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Abstract: The chapter reviews the main aspects of the physics of operation and per-
formance of superconducting single-photon detectors (SSPDs) based on, mostly NbN,
nanostripe meander-type structures and operated well below the superconductor
transition temperature. We present theoretical models developed to describe the pho-
toresponse of superconducting nanostripes, as well as discuss mechanisms of SSPD
generation of both photon-detection signals and dark counts. We also outline a stan-
dard SSPD fabrication process and discuss basic experimental techniques of SSPD
characterization, focusing on the demonstration of its single-photon sensitivity and
detection efficiency, as well as on measurements of the timing jitter. Finally, we give
an outlook of future research directions and a quick overview of the vast area of SSPD
applications.

9.1 Introduction: what is a superconducting single-photon
detector

The concept of a superconducting single-photon detector (SSPD), also known as su-
perconducting nanowire single-photon detector (SNSPD),! was first introduced and
experimentally demonstrated in 2001 in [1], while the first model of SSPD operation
was presented in [2]. A SSPD is essentially a superconducting nanostripe with a thick-
ness of several nanometers (typically =~ 4 nm) and a width on the order of 100-250 nm.
In practical devices, the nanostripe, initially patterned as a simple straight line (Fig-
ure 9.1a) [3] is typically a few-mm-long meander of square [4, 5] or circular shape [6]
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280 — 9 Physics and operation of superconducting single-photon devices

(see Figure 9.1b and c, respectively) with a total area of approx. 100 um?. In the liter-
ature one sees special meander shapes such as a spiral for better optical coupling [7]
(Figure 9.1d), or even parallel connections of many nanostripes which increase de-
tector output signal and lower kinetic inductance [8] (Figure 9.1€). All SSPDs are fab-
ricated on optically transparent dielectric substrates with epitaxial quality surfaces,
such as, e.g., Al,03, MgO, or Si0,-on-Si wafers.

Originally, the effect of single-photon detection was observed in NbN [3], and
up to date practical detectors are mostly fabricated from this material [9]. However,
the effect itself has been demonstrated using many other materials, such as Nb [10],
NDbTiN [11, 12], MoRe [13], TaN [14], MgB, [15], and amorphous silicides WSi [16] and
MoSi [17], and these latter materials have also been used to produce practical devices.

Unlike well-known traditional superconducting bolometers, including the single-
photon resolving transition-edge sensor (TES), SSPDs are operated at temperatures
well below the critical temperature of a given superconductor and are biased with a
transport current very close to the nanostripe critical current I at a given tempera-
ture. Later on we shall give a more accurate definition of the SSPD I value, but, for
the moment we will treat it as the maximum current that be can carried by the SSPD
nanostripe, while remaining in the superconducting state. The basic mechanism of
the SSPD photoresponse is that absorption of a photon by a nanostripe suppresses or
destroys its superconductivity in a local region that is smaller, but comparable to the
stripe width. This area is traditionally called a “hot spot”. After hot-spot formation the
stripe can no longer carry the supercurrent bias and locally switches to the resistive
state, leading to a transient voltage signal that is detected as a photon count.

The above model provides a good, qualitative description of SSPD operation,
however, a more in-depth analysis of the physical mechanisms involved is needed. A
complete description of the SSPD photoresponse requires full understanding of the
process of photon energy transfer to the superconducting condensate via a hot-spot
formation mechanism that includes analysis of the kinetics of coupled systems con-
sisting of Cooper pairs, quasiparticles, and phonons. Subsequent appearance of a
resistive state in a 2-dimensional (2D) nanostripe is, in turn, a result of the interplay
between the electric field and quasiparticles, as well as topological excitations like
vortices. Finally, in practical devices, one has to deal with so-called dark or unwanted
counts, i.e., spontaneous voltage transients occurring in a current-biased SSPD even
in a device completely isolated/shielded from any external, optical radiation. Mecha-
nisms responsible for dark counts range from fluctuations of the Cooper-pair density,
through thermal or quantum activation of magnetic vortices, to excitation of phase-
slip centers. Phase slips (271 phase change associated with dissipation of a single flux
quantum) are spontaneous topological excitations, characteristic for 1D supercon-
ducting nanowires, as described in [18, 19], thus in practical, NbN SSPDs with 2D
nanostripes can be neglected and the prevailing mechanism is thermal unbinding of
vortex-antivortex pairs [20, 21] with the Cooper-pair density fluctuations contributing
only at bias currents very close to Ic [20]. In 2D superconducting materials below the
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Fig. 9.1: Different configurations of SSPD: (a) single straight stripe between two contacts (a
“nanobridge”) [3]; (b) early example of the most frequently used meander-shaped stripe covering
arectangular area [4] (for a recent design see Figure 9.8); (c) meander-shaped line covering a circu-
lar area which is optimal for coupling to single-mode optical fibers [6]; (d) polarization-insensitive
spiral-shaped stripe [7]; (e) multiple stripes connected in parallel providing lower kinetic inductance
and faster device operation [8].
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Berezinsky—Kosterlitz-Thouless (BKT) transition the formed vortex-antivortex pairs
are characterized by a certain binding energy. However, thermal fluctuations that
exceed this energy can unbind the vortex pairs leading to appearance of a normal-
conducting domain and generation of a voltage-pulse across the SSPD. It is interest-
ing to note that using a ferromagnet/superconductor nanobilayer, e.g., NiCu/NbN,
as a nanostripe material leads to substantial reduction of the dark-count rate. The
enhancement of pinning in NbN/NiCu bilayers increases binding energy of vortex-
antivortex pairs and the dominant mechanism of the observed dark-count transients
becomes excitation of single vortices (vortex hopping) near the edge of the 2D nanos-
tripe [21].

Our chapter is focused on the physical aspects of the SSPD photoresponse with
the aim of providing a detailed description of both the operation and performance
of SSPDs. However, we want to stress here that these devices have already been
widely used as detectors for high-performance photon-counting applications, espe-
cially for the near-infrared (IR) wavelength range, including the standard commu-
nications wavelengths. SSPDs have been very successfully implemented for several
applications, ranging from optical debug and testing of very large-scale integrated cir-
cuits [22], through characterization of single-photon emitters, to registration of single
photons in ultrafast quantum communication systems and quantum cryptography.
Detailed information on SSPD applications can be found in [23].

The structure of the chapter is as follows. The next section describes operation
principles of the SSPD and presents existing models of both the photon detection and
dark counts. Section 9.3 reviews the most popular methods for SSPD fabrication and
characterization, and, finally, Section 9.4 gives conclusions, as well as some directions
for future research.

9.2 Operational principles of SSPDs
9.2.1 Photoresponse of superconducting nanostripes

Physical process of single-photon detection by a current-carrying superconducting
nanostripe could be qualitatively described as follows: a single photon with an en-
ergy of approx. 0.6 eV or larger (corresponding wavelength of about 2 pm or shorter)
is absorbed by an electron in one place along a superconducting nanostripe that, as
a result, is instantaneously excited far above the Fermi energy Er. In quasiparticle
language, a Cooper pair is broken and high-energy electron-like and hole-like quasi-
particle excitations are created. Next, because of electron-electron (e—e) and electron-
phonon (e—ph) interactions this high-energy electron relaxes via excitation of lower
energy nonequilibrium electrons and phonons. We stress that in conventional, metal-
lic superconductors, such as, e.g., NbN, the Cooper pair bonding energy, i.e., the su-
perconducting energy gap 4, is in the range of 1-2 meV, much smaller than the in-
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cident photon energy, and the photoresponse (electron energy relaxation) process
is practically the same for either normal or superconducting materials, as long as
the average energy of nonequilibrium electrons/quasiparticles is larger than several
A [24, 25].

