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Detection mechanisms in Josephson junctions with energies £j comparable to thermal energies kT
have been studied. The responses A} of YBa:CusOs-« bicrystal junctions to monochromatic
radiation with frequencies f ranging from 94 GHz to 3.1 THz can be described in terms of
classical rectification on a static nonlinear V-/ curve at low frequencies and frequency
modulation of the ac Josephson current at high frequencies, with an interplay between these
mechanisms at intermediate frequencies. An electrical noise-equivalent power (NEP) of
(9+3)x10 " W/Hz'?, a responsivity of (3.4+0.5)x10° V/W, and a dynamic power range of 5x10%
have been demonstrated for the square-law classical detection of 94 GHz radiation with the
Junctions at 50 K. The effect of background radiation on the }-/ curves of ¥ Ba2Cus(07- bicrystal
junctions was found to have an optical noise-equivalent temperature (NET) of <30 mK/Hz'?, The
main contribution to the effect comes from the interplay between the classical and Josephson
detection mechanisms. The spectral and power dependencies of the responses AV of Josephson
Junctions have been numerically simulated within the resistively-shunted junction (RSJ) model at

various values of kT/Ej, and the results are in acceptable agreement with the experimental data.
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Conventional semiconductor detectors of electromagnetic radiation exhibit a decrease in
efficiency when their operational frequencies are extended into the terahertz (THz) range.'
Moreover, this operational extension of electronic and photonic detectors into the THz range
often requires thewr cooling to very low temperatures, which affords the opportunity for
superconductor detectors to compete with these earlier THz devices. However, the well-known
superconductor-insulator-superconductor (515) detectors, which are based on the nonlinearity of
quasiparticle currents in low-T: SIS junctions,' operate effectively only up to the gap frequency
of the superconductor, which is of approximately 700 GHz for low-T: superconductor niobium
(Nb).

Additional, but less studied, possibilities arise when using the strong dynamic nonlinearity of
the ac Josephson current in high-7% junctions. The detection of electromagnetic signals using the
ac Josephson effect in superconducting tunnel junctions was first described in an original paper
by Brian Josephson.” An applied signal with frequency f modulates the frequency of the ac
Josephson supercurrent and, correspondingly, results in dc contributions to the supercurrent at de
voltages V' = nhfi2e (n = 0, 1, 2, ...).2 At low signal levels, the suppression Al of the critical
current {e and the appearance of the first current step 1 at V' = Afi2e are the main modifications of
the de V=7 curve of the Josephson junction. In the first experiments with Nb—Nb point-contacts at
1.3K.' a response proportional to Al: has been observed up to 1 THz, and a noise-equivalent
power (NEP) of 10 ' W/Hz'” has been demonstrated at 75 GHz.

A more detailed analytical study of the Josephson detector has been carried out against the
framework of the noise-free resistively-shunted junction (RSJ) model.* A frequency-selective
voltage response AV(FV) with an odd-symmetric resonance at V' = Af/2e was found. The wideband
Josephson response AV(F) at V' << hff2¢ is proportional to the first derivative dV/d/ of the V=/

curve. It is due to the suppression Al and decreases with the frequency as 1/f . The response
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AWV(V) at ¥ == hfi2e is frequency-independent and proportional to the second derivative d*V/dr?
of the F=I curve, as in a classical rectifier. In the noise-free case, however, classical detection is
found only at low f'and high V', where the values of d°//d/* and the responses are small.

The effect of thermal noise on Josephson detection has been examined using numerical

simulations.”®

The response AV and the NEP of Josephson detectors have been calculated for a
few combinations of V, f, and the ratio y= Ej/kT, where Ej= hil./4ne is the Josephson energy and
kT is the thermal energy.”® Recently, an extended set of characteristics, including the power and
spectral ranges of detectors, have been calculated numerically at various yand analytically at =
1.7 In the case of y~ 1, thermal noise plays a unique role, extending the nonlinear Josephson
dynamics to a wide frequency range up to the characteristic Josephson frequency /i = 2elcRa/f (Ry
is the junction resistance) and at the same time maintaining a pronounced nonlinearity of the de
V=f curve. It is intuitively clear that classical rectification in this case can be observed in a wider
frequency range, at /< £, than in that of the case® without noise.

