arXiv:2403.03803v2 [cond-mat.supr-con] 3 May 2024

Resonant switching current detector based on underdamped Josephson junctions
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Current-biased Josephson junctions can act as detectors of electromagnetic radiation. At op-
timal conditions, their sensitivity is limited by fluctuations causing stochastic switching from the
superconducting to the resistive state. This work provides a quantitative description of a stochastic
switching current detector, based on an underdamped Josephson junction. It is shown that activa-
tion of a Josephson plasma resonance can greatly enhance the detector responsivity in proportion
to the quality factor of the junction. The ways of tuning the detector for achieving optimal oper-
ation are discussed. For realistic parameters of Nb/AlOx/Nb tunnel junctions, the sensitivity and
noise-equivalent power can reach values of S ~ 2x10'® (V/W) and NEP ~ 5x 10~ (WHz~'/?), re-
spectively. These outstanding characteristics facilitate both bolometric and single-photon detection

in microwave and terahertz ranges.

INTRODUCTION

Sensitive, compact broad-range THz detectors are re-
quired for various applications, ranging from security
and environmental monitoring, medical imaging, chem-
ical analysis and fundamental research. Despite a large
variety of available THz detectors (for review see e.g., [1I-
[]), the search for a perfect sensor remains an active field
of research. The key parameter, which requires further
improvement is the sensor sensitivity, which is partic-
ularly important for passive THz detectors suitable for
remote monitoring and imaging. The sensitivity can be
greatly improved by cooling down to cryogenic temper-
atures, which both reduces the overall noise o< kT and
removes the background black-body radiation. Ultra-
sensitive cryogenic detectors based on semiconductors [5],
graphene [6H8] and superconductors [9] have been demon-
strated. Superconductors are particularly well suited
for THz detection because characteristics energy scales
(Josephson energy, superconducting gap, e.t.c.) are nat-
urally placed in the THz range and could be easily tuned
for achieving optimal operation.

A current-biased Josephson junction (JJ) demon-
strates potential as a highly sensitive detector of elec-
tromagnetic waves, with the capability for single-photon
resolution across a wide frequency range spanning from
microwave (MW) to terahertz frequencies [I0H25]. The
impacting electromagnetic wave induces a small alter-
nating current, Irg., in the JJ. If bias current is slightly
below the critical current, I., a very small Iry, may
cause switching of the junction from the superconduct-
ing to the resistive state. An underdamped JJ will stay
in the resistive state until the bias current is reduced to a
retrapping current, [, [I7, 20, 26], 27]. Such latching en-
ables a long and large electric response to a small Iy,
thus enabling an easily measurable signal. The respon-
sivity of such switching current detector (SCD) can be
very high and is limited only by thermal and/or quan-

tum fluctuations of phase [14] [T6H20l 22| 25]. Therefore,
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stochastic effects associated with fluctuations, are essen-
tial for the analysis of SCD.

The operation frequency range of SCD is determined
by the Josephson plasma frequency, w, and the charac-
teristic frequency, f. = (2e/h)V,, where V.. = I.R,, and
R,, is the normal junction resistance. For low-T, super-
conductors it is sub-THz, but for high-T, it is in the
THz range [21] 23], [24], 28]. Intrinsic Josephson junctions
(IJJ’s) in layered BizSraCaCusOsis (Bi-2212) cuprates
[29] have the highest V. > 30 mV [30], facilitating op-
eration in excess of 10 THz |21 28]. The atomic scale
of 1JJ’s enables a strong coupling between junctions and
allows integration of a large number of 1JJ’s in a com-
pact device [21] 24] BTH36]. Arrays with many JJs can
be used for cascade multiplication of the readout signal
[37H39] and for achieving impedance matching with open
space, which is required for the effective absorption of
incoming radiation [40H43].