Let us now discuss clean or pure materials, where at energies smaller than the
Debye energy Qp, the e—e relaxation rate 1/7e—e is much smaller than 1/7e_pn. Under
such conditions, relaxation is dominated by the e-ph process, and within picoseconds
(less than one picosecond for materials with Qp ~ 30 meV ~ 350 K) practically all ini-
tial photon energy is transferred from the quasiparticle to the phonon subsystem [24,
25], so nonequilibrium phonons, in turn, can re-excite nonequilibrium quasiparticles
and/or break Cooper pairs. In the absence of escape of nonequilibrium phonons from
the stripe to the substrate, within the hot spot, phonon and electron subsystems are
thermalized with some characteristic thermalization time 7. At t > T, both subsys-
tems reach the common, quasi-nonequilibrium temperature Tpeq > Thath, Where Thath
is the bath temperature of our sample. In other words, at a time on the order of t¢,
from the initial excitation, the number of quasiparticles reaches its maximum value
which corresponds to the maximum suppression of A within the hot-spot region. If we
include diffusion of nonequilibrium quasiparticles out of the center of the hot spot,
its size will grow during the thermalization process. The latter leads to a lower value
of Theq, O1, equivalently, to a smaller number of quasiparticles per unit volume of the
hot spot.

Taking the above considerations into account, we can estimate the incident pho-
ton energy needed to create a hot spot with a fully suppressed (nonsuperconducting)
center and radius Rspor= L = (DT)Y/2 (where D is a diffusion coefficient) as

Ephoton = d7tLg, (N(0)A% /2 + m*N(0)(kp Tc)*/3(1 + Cpn(Tc)/Ce(Tc)/2)) (C3Y)

where d is nanostripe thickness, N(0) is the density of states of quasiparticles per spin
at the Fermi energy, and Cpn(Tc) and Ce(T¢) are the heat capacities of phonons and
quasiparticles, respectively, at T = T.. Since we have assumed a nonsuperconducting
hot-spot center (A = 0), both quasiparticles and phonons reach the same temperature
Theq = Tc. In Equation (9.1), the first term in the brackets corresponds to the energy
of the superconducting condensate, while the second and third ones are related to
the energy of quasiparticle and phonon subsystems, respectively. Equation (9.1) was
derived using a spherical Fermi surface and the Debye model for phonons. For typ-
ical parameters of the NbN detector: N(0) = 25.5nm™3eV~!, kgT. = 0.86meV, A =
1.76kgTc = 1.51meV, Cph(T)/Ce(Tc) = 1.2 (at Tc = 10K), d = 4nm, D = 0.5 cm?s ™2,
and assuming that T¢, = 7 ps, we find Ephoton = 0.57 eV which corresponds to the
wavelength A = 2200 nm. Thus, photons with energies of at least 1.14 eV would create
normal spots with a large enough diameter, since the condition Tpeq = T is fulfilled
only at 2Rspot > 2L, as could be seen from Equation (9.1). Conversely, photons with
smaller energies by the time t = 7¢, would not be able to create a completely normal
spot, instead the spot would have a radius Rspot = Lin with a partially suppressed A.
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Equation (9.1) and the associated physical picture are based on the energy con-
servation law and the photon’s energy down-conversion process [24-26]. The excited
electron energy relaxation process has been presented using kinetic equations, as-
suming, as we stressed before, the pure metal condition with 1/7Te_e <« 1/Te_ph at
€ < Qp, and for a spatially uniform case [for such materials, one may expect that
Tth ~ Te—ph(Tc)]-

We need to admit here that all superconducting materials that have demonstrated
an ability to detect single photons are, actually ‘dirty’ metals with a very short mean
path and fast e-erelaxation, i.e., 1/Te_e > 1/Te_p in a wide energy interval. Thus, one
may expect that in this case T ~ Te-e(Tc) is much shorter than te_pn(Tc) - the T
relaxation time characteristic for the pure material case.

Let us now discuss how narrow a superconducting nanostripe needs to be in order
to successfully record an incident photon. If A were actually zero inside the hot spot
and, simultaneously, the stripe width w were less than or equal to the hot-spot size,
the detection process would be very simple, since absorption of a photon would turn
a cross-section of the stripe resistive and for any bias current a voltage signal could
be detected. In reality, however, neither of the above cases is typically satisfied. An
estimated hot-spot size for NbN upon absorption of an optical photon is 2Ly, ~ 50 nm;
thus, is a factor 2-to-4 smaller than w of routinely fabricated SSPDs. The latter is due
to the fact that stripes narrower than 80—-100 nm are very difficult to be reproducibly
fabricated, if they need to be very uniform over the length of ~ 0.5 mm, as is needed
for 10 x 10 pm? meander structures. Independently, complete suppression of A inside
an NbN hot spot is, according to our discussion in connection with Equation (9.1),
impossible to achieve in the case of IR photons with A greater than 1.1 pm.

Nevertheless, we know very well, based on the countless experiments that single
IR photons are efficiently counted using 100-nm and wider nanostripes. The only re-
quirement is that one needs to bias the stripe with a sufficiently large supercurrent

Is. When the hot spot appears across the nanostripe, its I reduces from I3™® down

to I < 1P, Therefore, if I is in the range I**" < Iy < I3, the superconduct-
ing nanostripe switches to a resistive state after absorption of the photon. Then, due
to a large Joule heating, the resistive domain grows in time, eventually resulting in a
large, easily detectible voltage drop across the device. Note that the presence of a hot
spot with fully suppressed A provides I:**" = 0 only when w < 2L If w > 2L, the

resistive state appears at a finite I that could be estimated as
1% = IPE(1 = 2Rgpot /W) , (92)

assuming that the hot-spot presence simply reduces the effective width of a supercon-
ducting stripe and the current in the stripe is uniformly distributed.

If one takes into consideration a current redistribution effect within a nanostripe -
well known for superconducting stripes with ‘obstacles’ [27] — the superconducting
state can be destroyed in such case when a local current near the hot spot exceeds
the value of the de-pairing current Iqep, i.e., the maximum current that can flow in a
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superconductor without dissipation, and the expression for I (S:pm can be written as [28]
Iépc,t = Idep[l - (ZRspot/W)z]/[l + Rspot/(Rspot + {)] , 9.3)

where ¢ is the superconducting coherence length. Physically, the situation resembles
current redistribution in a normal, metallic stripe with inclusion of a local, fully in-
sulating spot. In both cases, the current density distribution is inhomogeneous with
a local maximum near the spot. Equation (9.3) was obtained with the help of a so-
lution of the Laplace equation for the phase of the superconducting order parame-
ter, in analogy to the electrostatic potential in a problem with the current flowing in
a normal-metal stripe with an insulating inclusion. Above I4ep the superconducting
state becomes unfavorable because the kinetic energy of Cooper pairs exceeds their
coupling energy. In a real stripe, It " is always smaller than Iqep due to the presence
of stripe defects, nonuniformities, or fluctuations.

