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Abstract

We have investigated the mutual phase interaction between a single detector junction and a phase-locked three-junction
array of high-T Josephson junctions. The YBCO Josephson junctions were fabricated on a MgO bicrystal substrate. Wec

measured the radiation power of a Josephson-junction array using an off-chip coupled to a radiometer and on-chip coupled
to a single junction from centimeter- to millimeter-wave ranges. The Josephson oscillation power excited the resonant mode
coupled to the coplanar microstrip loops. Clear self-induced Shapiro steps were observed in the current–voltage curves of
the detector junction. The power transfer to the single detector junction was estimated from the modulation of the Shapiro
step height. The maximum detected power level was about 7 nW at frequency 150–250 GHz. q 1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Ž .High-T superconducting HTSC Josephson junc-c

tions have the possibility that the oscillation of the
Josephson ac current can be used for a practical
voltage-controlled microwave oscillator and a sensi-
tive detecting device for millimeter and submillime-
ter wavelengths. Possible applications include tun-
able integrated local oscillators and pumps for
Josephson mixers. Because of the large energy gap
of HTSC Josephson junctions, high frequency appli-
cations up to THz frequency range can be expected
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w x Ž .1,2 . However, a single HTSC YBa Cu O YBCO2 3 y

Josephson junction did not produce sufficiently large
coherent radiation power with narrow linewidth nec-
essary for direct use in various microwave devices.
These problems may be overcome by using coherent

w xarrays of phase locked junctions 3,4 . Recently,
some promising results have been obtained from the
HTSC SNS-type Josephson junction arrays with high
resistance detector junctions and bicrystal Josephson

w xjunction arrays 5–8 . The phase-locking of Joseph-
son junction array having series-parallel geometry
with the pair of junctions shunted by superconduct-

w xing loops was demonstrated in a previous report 8 .
The junction array showed coherent radiation over
the wide range of frequencies and the best perfor-
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mance of the array could be obtained by modulating
the external small magnetic field. In this paper, we
measured the microwave radiation power of a
Josephson-junction array using an off-chip coupled
to a radiometer and an on-chip coupled to single
junction from centimeter- to millimeter-wave ranges.
Using an on-chip coupling measurement, clear self-
induced Shapiro steps were observed in the current–
voltage characteristics of the detector junction. We
have investigated the mutual phase-locking between
a detector junction and a three-junction array where
each junction is enclosed in a coplanar microstrip
resonator. We used YBCO bicrystal junctions on a
MgO bicrystal substrate. The junction array where
the bias leads formed a coplanar microstrip resonator
was phase-locked by means of a dc SQUID geome-
try. The geometry of array junction is independent of
the spread in the critical current which is a critical
problem for the HTSC Josephson oscillator. For the
off-chip emission measurements, we compared the
microwave radiation power of the detector junction
and the three-junction array.

2. Experimental setup

The radiation power from the junction array was
measured by a superheterodyne detection technique
with a non-resonant broad-band matching system at
receiving frequencies f s11, 22, 36, 47 and 72REC

GHz. The receiver was operated in a two band
regime with a bandwidth D Bs2 GHz. The sensitiv-
ity of the receiver was dSf3=10y24 WrHz at an
integrating time ts1 s. The absolute value of the
self-radiation power emitted from the junctions was
exactly calibrated by a standard noise source in-
stalled inside the microwave receiver system.

3. Layout and fabrication

The YBCO superconducting thin films were de-
Ž .posited on MgO bicrystal substrates 248 by laser

ablation technique and patterned into an array of
three junctions by the conventional photolithography
method. In order to avoid the large critical current
Ž .I , the thickness of YBCO films was chosen to bec

about 50 nm. Note that, for the single YBCO bicrys-

tal junction with the film thickness of about 50 nm
and the junction width of about 10 mm, I andc

normal resistance R were usually about 300 mAn

and 0.4–0.80, at 4.2 K, respectively. The photograph
of the circuit and equivalent circuit of the three-junc-
tion array and the two detector junctions are shown
in Fig. 1. The three-junction array and the two
detector junctions were located at the center of
coplanar strip lines which were 10 mm wide with 10