In this work I present theoretical and numerical anal-
ysis of a stochastic SCD, based on an underdamped JJ.
The key physical phenomenon that boosts SCD perfor-
mance is a resonant activation at the Josephson plasma
frequency [15, [44] [45], which enhances the responsivity
by the quality factor of the junction, Q). Various ways
of tuning SCD for achieving optimal operation, are dis-
cussed. It is shown that the ultimate limit of sensi-
tivity is determined by the phase diffusion phenomenon
[26], 27, [46l, [47]. Calculations based on realistic param-
eters for Nb/AlOx/Nb tunnel junctions show that the
sensitivity and noise-equivalent power at T = 1 K can
reach values S ~ 2 x 1013 (V/W) and NEP ~ 5 x 10~2%*
(WHz 1/ 2), respectively. These outstanding character-
istics facilitate both bolometric and single-photon de-
tection in MW and THz ranges. The paper is orga-
nized as follows. First we will recollect basic concepts
on fluctuation-induced statistics in the absence of radia-
tion and on MW response in the absence of fluctuations,
followed by consideration of a general problem of MW
response in the presence of fluctuations. We will start
with the case of non-resonant escape at low frequencies
and then consider resonant activation at w,. In the end
we will discuss limitations and ultimate performance.
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RESULTS

We consider an underdamped JJ with a quality factor
Qo = wpoRepC > 1. Here wyy = (27rlco/<I)oC)1/2, is
the zero-bias plasma frequency, I is the fluctuation-free
critical current, ®g is the flux quantum, C' is capacitance
and Ry, is the low-bias (subgap) quasiparticle resistance,
which for tunnel JJs is much larger than the high-bias
R,,. Photon detection by overdamped JJ with Qg < 1
has been studied earlier [I0HI2] (for an overview see e.g.
Ch. 11.5 in Ref. [48]). The sensitivity S(V/W) of such
the detector is proportional to the differential resistance
of the current-voltage (I-V') characteristics at the bias
point, Ry = dV/dI(I). However, this simple description
is inapplicable for us because underdamped JJs have an
abrupt switching from the superconducting to the resis-
tive state. For tunnel JJs the voltage jumps from zero to
a large sum-gap value, V; = 2A/e. In this case Ry = oo
and the device operation can be described only statisti-
cally in terms of switching probabilities.

Dynamics of a JJ is equivalent to motion of a particle in
a tilted washboard potential [48], U(¢) = Ejo[1 —cos ¢ —
i¢], as sketched in Fig. [1| (a). Here ¢ is the Josephson
phase difference, Ejo = (®o/27)1. is the Josephson en-
ergy and ¢ = I/I.9. The washboard has bias-dependent
parameters: the barrier height, AU = 2E0[(1 —i?)Y/? —
iarccos(i)], the eigenfrequency w, =~ wyo(1 —42)1/4, and
the quality factor, Q = w,Rq,C. Below I will show calcu-
lations for the typical experimental situation of ac-bias,
I(t) = Iysin(wpt), at wp/2m = 150 Hz, T = 1 K, and
parameters corresponding to Nb/AlOx/Nb tunnel junc-
tions with I.oR,, =1 mV and V; =3 mV [49].

Switching statistics without external radiation

Fluctuations cause premature escape out of the well
at a switching current Iy < I,g. The escape rate in the
absence of radiation can be written as [50H52).
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For underdamped JJs excited by thermal fluctuations,
the prefactor can be written as [B3], a(I) ~ 4[(1 +
Q(DkyT/1.8AU(I))Y/? + 1]72. The effect of quantum
fluctuations at T" — 0 can be easily taken into account
by introducing an effective escape temperature Tz, ~
fuwy/2mkp [50]. The probability density for switching in
the bias interval I, < I < I, +dI is

I'(J)

Q(I)Zm

[1 -G, (2)

where dI/dt is the bias ramp rate and

G(n) = [ g(nar (3)

is the total probability of switching upon ramping up to
current I. Egs. and form a recurrent equation,
which can be easily solved numerically.

Microwave response without fluctuations

In the absence of fluctuations the MW response of
JJ has been studied in connection with the analysis of
Shapiro steps. Electromagnetic waves induce both volt-
age and current oscillations in the junction. Since JJ is
essentially non-linear, a self-consistent treatment of both
voltage and current components is a difficult task. To
simplify the analysis, voltage- or current-source approxi-
mations are employed [48].

The simplest is the voltage-source approximation. It
postulates the harmonic MW voltage, Virw cos(wt) and
yields an explicit expression for the fluctuation-free crit-
ical current [48]:

(4)
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where Jy is the zero-order Bessel function. Unfortu-
nately, this simple expression is not applicable for the
analysis of SCD in the most interesting frequency range
w < wpo. Eq. works only at frequencies well above
wpo, but at low frequencies it gives a qualitatively in-
correct prediction of increasing (diverging) responsivity
with decreasing w, which is opposite to reality (see Fig.
2e) below).