In the above considerations, we have assumed that inside the hot spot A = 0,
but, in fact, photon detection is possible even if photon absorption creates a hot spot
with partially suppressed A. Again the situation is similar to the case of a metallic
stripe with a localized (significantly smaller than the stripe width w) inclusion that is
not fully insulating, but a highly resistive region. This case also leads to an extra cur-
rent concentration on the sides of the inclusion. This effect is, however, significantly
smaller as compared to the case of a completely insulating inclusion. In the case of a
superconducting stripe, the above situation leads to an enhanced value of I zpm. At the
same time creation of such a weakly superconducting region requires smaller photon
energy, because electrons and phonons do not have to be heated up to T, and 4 re-
mains nonzero. Using a step-like spatial dependence of A one may find the following

%hw y{ﬁw

hw + ® e0 —+0
e-e e-p e-g e-p
(—  frm—
Diffusion Diffusion

Fig. 9.2: Schematic representation of a chain of events leading to the SSPD photon-detection event
in the case of a superconducting material with either (a) Ce » C, or (b) Ce <« Cp.
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expression:
I?;pc,t = Idep[1—(ZRspot/W)z(1_yz)/(1+y2)]/{1+Rspot(1—y2)/[(Rspot+‘~f)(1+y2)]}, (9.4)

where y = Ajn/Aout is equal to the ratio of A’s inside and outside of the hot spot, re-
spectively [28].

We stress that Equations (9.3) and (9.4) were derived under the assumption that a
hot spot was located at the center of the superconducting nanostripe. However, this
may not be the case and in practice it turns out that I(S:lDOt is dependent on the hot-
spot position within the nanostripe. Calculations in [28, 29] show that I, me reachesits
minimum or maximum value depending on whether the hot spot either touches the
edge of a stripe or is located at the stripe center, respectively. This result originates from
adifferent current flow around the hot spot and it, obviously, has a direct consequence
for SSPD performance. For example, it means that there is a finite interval of biasing
currents where the SSPD intrinsic detection efficiency? (IDE) changes from O to unity,
and this is an intrinsic characteristic of a given, practical device [29].

The main features of the SSPD photoresponse mechanism discussed above are
summarized in Figure 9.2. Briefly, a photon with the energy hw creates a pair of quasi-
particles (one electron-like and one hole-like) that due to the e—e and e—ph interac-
tions and diffusion lead to a “cloud” of low-energy quasiparticles and phonons form-
ing at time 7y, a local hot spot with either suppressed or destroyed A. Formation of a
hot spot forces the bias supercurrent flow around it. Figure 9.2a corresponds to a sit-
uation where Ce(T¢) is large compared to the phonon Cp(T¢) value and most of the
photon energy is transferred to quasiparticles. Conversely, Figure 9.2b represents the
opposite limit, i.e., C, »> C,, in which the number of created quasiparticles is smaller
due to a larger energy transfer to the phonon system. As a result, in the second case,
the size of the hot spot (its diameter 2Rspot) and suppression of A are smaller, which
leads to a larger value of Iépm (see Equation (9.4)) and at fixed I it provides a smaller
IDE value, as compared to Figure 9.2a.

We want to emphasize that due to the absence in the literature of a rigorous de-
scription of a superconducting nanostripe in the photo-induced nonequilibrium state,
based on the kinetic equations with incorporation of quasiparticle diffusion, Equa-
tions (9.1), (9.3), and (9.4) have to be regarded only as a qualitative estimation. In
addition to our approach, there are also various phenomenological models that re-

late the size of a hot spot to the incident photon energy and the corresponding I‘S:pOt

2 Intrinsic detection efficiency (IDE) is a probability of detection event normalized to the number of
absorbed photons. IDE is often called quantum efficiency (QE). If IDE = 1 every absorbed photon pro-
duces a measurable detection event although the ratio of absorbed photons to incident photons may
still be well below unity depending on the absorption of the meandering nanostripe. In the latter case,
we can talk about detection efficiency (DE), i.e., probability of detection event normalized to the num-
ber of incident photons. When a system of photon delivery to the detector is included, e.g., fiber cou-
pling, DE becomes a system detection efficiency (SDE).
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value [2, 30-34]. Many of these works are actually based on the Rothwarf-Taylor equa-
tions [35] that deal with the number of nonequilibrium quasiparticles and phonons
created in a superconductor by photon absorption. Part of the incident photon energy
that is transferred to nonequilibrium phonons is usually described by a parameter
n < 1 and time 1, has meaning as a phenomenological parameter, related to 7e_e.
Some of these models even predict that partial suppression of A inside the hot spot
leads to an increase of I in comparison with the same hot spot but with fully sup-
pressed A. Unfortunately, none of these models, including our approach, can predict,
e.g., what superconducting material would be the optimal as an active nanostripe el-
ement; thus, they are phenomenological in nature and can only explain/model the
experimentally observed SSPD performance.

9.2.2 SSPDs in an external magnetic field

It turns out that the presence of the magnetic field H can shed a new light on the
physics of the nanostripe photoresponse mechanism. The main reason is that a weak
magnetic field, while it does not create any vortices in a superconducting stripe, can
modify current distribution across the stripe due to screening currents. Current phe-
nomenological models of SSPD operation are based on the assumption that an ab-
sorbed photon creates a hot spot with a diameter that is smaller [2, 28-34] or equal [36]
to width w of the stripe. The hot-spot region that extends over the entire w of the stripe
can be considered as a weak link and application of the external magnetic field should
decrease I(S:pm. The latter suggests that, if the above model is correct, the value of IDE
measured at a given Iz should shift to lower currents with increasing H. Calculations
performed in the case when the hot-spot size was smaller than w resulted in a com-
plicated dependence of IDE on both Iz and H [37]. It has been found that in high-
quality NbN devices characterized by the IDE value not far from unity there is a cer-
tain bias level I yqss, at which for Iy > Ic;0ss IDE decreases in the magnetic field, while
for Iy < Icross the IDE increases as shown in Figure 9.3. The effect is, apparently, asso-
ciated with the fact that the value of I depends in this case on a hot-spot position
along the stripe width and it has been experimentally observed in [38]. In addition,
theoretical modeling was able to explain an intriguing observation that the applied
magnetic field has a more pronounced impact on SSPDs operating at long (IR) wave-
lengths [37, 39, 40]. According to [37], a photon with larger energy creates a hot spot
large enough with a strongly suppressed A that is able to pin vortices and because of
that, the IépOt becomes less sensitive to relatively weak magnetic fields. The latter can
be seen in Figure 9.3, where hot spots of different radiuses correspond to absorption
of photons with different energies.

