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The substrates of Josephson junctions have recently been considered as dielectric resonator antennas
in order to increase self-emission power from the junctions. Further investigations and interesting
phenomena demonstrating this mechanism are presented in this paper. Junction arrays of the same
layout were located on various substrates, and Shapiro steps and self-emission were studied in the
course of the experiments and simulations. It is demonstrated that suitable substrates can be utilized
to improve the coupling of the junctions to the open space for both irradiation and self-emission at
the same time. © 2010 American Institute of Physics. �doi:10.1063/1.3482023�

I. INTRODUCTION

The coupling of Josephson junctions to the open space
has been discussed for almost half a century. However, it is
still a challenging topic due to the unacceptable impedance
mismatching between the open space and a single junction
whose intrinsic impedance is rather small.1 Coherent Joseph-
son junction arrays have been found to be a promising solu-
tion for this challenge.2 In any case, external antennas should
be combined to further moderate this impedance mismatch-
ing.

During the development of modern wireless communi-
cations, two classes of novel antennas have been extensively
investigated and described, i.e., the microstrip patch antenna
and the dielectric resonator antenna. Compared with micros-
trip antennas, dielectric resonator antennas are more suitable
for working at higher frequencies, especially for millimeter
and submillimeter wavelengths. That is because, at these fre-
quencies, the conductor loss of metallic antennas becomes
severe and the efficiency of the antennas is reduced
significantly.3

In the meantime, the combination of Josephson junction
arrays and microstrip patch antennas has been studied for
about two decades.2,4–6 Nevertheless, utilization of the di-
electric resonator antenna to decrease impedance mismatch-
ing is not as extensive as use of the microstrip antenna. We
recently reported that enhanced self-emission from niobium
junctions7 and bicrystal high-temperature superconductor
junctions8 was measured with the assistance of intrinsic reso-
nances of their own substrates. In this case, the substrates
were considered to be dielectric resonator antennas, which
deliver the self-emission power to the open space.

Furthermore, by this method, not only self-emission of
the junctions but also external irradiation on the junctions
can be optimized. As is well known, Josephson junctions
arrays can be developed for use in voltage standards by uti-
lizing the Shapiro steps under external irradiation.9,10 The

key point is that the parameters of junctions and the irradia-
tion coupled into the junctions should be uniform enough to
realize the coherence of junctions inside an array. In the fol-
lowing, we show that the coupling of all the junctions in a
series array to the open space could be improved homoge-
neously by choosing a suitable substrate as the dielectric
resonator antenna.

II. EXPERIMENT

The arrangement of our measurement system was shown
in Fig. 1, which has been published elsewhere.7,8 To detect
self-emission from the Josephson junctions, the measuring
set-up was exactly the same as that shown in this figure. For
the observations of the Shapiro steps of the junction arrays,
external irradiation in the frequency range from 68 GHz to
78 GHz was directly fed into the quasioptical resonator
through standard WR-12 waveguides. The quasioptical reso-
nator consisted of a horn antenna and a plane mirror. Elec-
tromagnetic field distribution inside this resonator was simu-

a�Electronic mail: a.klushin@fz-juelich.de.

FIG. 1. �Color online� Schematic of measurement system and photos of the
sample. The blow-up shows an enlarged fragment of the array of high-
temperature superconductor Josephson junctions.
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lated by utilizing the CST microwave studio software, as
shown in Fig. 2.

A standing wave was formed with a series of electric
field antinodes at fixed positions inside the resonator. The
amplitude of electric field intensity reached a maximum at
the center of these antinodes. From the cross section view
�the inset of Fig. 1�, electric field was considered to be uni-
form with the same polarization in rather large area, com-
pared with the dimensions of our samples. The distance be-
tween the horn antenna and the plane mirror should be
adjusted for different frequencies of the irradiation to shape
the standing wave. The sample was located around the anti-
nodes in order to couple the intrinsic resonance of the sub-
strate into the standing wave.7,8 In this way, the transmission
of electromagnetic field power between the Josephson junc-
tions and the open space becomes easier, i.e., the impedance
coupling is improved.

To experimentally confirm the influence of the substrate
on the coupling of Josephson junctions to the open space, the
junction arrays of the same design as before8 were located on
various substrates. The layout is also shown in Fig. 1. There
were two kinds of substrate with different materials, namely
magnesium oxide �MgO� and yttrium-stabilized zirconium
�YSZ�. Their dielectric constants were �r=10 and �r=26, re-
spectively. The fabrication of thin films of YBa2Cu3O7 on
MgO substrates was described previously.11 The fabrication
of shunted bicrystal junctions on these substrates was similar
to the procedure published elsewhere in detail.12 The dimen-
sions of these substrates were 10�10 mm2, but with differ-
ent thicknesses ranging from 0.3 to 1.0 mm. Moreover, two
additional thin substrates were used with dimensions of 10
�10�0.1 mm3, whose the materials were MgO and lantha-
num aluminum oxide �LaAlO� with �r=25. They were at-
tached to the rear of the original substrate of each sample.
The performance of the various substrates for the coupling
was explored, by measuring the Shapiro steps and self-
emission from about 68 to 78 GHz of the series junction
arrays.