The current-source approximation postulates a har-
monic MW current, Iy sin(wt). This is a more complex
approach, which allows only numerical solution. How-
ever, it provides a physically correct results at low fre-
quencies. In agreement with experiment, it predicts a
linear reduction of I, vs. Infw at w < wyo (see ch. 11.3
in Ref. [48]). This has a clear physical explanation. At
low frequencies the junction dynamics is quasi station-
ary. Therefore, bias and MW currents simply add up.
The switching occurs when the total current exceeds I,
which yields,

Ic ~ IcO — I]\/[W (w < wpo). (5)

At frequencies well above wyg, current- and voltage-
source solutions are in a qualitative agreement with each
other [48], although the connection between Varw, Inrw
and the absorbed MW power, Py/yy, remains uncertain.
To couple them we need to introduce a MW impedance
ZMW, so that VMW = ZMWIMW and

IIQVIWRM w
= SAow Tuw (6)
where the MW resistance, Ry = Re(Zasw ). This re-
sistance has nothing to do with R,,. For example, in the
current-source model, vertical shaking of the potential

by Inw leads also to a horizontal motion of the par-
ticle, as indicated by the black dashed line in Fig.

Pyw
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FIG. 1. (Color online). Numerical simulation of non-resonant SCD operation at low frequencies, w < wy. (a) Josephson
wash-board potentials at three bias currents, I/I.o = 0, 0.5, and 1 (solid lines). Circles mark the stationary phase positions.
Dashed blue lines illustrate shaking of potential by the microwave current, Iasw. (b) and (c) Calculated switching current
histograms (b) at small MW amplitudes Inrw/Ico = 0, 0.005 (red) and 0.01 (blue), and (c) at large Insw/Ico. (d) The most
probable switching current, ismqx (red circles, left axis), and the corresponding maximum switching probability density, gmax
(blue squares, right axis), as a function of MW amplitude ¢pw. The dashed black line shows the fluctuation-free I. according
to Eq. (5). (e) Switching probabilities for the same iaprw as in (b). (f) The time-average current-voltage characteristics of the
junction without MW (blue) and with iarw = 0.003 (red). The vertical shift of the curves, AV, represents the SCD response

at a given bias current.

(a). The associated MW voltage is connected to Inrw
via the impedance of the nonlinear Josephson induc-
tion of the junction. In reality, Zy;w represents the to-
tal MW impedance of the device, including electrodes,
which should be designed and act as antennas for effec-
tive catching of MW [41].

Microwave response with fluctuations

In the presence of MW, the total current is oscillating,
I(t) = Iy sin(wpt) + Ingw sin(wt). (7)

This leads to shaking of the washboard potential, as
shown in Fig. [If (a), which enhances the escape rate,

Fyw =T, (8)
by some gain factor v. The most prominent enhance-

ment occurs when w coincides with the eigenfrequency
wp, leading to excitation of a plasma resonance.

Non-resonant escape at w < wp

In the low-frequency limit, the dynamics is quasi-
stationary. Therefore, barrier characteristics wy,(I) and
AU(I) are well defined at every time instance and the
escape rate is obtained from Eq. with a given time-
dependent I(t), Eq. (7). Thus the modified escape
rate is obtained by time-averaging over the MW period,
T=27/w,

T = % /0 "Ly (t)t. )

Switching probabilities are obtained by substituting it in
Eqgs. and , taking into account the actual time
dependent bias ramp rate in Eq. @ Note, that the
escape gain -y in this limit is frequency independent.
Figs. (1] (b) and (c¢) show thus calculated probability
densities for different MW amplitudes, iyrw = Ipyw /Lo,
for a JJ with I.o = 50 pA. They corresponds to experi-
mentally measurable switching current histograms, I (7).
It is seen that the MW excitation leads to a shift of his-
tograms with successive reduction of the most probable
switching current Igpq,. Fig. |1] (d) represents the MW-
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FIG. 2. (Color online). Operation of a resonant SCD at w ~ wp. (a) Resonant escape rate gains, y(w), for quality factors
Q@ = 10 (blue) and 100 (red). (b) Switching current histograms for different MW amplitudes at w = 0.7wpo and Qo = 100.
Splitting of the histogram at iyrw = 0.00114 (orange) is caused by the excitation of the Josephson plasma resonance. (c)
Switching probabilities in the bifurcation region at w = 0.7wpo. The left and right steps at isp, and is9 correspond to resonant
and non-resonant escapes, respectively. (d) Split-histograms in the bifurcation region for different frequencies, w/wpo = 0.5
(magenta), 0.6 (olive) and 0.7 (red). (e) and (f) MW amplitude-dependence of (e) the most probable switching current, ismaq,
and (f) the corresponding maxima of the probability density, gmaz, for different frequencies. Symbols and lines represent non-
resonant, is0, and resonant, isp, peaks, correspondingly. The threshold (gap) between two peaks disappears at w/wpo < 0.47.

