Time Delay of the Resistive-State For mation in Superconducting
Stripes Excited by Single Optical Photons

Recently proposed superconducting single-photon detectors
(SSPD’s), based on ultrathin, submicrometer-width NbN su-
perconducting stripes, are characterized by picosecond re-
sponse times, high quantum efficiency, broadband single-
photon sensitivity, and extremely low dark counts.}:2 The
devices have immediately found a variety of applications
ranging from noninvasive testing of very-large-scale inte-
grated (VLSI) circuits® to quantum cryptography.*® Their
single-photon-counting ability has been interpreted within a
phenomenol ogical hot-el ectron photoresponsemodel proposed
in Ref. 1 and elaborated in Ref. 6. The model describes the
formation of a hotspot,” right after the single-photon absorp-
tion event, followed by in-plane growth of aresistive hotspot
area due to the high efficiency of the excited quasiparticle
multiplication processin NbN films.8 During this stage, how-
ever, the resistive state does not appear across the supercon-
ducting stripe because the size of a single normal hotspot,
created by an optical photon, is significantly smaller than our
stripe width.2 The resistive state appears due to a supplemen-
tary action of the device'sbias current density j, which should
be close to the stripe’s critical current density j.. After the
supercurrent is expelled from the normal hotspot region, the
bias current density in the stripe’s “ sidewalks” jg,, exceeds j.
[see Fig. 92.32(c)], resulting in the penetration of the electric
fieldinthesidewalk areasof thestripe.b Asaresult, weobserve
avoltage pulse that reflects theinitial act of photon capture.

The resistive-state development process presented above
should lead to an experimentally observable time delay in the
superconducting stripe’sresistive photoresponse.® This del ay,
in turn, if measured, would give direct confirmation of a
supercurrent-enhanced, hotspot-induced photoresponsemecha:
nism of our SSPD.1

The dynamics of the resistive-state formation in a photon-
illuminated, two-dimensional (2-D) superconducting stripe
depends on the radiation flux density incident on the device
and the bias current density, asis schematicaly illustrated in
Fig. 92.32. At relatively high (macroscopic) incident photon
fluxes, alarge number of hotspots are simultaneously formed
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in our superconducting stripe[Fig. 92.32(a)]. In this case, the
hotspots overlap with each other across a cross section of the
stripe. Since the stripe thickness d is comparable with coher-
ence length &, we can assume that for overlapping hotspots, a
resistive barrier is instantaneously formed across the NbN
stripe and, as aresult, avoltage signal is generated within an
electron thermalization time of 6.5 ps.19When the photon flux
is decreased, the hotspots become isolated [Fig. 92.32(b)].
Finally, for the flux containing one or less than one absorbed
photon per pulse, we can expect that, at best, only oneresistive

Figure 92.32

Schematic presentation of the dynamics of resistive-barrier formation across
asuperconducting stripe: (&) high (macroscopic) incident photon flux, (b) the
two-photon regime, leading to the generation of two hotspots in the cross
section of the superconducting stripe, and (c) the single-photon regime.
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hotspot will be formed in our stripe [Fig. 92.32(c)]. As we
mentioned above, in the single-photon regime, we postul ate
that the formation of a macroscopic resistive barrier can be
realized only when jg, surpasses ., which is associated with
macroscopic current redistribution and should lead to acertain
time delay in the resistive-state formation.

Even if the two-photon detection mechanism’2 does not
correspond exactly to the situation presented in Fig. 92.32(b)
since the hotspots can either partially overlap or coincide, the
scenarioillustrated in Fig. 92.32(b) should result in ameasur-
abletimedelay t4for thevoltage pul segeneration, correspond-
ing to the time period between the initial hotspot appearance
and the eventual development of aresistive barrier across the
entire cross section of the superconducting stripe. In terms of
the superconductor dynamics, ty is the time required for a
superconductor energy gap A to be reduced to zero by the
current in the sidewalks and, for jg, > j., can be calculated
using the Tinkham model 11 as
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where 1, 02.41rg /[ T/T, isthegap relaxation time® (1¢
is the inelastic electron—phonon collision time at the Fermi
level at To) and f = A/Dg (Ag= A at 0K). 1

