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Current-biased Josephson junctions can act as detectors of electromagnetic radiation. At optimal condi-
tions, 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 activation of a Josephson plasma reso-
nance can greatly enhance the detector responsivity in proportion to the quality factor of the junction.
The ways of tuning the detector for achieving optimal operation are discussed. For realistic parameters
of Nb/AlO,/Nb tunnel junctions, the sensitivity and noise-equivalent power (NEP) can reach values of
S~ 5x 102 (V/W) and NEP ~ 2 x 10~23 (WHz '/?), respectively. These outstanding characteristics
facilitate both bolometric and single-photon detection in microwave and terahertz ranges.

DOI: 10.1103/PhysRevApplied.22.024015

I. INTRODUCTION

Sensitive, compact broad-range THz detectors are
required 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 reviews see, e.g.,
Refs. [1-4]), the search for a perfect sensor remains
an active topic. The key parameter, which requires fur-
ther improvement is the sensitivity, which is particularly
relevant for passive THz detectors suitable for remote
monitoring and imaging. The sensitivity can be greatly
improved by cooling down to cryogenic temperatures,
which both reduces the overall noise o kg7 and removes
the background black-body radiation. Ultrasensitive cryo-
genic detectors based on semiconductors [5], graphene
[6-8], and superconductors [9] have been demonstrated.
Superconductors are particularly well suited for THz
detection because characteristic energy scales (Josephson
energy, superconducting gap, etc.) are naturally placed in
the THz range and could be easily tuned for achieving
optimal operation.

A current-biased Josephson junction (JJ) demonstrates
potential as a highly sensitive detector of electromagnetic
waves, with the capability for single-photon resolution
across a wide frequency range spanning from microwave
(MW) to terahertz frequencies [10-25]. The impacting
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electromagnetic wave induces an alternating current, /1y,
in the JJ. If bias current is slightly below the critical cur-
rent, I., a very small Ity, may cause switching of the
junction from the superconducting to the resistive state. An
underdamped JJ will stay in the resistive state until the bias
current is reduced to a retrapping current, /, [17,20,26,27].
Such latching enables a long and large electric response
to a small /1y, thus enabling an easily measurable signal.
The responsivity of such switching current detector (SCD)
can be very high and is limited only by thermal and/or
quantum fluctuations of phase [14,16-20,22,25]. There-
fore, stochastic effects associated with fluctuations, are
essential for the analysis of SCD.

The operation frequency range of SCD is determined
by the Josephson plasma frequency, @, and the char-
acteristic frequency, f. = (2e/h)V,, where V. = I.R,, and
R, is the normal junction resistance. For low-T7, super-
conductors it is sub-THz, but for high 7, it is in the
THz range [21,23,24,28]. Intrinsic Josephson junctions
(I1Js) in layered Biy Sr,CaCu,Og5 (Bi-2212) cuprates [29]
have the highest V. = 30 mV [30], facilitating operation
in excess of 10 THz [21,28]. The atomic scale of 1JJs
enables a strong coupling between junctions and allows
integration of a large number of 1JJs in a compact device
[21,24,31-36]. Arrays with many JJs can be used for cas-
cade multiplication of the readout signal [37-39] and for
achieving impedance matching with open space, which is
required for the effective absorption of incoming radiation
[40-43].

In this work I present theoretical and numerical anal-
ysis of a stochastic SCD, based on an underdamped JJ.
Although SCD is well known, to my knowledge there
has been no comprehensive quantitative analysis of its
operation. My goal is to fill this knowledge gap. As I
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will show, the performance of SCD is very sensitive to
operation conditions. The key physical phenomenon that
boosts SCD sensitivity is a resonant activation at the
Josephson plasma frequency [15,44—46]. Various ways
of tuning SCD for achieving optimal operation, are dis-
cussed. It is shown that the ultimate limit of sensitiv-
ity is determined by the phase diffusion phenomenon
[26,27,47,48]. Calculations based on realistic parameters
for Nb/AlO,/Nb tunnel junctions show that the sensitiv-
ity and noise-equivalent power (NEP) at 7=1 K can
reach values S~ 5 x 10'? (V/W) and NEP ~ 2 x 102}
(WHz~!/2), respectively. These outstanding characteristics
facilitate both bolometric and single-photon detection in
MW and THz ranges.