amplitude dependence of ismaz = Ismaz/Ico (red squares,
left axis). The black dashed line shows the fluctuation
free I, according to Eq. (5). Blue circles (right axis)
represent the maximum probability density gmmaez. It ex-
hibits a rapid decline at small 75, and then saturates
at larger ipr. As will be shown below, the rapid de-
cline ensures a non-diverging responsivity at iy — 0,
see Fig. 3| (a). Fig. |1 (e) shows switching probabilities
G (i) for the same ipw as in Fig. [1] (b). Since tunnel
junctions switch to the bias-independent gap voltage, G
represent the time-average dc-voltage, (V) = GV,. Note
that although (V') varies gradually with I, the switching
remains abrupt at each measurement.

Fig. |1 (f) clarifies the operation principle of the SCD.
Here time-average V-I characteristics, (V (1)) = G(I)Vy,
are shown without MW (blue) and with a small iy =
0.003 (red). The voltage response, AV, is equal to the
vertical shift of the curves. At small iy, it is propor-
tional to the shift and the slope of the step-like G(I),

0G  0is

AV~ -V, ———
v 9 0is Oiprw

MW - (10)

Therefore, maximum sensitivity is achieved at the steep-
est part in the middle of the step G ~ 0.5.

Resonant activation at w ~ wp

Josephson plasma resonance occurs when w ~ w,
[15] [44] [45]. Since the amplitude of forced oscillations is
proportional to ), resonant activation greatly enhances
the escape rate in underdamped junctions with Q > 1.
In Ref. [44] a fitting function was suggested for the res-
onant gain factor ~:

w
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(in these expressions I used explicit values for parameters
u=09,v=-2in Eq. (6.5) from Ref. [44], as suggested
by the authors, and ¢ = 5, A = 2Q) as follows from Fig.
19 from Ref. [44]).

Figure [2| (a) shows resonant escape gain factors for
@ = 10 and 100, calculated from Egs. (11-13). They



resemble response functions of a driven oscillator, but
have a sharp exponential cutoff at w > w, [E5]. The
resonant escape is easily analyzed by substituting Egs.
(11-13) in Eq. (8) and subsequently in Egs. (2) and (3).

Fig. [2[ (b) shows calculated switching histograms for
w = 0.Twpg, Lo = 50 pA, Qo = 100, T = 1 K for sev-
eral MW amplitudes, ip7. The plasma resonance is
manifested by a bifurcation at some threshold MW am-
plitude, leading to splitting of histograms [15, 20} 44].
A new plasma peak emerges at a switching current, i,
lower than that in the absence of MW, is. Fig. 2] (¢)
shows the two-step switching probabilities in the bifur-
cation region.

The plasma peak corresponds to the resonant condition
w >~ wy(isp), yielding,

top 1/ 1 — (w/wpo)t. (14)

Fig. [2| (d) shows split-histograms at different MW fre-
quencies. It can be seen that iy, moves upwards with
reducing w, in accord with Eq. (14). Figs. [2| (e) and
(f) show MW amplitude dependencies of (e) peak cur-
rents and (d) heights, gmqz, for several MW frequencies.
From Fig. [2] (e) it is seen that 4,4, decay approximately
parabolically with ipp. The dgmaz(ipw) dependency
becomes stronger with increasing w, which is in contrast
to Eq. (4), but in line with Eq. (14).