III. MEASUREMENTS AND SIMULATIONS

A. Magnesium oxide

Our investigation was motivated by measurements of
Shapiro steps of the junction array located on the 10�10
�1.0 MgO substrate. The series array contains eight subar-
rays of 67 junctions each, which could be measured sepa-
rately by special thin-film superconductor strips. An interest-
ing phenomenon was revealed when the sample was exposed
under external irradiation. The optimum coupling of the
junctions to the standing wave inside the quasioptical reso-
nators was attained by adjusting several parameters as
before,8 namely the frequency f r and the amplitude of the
external radiation power source, the distance between the
plane mirror and our sample, the position of the horn antenna
and the angle � between the grid and the electric field E of
the external radiation in the waveguide. However, under ir-
radiation at 76.10 GHz the Shapiro steps of each subarray
were extremely nonuniform as shown in the inset of Fig.
3�a�. To exclude the variances in parameters of different sub-
arrays, the normalized Shapiro step �I=�I1 / Ic was intro-
duced, where Ic is the critical current of the subarray and �I1

is the height of its first Shapiro step. The inset shows that the

FIG. 2. �Color online� Distribution of electric field intensity in the quasiop-
tical resonator including a horn antenna and a plane mirror. The standing
wave was formed at some resonant frequencies which could be adjusted by
the distance of the horn antenna and the plane mirror. The inset shows the
uniform electric field distribution on the cross section of the antinodes.

FIG. 3. �Color online� �a� Measurements of the junction array located on the
MgO substrate. The I-V curve of the third subarray without irradiation
�curve a�; the I-V curve of the third subarray under irradiation at 76.10 GHz
�curve b�; the I-V curve of the fourth subarray without irradiation �curve c�;
the I-V curve of the fourth subarray under irradiation at 76.10 GHz �curve
d�. The normalized Shapiro steps �I of different subarrays were exhibited in
the inset. �b� Distribution of electric field intensity on the MgO substrate
shows the nonuniform irradiation power for different subarrays along the
grain boundary. The position of each subarray is marked by its order
number.
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values �I of the eight subarrays strongly depended on the
position of each subarray along the grain boundary. For ex-
ample, in Fig. 3�a� the current-voltage �I-V� curves of the
third and the fourth subarrays with and without irradiation,
respectively, illustrated a remarkable contrast. This reflects
the widely differing coupling of the external irradiation to
each subarray.

Nevertheless, it agreed with the simulation of the elec-
tromagnetic field distribution on the MgO substrate with the
experimental dimensions and dielectric constants. The distri-
bution of the x-axis electric field intensity on the substrate
under the irradiation around the frequency 76 GHz was ob-
tained with the CST microwave studio software �Fig. 3�b��.
There was a resonant mode of the substrate was excited.
However the electric field intensity was rather inhomoge-
neous along the grain boundary. The position of each subar-
ray was marked by its order number in Fig. 3�b�. Suppose
that the �Ic / Ic of the subarray was in direct proportion to the
coupled irradiation power, the implications from the Figs.
3�a� and 3�b� coincided with each other very well.

B. Yttrium-stabilized zirconium

The Josephson junction arrays located on a series of
YSZ substrates with different thicknesses were investigated
in order to achieve the optimal value for the coupling. Fur-
thermore, in some cases the additional thin substrates of
MgO and LaAlO were attached as well. All the significant
measurements of the Shapiro steps and the self-emission
from the total array are listed in Table I. For the Shapiro
steps, we only list the parameters for the observed first Sha-
piro steps including the frequency of external irradiation and
the maximum voltage of the first step which could be
reached by increasing the number of biased subarrays. This
suggested that the maximum voltage reflected the maximum
number of coherent junctions inside the total array under
external irradiation.

The junction arrays exhibited the distinct characters of
the ac Josephson effects1 on the different substrates, espe-
cially for the 0.3-mm-thick substrate with and without the
additional thin substrates. This reflected the important influ-
ence of the substrate on the impedance coupling, which
could be considered as the dielectric resonator antenna. The

resonance modes would change for different materials and
dimensions of the substrate. This was the reason why the
dissimilar Shapiro steps and self-emission power were ob-
served even for the same array on different substrates. How-
ever, among all the samples with various substrates, the ob-
served Shapiro steps and self-emission almost reached an
optimum at the same time. It suggested that a proper sub-
strate would improve both of these reversible processes.

