PHYSICAL REVIEW B 67, 132508 (2003

Time delay of resistive-state formation in superconducting stripes excited by single optical photons
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We have observed a 655)-ps time delay in the onset of a resistive-state formation in 10-nm-thick,
130-nm-wide NbN superconducting stripes exposed to single photons. The delay in the photoresponse de-
creased to zero when the stripe was irradiated by multi-ph@assical optical pulses. Our NbN structures
were kept at 4.2 K, well below the material’s critical temperature, and were illuminated by 100-fs-wide optical
pulses. The time-delay phenomenon has been explained within the framework of a model based on photon-
induced generation of a hotspot in the superconducting stripe and subsequent, supercurrent-assisted, resistive-
state formation across the entire stripe cross section. The measured time delays in both the single-photon and
two-photon detection regimes agree well with theoretical predictions of the resistive-state dynamics in one-
dimensional superconducting stripes.
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Recently proposed superconducting single-photon detec- The resistive-state formation process presented above
tors (SSPD$, based on ultrathin, submicrometer-width NbN should lead to an observable time detgyin the supercon-
superconducting stripes, are characterized by picosecond reucting stripe resistive photoresport8érhis delay, in turn,
sponse times, high quantum efficiency, broadband singlef measured, would give us a direct confirmation of a
photon sensitivity, and extremely low dark couttd.The  supercurrent-enhanced, hotspot-induced  photoresponse
devices immediately found a variety of applications rangingmechanism of our SSPbThe latter is the main experimen-
from noninvasive testing of very-large-scale integratedtal goal of this work.
circuits' to quantum cryptography. Their single-photon- The dynamics of the resistive-state formation in a photon-
counting ability has been interpreted within a phenomenoilluminated, ultrathin (two-dimensional superconducting
logical hot-electron photoresponse model proposed in Ref. Btripe depends on the radiation flux density incident on the
and elaborated upon in Ref. 6. The model describes the fodevice and the bias current density, as schematically illus-
mation of a hotspot right after the single-photon absorption trated in Fig. 1. At relatively highmacroscopi incident
event, followed by the in-plane growth of a resistive hotspotphOtO” fluxes, a large number of hotspots are simultaneously

area due to the highly efficient multiplication process of ex-formed in our stripglFig. 1(a)]. In this case, the hotspots
cited quasiparticles in the NbN filfhDuring this stage, how- overlap with each other across the stripe cross section. Since
he stripe thicknessl is comparable with the coherence

ever, the resistive state does not appear across the superci .
ducting stripe because the size of a single hotspot, created gth & we can assume that for overlapping hotspots, a
4 N - Tesistive barrier is instantaneously formed across the NbN
an optical photon, is significantly smaller than our stripe . . -
width2 The resistive state appears due o a su Iementars'mpe and, as a r_esu.It, ayoltage signal is generated within the
; e pp o pp dlectron thermalization time of 6.5 psWhen the photon
action of the d(_awce .b.|as current densl_xyvmch needs to be flux is decreased, the hotspots become isol&g. 1(b)].
close to the stripe critical current densijly. After the super-  ginaily for an incident flux containing one or less than one
current is expelled from the resistive hotspot region, the biagpsorped photon per pulse, we can expect that, at best, only
current density in the stripe “sidewalks]s, exceedsj.,  one resistive hotspot will be formed in our strifiég. 1(c)].
reSUlting ina penetration of the electric field in the SidewalkAS we mentioned above, in the Sing|e_photon regime we pos-
areas of the strip®As a result, we observe a voltage pulse, tulate that the formation of a macroscopic resistive barrier
which reflects the initial act of photon capture. can be realized only whep,, surpasse$,, which is associ-
The mechanism of the hotspot formation in superconductated with a macroscopic current redistribution and should
ing films was earlier implemented in high-energy particlelead to a measurablg in the resistive state formation, cor-
detectors. However, these detectors had large areas ancesponding to the time period between the initial hotspot
were sensitive only to highly energetic excitations. The re-appearance and the eventual development of a resistive bar-
sulting response was slofat least hundreds of jissince the rier across the entire cross section of the superconducting
particle absorption led to the strong perturbation of thestripe.
stripe’s vortex structure and the significant phonon-system Even if the two-photon detection mechanishtoes not
heating. In our nanometer-width detectors, vortices cannatorrespond exactly to the situation presented in Fidp),1
appear; at the same time, our films are thinner than the phaince the hotspots may partially overlap, or coincide, we
non mean free path, so the phonon escape time is minimizedhould still observe—as in the single-photon regime—a non-
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Jow>Je W—dp— jou > e turng contribute differently to the total photoresponse, we
. . ) ~introduce the effective stripe width,, corresponding to the
FIG. 1. Schematic presentation of the dynamics of resistiveetector segments most active in the resistive-state formation
barrier formation across a superconducting stripghigh (macro- and photon detection, and we estimatgto be 80 nm.
scopig incident photon flux(b) the two-photon regime, leading to Our devices were ,mounted inside a cryostat on a 4.2-K
the generation of two hotspots in the superconducting stripe Crossy1d base plate, wire bonded to a B0microwave stripé
section, andc) the single-photon regime. line, and connected to the bias and output circuitry through a

