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Activation Energies in MoSi/Al Superconducting Nanowire Single-Photon
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Superconducting nanowire single-photon detectors (SNSPDs) are receiving the interest of the scien-
tific and industrial communities due to their unparallel high performances in the infrared. However, even
though the fabrication process permits the achievement of about 98% efficiency and less than 1 cps dark-
count rate, the physical mechanism inducing the detection remains unclear. It is clear however that normal
core vortices play a crucial role. In this work we investigate the role of vortices in two-dimensional (2D)
molybdenum silicide SNSPDs of different widths covered with an Al layer through the analysis of the
switching current distributions from the superconducting to resistive regime, in a wide interval of tem-
peratures from 4.5 K down to 10 mK. This analysis provides the energy scales of different mechanisms
that are responsible for fluctuations and dark counts in SNSPDs. We consider two models based on vor-
tices, the unbinding of vortex-antivortex pairs (VAPs) and vortices hopping over the edge barrier (VH)
and we underline the differences among different devices made by different materials. We also estimate the
energy scales of similar Nb-Ti-N and NbN devices and compare the results. The lower activation energies
obtained for MoSi/Al devices, explain the peculiarity of this material to work at longer wavelengths with

a higher quantum detection efficiency.

DOI: 10.1103/PhysRevApplied.18.014006

L. INTRODUCTION

Superconducting nanowire single-photon detectors
(SNSPDs) consist of an ultrathin (typically a few nm)
superconducting nanowire 50-200 nm wide, folded in a
meander geometry [1]. These devices find application in
many fields, spanning from single-photon source charac-
terization to optical communication, quantum cryptogra-
phy, and remote sensing [2—4]. The operating principle of
a SNSPD is based on the formation of a normal hotspot
region in the superconducting strip after the photon absorp-
tion, which produces a voltage pulse [1]. Besides volt-
age pulses due to the single-photon detection, a SNSPD
might also generate spontaneous transitions, also result-
ing in transient voltage pulses, generally known as dark
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counts [1]. A deeper understanding of the physical mech-
anism of the spontaneous fluctuation events generating the
dark counts, can be very relevant to reduce the SNSPDs’
dark-count rate (DCR) and to support an extended hotspot
model.

The hotspot model is supported by several experimen-
tal observations, such as the linear photon energy-current
bias relation and the observed linear dependence of the
threshold on the width, w, and thickness, d, of the nanowire
[5], and it provides a reasonable description of the depen-
dence on the material parameters [6,7]. However, it does
not explain the position dependence of the threshold cur-
rent and the slow decreasing of the count rate when the
bias current is reduced before the exponential behavior
appears, which could be ascribed to fluctuations [5]. The
present literature favors the theory that assigns a more rel-
evant role to magnetic vortices moving across the width
of a superconducting strip [8,9], either vortex-antivortex

© 2022 American Physical Society
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pairs (VAP) or single vortices overcoming the barrier at
opposite edges of the stripe, a mechanism called vortex
hopping (VH) [10,11]. Both VAP and VH are present in
dirty type-II superconductors even in zero magnetic field
and they can affect, besides the DCR, also the photodetec-
tion in SNSPDs [12].

The investigation of the fluctuations in two-dimensional
(2D) superconducting nanowires of d much smaller than
the London penetration depth, A;, and w much smaller than
the Pearl length, A = 2)% /d > w, has been extensively
discussed in the context of the Berezinsky-Kosterlitz-
Thouless (BKT) transition [13] and a deep study of
2D fluctuations in SNSPDs can be performed through
the analysis of the switching current distributions [14]
from the superconducting to the resistive regime in a
wide range of temperatures [15,16]. In this work, we
use this tool to study the dark counts in a 9-nm-
thick MoSi SNSPD covered with a very thin (2 nm)
layer of aluminum, which was previously demonstrated
to operate as a single-photon detector at A =1550 nm
[17]. It emerges that these measurements are a power-
ful tool to investigate and quantify the role of the vor-
tices in 2D structures. By the experimental dependences
of the switching rates on the bias current, temperature
and width of the nanowire, it is possible to calculate
the relevant parameters in the framework of VAP and
VH theoretical models. Indeed, we quantify the energy
scales of the fluctuation phenomena and the maximum
detectable wavelength. The estimated values, that we
obtain, are larger than what the simple hotspot model
predicts for the maximum detectable wavelength, Anyax,
Amax~he/(NoA*wd/ (Dt ) (1-1y/1,)) [6], where A, Ng, T,
D, I, and I. are the superconductor gap, the density of
states at the Fermi level, the electron thermalization time,
the electron diffusivity, the bias current, and the critical
current, respectively. We also define Planck’s constant, 4,
and the speed of light, c.