SSPD models and experiments that include magnetic field also help to clarify
the impact of stripe bends on photon detection in meander-type detectors. In an ex-
periment with an SSPD that, contrary to conventional meander geometry, contains a
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Fig. 9.3: SSPD IDE dependence on the bias current normalized to the depairing current at different
magnetic field values [37]. (a) Hot spot model calculations with the radius Rspot = 5&. The inset
shows the same case but with Rgpot = 2.5&. (b) Experimental results for an NbN SSPD operated at
three different wavelengths (photon energies). Curves corresponding to the strongest fields can be
broken before reaching the expected crossover current due to the critical current limitation, see the
inset.

quadratic Archimedean spiral, i.e., a structure that has bends with only one curva-
ture, it has been observed that IDE depends not only on the H value, but also on its
sign/direction [41]. The effect was clearly visible in devices operating at IDE « 1, and
for photons with relatively large wavelengths. The latter indicates that such photons,
apparently, cannot effectively pin the vortices. Apparently, depending on its direction,
H induces near the inner corner of the bend screening currents that either enhance or
prevent vortex entry into the stripe and this way it influences the IDE value.

Finally, we comment on the role of vortices in SSPD operation. It is well known
that current-biased superconducting stripes with w’s greater than several coherence
lengths can be transferred into the resistance state due to the penetration and motion
of Abrikosov vortices. The vortices are created inevitably as soon as their entrance
into the stripe becomes energetically favorable, i.e., when the energy barrier for vor-
tex entry becomes zero. This barrier, however, decreases with the increase of the stripe
transport current, because the current tends to move vortices across the stripe via a
Lorentz force. The value of the current at which the barrier is equal to zero is, by defini-
tion, the stripe Iy = I¢ and, quantitatively, the I density equals the de-pairing current
density for a defect-free stripe. When Ic becomes suppressed during hot-spot forma-
tion, the vortices enter into the stripe and start moving, producing resistance and, as
a result, a measurable voltage pulse.
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9.2.3 Origin of dark counts in SSPDs

The vortex energy barrier, mentioned at the end of the previous section, can be over-
come and vortices can enter into the stripe even when I < I with the help of thermal
or quantum fluctuations Physically, this means that there exists a finite probability of
avortex entry and subsequent formation of a resistive state even when there is no inci-
dent photon absorption. For a biased SSPD, such a vortex-induced resistive state leads,
of course, to a voltage transient that is essentially identical in terms of its width and
amplitude to pulses produced by photon absorption, but it appears stochastically even
when the detector is completely shielded [10, 42]. These stochastically generated volt-
age pulses are commonly known as, so-called, false or dark counts and, in general, are
an inherent feature of any photon-counting devices. We need to stress, however, that
contrary to semiconducting photon counters, such as avalanche photo diodes (APDs),
where dark counts, such as after-pulsing, are directly related to the highly nonlinear,
threshold-type operation mechanism, in SSPDs, dark or spurious counts are a result
of superconducting fluctuations in a 2D nanostripe.

Figure 9.4 presents an example of the dependence of both photon- (Figure 9.4a)
and dark counts (Figure 9.4b) on the normalized bias current for the same, meander-
type SSPD operated at two different temperatures. The photon-count rate, or, equiva-
lently, the device DE is clearly enhanced at very low temperatures and for high-quality
devices (as in this example) tends to saturate as Iy approaches Ic. Conversely, the
dark-count rate decreases exponentially with the decrease of the bias and becomes
negligible at very low temperatures [43]. Thus, in SSPDs, the dark counts can be eas-
ily controlled and set practically to zero if the operating temperature is low enough, or
one keeps I below a certain threshold. At the same time the detector performance in
terms of DE does not suffer and can, actually be enhanced (see in Figure 9.4 the SSPD
operation at 2 K versus 4.2 K at the same wavelength/photon energy).

Fig. 9.4: (a) Detection efficiency, or, equivalently, life-photon count rate as a function of the normal-
ized bias current /g/Ic, measured for an SSPD operated at 4.2 Kand 2 K and illuminated with pho-
tons of different wavelengths. (b) Dark count rate of the same device measured at 2K and 4.2 [47].
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Theoretical descriptions of dark counts have been discussed in a number of pa-
pers, including [44-46] and, as we have mentioned before (see Section 9.1), mecha-
nisms responsible for dark counts range from fluctuations of the Cooper-pair density,
through thermal or quantum activation of magnetic vortices, to excitation of phase-
slip centers. We have also stressed that in practical SSPDs containing 2D nanostripes
and operated under normal conditions (Ig not too close to I¢), the dominant mech-
anism is vortex-related fluctuations. An intriguing question is whether these fluctua-
tions are in nature classical thermal fluctuations or quantum ones. A number of works
in the literature have attempted to identify experimentally the nature of dark counts
and, in our opinion, the most consistent approach was presented in a very recent work
by Murphy et al. [48]. In this work, the authors extracted dark-count rates from the
distribution of switching current probabilities when the SSPD was in current-setting
mode and biased by a steadily increasing Ig. Such a measurement has been repeated
many times and in each case, when the SSPD switched to the resistive state, a corre-
sponding Ig value was recorded. As a result, one obtains a distribution of the switching
currents as a function of the bias. Analyzing this distribution, it has been possible to
extract both the true I, i.e., the current at which the fluctuation energy barrier that
produces the resistive state is zero, as well as the dependence of the fluctuation rate
on the current. The resulting dependence is exponential-like and one can parameter-
ize its slope in a logarithmic scale by some temperature T* that should be equal to the
temperature of the film if the fluctuations were strictly thermal. A quantitative analysis
of the experimental data was done within the Kurkijarvi-Garg model [49] and it was
found that above a certain temperature Ty, of the order of 2 K, the slope has almost a
linear dependence, increasing as 1/ T. The latter is expected for thermal fluctuations,
however, below T the slope ceased increasing and became constant. Since I itself
has no abnormality at Ty, one can conclude that the plateau effect is not related to
the saturation of the electron temperature, but it is, actually, a strong indication that
below T fluctuations are not thermal, but quantum in nature. In our case, for a 2D
stripe, one should expect the Abrikosov vortices to tunnel across the film. An intrigu-
ing feature is that above some other temperature Ty, > Ty, the probability slope starts
to increase again, which can be attributed to multiple vortices jumping across the film.
The idea is that in the case of low I, heat dissipated during a single vortex crossing
is not enough to trigger the transition to the resistive state, and at least two or more
vortices crossing our 2D stripe at the same place and time are required to trigger the re-
sistive transition. Of course, in the case of at least two simultaneous vortex transitions,
the probability of generating a voltage transient is decreased. Figure 9.5 presents the
graphs representing the distribution function of standard deviation dependence on
temperature, depicting its slope change (Figure 9.5a), as well as the so-called escape
temperature Tes dependence on the temperature (Figure 9.5b). Tes is the temperature
that arises while fitting a statistical distribution of switching currents by thermal fluc-
tuations. One can see in Figure 9.5b that Tes saturates below T and starts to decrease
above Tp,.
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Fig. 9.5: (a) Standard deviations of switching current /¢ distributions measured at different temper-
atures. One can see saturation at low temperatures (below the temperature denoted as 7q) which is
a manifestation of macroscopic quantum tunneling. The multiple vortex jumps occurwhen T > Tp,.
(b) The so-called escape temperature Tes, the temperature that arises while fitting the statistical
distribution of switching currents by thermal fluctuations at temperature Teg, versus natural tem-
perature for three studied samples. One can see that Ts saturates below Ty and starts to decrease
above T, [48].