. . 5 . . . _ _
zeroty for the voltage pulse generation. In terms of the sy-oryogenic bias tee> As optical excitation, we used 100-fs

perconductor dynamics, is the time required for a super- wide pulses from a Ti:sapphire laser with a wavelength of

conductor energy gap to be reduced to zero by the current 810 nm and a repetition rate of 82 MHz. The laser radiation
in the sidewalks and, fok,> . can be calculated using the power was attenuated down to a picowatt range using banks
1 SwW Cc

; P) of neutral density filters. Voltage pulses generated by our
Tinkham mode* as SSPDs were amplified by a room-temperature amplifier and
L ” fgd either to a synthonously triggered Tektronix 7404
tdZZTAf df, (1) single-shot digital oscilloscope, or to a fast photon counter.
0[2ju/(3V3j) ]2+ 86— 14 The ~100-ps, real-time resolution of our system was limited
by the 0—4-GHz bandwidth of the oscilloscofplee amplifier
where 7,=2.417/\[1—T/T, is the gap relaxation timM€  had a bandwidth of 0.01-12 GHzOn the other hand, the
(7 is the inelastic electron-phonon collision time at therelative-time resolution, e.g., the delay between the photore-
Fermi level atT.) andf=A/A, [Ag=A(T=0)].*? sponse pulses generated under different photon excitations,
The devices wused in our experiments werewas below~10 ps, due to the low jitter of our laser and the
4x4-um?-area, meander-type, NbN stripes witll  digital accumulation procedure of acquired pul$edth no
=10 nm, a nominal widtlw=130 nm, and a total length of averaging implemented in our oscilloscope.
about 30 um. The structures were superconductingTat A fast photon counter was used in our experimental setup
=10.5 K and exhibited .=6x10° Alcm? at 4.2 K. Details to perform the statistical data analysis and to determine the
of their fabrication and implementation as SSPDs are desingle-photon, two-photon, or multiphoton regimes of opera-
scribed in Refs. 2 and 13; here we only wanted to stress thdion of our devices, as described in detail in Refs. 1 and 2.
with the constani., | of the meander is determined by its Figure 2 presents the two dependences of the SSPD counting
narrowest segment, and, according to our supercurrenprobability vs the averaged number of photons incident on
enhanced, resistive-state formation model, the narrowest setite device area for two different biasing conditions. The ac-
ments of the stripe contribute the most to the SSPDwal values for thex axis were obtained knowing the amount
photoresponseé. The atomic force microscope images of attenuation in our optical path, the beam siggically
showed that irregularities in our stripes were up to 25 nm~100 um?), the incident energy per pulse of 810-nm pho-
close to the cantilever resolution linfit Thel, of the mean- tons, and, of course, the actual attenuation level of neutral
der structures, measured at 4.2 K, was typically 60% lowedensity filters. As we discussed befdfé the Poisson prob-
than | for the control(shor stripe fabricated in the same ability P(n) of absorbingn photons from a given pulse with
process. Thus, to account for the width variations and the mean number of photons, form<1 simplifies toP(n)
fact that different parts of the detector strifeg., meander ~m"/n!. Consequently, the data in Fig. 2 show that, for low
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FIG. 3. Experimental time delaty, of the resistive-state forma-  FIG. 4. Time delayty as a function of the normalized current

tion in a NbN superconducting stripe as a function of the number of_, /j . in the sidewalks of the superconducting stripe. The two mea-
incident photons per laser pulse per device area. Open circles cosured values oty (solid circleg correspond to the single-hotspot
respond toty measured when the stripe was biased wjiffi. ~ and two-hotspot formation &y, /j.=1.36 andj,/j.=1.28, re-
=0.85 (single-photon regime while closed circles represeitj.  spectively. The solid line represents the Tinkham theoretical predic-
=0.6 and the two-photon regime. Solid lines are guides to the eyejon, calculated using Eq1). The horizontal error bars are calcu-
The measurement error is5 ps. lated for the hotspot-diameter variations of:30 nm.