The paper is organized as follows. First we will recol-
lect basic concepts on fluctuation-induced statistics in the
absence of radiation and on MW response in the absence of
fluctuations, followed by consideration of a general prob-
lem of MW response in the presence of fluctuations. We
will start with the case of nonresonant escape at low fre-
quencies and then consider resonant activation at w, . In the
end we will discuss limitations and ultimate performance.

II. RESULTS

We consider an underdamped JJ with a quality factor,

Qo = wpoRpC > 1.

2 [co
Wy = .| — —
P9\ @y C

is the zero-bias plasma frequency, /. is the fluctuation-free
critical current, @ is the flux quantum, C is capacitance
and Rqp is the low-bias (subgap) quasiparticle (QP) resis-
tance, which for tunnel JJs is much larger than the high-
bias R,. Photon detection by overdamped JJ with Qp < 1
has been studied earlier [10—12] (for an overview see,
e.g., Ch. 11.5 in Ref. [49]). The sensitivity S (V/W) of such
a detector is proportional to the differential resistance of
the current-voltage (/-V) characteristics at the bias point,
Ry = dV/dI(I). However, this simple description is inap-
plicable for us because underdamped JJs have an abrupt
switching from the superconducting to the resistive state.
For tunnel JJs the voltage jumps from zero to a large sum-
gap value, V', = 2A /e. In this case R; = oo and the device
operation can be described only statistically in terms of
switching probabilities.

Dynamics of a JJ is equivalent to motion of a parti-
cle in a tilted washboard potential [49], U(p) = E o[l —
cos ¢ — ig], as sketched in Fig. 1(a). Here ¢ is the Joseph-
son phase difference, E;y = (®g/2m)l. is the Josephson
energy and i = I /1.o. The washboard has bias-dependent
parameters: the barrier height, AU = 2Eo[(1 — i*)!/? —

Here

iarccos(i)], the eigenfrequency w, > wyo(1 —i*)!/4, and

the quality factor, O = w,RqpC. Below I will show cal-
culations for the typical experimental situation of ac bias,
1[(?) = Iy sin(wpt), at wp/2mw =150 Hz, T=1 K, and
parameters corresponding to Nb/AlO,/Nb tunnel junctions
with V. =1 mV and V, = 3 mV [50].

A. Switching statistics without external radiation

Fluctuations cause premature escape out of the well at a
switching current /; < I9. The escape rate in the absence
of radiation can be written as [51-53].

w, (1) [_AU([)]
7w P T |

To(l) = a(l) (1)

For underdamped JJs excited by thermal fluctuations,
the prefactor can be written as [54], a({/) ~4[(1 +
Ok T/1.8AU(I))"/? 4 1]72. The effect of quantum fluc-
tuations at 7 — 0 can be easily taken into account by intro-
ducing an effective escape temperature Tes. ~ hew), /2mkp
[51].

The probability density for switching in the bias interval
Iy <I <Iy+dlis

')

8D = Ular

[1-GMD], 2

where dI /dt is the bias ramp rate and

1
G() = /0 g(Ddl 3)

is the total probability of switching upon ramping up to
current /. Equations (2) and (3) form a recurrent equation,
which can be easily solved numerically.

B. 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 voltage and cur-
rent oscillations in the junction. Since JJ is essentially
nonlinear, a self-consistent treatment of both voltage and
current components is a difficult task. To simplify the
analysis, voltage- or current-source approximations are
employed [49].

The simplest is the voltage-source approximation. It
postulates the harmonic MW voltage, Vyw cos(w?) and
yields an explicit expression for the fluctuation-free critical
current [49]:

(4)

ZeVMW
Ic = ICOJO |: i| 5

hw

where Jj is the zero-order Bessel function. Unfortunately,
this simple expression is not applicable for the analysis
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FIG. 1.

