On-chip radiation detection from stacked Josephson flux-flow oscillators
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Radiation measurements with double-junction stacked Josephson flux-flow oscillator on-chip
coupled to a superconductor—insulator—superconductor detector are reported. Impedance matching
between the oscillator and the detector has been achieved using a broad band coupling circuit.
Radiation power in the detector up to 10 nW has been measured in the frequency range between 170
and 410 GHz. Coherent radiation from two stacked junctions has been observed both at the
fundamental Josephson frequency and at its second harmonic. The distribution of the radiation
power between the first two harmonics allows us to distinguish between mutually coupled in-phase
and out-of-phase flux-flow modes in the junctions. Coherent operation of stacked Josephson
junction oscillators in the millimeter and sub-millimeter wave band is demonstratedl 998
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I. INTRODUCTION power multipliers and frequency doublers have been
proposed.

Long Josephson junctions operated in the flux-flow In this study, we report direct radiation detection experi-
mode, the so-called flux-flow oscillator&FOS9, recently ments with stacked double-barrier N&I-AlO,/Nb), long
showed very promising performance in integrated subJosephson junction FFOs using an SIS detector on the same
millimeter wave band superconducting receiveRadiation  chip. We observed two different mutually phase-locked
from a FFO is induced by the motion of Josephson vorticesmodes of two junctions, the in phase and the out of phase.
or fluxons, each of them carrying one magnetic flux quantunThe radiation detected for the in-phase mode is characterized
d,. In the integrated receiver design, the FFO operates aslay high power at the fundamental harmonic of the single-
local oscillator which pumps a small-area superconductor-barrier Josephson radiation frequerigy while the out-of-
insulator—superconduct¢®!S) tunnel junction mixer placed phase mode has shown the main emission at the second har-
on the same chip. Conventional single-barrier FFOs wergnonic of f ;.
proven to deliver a power of the order of @\l at their first
harmonic of radiatiod:®> Due to the losses in superconduct-
ing electrodes the maximum operation frequency of FFOs i

limited by the frequency of abouty = A/(ed,) correspond- The goal of the design was to achieve a wide band cou-
ing to the superconducting energy gap wheree is the  pling of a high-impedance small SIS tunnel junction with a
electron charge. Typically, for superconducting niobium thedistributed oscillator junction having an output impedance in
gap frequencyf, is in the range of 656 700 GHz. At the  the range of 0.3 0.6(. Two important demands have been
same time, the main receiver component such as SIS mixesken into consideration. First, the coupling has to be wide
can operate up to frequencies as high ﬁ§.2 Thus, extend- band (at least one octayeto allow for detecting both the
ing the frequency limit of FFOs abovie, may substantially fundamental frequency of the oscillator and its second har-
increase the presently available frequency range of integratatlonic. Second, the device performance must be tolerant to
SIS receivers. On the other hand, increasing the maximuroertain parameter variations due to the fabrication process.
output power of FFOs may open new possibilities for off- The output impedance of a #m-wide FFO stack has been
chip applications in the future. estimated as the characteristic impedance of two Josephson
Vertical integration of several FFOs is a promising way transmission line$JTLs) with their common electrode being

to improve the oscillator performance. The mutual inductiveof the same width as the top and bottom electrodes. The
coupling between the adjacent junctions in a stack is detelin-phase mode of the oscillator assumes that the microwave
mined by the thicknesses of the superconducting [@8ybe-  pulses are propagating in JTLs simultaneously as a single
tween the junctions and can be several orders of magnitudaulse of the same current but twice larger in voltage than for
stronger than in case of their planar integration. Broad banthe single-layer JTL. This means that the output impedance
tunable coherent operation of two stacked FFOs has beenf the stacked FFO is approximately twice larger than that of
recently reportetiusing dc measurements of their current—the single-layer FFO. In the case of out-of-phase mode, when
voltage characteristicdVC). Due to the possibility of both the fluxon pulses in two JTLs are shifted by half of their
in-phase and out-of-phase locking of fluxon oscillations inperiod, the output impedance can be taken as equivalent to
two stacked junction$, applications of stacked FFOs as that of a single-layer FFO.

