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Josephso currens hawe bee observe to drain instabilities and decreas the sensitiviy of a
heterodye superconductor-insulator-superconduct@®lS) receive operate at submillimeter
wavelengthsA statc magnett field is usually applied on the SIS junction to redue the magnitude
of its critical Josephso currens and enabé quasipartict mixing. We measurd the SIS mixer

outpu powe at the intermediag frequeng (IF) versts the dc bias voltage of an array of two 1 uwm?

Nb/Al-Al,O3/Nb junctions We shov evidene of additiona] magnetic-field-sensiter noise,
peakel at the Shapip stes voltages which is due to high-frequeng Josephso currens converted
to the IF by quasipartiock mixing. © 1997 American Institute of Physics.
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I. INTRODUCTION

The Quantun Theow of Mixing develope by Tucker?!
which describs the behavio and performane of a supercon-
ducting quasiparticc mixer does not accoum for the
Josephsdntunnelirg of Coope pairs throuch the insulating
barrier Commonly the Josephso currens induced by the
optimum bias voltage are considerd shuntel by the junction
intrinsic capacitane for signd frequencis lower than 200
GHz Indeed for sudh frequencis of operation the optimum
mixer bias voltage is close to the ggo voltage ard corre-
spond to a Josephso frequeng of the orde of twice
the ggo energy i.e, much highe than the frequeng of
operation.

When the signd frequeng increasesthe Josephso fre-
qgueng (related to the optimum bias voltage decreasgand
get close to the signd frequency As aconsequencehe
Josephso currens are not shuntel as much as at lower
frequencies. In the ca® of strorg Josephso currents the
junction suffers from dramatc instabilities and stabk bias is
not even possibé (drop-ba& effect.* A statc magnett field
isthen usal to suppres the Josephso current’s amplituce as
it allows stabk biasin mog casesHowever we show in this
article that even in the ca® of satisfactoy cancellatio of the
dc Josephso currert in the -V curve ther is still some
additiond noise tha can be attributed to Josephso high-
frequeng currents.

Il. EXPERIMENTAL SETUP

The measuremestpresentd below were performel us-
ing a superconductor-insulator-superconductS1S) mixer
develope at J& Propulsio Laboratoy (JPL)® for observing
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the grourd stae transition of H,'%0 at 547 GHz They were
achievel with a series array of two 1 um? Nb—-AlO,—Nb
junctions.

The junctiors were fabricatel at the Ecole Normale
Supeieure® usirg dc sputte trilayer depositio for Nb and
Al, ard photolithograpl for junction definition The critical
currert densities were in the range 8—13 kA/cm?, the normal
resistane was in the range 15-20 ) per junction ard the
intrinsic capacitane was abou 95 fF/um? (Ref. 6). The local
oscillata soure usal for the mixing proces was a Gunn
diode followed by a double ard atripler. The mixer output
powe was amplified with alow-noise 1.4 GHz high electron
mobility transisto amplifier cooled at liquid helium tempera-
ture The signd coming out of the cryostd was further am-
plified at room temperaturgefiltered over 300 MHz band-
width and detecte with a bolometer A superconducting
magné was usel to modulae the Josephso amplituce and
thus improwe receive performancelt was designe to pro-
vide a magnett field of abou 800 G at the junction location
for a currert throuch the coil of 1 A. This was sufficient
sinee 1 flux quantum in the junction correspond to about
340 G.

Ill. MEASUREMENTS

The measuremestwere performe at liquid helium tem-
perature We varied the externd magnett field, the local
oscillata powe ard frequency and studied the receive out-
put powe for hat ard cold loads as afunction of the bias
voltage.

In the hot ard cold loads receive outpu power measure-
ments we observe somre shap structure located at the first
two Shapip st voltages [see Fig. 1(a) at 491 GHz and Fig.
1(c) at 530 GHZz] as deduce from the Josephso voltage—
frequeng relation f =483 GHz/mV. In the pumpel and un-
pumpeal | -V curves 1(b) and 1(d) [associatedrespectively,
to Figs 1(a) ard 1(c)], no Josephso structure were present
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FIG. 1. (a) Outpu powea measuremestas afunction of bias voltage at 491
GHz for hat ard cold loads B=607 G. (b) Pumpe& and unpumpe |-V
curves correspondig to (a): (c) Outpu powea measuremestas afunction
of bias voltage at 530 GHz for hot and cold loads B=318 G. (d) Pumped
ard unpumpe | -V curves correspondig to (c). The verticd dashe lines
correspod to the first and secom Shapip step voltages Some peals are
visible in the outpu powe curves at the Shapio stefs voltages though no
structue is presemin the | -V curves.