Classical detection has been observed in Nb-Nb Josephson junctions at frequencies up to
150 GHz® and 290 GHz,” which have been scaled with the characteristic frequencies £ of the
utilized junctions. Thus, there is the possibility of extending the operation of classical detection to
higher frequencies and/or increasing its temperature range using high-7: Josephson junctions. To

115 where interest

date, however, detection has been studied in low-resistance high-T: junctions,
has been concentrated mainly on frequency-selective Josephson detection, and only a few data
are available'>" for wideband Josephson detection with an electrical NEP of 3x10°"* W/Hz'?
and an optical NET of 1 K/Hz"?. Classical detection in high-T: junctions has not received due

attention. Here, we present our experimental results on wideband detection using high-resistance

high-T: junctions with Josephson energies comparable to thermal energies.



[001]-Tilted YBazCusO7-: bicrystal junctions have been fabricated by epitaxial growth of
YBa:CusO7— thin films on (110) NdGaOs bicrystal substrates with misorientation angles of
2x11.3% and 2x14°.'"" Narrow YBa:CuO7-: bridges [Fig. 1(a)] crossing a bicrystal boundary
[dashed line in Fig. 1(a)] are patterned by UV photolithography and wet etching. Log-periodic
sinuous Au antennas integrated with the bicrystal junctions [Fig. 1(b)] are fabricated by a lift-off
procedure. A selected junction with a silicon (S1) hyperhemispheric lens is mounted in a vacuum
chamber in either an optical cryostat, where liquid nitrogen is at low pressure, or a Stirling cooler,
which is magnetically shielded by mu-metal.'"" The junctions are current-biased with large output
resistances R == Rn. Immunity to electrical interferences is enhanced by using symmetrical
circuitry in current-bias electronics, with a virtual ground for both a current supply and a
differential preamplifier, as i1s done in voltage-bias electronics for low-resistance Josephson
junctions.'® The external electronics are connected to the junction electronics via feed-through
filters. At operational temperatures T above 48 K, these measures are sufficient to work in a
situation where the main noise in the junction is due to intrinsic thermal noise with an effective
noise current of [, = 8nekTVh.

Gunn oscillators, frequency multipliers and an optically-pumped CH1OH laser are used as
signal sources with frequencies f from 0.094 to 3.1 THz. The radiation from a 94 GHz Gunn
oscillator 1s fed through fixed (up to 60 dB) and variable (up to 50 dB) waveguide attenuators to a
scalar horn and then to a parabolic mirror. Frequency multipliers (=2, %3, and =5) are driven by a
Gunn oscillator and operate in the same optical arrangement. After passing a switchable set of
quasioptical absorbers (050 dB). radiation from the Gunn oscillator or multipliers is focused on
the junction by a second parabolic mirror. The output power of the laser is attenuated by a set of
quasioptical absorbers. These sets of waveguide attenuators and quasioptical absorbers are

adequate to guarantee the power levels, which are mside the dynamic range of the square-law
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Josephson detector and are required for comparison of the response mechanisms for frequencies

from 94 GHz to 3.1 TH=.

03 00 03
Ximrj
'5_45-{0}' i """';15':'
E qg]  dVIFP dvial 1002
= 15 50 ©
o g =
o 0 0 Z
= g =
"o 194 + -+ + V' + ::..:::-_'501:‘
'Iﬂ—{d-J -
c
= 5_
8
i
:;:. D
=]
=5
02 00 10 10

107
Violtage (mYy)

FIG. 1. {a) Microphotograph of a YBa:Cu:0+, (YBCO) bicrystal junction, where the dashed line indicates a
bicrystal boundary; (b) microphotograph of an integrated Au antenna; (c) first (dF/df) and second (d*VidF)
derivatives of the de F—f curve for a typical junction with [, = 46 £ at 50 K; (d) voltage responses AM(V) of the same
junction to radiation with frequencies (THz): 1 - 0.094; 2 — 0L188; 3 —0.282: 4 - 047; 5 - 1.287; 6 - 3.106.