Numerical simulation of nonresonant SCD operation at low frequencies, @ < w),. (a) Josephson wash-board potentials at

three bias currents, / /1,0 = 0, 0.5, and 1 (solid lines). Circles mark the stationary-phase positions. Dashed blue lines illustrate shaking
of potential by the microwave current, Iyiw. (b),(c) Calculated switching current histograms (b) at small MW amplitudes Iyiw /1.0 = 0,
0.005 (red) and 0.01 (blue), and (c) at large Ivw/I0. (d) The most probable switching current, ismax (red circles, left axis), and the
corresponding maximum switching probability density, gmax (blue squares, right axis), as a function of MW amplitude iyw. The
dashed black line shows the fluctuation-free /. according to Eq. (5). (e) Switching probabilities for the same ipw as in (b). (f) The
time-average current-voltage characteristics of the junction without MW (blue) and with ipw = 0.003 (red). The vertical shift of the

curves, AV, represents the SCD response at a given bias current.

of SCD in the most interesting frequency range @ < wpo.
Equation (4) works only at frequencies well above w),(, but
at low frequencies it gives a qualitatively incorrect predic-
tion of increasing (diverging) responsivity with decreasing
w, which is opposite to reality [see Fig. 2(e) below].

The current-source approximation postulates a har-
monic MW current, Iyw sin(w?). This is a more complex
approach, which allows only numerical solution. However,
it provides physically correct results at low frequencies. In
agreement with experiment, it predicts a linear reduction
of I. vs Iyw at @ < w,o (see Ch. 11.3 in Ref. [49]). This
has a clear physical explanation. At low frequencies the
junction dynamics is quasistationary. Therefore, bias and
MW currents simply add up. The switching occurs when
the total current exceeds /.9, which yields,

Ic >~ [Co — IMW (a) < wpo). (5)
At frequencies well above w,, current- and voltage-source
solutions are in a qualitative agreement with each other
[49], although the connection between Vyw, Iyw and the
incoming MW power, Pj,, remains uncertain. To cou-
ple them, first we need to introduce a high-frequency
impedance Zyw of the detector, so that Vyw = Zywivw-

The absorbed MW power is then

! 2w Rvw

Pa >
2

(6)
where the MW resistance, Ryw = Re(Zvw). This resis-
tance has nothing to do with Rgp. For example, in the
current-source model, vertical shaking of the potential by
Ivw leads also to a horizontal motion of the particle, as
indicated by the black dashed line in Fig. 1(a). The asso-
ciated MW voltage is connected to /yyw via the impedance
of the nonlinear Josephson induction [49]. In reality, Zyw
represents the total (environmental) MW impedance of the
device, including electrodes, which should be designed and
act as antennas for effective catching of MW [41]. Second,
we need to introduce the absorption efficiency,

X =5 (N

P
The maximum theoretical value of x is 0.5, achieved at
the impedance matching condition [43]. However, in real-
ity x is somewhat lower because of the QP damping [41],
which causes a leakage current and an additional power
consumption on heat production. For a quasioptical supply
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FIG. 2. Operation of a resonant SCD at w ~ w),. (a) Resonant escape rate gains, y (@), for quality factors Q = 10 (blue) and 100

(red). (b) Switching current histograms for different MW amplitudes at w = 0.7w, and Qy = 100. Splitting of the histogram at iyw =
0.00114 (orange) is caused by the excitation of the Josephson plasma resonance. (c) Switching probabilities in the bifurcation region for
o = 0.7 wpg. The left and right steps at iy, and iy correspond to resonant and nonresonant escapes, respectively. (d) Split-histograms in
the bifurcation region for different frequencies, w/w,o = 0.5 (magenta), 0.6 (olive), and 0.7 (red). (e),(f) MW amplitude-dependence
of (e) the most probable switching current, iy, and (f) the corresponding maxima of the probability density, gmax, for different
frequencies. Symbols and lines represent nonresonant, iz, and resonant, i,, peaks, correspondingly. The threshold (gap) between two

peaks disappears at w/wpo S 0.47.

of radiation, y is further reduced in proportion to the ration
of the effective absorption area of the detector antenna to
the beam spot area, which can be much smaller than unity
if the size of the device is smaller than A. Thus,

_ LiwRww

Pin— 8
» ®)

The values of Ryw and x are often ill defined. In what
follows, I shall assume Ryw = 100 2 [46] and x = 0.5,
assuming the best-case scenario of a well-matched and
optimized detector [43].

