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Resistive states created in superconducting NbTiN
filaments by an electrical current pulse

K. Harrabi
Physics Department, King Fahd University of Petroleum and Minerals,
31261 Dhahran, Saudi Arabia

(Received 31 January 2015; accepted 21 February 2015; published online 2 March 2015)

We have observed as a function of the time the appearance of the voltage caused
by a larger-than-critical (I > I.) step-pulse of current in narrow NbTIN strips at
4.2 K. Different current intensities produced either phase-slip centres characterized
by a voltage saturating with the time, or ever expanding hot spots. These dissipative
structures occur after a measurable delay time, whose dependence upon the ratio
I/I. can be analysed through a Ginzburg-Landau theory to yield a unique adjust-
able time constant. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4914103]

I. INTRODUCTION

In a superconducting nanowire single photon detector (SSND), the photon absorption leads to
the destruction of the superconductivity, eventually recorded as a voltage signal in a current-biased
device. More exactly, the excitation coming from the initial absorption spot spreads across the width
of the sample, thereby squeezing the current lines until the critical current density J. is reached, and
a normal zone (or hot spot) is formed." In this way, the process of detection bears some similarity
with the spontaneous creation of resistive centres by an over-critical current pulse. Both phenomena
are even combined in the parallel nanowire detector,” where the first capture by one of the wires is
followed by an increase of the current in the other ones, and the subsequent creation of resistive cen-
tres. However, the resistive spots created spontaneously occur retarded by a delay time t; compared
to the current pulse. The measurement of that quantity and its interpretation will be the main subject
of this paper.

Some features of non-equilibrium superconductivity have been describes a long time ago.>*
When driven by a current I larger than the pair-breaking critical 1., a superconducting filament
develops resistance in a localized spots, namely localized phase-slip centres (PSC) and hot spots
(HS). According to the standard model,>* a PSC is a localized quantum dissipation unit where a
zone periodically alternates in time between normal and superconducting states. Our purpose in
this work is to study the creation of these resistive states in the time domain for the first time
in superconducting nitride Nb,Ti;_,N. Studies in different materials such as Nb and YBCO were
reported before.>® Then, a Time Dependent Ginzburg Landau theory (TDGL) allows to derive
the heat escape time, an essential information about the performance and the efficiency of SSND,
since it is related to its recovery time. In addition, a model calculation is proposed to describe the
appearance of the dissipative states as a function of the time.

Il. EXPERIMENTAL SET-UP

Our NbTiN film, 150 nm thick, was deposited at room temperature on sapphire by DC magne-
tron sputtering in an argon-nitrogen plasma (STAR-Cryoelectronics. NM, USA). The final pattern,
including two lateral probes, 1 mm apart from one another, plus four contact pads, was obtained by
using standard photo-lithographic processes and ion milling. The measurements were performed at
4.2 K on three samples CEw3, CEw5 and CEw10, corresponding to three different widths w =3, 5
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FIG. 1. (a) Measurement set-up showing the 50 Q-delay line used to separate in time the incident from the reflected pulse.
The pulse generator is equipped with an external attenuator (not shown) varying by 0.1 dB steps. In insert, the resistances in
parallel (R =67 Q) and series (R = 187 Q) are chosen to provide a 50 Q termination to the incident excitation. (b) Sketch
of the current-temperature state diagram showing different dissipative regimes of HS, PSC and flux flow.

and 10 ym. The critical temperatures T, were respectively 8.3 K, 8.7 K, and 9 K. The resistivities at
20 K were found to be p(20 K) = 182, 176, and 163 uQ.cm.

The superconducting strip receives from a pulse generator electrical pulses of 450 ns duration
and 10 kHz repetition rate. 50 Q coaxial cables and a delay line were used for the pulse mea-
surement (Fig. 1). A quasi-constant current pulse flowing into the sample is insured by using the
combination of R and Ry, (R = 67 Q and R,, = 187 Q), equivalent to a 50 Q impedance at the
line‘s termination. The current passing through the sample is I = Iz,.R)/(Rj + R.), with Iz, = %
(V; is the input voltage, Z = 50 Q). The voltage response was recorded using a fast oscilloscope

through lateral electrodes with 187 Q connected in series (Fig. 1).