photon fluxes, we have a true single-photon detection ( created hotspot and subsequent formation of the resistive
=1) at the normalized biggj.=0.85, as the detection prob- barrier forjg,>j. [see Fig. {c)].
ability is proportional tom, while atj/j.=0.6 the detector For thej/j.= 0.6 bias, according to Fig. 2, the probability
operates in the quadratic, two-photon detection regime ( of detecting a single, 810-nm photon by oux 4-um? de-
=2). It can be noticed that the two-photon dependence isice is negligibly small; thus, we need at least two photons in
shifted into much higher photon fluxes, since the probabilityorder to generate the resistive response. As we see in Fig. 3,
of two-photon detection is significantly lower than that for the observed behavidclosed circlesis very similar to that
single photons. The experimental quantum efficie(Q¥), measured foij/j.,=0.85, we can clearly identify the time-
defined as the counting probability at the 1 photon/pulsalelay effect and find\ty=70x5 ps. The main difference is
level, is about 0.1% foij/j,=0.85 and the counting rate that the observed photoresponse delay is shifted into signifi-
saturation level of 82 MHZrepetition rate of laser pulses  cantly higher levels of the incident photon flux. The value of
reached at about fOncident photons/pulse, both values aret, starts to be nonzero for 1¢° incident photons/pulse, and
typical for our 4x 4-um? SSPDS3 it flattens below 16 photons/pulse. The latter value is very
Figure 3 presents the main result of our research, the exconsistent with the two-photom& 2) detection probability
perimental time delay, of the photoresponse signal genera-dependence observed in Fig. 2.
tion versus the number of photons per pulse, incident on the The data presented in Figs. 2 and 3 show that, in full
device. The data are presented for the two bias conditionsccordance with the proposed earlier current-enhanced,
ilj.=0.85 (open circles and j/j.=0.6 (closed circles hotspot-induced photoresponse motélthe voltage signal
which, as we have already shown in Fig. 2, correspond to thgenerated across our superconducting stripe becomes time
SSPD single-photon and two-photon regimes of operationgjelayed as we lower the incident photon flux and the device
respectively. We observe that for large incident photon fluxess transferred from the classical, intensity detection mode to
(>10° is the macroscopic number of photons per pylsg  the quantum one- or two-photon regime.
does not depend on the radiation flux. Clearly, this situation Finally, we compare our experimental results wighcal-
corresponds to the multihotspot generation case presented ¢ulated for our experimental conditions, using Eg) and
Fig. 1(a). We use this condition as a reference and refer to asg~10 ps! The current density in the sidewalks in the nar-
ty=0. When the incident flux is decreased, the arrivals of theowest(most activeé segments of the meander can be calcu-
photoresponse signals start to be time delayed with respect tated asjg,= j[W./(We—d}9 ], whered,e~30 nm is the di-
the multiphoton response. Finally, for the lowest flux densi-ameter of the hotspot generated by a single 810-nm pHoton.
ties,ty saturates. For thg j.=0.85 biast, increases rapidly Thus, for the experimentalj/j.=0.6 condition, jg./j.
in the 16— 1@ incident photon flux range, which, for a QE =0.96, and is subcritical in the single-hotspot regime. How-
of 0.1%, corresponds te-1 photon/pulse absorbed by the ever, doubling the hotspot siZagivesj,/j.= 1.28, which is
SSPD. Thereafter, the arrival of the photoresponse pulse sufficient to generate a resistive barrier across our stripe. In a
not further delayed in time scale, even if we attenuated thaimilar manner, whef/j.=0.85,s./]j iS supercritical and
flux down to 102 absorbed photons/pulse. We interpret thereaches 1.36, when the single hotspot is formed. Figure 4
measured time interval between the multi-photon and thehows they dependence ojy,/j.. The solid line represents
single-photon responsest,=65+5 ps, as the time needed the Tinkham modet? while the two closed circles refer to
for supercurrent redistribution around a single, photon-our measuredAty values, corresponding to the single-
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hotspot (,/j.=1.36) and double-hotspotj,/j.=1.28) observed phenomenon directly shows that the resistive state
conditions, respectively. We note that our experimental valacross two-dimensional superconducting stripes upon ab-
ues are reasonably close to the theoretical prediction, remerorption of an optical photon is due to photon-induced

bering that the Tinkham theory is applicable for one-hotspotformation and to the subsequent redistribution of the
dimensional clean superconductors, while our 10-nm-thiciUPercurrent into the sidewalks of the stripe. Our measure-
NbN films are in the dirty limit and the “sidewalks” are only Ments agree well with a theoretical prediction based on the
quasi-one-dimensional. In addition, the discrepancy can bémkham model of the resistive-state formation in supercon-

related to the accuracy of owv, estimation. Within the ucting stripes under the supercurrent perturbaton.

framework of the Tinkham modety should not depend di- The authors thank Ken Wilsher for many very valuable
rectly on the number of incident photons, in agreement withdiscussions. This work was funded by the NPTest, San Jose,
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