Figure 1(c) shows the first and second derivatives of the -/ curve vs voltages V' for a typical
bicrystal junction with R, = 46 Q and LR, = 1.0mV at T = 50 K. The maximum value of
(dV/dlmax is equal to 126 € at a voltage Fimax = 0.32 mV, while the maximum value of d°F/dF is
equal to 41 MQ/A at a voltage Vamax = 0.14mV. An oscillatory pattern in the wvoltage
dependencies of the derivatives at 0.8 mV < 1< 3.5 mV reflects frequency-selective shunting of
Josephson oscillations by multiple antenna resonances, and is described in detail elsewhere.'”

The wvoltage responses AF(V) of the same junction to monochromatic radiation with

frequencies from 0.094 to 3.1 THz are presented in Fig. 1(d). The response AV(V) for f =

0.094 THz (curve 1) reaches a maximum at voltage Fmax, which is equal to the voltage Famax
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[Fig. 1(c)]. The response AF(F) changes sign at voltage Fo and its form is reminiscent of the
dependence of d*F/dFP vs ¥ [Fig. 1(c)], which is a reason for considering this response AF(F), at
least at low voltages V< Fy, as the result of classical rectification. There 1s a noticeable 30 pV
shift in the voltage Fo relative to the similar voltage in the dependence d*F/dF* vs V. The shifts in
voltage Fo increase even more in the responses AF(F) at higher frequencies f'of 0.188 THz (curve
2), 0.284 THz (curve 3), and 0.470 THz (curve 4). However, the values of Vo are still above the
values of fifi2e, which are expected for locking of Josephson oscillations with external signals.
Also, the maxima of AV(V) (curves 2—4) shift to higher voltages, until the Vmax value for curve 4
[Fig. 1{d)] reaches the Vimax value of the maximum d}7/df [Fig. 1(c)]. With further increases in
frequency to 1.287 THz (curve 5) and 3.106 THz (curve 6), the responses AV(}) begin to possess
all the attributes of the Josephson response. They are proportional to dV/d/ vs Vat V< 1 mV and
demonstrate odd-symmetric resonances at V' = hfi2e. Thus, with the increase in signal frequency,
the detection mechanism varies from a classical mode, i.e., rectification on a nonlinear de V-
curve, to a Josephson mode characterized by suppression (Af:) at low voltages and locking of
Josephson oscillations by the external signal.

A comparison of the responses AMF) of YBa:CusOs-+ bicrystal junctions with various
parameters R, Ie, and y at various frequencies f requires either the values of the ac currents /v
induced by the signals or a self-calibration procedure. To realize the latter case, the ratios of the
responses AV, measured at the dc voltage bias Vamax, and A1, measured at the dc voltage bias
Fimax, are needed to clarify the types of responses. Numerical simulations of the spectral
responses AV2(f) and AVi(f) have been carried out using the Smoluchowski equation for RSJ-like

junctions with thermal noise,” namely:

g
dgp?

w7 4+ If()a] =y (1)
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where a(r, @) is the probability density of finding the phase @ at time ¢ at the junction, we = 27,
Mg, 1) =i — sing, i = I'l; 1s the normalized current through the junction, and y = 4nekT/hl.. The
effect of electromagnetic radiation with frequency w on the junction is taken into account by
adding an induced current iwsinet to f{ ¢ ¢) with a normalized amplitude iv = Lo/I.

Figure 2(a) shows the results for y values ranging from 0.005 to 2. The responses AlVa(f) (solid
lines) have a frequency-independent part and decrease as 1/f. The 3dB decreases in the
responses take place at frequencies ranging from 0.22 to 1.8 for junctions with y values ranging
from 0.005 to 2. The spectral response AVi(f) (dots) increases proportionally to f, reaches a
maximum at a frequency fu(y). decreases as 1/f at higher frequencies, and shows responses
approximately twice as high as those of AV3(f) e 1/ at the same frequencies. The fin values vary
from 0.23 to 4.1 in a wide range of y values from 0.005 to 2. The maxima of the responses Al

are always higher than those of the responses AV1, while the bandwidths Af of both responses are

comparable.
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FIG. 2. {a) Simulated spectral responses AVi(f) (dots) and AVF2(/f) (solid lines) for various values of ¥ for two current
bisses on Josephson junctions, where d17d7 and d°F/dF have their maxima, correspondingly; (b) ratio of the spectral
responses AM:AF measured for Y Ba:CusO--, bicrystal junctions with R, from 6 to 96 Ohm at 50 K (filled
symbols), 78 K (©) and 83 K (%*). The dashed lines are the ratios AV AV obtained from the simulated data
AV for =002 and 0.5,