C. Microwave response with fluctuations

In the presence of MW, the total current is oscillating,
Lt (t) = I(t) + Ivw sin(w?), ®

where
1(t) = I sin(wpt).

This leads to shaking of the washboard potential, as shown
in Fig. 1(a), which enhances the escape rate,

Imw = v T, (10)

by some gain factor y. The most prominent enhance-
ment occurs when w coincides with the eigenfrequency w),,
leading to excitation of a plasma resonance.

1. Nonresonant escape at ® <K wp

In the low-frequency limit, the dynamics is quasistation-
ary. Therefore, barrier characteristics @, (Iio) and AU(Zior)
are well defined at every time instance and the escape
rate is obtained from Eq. (1) with a given time-dependent
Lot (1), Eq. (9). Thus the modified escape rate is obtained
by time averaging over the MW period, T = 27 /w,

1 T
mmnzgﬂrwwmm (11)

Switching probabilities are obtained by substituting it in
Egs. (2) and (3), taking into account the actual time-
dependent bias ramp rate, which in our case is, dI /dt =
Iywp cos(wpt). Note, that the escape gain y in this limit is
frequency independent.

Figures 1(b) and 1(c) show thus calculated probability
densities for different MW amplitudes, iyw = Inw /10, for
a JJ with I, = 50 wA. They correspond to experimen-
tally measurable switching current histograms, /(7). It is
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FIG. 3. Bias dependence of (a) nonresonant SCD at w < wpo

and (b) resonant SCD at the optimal frequency, @ = 0.47w)y.
Top panels show time-average voltages as a function of incoming
MW power for three bias current amplitudes. Middle and bottom
panels show corresponding sensitivities and noise-equivalent
powers, respectively.

seen that the MW excitation leads to a shift of histograms
with successive reduction of the most probable switch-
ing current /.. Figure 1(d) represents the MW-amplitude
dependence of ismax = Lsmax/Ic0 (red squares, left axis). The
black dashed line shows the fluctuation-free /. according
to Eq. (5). Blue circles (right axis) represent the maxi-
mum probability density gma.x. It exhibits a rapid decline
at small iyw and then saturates at larger iyw. As will
be shown below, the rapid decline ensures a nondiverg-
ing responsivity at iyyw — 0, see Fig. 3(a). Figure 1(e)
shows switching probabilities G(i) for the same iyw 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 [, the switching remains abrupt at each
measurement.

Figure 1(f) clarifies the operation principle of the SCD.
Here time-average V-I characteristics, (V(/)) = G(I)V,,
are shown without MW (blue) and with a small iyw =
0.003 (red). The voltage response, AV, is equal to the ver-
tical shift of the curves. At small iyw, it is proportional to

the shift and the slope of the steplike G(/),

Ap~ VBG i
T 830, dimw

it - (12)

Therefore, maximum sensitivity is achieved at the steepest
part in the middle of the step, G >~ 0.5.

2. Resonant activation at ® ~ @,

Josephson plasma resonance occurs when o ~ w,
[15,44-46]. Since the amplitude of forced oscillations is
proportional to Q, resonant activation greatly enhances the
escape rate in underdamped junctions with Q > 1. In Ref.
[44] a fitting function was suggested for the resonant gain
factor y:

Iy ~ SEj AU RO

w
=——1, (13
(ksT)? (wp/wpo)zf . wp (9

0) = (-, 2
Sor< )_Q[2Q+9( - x+2Q+9>

+ezQx —e* 4 2 n 2xe’™
9-20 9-20 9-20/|’
(14)

1 2
9+20 T 9+207°

(in these expressions I used explicit values for parameters
u=9,v=-21n Eq. (6.5) from Ref. [44], as suggested
by the authors, and ¢ = 5, A = 20 as follows from Fig. 19
from Ref. [44]).

Figure 2(a) shows resonant escape gain factors for Q =
10 and 100, calculated from Egs. (13)15). They resemble
response functions of a driven oscillator, but have a sharp
exponential cutoff at > w, [45]. The resonant escape is
easily analyzed by substituting Egs. (13)~(15) in Eq. (10)
and subsequently in Egs. (2) and (3).