The bifurcation region can be extremely narrow: in
Fig. 2] (c) it starts at ipw =~ 0.00112 and finishes at
0.00115. Its width, 61y w ~ 3 x 10751, is two orders
of magnitude narrower than that in the absence of MW,
as shown in Fig. [If (b). The extremely narrow bifurca-
tion region indicates an extraordinary sensitivity to MW.
However, the problem for detector application is in the
presence of a threshold iy, below which the response
is practically zero. This follows from the independence
of sub-threshold Is4. and gmaer ON ipsw, as shown by
open symbols in Figs. [2] (¢) and (f). From Figs. [2| (d-f)
it can be seen that the threshold is reduced with reduc-
ing frequency and disappears when the two peaks merge,
isp = %s0. At this point the plasma resonance occurs
within the accessible bias range for iy — 0. For the
chosen parameters in Fig. [2} this occurs at w = 0.47 wyo,
indicated by the black line in Fig. [2| (f). Inverting Eq.
(14), we can see that SCD has optimal sensitivity at

w* = wyo[l — (is0)%*. (15)
At higher frequencies the threshold appears. At lower

frequencies switching occurs before reaching the resonant
conditions.

DISCUSSION

A good sensor should have a large sensitivity, S =
AV/Pyw and a low noise-equivalent-power (NEP).
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FIG. 3. (Color online). Bias dependence of (a) non-resonant
SCD at w < wpo and (b) resonant SCD w = 0.47wpo. Top
panels show time-average voltages as a function of MW power
for three bias current amplitudes. Middle and bottom panels
show corresponding sensitivities and noise-equivalent powers,
respectively.

However, equally important, it should have a high ab-
sorption efficiency, i.e., the ratio of absorbed to impact-
ing MW power. A junction alone can not absorb the
MW power because its size is much smaller that the elec-
tromagnetic wavelength in free space, Ao, [4I]. There-
fore, achieving a high efficiency requires implementation
of impedance-matching MW antennas [40H42]. In what
follows I shall assume Ry = 50 €2 in Eq. @, typical
for well-matched MW devices.

Figures summarizes performances of (a) non-
resonant SCD at low frequencies and (b) resonant SCD
at the optimal frequency, w = 0.47 wy,. They are based
on simulations from Figs. [[|and[2] respectively. Top pan-
els show time-average voltage versus Pysy for three bias
amplitudes, i, = Ip/I.0, close to isp. Middle panels rep-
resent sensitivities. Largest sensitivities at low Pysyy are
achieved for black curves at bias current corresponding to
the middle of the steps G(i, iprw—=0) = 0.5. With increas-
ing Pprw the response saturates at V' = V. This occurs
when the shift of ig,,,, exceeds the width of the his-
togram ¢(i,ipw=0), as for the blue curve at i = 0.01
from Fig. [1] (e). By reducing the bias current below the
optimal point it is possible to extend the dynamic range



(@) 3 0,=100, i, = 0.0003 = (b) (c) I =1,2,5,10,50 pA
- ﬁ 0.977— 10 <0
- 2 |z z
S Lk 0.975— > >
g o a2
~ /| 0974— 2 =
% 1 .973— 1 ot “o,
0 T i T T 0.01 0 .
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
o/ o, 9,
) ® ————— o ¢ — . .
Magnetic field (€) 100 (M) 8 EJO/kBT=11.9 7
o 6 b 80
z I (H=0)(uA) = 1 ol 715 ]
2] ~
N> . s - o & c0 4.77
s Ql al 4
: 10 40 2.38
o2 2L i
® I,(nA)=50 ]
0 1 " 1 0 1 1 " 0 N
0 1 2 3 0 2 4 0.0 0.2 0.4 0.6 0.8
1(H) (uA) 1(H) (uA) m,

FIG. 4. (Color online). Analysis of optimal operation and ultimate resolution of a resonant SCD. (a) Frequency dependence of
the time-average voltage for different bias amplitudes and ipsw = 0.0003. The peak at w/wpo =~ 0.47 is caused by the plasma
resonance. (b) Effect of junction area variation. Optimal sensitivity as a function of critical current, I.o, for constant Qo = 100.
The dashed line indicates that the sensitivity increases as I,>®. (c) Effect of resistive shunting. Optimal sensitivity as a
function of quality factor for junctions with different I.o (area). (d) and (e) Effect of magnetic field. (d) Optimal sensitivity as
a function of field-dependent I.(H) for junctions with different area and I.o. (e) Corresponding variation of the quality factor.
(f) Switching histograms for junctions with very small I.o = 0.1 (blue), 0.2 (red), 0.3 (olive) and 0.5 (black) pA without MW
radiation. The non-zero switching probability density at I = 0 corresponds to the phase-diffusion regime of the junction.

at the expense of lower sensitivity. Bottom panel show
NEP. Calculation of NEP requires estimation of the volt-
age noise Sy in the measurement setup. It is in the range
of few nV/Hz'/2 for conventional dc-measurements, but
could be greatly reduced by lock-in measurements [54].
The lock-in technique is particularly suitable for statisti-
cal measurements of SCD response over many bias peri-
ods [21]. Below I will assume Sy = 0.1 nV/Hz!/2, easily
accessible with lock-in readout.