9.2.4 Production of SSPD output voltage pulses

We have already explained how absorption of a photon results in appearance of a re-
sistance in a current-carrying superconducting nanostripe. Now let us focus on the
voltage pulse that is produced as the outcome of this event. A typical voltage pulse,
recorded by the readout circuit of the NbN SSPD is presented in Figure 9.6. One can
note that the pulse has a strongly asymmetric shape with a fast rising edge, followed
by a slow decay part. The rising part of the pulse reflects the appearance of the resis-
tive state in a nanostripe that starts at the moment when Iépm falls below Ig, and the
normal component of the current appears. Normal current dissipates power via Joule
heating of the stripe; thus, the length of the resistive section of the stripe grows pro-
gressively and the total resistance increases. However, in a voltage source bias case,
the increase of the resistance causes the decrease of the bias current, reducing Joule
heating. Thus, the resistive region does not grow infinitely but reaches some maximum
size when the Joule heating flux equals heat dissipation into the SSPD substrate. Cor-
respondingly, the voltage photoresponse pulse reaches its peak value when the stripe
resistance approaches the impedance of the readout line. Afterwards, the stripe starts
to cool down and its resistive region collapses.

As we can see in Figure 9.6, the voltage pulse decay is much longer than the pulse
rise time. For practical, meander-type SSPDs, the origin of this long decay is, actually,
not the dynamics of the resistive state collapse, but is due to a very large value of the
kinetic inductance Ly of our ultra long and narrow superconducting nanostripe. In
superconductors, Ly is a measure of the “inertia” of the superconducting, Cooper-pair
condensate, so in the SSPD nanostripe, after the resistive state collapse the supercur-
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Fig. 9.6: Time-resolved photoresponse of a
fiber-coupled, 100-um? area SSPD (dotted line)
and the simulated signal (solid line) based on
the calculated 420-nH value of the SSPD kinetic
inductance. The negative dip of the pulse is due
to the limited 0.05-4 GHz bandwidth of the out-
put power amplifier. The amplifier bandwidth
was included in the simulations. [50]

rent is recovered with a characteristic time 7 g = Lix/Ry, where Ry is the impedance
of an external readout circuitry (typically 50 Q). For example, for an SSPD meander
with a nanostripe of the length of ~0.5 mm (approx. 100 pm? detector area), width of
100 nm, and square resistance Rsq of about 500 Q, the voltage transient decay time is
about 10 ns, and Ly, extracted by fitting the falling edge of the pulse by a single expo-
nential function, is as large as ~500 nH. The latter value is, actually, in good agreement
with the one expected for a dirty superconducting film Lsq = hiRsq/(eA).

For simulation purposes, the rise time of the SSPD output pulse 7, can be ex-
pressed analogously to 7ig, by replacing Ry with the resistance Ry, of the stripe resis-
tive region. One needs to remember, however, that Ry changes with time and because
of that the front part of the pulse cannot be fitted by a simple exponential dependence.
Moreover, Ry increases with the increase of the length L of the detector, because the
larger L corresponds to the larger Ly, and, subsequently, it leads to a larger size of
the normal domain (larger Ry,). Experimentally, nonlinear dependence of rise time
Th(L) ~ Ly/Rn(L) was observed for NbN-based detectors, and calculations made in
the framework of the two-temperature model reasonably coincided with an experi-
ment [51]. These calculations give maximal Ry, of order 0.5 kQ for a meander with the
length L = 500 pm. Thus, the value of Ry, corresponded to the length of a nanostripe
resistive segment on the order of its width.

The pulse fall time limits the time-domain performance of the SSPD, setting the
dead time-the timing parameter important for any photon-counting application.
Roughly speaking, it is a period of time after registration of a photon that is needed
for the detector to restore its initial state. Although all energy relaxation processes in
SSPD evolve on a picosecond time scale, in practical devices the speed of operation is
limited by its L. One can use the photoresponse pulse duration (practically coincides
with its fall time) as a good estimation of the dead time, its accurate quantitative
definition requires a better understanding of the processes taking place after photon
absorption. A deep insight into this problem was given in [16] and its supplementary
materials.
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It is important to note that dead time is related not only to the pulse decay time,
but also depends on the SSPD DE and Ig. Figure 9.7 schematically illustrates the time
evolution of Iy and DE after the photon-detection event. When the photon is detected/
absorbed the hot spot is formed and, for a short period of time, the SSPD switches into
the resistive state (Figure 9.7a). During this time a voltage signal appears whereas for
a voltage-biased device, the current drops rapidly (Figure 9.7b and c). Nominal DE
of the device is, of course, in this phase very low: since Iy is low, the SSPD cannot
detect a new photon. This is the origin of detector dead time. As time moves on, the
voltage transient drops to zero, the superconducting state is recovered, and Iy returns
to its nominal value, as is shown in Figure 9.7b and c. In addition, Figure 9.7d shows
the time evolution of DE and, simultaneously, compares the behavior of two detectors
with different DE(Ig) (see Figure 9.7d inset) dependences: a “good” one with a fast rise

Fig. 9.7: Schematic illustration of the origin of SSPD dead time and its relation to the dependence
of DE on /g, when the device is biased by the voltage source. (a) When a photon is absorbed, a hot
spot is formed and the nanostripe becomes resistive for a short period of time. During this time we
observe the fast-rising front edge of the photon count voltage pulse (b). Simultaneously, /g rapidly
drops as shown in (c), since its portion has been diverted into the load circuit. The characteristic
time of the above processes is 1, = Lx/Rn. When the stripe resistive region cools down and super-
conductivity is being restored, the voltage drops (b) and, simultaneously, /g increases (c) to its
initial value, both with the characteristic time tgont = Lx/RL. The actual dead time is controlled by
the dependence of DE on /g. Panel (d) schematically shows recovery of QE for two different SSPDs
with different DE (/g) dependences (inset): the “good” device (red dashed) and the “bad” one (solid
black). The “good” device has higher QE at lower bias currents; thus, its DE recovers faster and the
corresponding dead time is shorter.
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of DE with current and a “bad” one with a slow rise of DE with current. Naturally, since
for the “good” detector DE recovers faster, it will be able to detect photons even if its
Is had not reached its steady value. Thus, such a detector will exhibit a shorter dead
time.

The above discussion clearly shows that the main limiting factor of SSPD photon-
counting speed is Li. Since the increase of either the nanostripe w or d is not a practi-
cal option due to the resulting sharp reduction of the device DE and the meander size
is typically determined by the detector application, i.e., an optical spot size, the good
solution is to divide the entire nanostripe into several, small-meander sections con-
nected in parallel [8]. Ly of a meander divided into N parallel sections is reduced N?
compared to the single meander. Thus, such segmentation allows one to reduce the
dead time to a value of the order 100 ps that is limited not by 71 but by the relaxation
time of the resistance state [52].

9.3 Methods of experimental investigation
and characterization of SSPDs

9.3.1 SSPD fabrication

SSPDs are typically fabricated from ultrathin superconducting films by traditional
methods of electron-beam lithography and reactive ion etching (RIE). In most cases,
the films are produced by DC reactive magnetron sputtering on heated substrates, as
in the case of NbN, Nb, and NbTiN. Silicide films, such as WSi and MoSi, are usually
deposited by co-sputtering from two targets [17, 53].