Ž .mm pitch as shown in Fig. 1 a . For this circuit
Ž .structure, two separate detector junctions of a and

Ž .b and one oscillator junction of the three-junction
array can be biased separately. For the array design,
pairs of bicrystal junctions were shunted by super-
conducting SQUID loops whose magnetic induc-

Ž . Ž .Fig. 1. a Photograph and b equivalent circuit of the YBCO of
the three-junction array and the two-detector junctions on a bicrys-
tal substrate. The three bicrystal junctions locate at the center of
the microstrip lines.
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tance was about 0.2 nH with a mutual inductance
between the loops of about 17 pH. Note that, in such
a SQUID-type junction array the distribution of the
inductance in the coupling loop should be taken into
account, because the locking strength depends on the
loop inductance. In principle the inductance should
be large enough and the mutual inductance between
the SQUIDs must be small enough to make the
junctions oscillate in phase and to reduce the depen-
dence of the relative phases on the flux through the
SQUID loops, where the external impedance would
be Zs jv L. The inductance of the loop was chosen
to make the junction impedance equal to 60 V at
about 100 GHz operating frequency. The array struc-
ture consisted of two series of interlocking dc
SQUIDs. The dc-bias supply produces opposite but
equal dc voltages between adjacent bridges, thus all
the junctions oscillate at the same average frequency
corresponding to the basic Josephson voltage–
frequency relation fsVrF , where f is the oscil-0

lation frequency, V is the voltage of the junction and
F is the flux quantum. After electrical testing of0

the junction-array and the detector junction, a 500
nm thick SiO dielectric layer was evaporated over
the array to isolate the junctions from a 500 nm thick
Au feedback loop. The sample was magnetically
shielded by superconducting Pb and m-metal.

4. Results and discussion

Before testing the mutual phase interaction be-
tween two junctions, we separated our device and
tested the microwave properties of the detector junc-
tion and the array which could be separately biased.
In Table 1 we present the characteristic parameters
of the two detector junctions and the array. The
characteristic values of the I R product are compa-c n

rable for both junctions. The I of the array junctionc

Table 1
Parameters of YBa Cu O three-junction array oscillator and2 3 y

detector junctions at 4.2 K

Ž . Ž . Ž . Ž .I mA R V I R mV T Kc N c n c

Ž .Detector a 0.63 0.74 0.47 87
Ž .Detector b 0.68 0.5 0.34 87

Three-junction array 1.45 0.3 0.43 87

Fig. 2. I –V characteristic of the array junction and the detector
Ž .junction a . The arrow indicates the resonance step.

was usually larger than that of a single junction and
conversely, the R value is lower. For a singlen

detector junction, the Josephson radiation peaks ac-
cording to the Josephson voltage–frequency relation
were observed up to near T . The I R product ofc c n

the single detector junction was about 0.5 mV. The
measured maximum radiation power was about 3–5
pW at receiving frequency f s22 GHz at 4.2 K.REC

The measured full linewidth was about 4 GHz which
deviated from the theoretical value of RSJ-model.
The measured linewidths showed additional noise in

w xthe whole temperature range 9,10 .
Fig. 2 shows the typical I–V characteristics of the

YBCO three-junction array and the detector junction
Ž .a . We observed that both I–V characteristics were
close to those predicted by the RSJ-model. We also
confirmed that the Josephson self-radiation peak po-
sitions satisfied the Josephson relation. The I–V
characteristic of the three-junction array exhibited a
step-like resonant structure which was influenced by
the frequency mode of coplanar microstrip resonator
structure. The observed resonance frequency in the
I–V characteristics was about 65 GHz, which is
comparable to the calculated resonance frequency of