Figure 2(b) shows calculated switching histograms for
w = 0.7 wpo, .o = 50 pA, Qp = 100, T = 1 K for several
MW amplitudes, iyrw. The plasma resonance is manifested
by a bifurcation at some threshold MW amplitude, lead-
ing to splitting of histograms [15,20,44,46]. An additional
plasma peak emerges at a switching current, ig,, lower
than that in the absence of MW, iy. Figure 2(c) shows the
two-step switching probabilities in the bifurcation region.

The plasma peak corresponds to the resonant condition
o > w,(ig), yielding,

Isp /1 — (w/wpo)*. (16)

Figure 2(d) shows split histograms at different MW fre-
quencies. It can be seen that iy, moves upwards with reduc-
ing w, in accord with Eq. (16). Figures 2(e) and 2(f) show

f(x>0)= Qe 2 [ ] (15)
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MW amplitude dependencies of (e) peak currents and (d)
heights, gmax, for several MW frequencies. From Fig. 2(e)
it is seen that s, decays approximately parabolically with
imw. The igmax(iMw) dependency becomes stronger with
increasing , which is in contrast to Eq. (4), but in line
with Eq. (16).

The bifurcation region can be extremely narrow: in
Fig. 2(c) it starts at ipyw =~ 0.00112 and finishes at 0.00115.
Its width, 8/yw >~ 3 X IO‘SICO, is 2 orders of magnitude
narrower than that in the absence of MW, see Fig. 1(b). A
very small §/yw implies a very high sensitivity to MW.
However, the problem for detector application is in the
presence of a threshold iyw, needed for reaching the bifur-
cation point, below which the response is much smaller.
This can be seen from the almost constant subthreshold
Limax and gnax, as shown by open symbols in Figs. 2(e) and
2(f). From Figs. 2(d)-2(f) it can be seen that the threshold
is reduced with reducing frequency and disappears when
the two peaks merge,

Isp = Ig0. 17)

This is the optimal operation condition for SCD. At this
point the plasma resonance occurs within the accessible
bias range for iyyw — 0. For the chosen parameters in
Fig. 2, this occurs at @ = 0.47 w,, indicated by the black
line in Fig. 2(f). Inverting Eq. (16), we can see that SCD
has optimal sensitivity at

w* = a)pO[l - (is0)2]1/4' (18)

At higher frequencies the bifurcation threshold appears.
At lower frequencies switching occurs before reaching the
resonant conditions.

I11. DISCUSSION

A good sensor should have a large sensitivity, S =
AV/Py, (V/W) and a low NEP (W /Hz!/?). They are related
to each other via the voltage noise, Sy (V/Hz!/?),

NEP = S;/S.

However, equally significant, it should have a high absorp-
tion efficiency, i.e., the ratio of absorbed to impacting
MW power, x, in Eq. (7). A junction alone cannot absorb
the MW power because its size is much smaller than the
wavelength, Ag, [41]. Therefore, achieving a high effi-
ciency requires implementation of impedance-matching
MW antennas [40—42]. In what follows I shall assume
Ryvw = 100 Q and x = 0.5, typical for well-matched MW
devices.

Figure 3 summarizes performances of (a) nonresonant
SCD at low frequencies and (b) resonant SCD at the
optimal frequency, w = 0.47 w,o. They are based on sim-
ulations from Figs. 1 and 2, respectively. Top panels show

time-average voltage versus Py, for three bias amplitudes,
ip = Ip/1.0, close to isg. Middle panels represent sensi-
tivities. Largest sensitivities at low Py, are achieved for
black curves at bias current corresponding to the middle
of the steps G(i, imw = 0) = 0.5. With increasing Pj, the
response saturates at /' = V,, the voltage respond becomes
independent of Py, the sensitivity decays as 1/P;, and NEP
increases  Pj,, as can be seen from middle and bottom
panels in Fig. 3. The saturation occurs when the shift of
ismax €xceeds the width of the histogram g(i, iyw = 0),
as for the blue curve at iyyw = 0.01 from Fig. 1(e). By
reducing the bias current below the optimal point it is pos-
sible to extend the dynamic range at the expense of lower
sensitivity. The bottom panel shows NEP. Calculation of
NEP requires estimation of the voltage noise Sy in the
measurement setup. It is in the range of few nV/Hz!/?
for conventional dc measurements, but could be greatly
reduced by lock-in measurements [55]. The lock-in tech-
nique is particularly suitable for statistical measurements
of SCD response over many bias periods [21]. Below I will
assume Sy = 0.1 nV/Hz'/2, easily accessible with lock-in
readout.