due to satisfactoy cancellatiol (less than 1%) of the Joseph-
son currens from amagnett field se optimally to 607 G at
491 GHz ard to 318 G at 530 GHz The locatiors of the
Shapipo stes are indicated as calculatel from the voltage—
frequeng Josephsorelation and correspod very well to the
location of the peaks One can also notice that the influence
of Josephso currens was stronge at the first Shapio step.
Using the hot and cold loads output powe values we
were able to calculae the receive noise temperatureand we
denotel sone additiond noise peakel arourd the Shapiro
st voltages [see Fig. 2(a) at 491 GHz and 2(b) at 530
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FIG. 2. Double side bard (DSB) receive noise temperatue vs bias voltage
for (a) f,,=491 GHz, B=607 G; (b) f,,=530 GHz, B=318 G. The vertical
dashe lines correspod to the first ard secom Shapio step voltages.
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FIG. 3. IF outpu powe for differert values of the externd magnett field.
Note f,,=530 GHz From down to up, B=465 410 398 371, and 304 G.
The drop in the outpu powe for high Josephso currens is due to the IF
mismatd causé by the Josephso zeo impedane currert at the Shapiro
steps The verticd dashé lines correspod to the first and secoml Shapiro
step voltages.

GHz]. At the secoml Shapio step location the extra noise
was respectively abou 25% and 50% of the quasiparticle
noise as estimate from the noise baselire close to the peaks.

We then measurd the receive outpu hot load powe at
530 GHz for differert values of the magnett field (Fig. 3):
the heighs of the peals were very sensitive to the magnetic
field amplitude Thes peals could then be attributed to Jo-
sephsa noise The physicd mechanim is tha for voltage
biases correspondig to Josephso frequencis close to the
receive input ports (signal image ard harmonicg, the high-
frequeng currens generatd inside the junction were con-
verted down to the intermedia¢ frequeng (IF), hene pro-
ducing additiond noise’ The origin of this noise is the
coupling betweea the pair current and the therma photon
field of the junction”® The widths of the peals rangel from
abou 05 to 1.5 mV which is consideral# compard to the
guasipartict step width (3 to 4 mV here. The occurrene of
two Josephsio noise peals ove the first quasipartick step
would decreas significantly the voltage bias range available
for operation In Fig. 3, one clearly see tha the output
powe was quite independenof magnett perturbation only
for the 3.25-3.75 mV voltage range When increasing the
amoun of Josephso current flowing throuch the junction,
one can notice amodificatian of the shape of the peals that
were superimposg with a V-shape& drop in the output
power. This drop was due to a strorg mismatd occurrirg at
the Shapio voltages becaus of the ze impedane current.
This effed was particularly noticeabé in Fig. 4, where we
increasd the locd oscillata powea by 2 dB (dashé line)
ard by 4 dB (dotted line) at afixed frequeny (540 GHz). In
the regiors where Josephsio peals were presentthe receiver
was very unstable especial for high levels of locd oscilla-
tor power.

It is importart to point out tha the extra outpu power
brougtt by Josephso noise was sea at the Shapio step
voltages even thoudh the dc currens seemd properl can-
celled (at leag belov 1% of the totd Josephso curren.
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FIG. 4. IF outpu powe for increasig values of the locd oscillata power.
Solid line: 0 dB, dashé line: 2 dB, dotted line: 4 dB. Note f,,=540 GHz;
B=291 G. The verticd dashe lines correspod to the first and second
Shapip ste voltages.

Indeed we neve observe in this experimemn the complete
suppressio of the Josephso noise pe in the receive out-
put power Two main reasos can accoun for sone residual
Josephso currens flowing throudh the SIS junctions:

(1) First, we usdl series arrays of two junctions The indi-
vidud junctions may nat requite the sane magnett field
for full cancellation of their respectie Josephso cur-
rents due to slight differences of insulato thicknes or
junction size or shag resultirg from the fabrication
process. The effed of the series structue on the Joseph-
saon currert cancellati was naot visible in the | -V curve
in the presemh case This mears tha when the critical
current of one junction was reduce to less than 1 uA,
the othe one was alw less than 1 uA. This implies that
the discrepang in the junctions sizes was too smal to
be measurd in the |-V curve® But it could block the
Josephso noise pe&k suppressio in the receive output
power The sane featue can appea if asmal amoun of
magnett flux is trappel in one of the two junctiors only.

(2) Second it could be tha the 1 um-sized, high-current-
densiy SIS junctiors were not smal comparé to the
estimatel Josephso lengh \; of abod 3 um in our
case As aconsequencehe Josephsocurrens could not
be totally suppressedHowever the residua Josephson
currens may be too low to be observe in the dc |-V
curve.