Although the behavior of non-resonant and resonant
SCD’s from Figs. |3 (a) and (b) is qualitatively similar,
there are important differences. First of all, the reso-
nant SCD has a significantly higher sensitivity as a conse-
quence of resonant activation. Another important differ-
ence is the frequency and @-dependencies. The response
of non-resonant SCD is frequency independent within the
range of applicability, w < wp. It is also almost indepen-
dent of @), which appears only in the prefactor a of Eq.
(1). For the resonant SCD the situation is completely
different, as illustrated in Figure [4]

Fig. (a) shows frequency dependence of the time-
average voltage at different bias amplitudes for a small
iyw = 0.0003. Junction parameters are the same as in
Fig. 2l The response shows a sharp peak at w = 0.47 wyg,
which corresponds to the plasma resonance in this bias

range. The shape of the peak reflects the resonant gain
factor, shown by the red line in Fig. [2[(a). The maximum
response is obtained at i, corresponding to the middle
of the switching step, G (ip, iprw = 0) = 0.5 (red curve).
The optimal sensitivity at this bias is shown by black
lines in Fig. [3| (b). Thus, the resonant SCD has a very
strong frequency dependence.

The ultimate sensitivity of SCD

The sensitivity and NEP, shown in Fig. [3[ (b) are re-
markably good, in line or even better than the most sen-
sitive photon detectors reported so far [2, BH8]. How-
ever, this is not the ultimate limit of a resonant SCD.
These calculations are made for fairly modest junction
parameters and there are several ways to improve the
sensitivity. Firstly, the responsivity is determined by the
relative MW current, ipyw = Ingw/Ieo. Therefore, the
sensitivity is increasing with decreasing I.o. This can be
done by reducing the junction area or by suppression of
the critical current with magnetic field, I.(H). Secondly,
the resonant gain is increasing with the quality factor, as
seen from Fig. [2| (a). Thus, optimization of sensitivity
requires proper tuning of junction parameters.



Reducing the junction area proportionally reduces I,
while keeping Q¢ and wyp unchanged. In Fig. {4 (b) we
show a log-log plot of the optimal sensitivity for junctions
with different area and I.q at a fixed Q9 = 100. The red
line indicates that S scales as I 0700‘87 before it saturates
at S ~ 2 x 1013 (V/W), corresponding to an astonishing
value of NEP ~ 5 x 10~2* (W/Hz'/?). This is the ulti-
mate limit for Qo = 100 and T' = 1 K, but it could be
further increased by increasing )y and decreasing T'.

The quality factor can be tuned by resistive shunting of
the junction. In this case the I stays constant, but Qg
is reduced. Fig. M| (c) shows optimal sensitivities versus
the quality factor for junctions with several fixed I.o. It
is seen that S increases approximately linear with Qg at
Qo > 1, as expected for forced plasma oscillations.

Finally, it is possible to in-situ tune junction parame-
ters by changing temperature or applying magnetic field
[50]. Figs. |4 (d) and (e) illustrate the effect of magnetic
field. Here we consider junctions with different areas hav-
ing the same o, but different I, at H = 0. With ap-
plication of magnetic field I.(H) is suppressed and Qq is

reduced 1610/2, as shown in Fig. {4| (e). This drives the
sensitivity in opposite directions and leads to appearance
of maxima in S, as shown in Fig. [4] (d).