lll. CHARACTERIZATION OF THE SPOT INDUCED BY A CURRENT PULSE

The PSC occurs in a wide superconducting filament (w > &) considered as two dimension,
where the order parameter behaves similarly compared to one dimension (w =~ &).” We have stud-
ied the time evolution of this behaviour by using current step-pulses. Different dissipative modes
appeared based on the applied current pulse amplitude.'* The destruction of the superconductivity
occurs at a region where the filament presented a weak link or defect. However, the nature of
dissipation depends on different parameters, and can be transcribed to the temperature dependence
of two currents I.(T) and I,(T).>"® Here 1. is the critical current which initiates the dissipation (it is
defined experientially as the current which leads to the longest achievable t;). On the other hand,
I;, is the minimum current amplitude able to maintain a steady HS above the critical temperature
T,.. The voltage response to an electrical pulse presents a delay time t;, depending on the film
properties. According to the value of the working temperature T compared to T*, the temperature



037102-3 K. Harrabi AIP Advances 5, 037102 (2015)

(@

0.304
0.251
0.201
S
S 0.154
—e 1=13.88mA
0.104 e 1=11.72mA
—e 1= 10.61mA
4 1= 1014 mA
0.05 e 1= 997 :A
0.00

400 500

0 100 200 300
(b) t(ns)

4 (NS)

1.0 12 14 1.6
1

<

FIG. 2. (a)Voltage response vs time of sample CEw3 for I > I. at T = 4.2 K. (b) Delay time vs I/I. and fitting (continuous
trace) with Tinkham‘s TDGL theory.4

that makes I.(T*) = I,(T*). Two behaviours are expected.® T > T* (see point B in Fig. 1(b)) leads to
the nucleation of a PSC. However, T < T* (see point A in Fig. 1(b)) leads to the formation of a HS.

A typical set of responses to an electrical pulse excitation is shown in Fig. 2(a) of film CEw3.
The raise of voltage which marks the destruction of superconductivity occurs after a delay time ty
for a current pulse amplitude exceeding the critical value (I = 9 mA for T = 4.2 K). The measure-
ment showing an un-saturating voltage over more than 400 ns, it cannot correspond to a PSC. We
conclude that it corresponds a HS voltage, and therefore T* is larger than T. The existence of the
delay time and its dependence upon the ratio I/I. has been discovered and interpreted by Pals and
Wolter,'? on the basis of a TDGL equation. This study led to the relation:

! 2f4df
wit = [ o N

The fitting parameter 74, was first interpreted as the gap relaxation time, related to electron-
phonon inelastic time. Later a generalized theory’ included a temperature dependence, which causes
tg to depend on the two variables (T/T,) and (I/I.). Even though this theory has been designed for
the time of nucleation of PSCs, it has been shown® that it remains valid for the time of formation
of HSs. In Fig. 2(b), where the experimental data are plotted as dots we fit the Tinkham function
corresponding to T/T. =~ 0.3 by adjustment of the pre-factor 7,; (in the present case for CEw3,
T4 = 5 ns).

The variety of resistive states resulting from the application of I > I.. is illustrated in Fig. 3, by
the contrast between traces 3a (sample CEw5) and traces 3-b (sample CEw10). While the voltages
of the 3b keep increasing long after t,, revealing the expansion of a normal HS, the traces 3a show
definitely a saturated voltage, typical of a stable PSC. Consistently with this conclusion a plot of
the plateau voltages (Fig. 3(a) right) as a function of the amplitudes I shows a linear dependence
extrapolating to V = 0 at a value of the current Iy = 12 mA, known as the excess superconducting
current.> On the other hand, the voltages of CEw10 do not show the same trend. The difference of
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FIG. 3. (a) Voltage response of CEw5 sample to current pulses as a function of time at T = 4.2 K. The stable voltage vs time
shows the nucleation of a PSC. The right plot illustrates the PSC voltage vs the applied current amplitude, where the excess
current I =12 mA. (b) Time dependence of voltage across CEw10 in response to a rectangular current pulse at T = 4.2 K.
The dependence of the voltage vs time shows the growth of the HS. Right graph: plot of the HS voltage vs the applied current
amplitude.

behaviours (PSC versus HS) between CEw5 and CEw10 is to be attributed to different T*s (T* < 4.2
K for CEw5 and T* > 4.2 K for CEw10).

For sample CEw10, the extrapolation of the voltages (taken at t = 450 ns) seemingly points
to the origin (V = 0 ; I = 0). However, we think that is a misleading coincidence resulting from
the compensation of two tendencies: an upward curvature due to the geometrical expansion of the
hotspot, and a decrease of the current (downward curvature) due to the inability of the circuitry to
insure perfect control of the current through the changes of the load.