Although the behavior of nonresonant and resonant
SCDs from Figs. 3(a) and 3(b) is qualitatively similar,
there are key differences. First of all, the resonant SCD
has a significantly higher sensitivity as a consequence of
resonant activation. Another difference is the frequency
and Q dependencies. The response of nonresonant SCD
is frequency independent within the range of applicability,
o K w,. Itis also almost independent of O, which appears
only in the prefactor a of Eq. (1). For the resonant SCD,
the situation is completely different, as illustrated in Fig. 4.

Figure 4(a) shows frequency dependence of the time-
average voltage at different bias amplitudes for a small
imw = 0.0003. Junction parameters are the same as in
Fig. 2. The response shows a sharp peak at w = 0.47 w,,
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 iy, corresponding to the middle of
the switching step, G(ip, imw = 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.

A. The ultimate sensitivity of SCD

The sensitivity and NEP, shown in Fig. 3(b) are remark-
ably good, in line, or even better than the most sensitive
photon detectors reported so far [2,5-8]. However, this
is not the ultimate limit of a resonant SCD. These cal-
culations 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, iyw = Imw/l.o. Therefore, the sensitivity is
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FIG. 4. Analysis of optimal operation and ultimate resolution of a resonant SCD. (a) Frequency dependence of the time-average
voltage for different bias amplitudes and iyiw = 0.0003. The peak at w/wpo 2~ 0.47 is caused by the plasma resonance. (b) Effect of
junction area variation. Optimal sensitivity is shown as a function of critical current, /9, for constant Oy = 100. The dashed line
indicates that the sensitivity increases as / 6—0048. (c) Effect of resistive shunting. Optimal sensitivities as a function of quality factor are
shown for junctions with different area and /.. (d),(e) Effect of magnetic field suppression of /... (d) Optimal sensitivity as a function
of field-dependent /.(H) for junctions with different area and /.. (¢) Corresponding variation of the quality factor. (f) Switching
histograms for junctions with very small 7.9 = 0.1 (blue), 0.2 (red), 0.3 (olive), and 0.5 (black) WA without MW radiation. The
nonzero switching probability density at / = 0 corresponds to the phase-diffusion regime of the junction.

increasing with decreasing /9. This can be done by reduc-
ing the junction area or by suppression of the critical
current with magnetic field, /.(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.

Table I lists possible tuning parameters for optimization
of SCD. The aim of tuning is to remove the bifurcation
threshold by aligning the plasma resonance with the cen-
ter of the switching histogram in the absence of radiation,
Eq. (17).

Reducing the junction area, 4, proportionally reduces /.o
while keeping Oy and w,( unchanged. Indeed, the critical
current density, /.9/A4, the capacitance per area C/4 and
normal resistance per area Rqop4 remain constant. There-
fore, wyo o< v/1.0/C and Qy o RopC are independent of JJ
size. In Fig. 4(b) we show a log-log plot of the optimal
sensitivity for junctions with different area and the same
Qo = 100. The red line indicates that S scales as IC_OO'S,
before it saturates at S >~ 5 x 10'2 (V/W), corresponding
to an astonishing value of NEP ~ 2 x 10~2* (W/Hz!/?).
This is the ultimate limit for Oy = 100 and 7T=1 K,
but it could be further increased by increasing O and
decreasing 7.

The quality factor can be tuned by resistive shunting of
the junction. In this case, the /¢ stays constant, but Qy is
reduced. Figure 4(c) shows optimal sensitivities versus the
quality factor for junctions with several fixed /.. It is seen
that S increases approximately linear with Qg at Oy > 1,
as expected for forced plasma oscillations.