Yet the ultimate sensitivity is limited by another phe-
nomenon - entrance in the phase-diffusion state [26, 27,
46, [47]. With reducing I, the Josephson energy is re-
ducing proportionally. When Ejy becomes comparable
with kg7, the particle is no longer stationary in the wash-
board, but can diffuse in the potential even without a tilt
at I, = 0. Fig. 4| (f) shows switching histograms without
MW for I.o = 0.1, 0.2, 0.3 and 0.5 pA, corresponding to
Ejo/kpT ~ 2.38, 4.22, 7.15 and 11.9, respectively. It is
seen that g(I = 0) becomes significantly larger than zero
at I.o = 0.2 pA (red curve) for T' = 1 K. From Figs. [4] (b)
and (d) it can be seen that the maxima of sensitivity are
reached at the same current I.g ~ 0.2 pA, irrespective
of Qp. As seen from Fig. Wl (f), entering in the phase-
diffusion state broadens the switching histograms, which
deteriorates the sensor performance. Nevertheless, the
sensor may still work even in the phase diffusion state.
Moreover, sharpening of switching histograms may oc-
cur in moderately damped junctions [26] 27, 47], but the
analysis of operation at the edge of phase-diffusion re-
quires proper analysis of the retrapping process, which is
beyond the scope of this work. The phase diffusion can
be reduced by lowering the temperature, with the ulti-
mate limit set by the crossover temperature to macro-
scopic quantum tunneling (MQT) Tyor ~ hw,/27kg,
which is typically few tens of mK [14] 50H52]. Alterna-
tively, the sensitivity can be improved by increasing the
quality factor, e.g. by means of an additional capacitive
shunting of the junction [26]. Cascade amplification of
the readout voltage using arrays of coupled JJs can also
strongly enhance the ultimate sensitivity [39].

Limitations

As seen from Fig. [| (b), for realistic parameters of
Nb/AlOx/Nb tunnel junctions with Q¢ = 100, the limits
of sensitivity and noise-equivalent power at T = 1 K
reach outstanding values of S ~ 2 x 10** (V/W) and
NEP ~ 5 x 1072* (WHz~'/?). However, it comes at a
certain expense.

Firstly, although the achievable sensitivity would be
more than sufficient for single photon resolution in the
MW range, however SCD at the maximal sensitivity has
50% dark count rate and, therefore, does not work as
a single photon detector. It is possible to reduce the
dark count rate by reducing bias, but this comes at the
expense of reduced sensitivity, as shown in Fig. 3] Yet,
the sensitivity is so high that a certain reduction may
be tolerated in order to enable a robust single photon
detection.

Secondly, at the optimal sensitivity SCD is quite slow.
Because of a large dark-count rate, the response signal
can be obtained only by collecting a large statistical en-
semble, which takes time. On a positive side, lock-in
measurement can be performed over many bias periods
to reduce noise [21], [54]. In the sub-optimal regime with
deterministic photon counting, a single switching event
is sufficient and, therefore, it could be fast.

Thirdly, the resonant SCD is a narrow-band detector
with the maximum sensitivity at w = w,,, as shown in
(a). For given experimental settings, optimal sensitivity
is achieved at a frequency given by Eq. (15). However,
a JJ is easily tunable. The plasma frequency wyg can be
varied from the maximum value to zero by applying a
small magnetic field, as shown in Fig. {4] (d).

Beyond the resonant region a JJ may still have a
good and broad-band non-resonant response, as demon-
strated in Fig. (a) for the case w < wpo. For
higher frequencies, w > wyo, the response is caused by
a simple shift of the switching histograms according to
Eq. . Expanding the latter for small amplitudes,
I./Io ~ 1 —2Rpw(e/hw)?Pyw, and using Eq. (10),

we obtain for the maximum sensitivity.

e2

S ~ 2Vg(gmaxIcO)RMWWa
Taking into account that ¢,,q.l.0 ~ 200 for the case of
Fig. (b), we obtain S ~ 4 x 108 (V/W) at f = 100
GHz. This is comparable to the low-frequency non-
resonant sensitivity, shown in Fig. [3| (a). However, the
high-frequency non-resonant response, Eq. (16), decays
quadratically with increasing frequency.

To conclude, I described the operation of a stochastic
switching current detector of electromagnetic radiation,
based on an underdamped Josephson junction. The key
physical phenomenon that boosts SCD performance is
a resonant activation at a Josephson plasma frequency.
The plasma resonance enhances the detector responsiv-
ity by the quality factor of the junction. The ways of
tuning the detector for achieving optimal operation are

(w>wpo).  (16)



discussed. For realistic parameters of Nb/AlOx/Nb tun-
nel junctions with Q¢ = 100, the sensitivity and noise-
equivalent power at T = 1 K can reach limiting val-
ues of S ~ 2 x 10" (V/W) and NEP ~ 5 x 10~
(WHz~1/2), respectively. These outstanding character-
istics facilitate both bolometric and single-photon detec-

tion in microwave and terahertz ranges.
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