The calculated ratios AV2(f)yAVi(f) are shown in Fig. 2(b) by dashed lines for y values of 0.02
and 0.5, The experimental data are taken from the responses of four junctions with resistances Ry
ranging from 6 to 96 € at the temperatures of 50 K (filled symbols), 78 K (Q ) and 83 K (€ ) to
the signals with frequencies ranging from 0.094 to 3,106 THz. The experimental data are for y
values ranging from 0.01 to 0.6. The measured and calculated AF2(/WAW(f) follow the same
pattern: a frequency-independent part at ff: = 2 and a rapid rise at low frequencies, with a
threshold that is dependent on p. For a AV2(/)/AV1(f) ratio less than 1, the response AF(F) at these
frequencies is described by Josephson detection. For a AVa(f)/AVi(f) ratio greater than 1, the
response AF(F) is described by an interplay between the classical and Josephson detection
mechanisms, becoming purely classical only at low frequencies.

Figure 3(a) shows the electrical characteristics of the YBa:CusO7-, bicrystal junction with R,
=960 at 50 K. The VI curve for currents between 5 and 10 pA demonstrates highly nonlinear
behavior, which is reflected in the maximum values of the derivatives: (dV/d/)max = 188 £ and
(d*V/dP)max = 94 MO/A. The best fit of the simulated V-/ curves to the experimental ones is
found for = 0.1 [dashed line in Fig. 3(a)]. The junction demonstrates a similar modification of
the responses A} to radiation with various frequencies, as in Fig. 1, but with better sensitivity to
radiation for frequencies up to (.47 THz.

Figure 3(b) shows the dependence of the response AV vs attenuation of incident 94 GHz
radiation, when the junction is biased at a current of 7 pA corresponding to the maximum of
d*V/d/?. The power of the incident 94 GHz radiation is attenuated to levels as low as =71 dB with
an accuracy of | dB. The measured response Al [filled squares, Fig. 3(b)] increases from 0.35 to
0.55mV at an attenuation from —10 to —21 dB, reaches a maximum, decreases approximately as

P'? and then, at an attenuation of less than =37 dB, AV o P.



Absorbed power ()

12 I I I:I ” 1{}_5 1!:'1;“:'5; DE.:IEI?'.:EIE-
@ L 1m :
1.0 c Z10
o) v e
= L 210°
E0.6 v 1015 g
= o 10"
i U= — O ]
g £l
S 0.2 G 2107
> = 1
a.04 -D.DE 107
-0.24 civigf = ] @
— 105
0 5 10 15 40 60 -30 O

Current (ph) Attanuation (dB)

FIG. 3. (a) Electrical characteristics of a Y BaCus0;-, bicrystal junction with R, = 96 £ at 50 K. The dashed line is
the calculated V- curve for p = 0.1; (b) response Al (filled squares) of the junction vs attenuation of 94 GHz
radiation. The junction is biased at the maximum of *FdP. The dashed line is the caleulated response AV vs
absorbed power (upper scale) for »= 0.1, The open square is the response equal to the measured voltage noise I, at
I Hz bandwidth.

Several dependencies of AV vs absorbed power Pa have been numerically simulated for y
values ranging from 0.01 to 2. The absorbed power Py has been calculated as Py = IFReZ/2. where
Z 1s the junction unpedance and ReZ is equal to the differential resistance dV/df at low
frequencies /° A dashed line in Fig. 3(b) represents the calculated response AV vs the absorbed
power IF(dV/dly2 (upper scale), which shows the best fit to the experimental data AV(P). The
value of » = 0.1 used for the best fit to the experimental AF(P) data is the same as the
corresponding value for the best fit of the F=/ curve [Fig. 3(a)]. The fit is very good at attenuation
levels from —71 to —21 dB. Thus, we can ascribe the calculated absorbed power (upper scale) to
the attenuation levels in the experimental data and obtain a value for the responsivity r = AF/P of
(3.440.5)x10° V/W from the data in Fig. 3(b). This value is in agreement with the classical
responsivity r = (d*F/dP)2(dV/dl) = (3.9+0.2)x10° V/W calculated from the experimental data in
Fig. 3(a). This proves the correctness of the assignment of the upper power scale to the

attenuation levels at the lower scale in Fig. 3b.



