBCO films and vice versa. The oxygen diffuses readily
through PBCO so that fully oxidized NBCO/PBCO struc-
tures can be formed by the same in situ process. The struc-
tural quality at the interface plays a crucial role in the obser-
vation of quantum phenomena. The NBCO/PBCO structures
are crucial in establishing the intrinsic behavior, for they cir-
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cumvent the crystal growth interface inhomogeneity that oth-
erwise could mask the intrinsic physics.

The NBCO/PBCO/NBCO trilayer junctions used in this
study were fabricated by pulsed laser deposition. Single-
layer thin film deposition is described elsewhere.16 A very
high degree of crystal c-axis orientation was shown in x-ray
diffractometer and Rutherford backscattering analyses.
Atomic force microscopy studies showed a very smooth sur-
face morphology with only a few angstrom roughness.17

Transmission electron microscopy and transport data on a
variety of multilayers and trilayers demonstrated virtually
atomic-level perfection of the NBCO/PBCO/NBCO
interfaces.16 Planar junctions with widths varying from
1 to 10 �m were fabricated from the c-axis-oriented NBCO/
PBCO/NBCO thin film trilayers using standard photolitho-
graphic and ion milling techniques.18 The devices were con-
tacted with Au bonding pads. The junctions were placed in
the center of an 8 T superconducting solenoid with the mag-
netic field aligned in the ab plane. The subterahertz radiation
was detected from the second sample �SNPN2� using a su-
perheterodyne radiometric receiver at a frequency of 36
GHz.

III. RESULTS AND DISCUSSION

A standard experimental approach was used to measure
the tunneling conduction through the PBCO barrier as a
function of the voltage applied between the two NBCO elec-
trodes. In Fig. 1, the current is plotted versus the voltage for
H=0, 4, 5, 6, and 7 T. In zero field, the usual
superconductor-insulator-superconductor tunneling charac-
teristic is obtained. When the applied field H is increased to
3 T, the steps appearing in the I-V curve are noticeably
broadened. As H increases further, this broadening develops
into well resolved steplike structures. The formation of the
step structure can be clearly observed in Fig. 2 for an in-
plane magnetic field of 6 T. The steps arise from the quanti-
zation of the Josephson plasma emission and may be inter-
preted using Josephson plasma dynamics to give Eq. �1�. The
steplike structures reveal Josephson plasma emission from
the quasiparticle density of states and have components
originating from the charge EC, Zeeman EZ, and supercon-

ducting gap energies, and spatial quantization in the tunnel-
ing barrier �this will be published elsewhere�.

In the regime illustrated by the I-V curves in Fig. 3, the
current is suppressed at voltages below the threshold value
V=e /2C, where C is the tunneling capacitance ��10−18 F�.
This I-V response is suggestive of the Coulomb blockade
effect, observed in tunnel junctions, in which the charging
energy EC dominates. At low voltages, charge is trapped in
the electrodes and the dynamic resistance is very large. For
V�e /2C, the microwave emission intensity from the junc-
tion was measured using a superheterodyne radiometric re-
ceiver at a frequency �f� of 36 GHz. The observed maximum
emitted spectrum power was about 10 pW for an integrating
time of 1 s.

When the current jumps to a quasiparticle current branch
on the I-V curve shown in Fig. 3, broadband microwave
emission power was detected. A series of incoherent micro-
wave emissions were observed from branch to branch up to
the high bias voltage region, probably due to the electron-
plasmon scattering process. However, when the current was
varied along the quasiparticle branch, a continuous change of
the emission power was observed. These emissions are quali-
tatively different from Josephson self-emission since they
appeared at bias voltages much higher than the expected bias

FIG. 1. �Color online� I-V characteristics at 11 K and applied magnetic
fields of 0, 4, 5, 6, and 7 T in the ab plane for a c-axis NBCO/PBCO/NBCO
tunneling junction �Sample SNPN1�. The curves at 5, 6, and 7 T have been
displaced vertically for clarity.

FIG. 2. I-V characteristics at 11 K and 6 T for a c-axis NBCO/PBCO/
NBCO tunneling junction �Sample SNPN1�.

FIG. 3. �Color online� I-V characteristics at 21 K for a NBCO/PBCO/
NBCO tunneling junction �Sample SNPN2� with the corresponding detected
Josephson microwave power shown for a receiving frequency of 36 GHz.
Here EJ /EC�1.
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voltage given by the Josephson voltage-frequency relation
hf =2 eV. The emissions are similar to those observed in
S/I/N thin film tunneling junctions.19 The emitted power was
found to be greater at lower temperatures. The results indi-
cate that the dynamics of the Coulomb blockade �when EC

dominates� may be essential for microwave emission arising
from a coherent Josephson plasma mode.

IV. SUMMARY

Future development of the generation of subterahertz
electromagnetic waves in high Tc superconducting c-axis
NBCO/PBCO/NBCO trilayer thin film tunneling junctions
may provide a continuous and frequency tunable source in
this region. The coherency of the terahertz emission from the
NBCO/PBCO/NBCO configuration is another advantage.
Our results provide a new insight into a solid-state quantum
system with considerable potential for new solid-state tera-
hertz emission sources that will eventually help bridge the
terahertz gap.
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