w x79 GHz 3 . The fundamental resonance frequency is
basically influenced by the total length of resonator,
the structure of the feedback loop and the microstrip
lines. Note that the difference between the designed
and observed frequencies is due to the difference of
impedance between the coplanar resonator and the
Josephson junction. Because the resonance step mode
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in the I–V characteristic is caused by the interaction
between the high-frequency current of the Josephson
junction array and the resonance frequency of copla-
nar microstrip resonator. However, in addition, we
found that the resonant mode of the junction array
was also strongly affected by the flux in the coplanar
microstrip loops. The fundamental resonance fre-
quency is basically influenced by the total length of
resonator, the structure of feedback loop and the
structure of microstrip lines. In addition, however,
we found that the resonance mode was also strongly
affected by the flux in a microstrip loop. The reso-
nance step structure was drastically changed with
varying in external magnetic field. This fact indicates
that the radiation power is controllable without

w xchanging the geometrical resonance condition 8,11 .
In Fig. 3, we directly compared the frequency

dependent Josephson radiation power between a sin-
Ž .gle detector junction a and a three-junction array

with off-chip geometry. The power of the three-junc-
tion array was 18 pW at a receiving frequency
f s22 GHz, which was almost four times largerREC

than that of a single bicrystal junction. The results
provide the evidence that the phase coherent state of
the junction array was enhanced by the resonance
feedback circuit. For the ideal three-junction array, if
the junctions were in a phase-locking state, the maxi-
mum available power of the three-junction array
would become three times larger according to Pmax

Ž . 2s 1r8 NI R , where N is the number of junctionsc n

Fig. 3. Frequency dependence of Josephson radiation power for a
YBCO three-junction array and a YBCO single bicrystal junction.

w x3,12 . The array should deliver the maximum power
of 17 nW into a matching load. In practice, however,
from the theoretical estimate of mismatch between
the array impedance and the load impedance of a
receiver, the transmission power is found to be three
orders of magnitude smaller than the above value. To
improve the mismatch between the junction and the
microwave receiver system, we must consider the
mismatch parameters, such as the critical current and
the normal state resistance of the detector and the
array junctions. Note that, the junctions connected in
parallel had a low junction resistance and a large
critical current compared to the single junction. For
the array junction geometry, the dc bias current was
fed to the junction array having parallel geometry
with pair of junctions shunted by the high impedance
superconducting loops. The configuration of bias
lead was a series of interlocking dc SQUID’s geome-
try with the object of guaranteeing the oscillation of
all junctions at the same frequency. However, one
should think about the microwave impedance con-
nected in series. A feasible way of matching is to use
series array of three coherent junctions to increase
the impedance. The schematic of series array is

Ž .illustrated in Fig. 1 b . Note that, if the number of
junctions N is chosen such as NR sR , where RJ L J

is the resistance of a single junction and R is theL

load impedance, the maximum power available to
Ž . 2the load is approximately 1r8 I R . With a match-c L

ing load, the available power is proportional to N 2.
However, without matching load like our case, the
available power is proportional to the number of
junctions. Thus, as shown in Fig. 3, our result showed
a qualitative improvement of phase locking of the
junction array.

To investigate the mutual phase-locking due to
the influence of an array on a detector junction, we
measured the I–V curves of the detector junction
with the array junction biased at a certain fixed
current with on-chip geometry. The detector current
was swept independently. Fig. 4 shows the I–V
curves of the detector junction at different array bias
currents. The first Shapiro step of the detector junc-
tion appeared at the same bias voltage of the three-
junction array at a given bias current. To provide a
better view, the I–V curves are displaced along the
current axis. The arrow indicates the first self-in-
duced Shapiro steps caused by the oscillation of the
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Fig. 4. I –V characteristics of the detector junction at different
Ž . Ž . Ž . Ž .array bias currents a 0 mA, b 1.65 mA, c 1.85 mA and d

2.15 mA. The arrows indicate the first self-induced Shapiro steps
in the detector junction.

three-junction array. At this temperature, the critical
current and the normal resistance of the junction
array were I s1.25 mA and R s0.31 V, respec-c n

tively. In all these I–V curves, the first Shapiro step
is clearly visible. In addition, higher steps and sub-
harmonic steps were also visible. The inclined
Shapiro step at array bias current I s1.65 mAb

indicates that the array in this particular state does
not radiate a phase-locked single emission but rather

Ž .a broad band emission, as shown in the curve b in
Fig. 4. By varying the array bias current, the main
Shapiro step in the detector I–V curve was sharp-
ened. The first Shapiro step can be shifted from 200
mV up to 500 mV, corresponding to the frequency
range from 120 GHz to 240 GHz, respectively.