An open square in Fig. 3(b) represents a response equal to the measured voltage noise Fn =
3x1077 V of the junction in the 1 Hz bandwidth, when the junction is biased at the maximum of
d*VidF. 1t is placed in the AV=P plot on the intersection of the fitting curve with the experimental
data, which has a linear dependence AV o F at low power levels. Thus, the position of the open
square on the power scale gives the value of the NEP equal to (9+3)x10™"° W/Hz'~. According to
the definitions,'® this NEP belongs to the electrical NEP. As follows from Fig. 3(b), a dynamic
power range between the NEP value and the maximum power value, where the response AV(P)
deviates from the linear dependence by less than 1 dB, is equal to 47+1 dB. The obtained NEP
value for classical detection is much better than the NEP wvalues of approximately
3x107" W/Hz'* demonstrated earlier'” for Josephson detection with high-T. junctions at 50 K.

It is found that the F=/ curves of our high-T: bicrystal junctions are very sensitive to
background radiation, and this effect is demonstrated in Fig. 4 for the junction with Ry = 96 Q) at
50 K. The polyethylene window of the cryostat is first closed by an Eccosorb absorber and then
by an Au-coated metal plate. This results in a sharpening of the derivatives, accompanied by a
12% increase in the maximum of d*}/d/* and a 7% increase in the maximum of dF/d/. The
absorber might be considered as a source of blackbody radiation with a temperature of 300 K,
while the Au-coated plate has much lower emissivity.

The change in background illumination results in the response AV(J) shown in Fig. 4, which is
calculated by integration of the difference between the two dependencies dV/df vs [ measured for
high {dashed line) and low (solid line) levels of background radiation. The response AV(/) has a
bell shape, with a maximum at a current of 7.5 pA, which is located between the currents, where

dVidl and d&°F/dF have their maxima. These circumstances allow us to consider the response
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AF(I) to broadband background radiation as a result of the interplay of the Josephson (e dF/dD)

and classical (o< d*1/dFF) detection modes, rather than of one of these limiting cases.
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FIG. 4. Effect of background radiation on the V- curve of the junction with &, = 96 {2 at 530 K. The derivatives are
shown by solid lines, when an Au-coated metal plate is present on an optical input of the cryostat, and by dashed
lines, when an Eccosorb absorber is present. The response AF(/[) is obtained by integration of the difference between
the d¥/df v [ measured for two background levels,

A maximum value of 28 pV is found for the response AV(/) due to background radiation.
Adopting a conservative estimate for the difference in effective temperatures of AT < 300 K for
the data in Fig. 4, the temperature responsivity AF/AT can be estimated as AV/AT =2 0.1 pV/K. The
noise-equivalent temperature (NET) is less than 0.03 K/Hz'” if we use the measured value of the
voltage noise Va = 3x107"V/Hz'?. The value of the optical NET < 0.03 K/Hz'?, which is
obtained for the interplay between the classical and Josephson detection modes, is much better
than the NET values for low-resistance high-7: junctions operating in the Josephson detection
mode."?

In summary, we have studied the wideband detection of electromagnetic signals using high-
resistance Y BazCusO7-« bicrystal junctions with Josephson energies Ej comparable to the thermal
energy k7. In this case, thermal noise extends the nonlinear Josephson dynamics to a wide

frequency range and, at the same time, retains a pronounced nonlinearity for the de V-/ curves.
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The responses AF of the junctions to monochromatic radiation with frequencies / ranging from
94 GHz to 3.1 THz have been found to be described by the interplay of classical rectification and
frequency modulation of the ac Josephson current. An electrical NEP of 9 fW/Hz'? and an optical
NET less than 30 mK/Hz'? have been demonstrated for YBa:CusOr- bicrystal junctions at 50 K,
which are the best results obtained for wideband detection with high-7: Josephson junctions. This
work paves the way for extending highly efficient wideband detection with high-T. Josephson

junctions deep into the terahertz range.
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