As an example of the NbN SSPD fabrication process, we are going to follow the
procedure presented in Reference [54]. An NbN film was sputtered on a precleaned
sapphire or silicon wafer from a metallic Nb target in the Ar + N, gas mixture with
partial pressures of 5 x 10~ mbar and 10~* mbar for Ar and N, respectively. Dur-
ing deposition the substrate was kept at 900°C and the film thickness which typically
ranged from 3.5 nm to 10 nm was determined based on the deposition time and the
precalibrated deposition rate. In the next step, 100-nm-thick Au alignment marks were
produced by standard optical lithography using a AZ1512 photoresist. We also used a
5-nm-thick Ti transitional layer for better adhesion of the gold. Both Ti and Au layers
were deposited by resistive evaporation at room temperature. Meanders with, typi-
cally, 100-to-250 nm-wide nanostripes were defined by e-beam lithography in posi-
tive, PMMA (Poly[methyl methacrylate]) 950K electron resist, using the toluene-to-
isopropanol 1:10 mixture as a developer. The choice of the 80-nm thickness of the
PMMA 950 K resist, ensured a reliable protection of the superconducting film during
the RIE process, while at the same time, such a thin resist allowed us to reliably fab-
ricate stripes as narrow as 80 nm. The RIE process itself was performed in SFg¢ gas. In
this approach, NbN was removed from the regions of the exposed resist, so the mini-
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mal width of the superconducting stripe did not depend directly on the electron beam
diameter, but was mainly determined by scattering in the photoresist. Finally, the de-
vice contact pads were fabricated in the same manner as the above-mentioned align-
ment marks. The contact pads formed a shorted end of a coplanar waveguide used to
deliver the detector photoresponse pulse to the read-out circuitry. For a process-flow
schematics, see Table II in Reference [54].

Our best, meander-type detectors covered the area of either 10 x 10 or 4 x 4 um2
with a filling factor (the ratio of the area occupied by the superconducting meander to
the device nominal area) up to 0.5. The patterned, 3.5-nm-thick nanostripes exhibited
T¢’s of above 10.7 K and J¢’s on the order of 6—7 x 10® A/cm? at 4.2 K, essentially un-
suppressed as compared to the plain film values. The above properties of the ultrathin
NbN films, combined with the very high reproducibility of even 10x10 pmz meanders,
were the main advantage of using the RIE process rather than the earlier developed
lift-off method. Figure 9.8 presents a completed SSPD structure at the end of a copla-
nar waveguide fabricated using the above procedure and a detailed scanning electron
microscope (SEM) image of one of the meanders.

Fig. 9.8: Topology of SSPD contact pads form-
ing a coplanar waveguide and an SEM im-
age of the meander (NbN is black). The NbN
nanostripe is ~70-nm wide (see inset in the
SEM imagine), ~0.5-mm long, and covers a
10 pm x 10 pm area. [55]

9.3.2 Experimental characterization of SSPDs

A typical experimental setup for SSPD investigation and characterization is presented
in Figure 9.9. There are several methods available for SSPD cooling, but the simplest
one is to mount a device on a dipstick and immerse it directly in liquid helium in a
standard storage Dewar. This method provides a very stable 4.2 K temperature and
using, e.g., a 50-liter container, can assure at least one month of interrupted detector
operation. For the most advanced applications, such as, e.g., virtually dark-count-free
operation, an SSPD should be cooled to below 2 K (preferably to the 1.6—1.7 K range),
which can be achieved by helium vapor evacuation in a dedicated optical cryostat, or
one can use a specially designed cryoinsert for a standard storage container [9, 56].
Such an insert has a small capillary at its bottom that limits the rate of liquid helium
intake into the sample chamber; in this way the helium pressure can be lowered only
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Fig. 9.9: Schematic setup of an SSPD experimental configuration.

inside the insert chamber, leading to a local temperature reduction. Another option,
strongly favored in commercial applications and “turn-key” systems, is to implement
a multistage cryorefrigerator with an optical access.

For photon-counting operation, an SSPD is typically DC-biased using a low-noise
voltage source through a GHz-bandwidth bias-tee. The bias-tee allows for simultane-
ous DC biasing and a collection of ns-long voltage pulses generated as a result of pho-
ton absorption. The output pulses are next amplified and fed to read-out electronics.
Typically, a room-temperature amplifier with a gain of 50 dB and bandwidth of 10 MHz
to 2 GHz is enough to produce 100-500 mV pulses suitable for triggering most types
of either photon counters or specialized, computer counting boards. In special appli-
cations, an SSPD is directly, in helium, connected to a cryogenic HEMT (High Electron
Mobility Transistor) amplifier. In this configuration, the device is intended to operate
as a photon-number-resolving sensor [58], or to study the origin of dark counts [59].

9.3.3 Demonstration of SSPD single-photon sensitivity and its detection efficiency

There are two basic approaches to demonstrate the single-photon response of a de-
tector. The first is based on the splitting of the light emitted by a single-photon source
into two beams and feeding them simultaneously to two identical SSPDs. Assuming
that we have a pulsed source, obviously, in such an experiment only one detector can
‘click’ at a time, i.e., the rate of joint ‘clicks’ must be zero. This method unambiguously
demonstrates that the detector is capable of registering single photons only when the
source is truly a single-photon emitter. Otherwise there is some probability of two-, or
even multiphoton events, resulting in coinciding clicks of the detectors, limiting ap-
plicability of the above approach. The second method which is based on an analysis
of the statistics of the detector clicks is, actually, much more popular. In this case, we
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need only one detector and can determine the minimal number of photons simulta-

neously incident on the detector that are required to trigger its positive response.
Classical light sources, such as lasers, light-emission diodes, etc., have a Poisson

distribution of the number n of photons per pulse of the emitted radiation:

P(n) = m" exp(-m)/n! (9.5)

where m is the mean number of photons per pulse. If m « 1, Equation (9.5) reduces
to
P(n) = m"/n! (9.6)

Thus, under the ultraweak-incident-light illumination condition, if a single photon
(n = 1) is sufficient to trigger a tested detector, its response, following Equation (9.6),
is simply proportional to the mean number of photons per pulse (P(1) = m), or, in
other words, to the mean power of the incoming light. Analogously, if the detector can
be triggered only by pairs of photons (n = 2), its count rate will be proportional to
the square of the mean incoming power (P(2) = (m/2)?2). For triple-photon events, the
count rate is proportional to the cube of incoming power, etc. We see that based on the
photon statistics of the source, by analyzing the slope (in the log-log scale) of the num-
ber of detector clicks versus the average light illumination power (in the ultraweak
regime, where m <« 1), we get direct information on the detector photon-counting ca-
pability, i.e., the actual number of photons required to trigger a detector response. This
way one can prove that a given detector under test is a real single-photon counter. Fig-
ure 9.10 illustrates the above behavior for the very first published SSPD [1]. It plots the
number of detector counts per second (left axis), or, equivalently, the probability (right
axis) that the detector can produce an output voltage pulse, both as a function of the
average number of photons per pulse, incident on the device area. We note that for the
same detector, but biased at two different levels, for Iy = 0.92I: and for very low pho-
ton fluxes, experimental data (open squares) show the linear decrease of the detection
probability (P = m, as predicted by Equation (9.6)) for almost four orders of magni-
tude, clearly demonstrating the single-photon detection. At the same time, when this