In order to be detected by the SIS junction with a typical
dpermanent address: Institute of Radio Engineering and Electronics, Ru%nped_ance_of 26 SO.Q’ the. FFO ou_tput radiation flrs.’t has to
sian Academy of Science, Mokhovaya St. 11, Moscow, 103907 Russia P€ emitted into a micro-strip line with a characteristic imped-
PElectronic mail: a.ustinov@kfa-juelich.de ance of about 1820(). For that purpose we used a three-
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long function twin SIS reason of rather complicated interference of all components
detector in the coupling circuit. The coupling is optimized at a nomi-
nal level of —6 dB and flatness 1 dB within the frequency
range of 156-450 GHz, as illustrated by its calculated over-
all performance in Fig. 2.
The magnetic field for operating the FFO has been ap-
plied using an external solenoid. For suppressing the Shapiro

Iy

Is = bottom Nb steps in the SIS detector, we used the superconducting strip
impedance dc break N top Nb connectl_ng the MO SIS junctions as a local magnetic field
transformer B junction area control line(see Fig. 1 The leak of microwave power from

the detector bias lines was blocked by low-pass filters
FIG. 1. Schematic top view of the device. The radiation from the stackedgrmed by the radial stubs.

e e aeecs " Several simiar chips with various dimensions e fab-

not to scalg ricated on each wafer. Typically, a spread of the critical cur-
rent density less than 5% has been achieved for two stacked
tunnel barriers. In order to facilitate either the in-phase or the

stage micro-strip impedance transforntsee Fig. 1 which  out-of-phase locking, we fabricated the wafers with two dif-

provided 3 dB coupling within a frequency range of ferent thicknesses of the intermediate Nb electrode be-
140-480 GHz. To avoid the influence of discontinuities tween the tunnel barriers. These valuesd; =90 nm and

which occur at the corners of the transformer sections thgl=d,=140 nm accounted for the coupling constants
latter have been tapered within 120°. The “tapered transs=g = —0.36 andS=S,= —0.21, respectively® In agree-

former” has been simulated using both numerical Ca'CU'ament with previous experimerﬁg)my the mutua”y out-of-
tions and scale modelling which proved feasibility of this phase locked regimes have been found stable for the inter-
approach. The step-chain model for the tapered transftionsnediate coupling strength witt6=S,. For the weaker
was used for numerical analysis of these structures. coupling with S=S,, depending on the bias range, both in-
To avoid a dc electrical contact between the top elecphase and out-of-phase locking were successfully observed.
trodes of the FFO and the SIS detector, a dc blattkbreak  |n the following we present radiation detection data for a
as used in the original desighas been incorporated into the double-barrier 35Qzm-long and 6um-wide FFO with
transmission line connecting the FFO and the detector. Thg=140 nm. The used critical current density 950 Afcror-

main idea of the dc block design is similar to the combina-responded to the long junction limit with the single-barrier
tion of two microwave balurt8 which are connected at the Josephson penetration depth~12 um.

shortest possible distance to avoid an impedance discontinu-
ity. The 3 dB bandpass of the dc block has been estimated as
100-500 GHz using both numerical simulations and scald!l- RESULTS

model experiments. Fig. 3 presents stored traces of the FFO current—voltage
The detecting cell was designed as a twin-junction(| — V) characteristics obtained in continuously varying mag-

structuré™*? employing two SIS junctions patterned in the netic fieldH. The flux-flow step is tunable in the broad volt-

same trilayer as the bottom Iayer FFO of the stack. The Shoage range up to 2.8mV which is approximate|y twice as |arge

micro-strip connecting the two junctions acts as a tuner ofs the single-barrier flux-flow range shown in Fig. 3 at higher
intrinsic capacitive impedance of the twin-junction cell. The

two stage micro-strip impedance transformer is used for
wide-band coupling of the incoming signal to the SIS detec-
tor. The exact transformer parameters have been calculated
numerically and chosen to a certain extent empirically for the
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 (GHz) FIG. 3. Stored traces df—V curves of the stacked oscillator obtained in
z

continuously varying magnetic field. The coherent double-junction flux-
flow step is tunable in the voltage range between 0 and 2.8 mV. The circle
FIG. 2. The calculated overall frequency bandpass for the coupling circuitndicates the voltage range at which the major radiation power has been
between the stacked FFO and the SIS detector. detected.
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FIG. 5. The dominant radiation frequency detected by SIS twin junction as
a function of the bias voltag¥ ¢ of the stacked flux-flow oscillator along
thel —V curve shown in Fig. @&). The expected first and second harmonics
of the single-junction flux-flow voltages are shown by solid and dashed

lines, respectively.
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o In order to accurately determine the radiation frequency
10} P1