This can be qualitatively explainel by simple consider-
ations abou the amoun of powe involved in the physical
processesBecaus of the extrene sensitivily of SIS receiv-
ers the amour of signd powe than can be detectd is very
small For instance Fig. 1(a) shows that the outpu power
increass by abou 1 dB at 4 mV betwea liquid nitrogen
temperatue (77 K) and room temperatue (295 K) blackbod-
ies usel as broadbad calibration loads This mears tha an
additiond input powe of kgATB wher kg is the Boltzman
constant AT=29-80 K ard B is the receive totd band-
width of 300 MHz, causs an IF outpu powe increag of 1
dB. In this case kgATB correspond to abou 900 fW. By
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comparisonthe 2 dB extra IF outpu powea brough by Jo-
sephsa currens at the first Shapio step at abou 2 mV [Fig.
1(a)] can be considerd as an extra signd of abou 3 pW.
This rf powe would correspod to a rf currert amplituce of
abou 0.3 A, assuming that the mixer impedance at the rf
frequeng is 40 Q).

From the Josephso equationsde/dt=[2eV(t) ]/ and
I 3011 Sin(p), we calculated the ratio of the rf Josephson
currert amplituce 1,; to the dc critical currert amplituce | 4,
assumig tha the junction was biasal to the first Shapiro
step Then the Josephso frequeng is equa to the local
oscillata frequency We took into accoun the locd oscilla-
tor powe in the voltage bias V(t) =V, + v, COS|,t), where
U)o isthelocd oscillata amplitude,w,, is the locd oscillator
angula frequency and V, is the voltage bias at the first
Shapio step.

It is found that
2

Lo =[Jo(2a)+J5(2a)]>—4Jo(2a) I (2)COS @y,

I
wherea is ev, /i w),, Jo denote the Bessé function of first
kind and nth order.

Using the sane type of calculation we derived the am-
plitude of the first Shapio step | 4:

2

|
9 —32(2a)sir? g,

Iy

This leacs to the maximun values |/1,=0.71 and
I 4c/11=0.57, assuminga=0.8 (from the measured pumped
|-V curve ard taking the pha® at origin ¢q= /2. The dc
critical current |, correspondig to arf amplituce |; of 0.3
MA, calculatel abowe from the output powe curve featue at
the first Shapio step is estimate to be abou 0.42 uA,
which is belov the minimd detectale currert in the |-V
curve Moreover the onsé of currert at the first Shapio step
| 4c is estimate to be abou 0.24 uA which is also too low to
be detected.

This simple calculatio illustrates the fact that dc Jo-
sephsa currens of 1 A (either at zero voltage or at the first
Shapio step which are barey detectal# in the | -V curve
are able to produe@ somne consideral® outpu powe at the
intermedia¢ frequeny of the SIS mixer. Consequentlythe
corret¢ suppressio of Josephso current in the dc 1-V
curve is not a reliable way to suppres high-frequeng Jo-
sephsa currents.

IV. CONCLUSION

Thee measuremestput in evidene amaja contribu-
tion of Josephso currens to the outpu noise of a SIS qua-
siparticke mixer at submillimete wavelengthsThis noise is
importart essentialf arourd the Shapip steps voltages,
where the Josephso frequencis correspod to the signal
(for single side-band and doubk side-band mixers and im-
ace (for doubk side-banl mixers ports frequenciesl|t has
been reducd by applying a suitabe magnett field. How-
ever, we found tha some Josephso noise remairs even
when dc Josephso currens seemd suppresse belov the
1% levd inthe | -V curve Inthis caseits associatd voltage
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range is of the orde of 0.5—-1 mV, which is considerable
compare to the quasipartiat step width (3—4 mV) ard the

Josephso noise magnituct is of the orde of the quasiparti-
cle noise magnitude Also, the voltage range whete Joseph-
son peals are presehin the |F outpu powe curve appeas as

a range of strorg instability with respet to locd oscillator

powe variatiors and magnett perturbationsThe cancella-
tion of Josephso currens obtainal by reducirg the height of

the Shapip stefs in the |-V curve is rough and does not

allow us to minimize the associaté noise in a systematic
way. The outpu powe versts voltage curve is more sensi-
tive to the presene of Josephso currens since it provides a

guantitatie measuremenof the effective Josephso noise
convertel to the receive |F output Neverthelessthes mea-
suremerd shav that the cancellatio of the Josephso cur-

rent is not systematicall achievabé ard the contribution
of thes currens to the receive outpu noise is nat to be

neglected.
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