The devices used in our experiments were 4 x 4-um2-area,
meander-type, NbN stripes with d = 10 nm, a nominal width
w=130nm, and thetotal length of about 30 um. Thestructures
were superconducting at T, = 10.5 K and exhibited j. = 6 x
108A/cm? at 4.2 K. Detailsof their fabrication and implemen-
tation as SSPD’s are described in Refs. 2 and 4; here we only
wanted to stress that with the constant j, I of the meander is
determined by its narrowest segment, and, according to our
supercurrent-enhanced, resistive-state formation model, the
narrowest segments of the stripe contribute the most to the
SSPD photoresponse.2 The atomic force microscope images
showedthat irregularitiesin our stripeswereupto 25 nm, close
to the cantilever resolution limit. At the sametime, thel . of the
meander structures, measured at 4.2 K, was typicaly 60%
lower than | for thecontrol (short) stripefabricatedinthesame
process. Thus, to account for the width variations, we intro-
duce the effective stripe width we, corresponding to the detec-
tor segments most active in the resistive-state formation and
photon detection, and we estimate wj, to be 80 nm.
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Our devices were mounted inside a cryostat on a cold base
plate maintained at 4.2 K, wire-bonded to a 50-Q microwave
stripe line, and connected to the bias and output circuitry
through a cryogenic bias-tee. As optical excitation, we used
100-fs-wide pulsesfromaTi:Al,O5 laser with awavelength of
810 nm and a repetition rate of 82 MHz. The laser radiation
power was attenuated down to a picowatt range using banks of
neutral-density filters. Voltage pulses generated by our
SSPD’swereamplified directly by aroom-temperatureampli-
fier and fed to a synchronously triggered Tektronix 7404
single-shot digital oscilloscope, or they were counted by afast
electronic counter. The photon counter was used to determine
the single-photon, two-photon, or multiphoton regimes of
operation of our devices, as described in detail in Refs. 1 and
2. The amplifier and the oscilloscope had bandwidths of 0.01
to 12 GHz and 0 to 4 GHz, respectively. Thus, the ~100-ps
real-time resolution of our entire readout system was deter-
mined mainly by the oscilloscope performance. On the other
hand, digital averaging procedures of acquired pulsesallowed
usto achievetherelative-timeresolution (e.g., delaysbetween
the photoresponse pulses generated under different photon
excitations) of ~5 ps, due to extremely low intrinsic jitter in
our measurement system.

Figure 92.33 presents the measured time delays in the
photoresponse signal versus the number of absorbed photons,
calculated as the photon flux density incident upon the mean-
der multiplied by the device detection efficiency (DE).2 The
data are presented for two experimental bias conditions at
1/ic =0.85 (opencircles) and j/j. = 0.6 (closed circles) and
correspond to the SSPD single-photon and two-photon re-
gimes of operations, respectively.

We will discuss the single-photon (j [ic = 0.85) regime
first, remembering that for our 4 x 4-um? device, DE for
counting single, 810-nm photons at j/j. =0.85 is ~1073
(Ref. 2). We observe that for large absorbed photon fluxes
(macroscopic number of photons per pulse) ty does not de-
pend on the radiation flux. Clearly, this situation corresponds
tothemulti-hotspot-generation casepresentedin Fig. 92.32(a).
We will use this condition as a reference and refer to it as
ty=0. Whentheincident flux isdecreased to about 10 absorbed
photons/pul se, thearrival sof the photoresponse signalsstart to
be time delayed with respect to the multiphoton response and
ty increases. Subsequently, ty saturates when the flux density
is decreased down to about 1071 absorbed photong/pulse. In
this case, we are in the single-photon counting mode
[Fig. 92.32(c)]. Theresafter, the arrival of the photoresponse
pulseis not further delayed in time scale even if we attenuate
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theflux down to 10~3 absorbed photons/pul se. Weinterpret the
measured timeinterval betweenthemultiphotonandthesingle-
photon responses, Aty = 65+5 ps, as the time needed for
supercurrent redistribution around a single, photon-created
hotspot and subsequent formation of theresistivebarrier for j g,