Finally, it is possible to in situ tune junction parameters
by changing temperature or applying magnetic field [51].
Figures 4(d) and 4(e) illustrate the effect of magnetic field.
Here we consider junctions with different areas having the
same (), but different /.o at H = 0. With application of
magnetic field 7.(H) is suppressed and Qy is reduced
Iclo/z, 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
[26,27,47,48]. With reducing /.y, the Josephson energy is
reducing proportionally. When E;, becomes comparable
with kpT, the particle is no longer stationary in the wash-
board, but can diffuse in the potential even without a tilt at
I = 0 [46]. Figure 4(f) shows switching histograms with-
out MW for /o = 0.1, 0.2, 0.3 and 0.5 @A, corresponding
to Ejo/kpT ~ 2.38,4.22,7.15, and 11.9, respectively. It is
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TABLE L.

Tunning parameters for optimization of SCD and their influence on junction characteristics. The aim of tuning is to remove

the bifurcation threshold by aligning the plasma resonance with the center of the switching histogram in the absence of radiation. In
the first line the critical current density is changed by varying the oxide thickness. This does slightly affect the capacitance, but not as
much as J,. In this case the characteristic voltage V. remains approximately constant, so that Rop = V,/1.0 o 1/Jc.

Tunable parameters I C Rop Wpo o
Critical current density, Jo X Sy slightly o 1/Jq0 xJ CIO/ 2 x Jc?)]/ 2
Junction area, 4 x A o4 o 1/4 negligible negligible
Resistive shunting, R negligible negligible xR negligible xR
Capacitive shunting, C negligible x C negligible x C~172 x C'/?
Magnetic field, H 1.(H) negligible negligible o I o 1}
Temperature, T Lo(T) negligible Rop(T) I o I/*Rop

seen that g(/ = 0) becomes significantly larger than zero
at I.o = 0.2 pA (red curve) for 7= 1 K. From Figs. 4(b)
and 4(d) it can be seen that the maxima of sensitivity are
reached at the same current /.o ~ 0.2 WA, irrespective of
0. As seen from Fig. 4(f), entering in the phase-diffusion
state broadens the switching histograms, which deterio-
rates the sensor performance. Nevertheless, the sensor may
still work even in the phase-diffusion state. Moreover,
sharpening of switching histograms may occur in mod-
erately damped junctions [26,27,48], but the analysis of
operation at the edge of phase diffusion requires 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 ultimate limit set by the crossover
temperature to macroscopic quantum tunneling (MQT)
Tmor = hw, /2mkp, which is typically few tens of mK
[14,51-53]. The sensitivity can be improved by increasing
the quality factor, e.g., by means of a capacitive shunting of
the junction [26,46]. However, this is accompanied by the
reduction of w,o o« C~'/2, reducing the frequency range.
Cascade amplification of the readout voltage using arrays
of coupled JJs can also strongly enhance the ultimate
sensitivity [39].

To check how realistic are the obtained numbers, I make
a comparison with experimental data by Siddiqi et al.
[46], who have studied a “pure” plasma resonance in an
unbiased JJ. The experiment was performed at 7= 0.3 K
on JJs with 1. >~ 2 pA, C >~ 19 pF, w,o/2m = 1.54 GHz.
The quality factor Oy >~ 15 — 20 can be deduced from the
shape of the resonant curve, allowing explicit estimation
of Ryw = Qo/(w,0C) = 100 Q. The onset of bifurcation
at w ~ 0.89 w,o (1.375 GHz) was observed at the input
power Py, = 63.1 fW (—102 dBm). My simulations for
the same parameters yield the MW amplitude at the onset
of bifurcation, Iyyw = 21.2 nA, which corresponds to the
absorbed power, Eq. (6), P, >~ 22.5 fW (—106.5 dBm).
The ratio of calculated P, and measured P;,, x = 0.36,
represents the absorption efficiency, Eq. (7). It is only
slightly smaller than the maximum value, x = 0.5. This
can be attributed to an imperfect impedance matching

between Ryw =~ 100 Q and Ry = 50 2 of the coaxial
cable. Thus, simulations are in good agreement with the
experimental data [46].