PO 1 and power, the pumped SIS deteciorV characteristics
were analyzed quantitatively using Tucker's théfryf SIS
mixers. Fig. 5 shows the dependence of the dominant fre-
quency detected by the SIS twin junction as a function of the
bias voltageV of the stacked FFO. Different points corre-
FIG. 4. (&) | —V characteristics of the double-junction stacked flux-flow spond to the radiation frequencies obtained from the analysis
oscillator in the magnetic fieltH=7.7 Oe.(b) | —V characteristics of the Of the d.eteCtorl —V curves measured for_ the_d'ﬁerent FFO
SIS detector corresponding to different bias points of the oscillator shown iias points along thé—V curve shown in Fig. @). The
Fig. 4(a): PO (dotted ling, P1 (dashed ling and P2(solid line). solid line and the dashed line correspond to the expected
frequencies of the first and the second Josephson harmonics,
respectively, calculated for the single-barrier FFO voltage
currents above the single-barrier gag=2.8 mV. In the = Ve/2. One can see that at low voltagésw fluxon veloci-
latter case, one of the junctions is switched to the gap voltties) the detected radiation corresponds to the second har-
age. Fig. 4a) showsl —V characteristics in the applied mag- monic of the Josephson frequenty=2 eVgg2 h. At volt-
netic fieldH=7.7 Oe where both stacked long junctions op-ages Vg>800 nV (high fluxon velocities the detected
erate in the flux-flow regime. With increasing the biasradiation corresponds to the first harmonicfgf This be-
currentl . the voltageVgg of the FFO approached its as- havior is drastically different from the single-layer FFO
ymptotic vaIueVEF of about 88QuV. At I =1.62 mA it  where the power of the second and higher harmonics gradu-
switched to the double-barrier gap voltage at about 5.5 mVally increases with voltage.

The detection of radiation from the stacked flux-flow The dependence of the radiation frequency on the flux-
oscillator is presented in Fig.(d). Thel —V characteristics flow voltageVg¢is in a qualitative agreement with numerical
of the SIS detector correspond to different bias poi®,  simulations of flux-flow dynamics in two-barrier stacsAt
P1, and P2 of the FFO shown in Fig. @). The PO curve low velocities fluxon chains simultaneously moving in two
accounts for the autonomousot pumped SIS characteris- stacked junctions are locked out of phase, which corresponds
tic. Under the influence of the radiation from the FFO, theto mutual repulsion between fluxons in neighboring junc-
photon-assisted tunnellinPAT) steps are induced on the tions. In the resonant flux-flow regime the oscillation spec-
detectorl —V curve around the gap voltagé, (curves P1 trum in each junction contains higher harmonics. The out-of-
and P2. The voltage width of the stepAVpar=hf/e is  phase locking is characterized by a phase shift dfetween
determined by the frequencl of the absorbed photons, two junctions which suppresses the total oscillation ampli-
whereh is Plank’s constant ane is the electron charge. For tude at the first harmonic. In contrast, the amplitude of the
a single-barrier FFO biased at the voltagg:, the radiation second harmonic is enhanced, which leads to the detection of
frequency f is given by the Josephson relation the major frequency equal tof 2 betweenVg=350uV and
f=2 eVge/h, and thus is proportional td. The firstand V=800 wV. At high velocities fluxon chains in two junc-
rather striking observation from Fig(ld) is that the detected tions are phase locked in phase, which corresponds to mutual
radiation frequencydecreaseswith increasing the bias attraction between fluxons in two junctions. In our observa-
voltage Vg from point P1 to point P2. In the following we tions shown in Fig. 5 this corresponds to the main Josephson
show that this change occurs rather abruptly, and is dubarmonic detected in the range of the stacked FFO voltage
to the redistribution of the rf power between the first two between 80Q:V and 870 V. The emission of the first har-
harmonics. monic was found for two high velocity resonances at

o 1 2 5 4 5
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10 IV. CONCLUSION

. In summary, we reported the observation of millimeter-
sl in-phase ] wave emission from mutually phase-locked modes in two-
mode junction stacked Josephson flux-flow oscillators. The radia-
tion detected in the in-phase mode is characterized by high
_5r ] power at the fundamental harmonic of the single-barrier Jo-
% sephson radiation frequencf;. The out-of-phase mode
o al out-of-phase mode ] characterized by the dominant emission at the second har-
monic of f ; might be feasible for the frequency doubling of
: the flux-flow oscillations. Since both the in-phase and the
2r ] out-of-phase oscillation modes are expected also for stacks
with large number of barriers, further studies in this direc-
0 . . . tion appear to be promising for possible applications.
0 250 500 750 1000
VFF (HV)
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