> e

We repeated the same experiment, but with a significantly
lower bias current applied to the detector (curve j/j. =0.6in
Fig. 92.33). Inthiscase, according to Ref. 2, the probability of
detecting asingle, 810-nm photon by our 4 x 4-um? deviceis
negligibly small; thus, at least two photons are needed to
generate the resistive response. As seen in Fig. 92.33, the
observed behavior (closed circles) is very similar to that
measured for j/j. =0.85; we can clearly identify the time-
delay phenomenon and find Aty = 70£5 ps. The main differ-
ence is that the observed photoresponse delay is now shifted
into significantly higher levels of the incident photon flux.
The value of tq starts to be nonzero for ~10% absorbed
photons/pulse, and it flattens at ~10 absorbed photons/pul se.
Thelatter value is very consistent with the two-photon detec-
tion mechanism.12
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Figure 92.33

Experimental time delay tq of the resistive-state formation in a NbN super-
conducting stripe as afunction of the incident absorbed photon flux density.
Open circles correspond to tq measured when the stripe was biased with
i/Jc =0.85 (single-photon regime), and closed circles represent j/j. = 0.6
and the two-photon regime. Solid lines are guides to the eye. The measure-
ment error is +5 ps.
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Finally, we can compare our experimental results with ty
calculated for our experimental conditions, using Eg. (1) and
Tz = 10 ps.10 The current density in the sidewalks in the
narrowest (most-active) segments of the meander can be cal-
culated as jgy = j[we/(we —dhs)] , where dps = 30 nmis the
diameter of the hotspot for 810-nm photons.2 Thus, for the
experimental j/j. = 0.6 condition, jgy/jc =0.96 andissub-
critical in a single-hotspot regime. However, doubling the
hotspot size!? gives jgy/jc =1.28, which is sufficient to
generate a resistive barrier across our stripe. In a similar
manner,when j/j. =0.85, jgy/]ic issupercritical andreaches
1.36 when the single hotspot is formed. Figure 92.34 shows
the ty dependence on jgy/Jc; the solid line represents the
Tinkham model,11 while the two closed circles refer to our
measured Aty values, corresponding to the jgy/jc =1.36 and
jsw/Je =1.28 conditions, respectively. We note that our ex-
perimental values are reasonably close to the theoretical pre-
diction, remembering that the Tinkham theory isapplicablefor
clean superconductors, while our 10-nm-thick NbN films are
inthedirty limit. In addition, the discrepancy can berelated to
the accuracy of our wj, estimation.
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Figure 92.34

Time delay tq asafunction of the normalized current in the sidewalks of the
superconducting stripe jgy/jc. The two measured values of Aty (solid
circles) correspond to the single-hotspot and two-hotspot formation at
jsw/Jc =1.36 and jgy/Jc =1.28, respectively. The solid line represents the
theoretical prediction, calculated using Eqg. (1), and the horizontal error bars
are calculated for the hotspot-diameter variations of 301 nm.
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In conclusion, we observed the time-delay phenomenon in
theresistive-state response in ultrathin, submicrometer-width
NbN superconducting stripes, excited by single optical pho-
tons. The observed phenomenon directly showsthat theresis-
tive state across an ultrathin, submicrometer-width supercon-
ducting stripe upon absorption of an optical photon is due to
photon-induced hotspot formation and subsequent redistribu-
tion of the supercurrent into the sidewalks of the stripe. Our
measurements agree well with a theoretical prediction based
on the Tinkham model of the resistive-state formation in
superconducting stripesunder the supercurrent perturbation. 11
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In acase wheretwo hotspots are present in the film, we have taken the
average effective size of the double hotspot across the cross section of
the NbN stripe to be «/Edhs to take into account a possible overlap
between the hotspots.
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