B. Limitations

As seen from Fig. 4(b), for realistic parameters of
Nb/AlO,/Nb tunnel junctions with Qp = 100, the limits of
sensitivity and noise-equivalent power at 7 =1 K reach
outstanding values of S ~ 5 x 10'? (V/W)and NEP ~ 2 x
10723 (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 sensitiv-
ity 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 ensemble,
which takes time. On a positive side, lock-in measurement
can be performed over many bias periods to reduce noise
[21,55]. In the suboptimal regime with deterministic pho-
ton 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,, as shown in
Fig. 2(a). For given experimental settings, optimal sen-
sitivity is achieved at a frequency given by Eq. (18).
However, a JJ is easily tunable. The plasma frequency w,o
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 and in the overdamed
case, Qo <1, a JJ may still have a good and
broad-band nonresonant response, as demonstrated in
Fig. 3(a) for the case w < w,o. For higher frequen-
cies, @ > wyo, the response is caused by a simple
shift of the switching histograms according to Eq. (4).

024015-8



RESONANT SWITCHING CURRENT DETECTOR...

PHYS. REV. APPLIED 22, 024015 (2024)

Expanding the latter for small amplitudes and using
Eq. (8) we obtain, 7,./I,o ~ 1 — 2Ryw x (e/hw)*P;,. Since
V=GU)Vy and S = aV/dPi, = V4(0G/d1)(3l./9P;n) =
V,g(01./0Pi,), we obtain for the maximum sensitivity.

62

S~ 2x Vg(gmaXICO)RMW—

) (@ > wpo).  (19)

Taking into account that gpa./.o ~ 200 in the case of
Fig. 1(b), for x = 0.5 we obtain S ~ 4 x 10® (V/W) at
f =100 GHz. This is comparable to the low-frequency
nonresonant sensitivity, shown in Fig. 3(a). With increas-
ing frequency the nonresonant response, Eq. (19), decays
& w2, Note, that junction response does not vanish at
@ > wpo. Tunnel JJs can detect even high-energy pho-
tons in a broad range from infrared to x rays [56—58].
However, the detection mechanism in that case is com-
pletely different and is caused by nonequilibrium phenom-
ena induced by depairing [59], and not by the Josephson
phase dynamics, considered here.

There can be other classical or quantum limitations. For
example, the quality factor can be reduced by additional
high-frequency dissipation channels [41], which are non-
negligible when Rop > Rymw. Therefore, to avoid overes-
timation of SCD performance, I restricted my analysis to
Qo < 100, well below achievable MW quality factors in
tunnel JJs [60]. The macroscopic quantum tunneling sets
the limit for reducing the width of switching histograms
[14,51-53]. But this is probably not the major limitation
because the MQT crossover temperature is typically in
the 10-mK range and should only marginally affect JJs at
T = 1 K. Since the distinction between classical and quan-
tum worlds is often obscure, eventual limitations of SCD,
beyond the “classical” description provided here, could be
an interesting subject for further investigations.

To conclude, 1 provided a quantitative description
of a stochastic switching current detector, based on
an underdamped Josephson junction. It is shown that
the performance of SCD is very sensitive to junction
parameters (critical current, quality factor, capacitance,
Josephson plasma frequency, shunting resistance, etc.) and
experimental conditions (magnetic field, temperature, fre-
quency). The key physical phenomenon that boosts SCD
performance is a resonant activation at a Josephson plasma
frequency. The responsivity can be increased by several
orders of magnitude at the optimal condition, correspond-
ing to the bifurcation-less case with the plasma resonance
aligned with the midpoint of the switching current his-
togram. The ways of tuning the detector for achieving
optimal operation are discussed. For realistic parameters of
Nb/AlO,/NDb tunnel junctions with Qy = 100, the sensitiv-
ity and noise-equivalent power at 7= 1 K can reach lim-
iting values of S ~ 5 x 102 (V/W) and NEP ~ 2 x 10723
(WHz~!/2), respectively. These outstanding characteristics

facilitate both bolometric and single-photon detection in
microwave and terahertz ranges.
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