A resonance mode of the 0.5-mm-thick substrate8 was
shown in Fig. 4. That was a reasonable explanation for the
fact that the 85.06 mV Shapiro steps and respectable emis-
sion power from the eight series subarrays were observed.
The external irradiation coupled into each junction of the
total array including 536 junctions should be approximately
uniform. At present, we would like to concentrate more
closely on the sample with the 0.3 mm thick substrate.

After attaching the additional thin substrate of LaAlO,
the coupling of the junctions to the open space was obvi-
ously improved �Table I�. The maximum voltage of the first
Shapiro step could be increased from 46.92 to 84.29 mV. It
indicated that there were more junctions in the series array
realized coherence under external irradiation. At the same
time, the irradiation frequency was shifted from 68.98 to
77.10 GHz, as shown in Fig. 5. Under external irradiation of
other two frequencies, 72.85 GHz and 75.00 GHz, the first
Shapiro steps were also observed with the maximum volt-
ages of 69.56 mV and 82.16 mV, respectively. In addition,

TABLE I. Significant measurement records of the Shapiro steps and self-emission of the Josephson junction
arrays of 536 junctions located on the YSZ substrates with different thicknesses and attached thin substrates.

Thickness of
the YSZ substrates

�mm�

Attached thin substrates The optimum first Shapiro step

Max. emission power
�a.u.�Materials Thickness

Frequency
�GHz�

Voltage
�mV�

0.5 None 77.09 85.06 4.13
0.3 None 68.98 46.92 0.42
0.3 MgO 0.1 mm 75.29 61.49 0.95
0.3 LaAlO 0.1 mm 72.85 69.56 4.65

75.00 82.16
77.10 84.29

FIG. 4. �Color online� Distribution of electric field intensity on the 0.5-mm-
thick substrate shows a resonance mode around 77 GHz.
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the self-emission power from the total array became more
than ten times larger �Fig. 5�. All the above phenomena
agreed with our initial idea8 that a suitable junction substrate
could be used as the dielectric resonator antenna. Further-
more the resonator allowed independent substrates of differ-
ent materials to be combined together.

To analyze the experiments by simulating the electro-
magnetic field, a model was constructed of the junction ar-
rays located on substrates under external irradiation from 65
to 80 GHz. In Fig. 6, the junctions were embedded in the
half-wavelength antennas and connected in series as experi-
mental parameters.8 The alternating voltage of each junction
induced by the irradiation could be observed using this
model. The value of the voltage was proportional to the
square root of the irradiation power fed into the junctions. In
this way, the Shapiro steps could only be observed in experi-
ments when the induced voltage was uniform with accept-
able amplitude for each junction. This has been proved by
simulations as shown in Fig. 7. Limited by the resolution,
induced voltages of 50 junctions in the total array were ex-
hibited in this spectrum. For the 0.3-mm-thick substrate, only
one peak around 69 GHz was obtained. While there were
three uniform peaks in the frequency range from 68 to 78
GHz after the thin substrate of LaAlO had been attached.

FIG. 5. �Color online� Measurements of the junction array located on the 0.3
mm thick YSZ substrate with and without the attached thin substrate of
LaAlO. With the attached substrate, curve a shows the I-V characteristic of
the total series array including eight subarrays without irradiation; curve b:
the I-V characteristic under irradiation at 77.10 GHz; curve c: the detected
emission power while sweeping the bias current through the array. Without
the attached substrate, there was only a maximum of five biased subarrays
from which the Shapiro steps could be observed. The I-V curves of these
five subarrays without and with irradiation at 68.98 GHz are shown by curve
d and curve e, respectively. The detected emission from the total array is
showed by curve f.

FIG. 6. �Color online� The simulation model for irradiation: the junction
array �black color� with half-wavelength antennas was located on the YSZ
substrate �blue color�. The additional thin substrate of LaAlO �orange color�
was attached on the backside of the YSZ substrate. The junction was mod-
eled by the lumped element in the CST microwave studio software, by means
of which the induced voltage of each junction could be observed. �a� Three-
dimensional view; �b� enlarged view.

FIG. 7. �Color online� Induced voltage spectra of 50 junctions inside the
total array from 65 to 80 GHz without and with the attached substrate of
LaAlO are shown separately in �a� and �b�.
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These peaks were located separately at about 73, 75, and 77
GHz. All of them agreed with the experiment results �Table
I�.

IV. CONCLUSIONS

The same layout series array of bicrystal junctions was
located on various substrates to investigate the impedance
coupling of the junctions to the open space. The important
influence of the substrates on the coupling was documented
both by experiments and simulations. It is reasonable to con-
sider the substrate as a dielectric resonator antenna to im-
prove the coupling with suitable dimensions and materials. It
was also possible to introduce the combination of substrates
with different materials for some applications. It should be
emphasized that this method could be utilized both for the
development of voltage standards and for radiations sourced
in the higher frequency range.
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