1000 T T -D'P 100
=]
100 F Tias =0.92 1, ’ 410!
- m! dependence
=1
S 10f 1102 .,
2 = Fig. 9.10: Number of counts per second (left
g Ir il 1103 & axis) recorded by the NbN SSPD and, equiva-
E o1 b 1104 ,;% lently, probability of the photon capture (right
S 7 axis) versus the average number of photons per
0.01 Lyjgs=0.81.9 107 pulse incident upon the device, measured for
| ) ) m dependence 10-6 two different bias current levels. The solid lines
0'0010*6 104 102 1 100 correspond to the theoretical prediction of

Average number of photons per pulse Equation (9.6). The incident photon wavelength
incident on the device was 810 nm. [1]
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device is operated under the same illumination conditions, but biased with Iy = 0.81¢,
experimental data points (closed squares) follow a quadratic dependence of detection
probability, showing the two-photon detection. As expected, for two-photon events DE
is significantly lower than for the single-photon detection. We also observe saturation
of both dependences at high-incident photon fluxes, where probability is essentially
one (all incident photons are recorded). Conversely, for ultrasmall fluxes, since the ex-
periment was performed in an optically unshielded environment, single-photon-level
dependence saturates at the level of 0.4 s~! counts, which can be regarded as the pho-
ton background of our laboratory. In the two-photon-level dependence, saturation is
not observed, since the probability of two uncorrelated, stray photons hitting the de-
vice within its response duration is negligibly small.

In the above experiment, DE is defined as the ratio of photon counts Nounts of the
detector to the number of incident photons Nphotons (See also a Footnote 2). Neounts
can be directly measured by a frequency or pulse counter such as, e.g., Keysight
53131A, whereas the number of photons incident on the device is usually determined
from power measurements. To achieve proper accuracy power measurements are per-
formed at high photon fluxes (too high for single-photon counting) and then the beam
is drastically attenuated by a bank of precisely calibrated optical attenuators and fed
to the SSPD under test. In this case Nphotons is determined as follows:

Nphotons = P/(ahw) 9.7)

where P is measured power, a is attenuation, and hw is photon energy. More details
on sources of errors in QE measurements can be found in [16].

As has been stressed in Section 9.2.1, the SSPD’s ability to detect incident single
photons depends very strongly on their energy, i.e., ability to form a large enough hot
spot to trigger the detector’s nanostripe, or, at least, its segment, into the transient re-
sistive state. Thus, for a given detector, biased at a fixed I, we may or may not be able
to observe a single-photon detection mechanism, depending on the energy of the in-
coming photons. The latter is very well illustrated in Figure 9.11 from [5] which shows
that depending on the wavelength, i.e., energy, of the incident photons, the same de-
tector, biased at a fixed Iy, can perform as either a single- or multiphoton detector. We
can clearly see that, although, for a very low number of photons per pulse incident on
the SSPD we observe in Figure 9.11 a single-photon detection regime (n = 1) for each
studied wavelength, only for 405-nm radiation, the presence of at least one photon
in the optical pulse is always sufficient to trigger the detector response. At the same
time, near-infrared photons (A = 810nm and A = 1550 nm), apparently, generate
hot spots too small to ensure efficient single-photon SSPD operation, leading to en-
hanced probability of multiphoton detection with the increase of photon flux. Finally,
for A = 1550 nm radiation, SSPD multiphoton detection (n > 2) dominates.
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Fig. 9.11: Probability of photon counting ver-
sus the incident photon radiation flux for a

10 x 10 pm?2, 10-nm-thick SSPD at 405-nm
(squares), 810 nm (circles), and 1550-nm (tri-
angles) wavelengths. The bias current was

I/Ic = 0.8 and temperature was 4.2 K. The solid
lines illustrate the slope exponents n = 1 and
n=2[5].

9.3.4 Measurements of SSPD timing jitter

Timing jitter essentially defines the accuracy of photon arrival time resolution. For
the jitter measurement one can use an experimental setup similar to the one shown
in Figure 9.9 with a femtosecond, pulsed laser as a source with the oscilloscope be-
ing triggered using an electrical synchronization signal from the laser. The moment of
time at which the SSPD photoresponse appears has some uncertainty since the pho-
toresponse may sometimes appear earlier or later than the nominal arrival time of the
femtosecond pulse. To characterize such an uncertainty quantitatively one may record
the time distribution of the detection events. For this purpose, it is convenient to use
the histogram-building feature of an oscilloscope to plot the time shift distribution
of the rising edge of the response pulse as shown in Figure 9.12. The screenshot pre-
sented here was taken for a 1 pm-long nanostripe, characterized by a negligible L,
and this is why the measured SSPD photoresponse signal has only 150-ps width at
half-maximum. The corresponding width of the histogram of the rising edge arrival
time (top part of the screen) represents timing jitter and is only 35 ps. In this case, the
jitter measured by the oscilloscope is the whole system jitter 7, comprised of the jit-
ter of the electronics 7 and the intrinsic jitter of the SSPD 7sspp and can be expressed
as follows:

2 _ 2 2
Tiotal = Tel T TsspD - (9.8)

Thus, the 35-ps value of the jitter presented in Figure 9.12 is the upper limit of our
device.

Another method of jitter measurement is a traditional start-stop technique, often
used in quantum optics experiments. In this case photoresponse pulses from either
one or two identical SSPDs are fed to “start” and “stop” ports of a Time Correlated
Single-Photon Counting (TCSPC) board. In the one-detector setup, an electrical trig-
ger from a femtosecond laser is used as “start” and output from the SSPD is used as
“stop”. When the two-detector setup is used, the optical beam of the laser is split into
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Fig. 9.12: Screenshot from a digital oscilloscope with
a photoresponse pulse of a 1 pm-long SSPD with the
histogram of the rising edge at the top of the screen.
As a result of a very short length of the nanostripe, the
Ly is negligible.

two parts and feeds two equal SSPDs. The photon-detection pulses from one SSPD are
fed to the “start” channel of the TCSPC board and the output from a second SSPD is
connected to the “stop” channel. The jitter measured this way is again the system jit-
ter and is expressed, as before, by Equation (9.8). As before, measuring the SSPD jitter
one should take into account the actual electrical noise of a given photon-counting
system, e.g., amplifiers and the fact that reduction of Iy leads to an increase of the
jitter due to limited amplifier gain [62].

It is worth noting that the physical nature of the timing jitter in SSPDs is not fully
understood, although it must be related to the dynamics of the hot-spot formation and
resulting occurrence of the resistive state, as indicated in [63]. Typically, in larger area,
meander-type SSPDs, the reported values of the jitter are below 100 ps which is much
better than in the case of any competing devices. Finally, it has been very recently
reported [62] that proper optimization of the SSPD enables one to achieve a record-
breaking 17.8 ps jitter, even in a commercial system.