Finally, these dynamic measurements reveal a supplementary information. The fitting of the
delay times with Tinkham analysis® defines the pre-factor 7 of Eq. (1). In some experiments, it has
been identified with the cooling time of the superconducting film, apt to explain the temperatures
of HSs and PSCs in current driven Nb® and YBCO.!> If we apply the same principle to present
case, we find cooling times 7; = 5, 6 and 5.5 ns for samples CEw3, CEw5 and CEw10 respectively,
which average to 5.5 ns for a common thickness 150 nm. These times are over estimated due to the
limited rise-time of the pulse generator. Nevertheless, we can deduce equivalently, the upper limit of
cooling time of sputtered NbTiN on sapphire can be expressed by 7, < 37 ps/nm thickness.

IV. REPRODUCIBILITY OF EXPERIMENT RESULTS NUMERICALLY

A recent theoretical work'! based on the Kramer and Watts-Tobin equations'? allows to study in
two dimensions the evolution of a superconducting filament driven by a current varying in time. We
have attempted to adapt this calculation to our experimental situation of a superconducting filament
excited by a current pulse and in the absence of an external magnetic field. The simulations were
performed by solving numerically the time-dependent Ginzburg-Landau equations:'?

u (8 y28|¢/|2)

JT+yp \a " 2
=(V-iAVy +(1- Py, )
%—? = Re [y *(~iV — A)y] — k’rot rotA. 3

In these equations, the length was expressed in units of the coherence length £ and the vector
potential is scaled to ®y/(27¢) (Where @ is the magnetic flux quantum). Time is in units of the
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FIG. 4. Theoretical voltage vs. time of the sample at T = 0.95 T,. for different values of the applied current density j. It shows
clearly three regimes, a flux flow regime which precedes tg, followed by the nucleation of a PSC quickly transformed into
a HS whose voltage saturates as the whole film becomes normal. Panels 1-3 show the snapshots of the Cooper-pair density
| [? (blue and red corresponds respectively to 1 and O value of the superconducting order parameter) at times indicated in
the V (t) curves.

Ginzburg-Landau relaxation time #( = 4702/ c*p,, (py is the normal-state resistivity, c is the velocity
of light), the voltage is in units of Vy = c®gp,/87*A¢ and the current density is measured in units
of jo = c®y/8n*\%&. The parameters u and y, which are the measures of the different relaxation
times, are taken as u = 5.79 and y = 10.'? Using £(0) = 2 nm, A(0) = 100 nm and p,, = 186 uQ.cm,
which are typical for the experimental sample, we obtain 75 ~ 0.1 ps and Vo = 3 mV at T = 0.83
T.. Since the film measured is relatively thick (150 nm), we can neglect the demagnetization effects
due to the magnetic field of the current.!' These coupled nonlinear differential equations are solved
self-consistently following the numerical approach of Ref. 13. Periodic boundary conditions are
used along the length and Neumann boundary conditions along the width and for x = 10.

A superconducting part of the film with width w = 3 um and period L = 1 um, and current
pulse duration At = 5000 ¢, is applied at t = 2 t,. Fig. 4 shows the voltage response of this part
of the film to different values of the current density j and at temperature T = 0.95 T.. When the
applied current increases but still below the critical current 1. as defined previously, vortices and
antivortices are created at the opposite edges of the sample due to the magnetic field of the current
(panel 1 in Fig. 4 in red color). They move towards the middle of the sample where they annihilate
(panel 2 of Fig. 4). When the current is increased, the output voltage increases due to the formation
of a phase-slip line after a certain delay time t; (panel 3 of Fig. 4). The delay time t; is reduced
with increasing the current amplitude, and it is reproduced by our experiment in Fig. 2 and 3. The
output voltage becomes constant in the phase slip regime, and this behaviour was shown in Fig.
2 where saturation of the voltage versus time is reached. The flux flow was not seen in Fig. 2(a)
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before the PSC delay time, due the pinning of the vortices at T <« T,.. However, it was clearly seen
experimentally in the case of high-T,. superconductors.'*!> Further increase of the applied current
led to the transformation of PSC to HS, which in the present geometry (finite length L) means
a complete transition to the normal state and saturating voltage. Experimentally, one observes a
monotonous increase of the voltage vs t, which does not saturate for a long filament.

V. CONCLUSION

We have studied the transport properties of NbTiN superconducting film at 4.2 K, using a
current pulse technique. In response to a super-critical current the dissipative modes namely HS and
PSC, were reported in two different samples. The heat escape times was subsequently determined
from the delay before the appearance of a PSC or a HS. This parameter plays an important role in
determining the limiting performance of the superconducting single photon detectors. In addition,
a numerical simulation, based on the resolution of the time-dependent Ginzburg-Landau equations,
showed that some important experimental facts could be reproduced. Different types of dissipation
such as the vortex flow regime without delay, and the delayed PSC nucleation and HS formation
were unambiguously depicted.
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