To determine the detected microwave emission
power, we estimated the power directly from the step
height of I–V curve using the analytical formula
based on the RSJ model. It is possible to calculate
the power from the height of the first Shapiro step

Ž .2according to the formula P s 0.5 II rI R ,v c det

where I is the bias current, I is the height of firstv

Shapiro step and R is the detector junction resis-det
w xtance 3,13 . The power calculated using this formula

is about 6.6 nW at 180 GHz. The maximum power
of the three-junction array delivered to the detector
junction by assuming that the junctions are in phase-

locked is about 17 nW according to the formula
Ž . 2P s 1r8 NI R . The detected power from themax c n

detector junction is three times smaller than that of
the theoretical value. However, if we take into ac-
count the losses and reflection in the microstrip line
due to impedance mismatch, the measured value
using the detector junction is almost consistent with
the expected value.

The detected power of radiation from the array as
a function of the dc bias on the array is shown in
Fig. 5. The maximum detected microwave power
level was about 7 nW at frequency 200 GHz. The
frequency characteristics of the detected power in a
small voltage range below 0.3 mV exhibited a broad
locking behavior affected by internal noise arising
from the incoherent microwave emission properties
of the three-junction array. The structure of induced
steps at high voltages was rather complicated and
could be identified due to the multiple interaction
between harmonics.

Note that the radiation properties and the reso-
nance structure of the junction array shunted by
superconducting SQUID loops could be modulated
by the external magnetic field to the junction array.
In practice, it is very difficult to maintain the same
flux through all the SQUID loops of the junction
array. However, by applying a small magnetic field
to the junction array, it is possible to stabilize the
maximum available radiation. Without magnetic
field, the relatively broad radiation peak appears.

Fig. 5. Detected power of radiation from an array junction oscilla-
tor as a function of different bias levels in terms of frequency for
the array junction.
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Fig. 6. Magnetic field dependence of the Josephson radiation
power at receiving frequency f s11.6 GHz for a YBCOREC

three-junction array.

With a weak magnetic field of Bs10 mG, however,
the Josephson emission peak intensity increases and
the linewidth becomes narrow. The radiation power
from the array varied as a function of applied flux.
The dependence of the locking properties by apply-
ing an external magnetic field is shown in Fig. 6.
The approximately periodic dependence of the lock-
ing interval on magnetic field is a manifestation of
the periodic dependence of the stability of the
phase-locked state on magnetic field. The modulated
percentage of the radiation power and the linewidth
from the array by the magnetic field was about 30%
for both. The measured minimum linewidth of the
junction array was about 700 MHz which could not
be achieved by a single bicrystal junction.

5. Summary

We have observed the mutual phase interaction
between a single detector junction and a phase-locked
three-junction array of HTSC Josephson junctions. In
the array structure, we directly measured the radia-

tion power of the Josephson-junction array using
off-chip geometry coupled to a radiometer and on-
chip geometry coupled to the detector junction. Clear
self-induced Shapiro steps were observed in the cur-
rent–voltage curves of the detector junction caused
by the interaction with the array junction. The power
transfer to the single detector junction was of the
order of nW at frequency 150–250 GHz. Our circuit
demonstrated the evidence of a strong phase-locking
and showed the qualitative agreement with the theo-
retical available power by taking into account the
mismatch and losses. These results may provide the
optimum pumping condition for the oscillator to
operate the Josephson detector junction. To demon-
strate the self-pumping HTSC one chip Josephson
mixer, a junction array coupled with detector Joseph-
son junction-mixer is under investigation.
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