9.3.5 Coupling of incoming light to SSPD as a method
to increase system detection efficiency

To obtain the highest possible DE value, one needs, besides having an SSPD with a
very high probability that the absorbed photon is counted, also to assure that all in-
cident photons will be delivered to the nanostripe of the detector. This requirement is
known as the problem of coupling SSPD to the incoming radiation. It is a nontrivial
task and several approaches have been developed to reach coupling efficiency close
to unity. The problem though is that electrodynamic parameters of the SSPD nanos-
tripe that is responsible for light absorption are fixed by the requirement of maximum
DE and turn out to be relatively far from optimal for good coupling. The width of the
nanostripe is of order 100 nm or less, thus, it is much narrower than the incident light
wavelength, leading to a creeping effect. The simplest approach and the one most
often used is to flood the whole active area of the detector with light. In free-space
systems, one needs to place the meander at the focal spot of the lens, while in the
fiber-coupled configuration, the detector nanostripe has to be aligned against the fiber
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core. Because the meander separation width is typically of order of the nanostripe it-
self (meander fill factor f = 1/2), for the incoming wave the detector is seen just as a
continuous film with a total size much larger than the incident radiation wavelength.
The absorption coefficient A of the superconducting film on a dielectric substrate is
determined by its impedance Z at the optical frequency normalized to the impedance
of free space Zy, = 377 Q and the substrate index of refraction, and it is given by [1,
Equation (1)]. Conversely, if our SSPD is fiber-coupled, we can consider that the refrac-
tive indexes of the media both in front of and behind the film are roughly the same and
equal to n (good approximation for a detector coupled to a standard optical fiber and
fabricated on Al, 03 or SiO, substrates), then the formula for A reads as

A = 4nRe(Zy/Z)/|12n + Zo/Z|? . (99)

An impedance of disordered metal films with a thickness of order several nm, as used
for SSPD fabrication, is of order of 300-600 Q, roughly corresponding to the surface
resistance of a given film measured just above T¢ (the order of magnitude is the same
for a dc current as well as for frequencies corresponding to near IR). Actually, a pat-
terned film can have substantially higher impedance for meanders with low f factors,
and its impedance also depends on whether meander stripes have parallel or perpen-
dicular orientation with respect to the polarization vector of the incoming wave [7].
For a typical case of an NbN meander fabricated on sapphire, with f = 1/2 and with
4-nm-thick strips perpendicularly oriented to the light polarization, Z can be assumed
to be of the order of 500 Q, leading to A =~ 0.35. The latter means that the resulting DE
of this detector will not be greater than 35%, which is indeed the limitation for stan-
dard SSPDs. Simply, the rest of the incident photons are either transmitted or reflected
by the metallic nanostripe.

Because the thickness of the superconducting nanostripe cannot be made greater
(and hence Z cannot be made smaller) without a drastic decrease of IDE, the only
way to overcome this limitation is to change the impedance of the space surround-
ing the stripe. Several approaches exist to accomplish this. The first is to incorporate
an SSPD into a resonator-like structure by adding a quarter-wavelength layer and a
mirror behind the meander. Such an approach has already been published in the lit-
erature and it results in an increase of the absorption coefficient up to 0.9 at the target
wavelength [16]. Another approach is to fabricate periodic or aperiodic coupling struc-
tures with specially engineered refractive indices or impedances, in analogy to optical
antennas.

Finally, one can replace the plane wave normally arriving at the strip with an
evanescent mode of the wave that propagates in an optical waveguide (Figure 9.13).
In this case, an optical waveguide is fabricated directly on top of the superconducting
nanostripe, so the evanescent field outside the waveguide is absorbed by the stripe. If
the interaction distance is long enough, the absorption will be close to unity. Actually,
awaveguide-coupled SSPD has been demonstrated to have more than 0.99 absorption
and the resulting SDE = 95% [64]. The main limitation of this approach is that the inci-
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Fig. 9.13: Waveguide-integrated SSPD.

dentlight either from free space or a fiber must be efficiently coupled to the waveguide.
However, this would not be the case if a waveguide-coupled SSPD was part of an in-
tegrated photonic circuit, with the optical signal emitted directly into the waveguide.
Hence, the waveguide-coupled SSPD is a very promising detector for integrated on-
chip photonics devices — especially quantum computation hardware, which typically
requires near-unity detection efficiency.

9.4 Conclusion and future research directions

This chapter focused on fundamental properties of practical SSPDs and presented the
basic physical models of their operation. Since its discovery in 2001 [1], very extensive
research has been published, covering both the theoretical and experimental aspects
of SSPD operation, and, as we have demonstrated here, there is a quite good under-
standing of the physical mechanisms behind SSPD photoresponse dynamics, as well
as of the origin of dark counts. However, future studies of detector operation are still
needed to gain deeper understanding. The most demanding problem is the develop-
ment of a complete, quantitative theory that could use material parameters such as
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mean path length, T, Qp, EF, A, N(0) and, subsequently, be able to predict whether
a superconducting stripe with given dimensions (thickness and width) and geometry
(e.g., single stripe or meander structure) is capable of detecting a single photon and if
yes, in what spectral range of the incident radiation for the maximized current bias.
This theory should include both e—e and e—ph interactions, diffusion of quasiparti-
cles, and the equation for A.

From the experimental point of view, it would be interesting to know in detail
the dependence of IDE on Iy in weak magnetic fields and how it changes for detectors
made from different superconductors, including ferromagnet-superconductor nanobi-
layers [65, 66]. Existing results [36, 39] for NbN and MoSi detectors show that the hot
spot in practical devices always has a size that is significantly smaller than the nom-
inal width of the stripe. It would be interesting to perform similar experiments with
WSi-, NbC-, NbTiN- or TaN-based SSPDs and, hopefully, clarify the question about the
actual size of the hot spot in nanostripes fabricated from these materials and how it
relates to the stripe width.

Extension of the SSPD single-photon operation to mid- or even far-infrared radia-
tion is another great challenge. This requires, on the one hand, the above-mentioned
input from theory to choose an appropriate material, and, on the other hand, signifi-
cantly improved fabrication technology, resulting in very highly uniform nanostripes
with a width that is as narrow as possible.

In this chapter we do not discuss any specific SSPD applications, however, SSPDs
are currently the device-of-choice for most advanced, high-performance applications,
and have demonstrated excellent properties in many areas in both classical and
quantum optics. The most advanced implementations are in optical time-domain
reflectometry [67], laser ranging (LiDAR) [68], space-to-ground quantum communica-
tions [69, 70], quantum dot photonics [71, 72], quantum key distribution [73], as well
as in experiments with indistinguishable and entangled photon pairs [74, 75], and,
finally, there is rapidly growing interest for using SSPDs in life sciences [76].

One of the most urgent problems in all the above-mentioned fields is the develop-
ment of highly efficient couplers for light feed from optical sources and/or fibers into
the SSPD, as well as an SSPD array design for imaging systems. In many imaging spec-
troscopy applications, using single-photon detector arrays, would drastically improve
system performance, by providing unique, detailed information on very weak photon
sources. For current SSPD array systems, the main problem is, unfortunately, a rela-
tively low yield of good devices that significantly limits the number of active array ele-
ments, as well as the lack of fast read-out of any given array pixel, especially for large
arrays. One of the most promising solutions here could be the direct integration (in a
cryogenic environment) of the SSPD array with a superconducting read-out process-
ing circuit. A good example is the recent demonstration of successful SSPD integration
with the Josephson-junction-based, rapid single flux quantum (RSFQ) logic [77].
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