This paper is organized as follows: in Sec. II A we
describe the fabrication and characterization details, in
Sec. II B we report on the measurements of the fluctua-
tion rates versus the bias current and temperature, in Sec.
111 we present the results in the framework of VAP and VH
theoretical models. In Sec. IV we give a comparison of the
energy scales for different materials and geometries and all
the results are summarized in Sec. V.

II. EXPERIMENT

A. Sample fabrication

Moy 70Sig 30 films 9 nm thick are grown on Si (100)/SiO,
(250 nm) substrates by UHV (Ppase = 1077 Torr) dc diode
magnetron sputtering by using an alloy target at room tem-
perature in an Ar pressure of 2.46 mTorr, at a deposition
rate of 0.2 nm/s. By energy dispersive x-ray analysis we
can estimate that the final stoichiometry is reliable within

a factor of 5%. In the same vacuum chamber, we deposit
2-nm Al thin film in an Ar pressure of 1.50 mTorr at
a rate of 0.2 nm/s to protect the superconducting mate-
rial during the patterning and prevent its oxidation [17].
Indeed, when the Al overlayer is used, we observe an
increase of the critical temperature, 7., of the as-grown
MoSi films from 7MoSi = 53 K to 7TMoSVAl = 6.1 K, and
also that the critical current density, J., increases about a
factor of 3 as also reported in the literature in the presence
of a normal layer [18,19]. The thin films are then pat-
terned by combining an electron-beam lithography (EBL)
step [20,21] with a reactive ion etching (RIE) and then
nanowires with widths ranging from 90 to 150 nm are
made. The devices are folded to cover a sensitive squared
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FIG. 1. (a) Current-voltage characteristic of a nanomeander

140 nm wide, measured at 7= 2.5 K, whihc represents the typical
SNSPD operating temperature. In the inset a scanning electron
microscope micrograph of a corner of the made meanderlike
devices. (b) Measured switching current distributions at different
temperatures.
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TABLE 1. Parameters of the devices studied in this work.
Rsquare 18 the resistance per square.

d w TC ‘]C@T: 1K quuare RN

Device (nm) (nm) (K) (MA/cm?) (2) (k2)
A 9 90 5.4 0.6 257 172
B 9 140 55 24 270 180

area of 5 x 5um? by using a meander geometry. In the
inset of Fig. 1(a) a typical characterized nanostructure is
shown and its bent side shows a smooth angle designed to
avoid the crowding effect at the edges [22]. In the follow-
ing, we focus on the analysis on two nanomeanders with
different widths, 90 nm (sample A) and 140 nm (sample B)
wide, respectively.

B. Measurements and experimental observations

Measurements are performed anchoring the samples to
the mixing chamber of Oxford Triton Cryogen-free dilu-
tion cryostat, with a base temperature of about 10 mK. Var-
ious stages of filtering together with details on low-noise
electronics used for the experiment are reported elsewhere
[23,24]. The current-voltage characteristic of sample B at
2.5 K is shown in Fig. 1(a). As the bias current is swept
from zero to higher values the nanowire exhibits an abrupt
transition from the superconducting state (zero voltage)
to a finite voltage state at the switching current, /. The
abrupt current suppression is caused by the high normal
resistance, Ry, value of the nanomeander (Ry~300Kk<2),
comparable to that of the resistance used in series to the
generator (100k€2). The nanowire remains in the finite
voltage state until the current is reduced below the retrap-
ping current where it returns in the superconducting state.
This gives rise to a hysteretic current-voltage character-
istic. A similar trend is observed on sample A. At high
temperatures (7 close to 7.), the hysteresis collapse to zero
and the sharp edge in the current-voltage curve turns in a
smooth rounding. This behavior is often considered as a
footprint of vortex mechanisms [25]. The behavior of the
1. and retrapping current as a function of the temperature
is reported in Ref. [26].

In Table I we present the device parameters.

The recording of Iy, is repeated 10000 times at each
temperature, ranging from 4.5 K down to 10 mK. At
any given temperature, the switching current exhibits a
stochastic nature, resulting in a distribution of switching
currents, P(Is). To avoid heating effects, which would
distort the measurements, the ramp is set in order to
reduce the time that the device spends in the resistive
state and to increase that passed in the superconduct-
ing state. Therefore, the current amplitude Al is slightly
larger than the critical current and the ramp frequency
1/At is of the order of 10 Hz. We choose different sweep

rates, 1000 and 167 uA/s for samples B and A, respec-
tively, because of a different critical current of the devices.
P(lg,) recorded at different temperatures for sample B
is shown in Fig. 1(b). In Fig. 2 we show the standard
deviation, o, of the measured P(Iy,) for each tempera-
ture. We also include the obtained results for NbN and
Nb-Ti-N based SNSPDs [16,27], and different regimes are
distinctly visible. In general, o is almost constant at very
low temperatures. After that, o increases with the tem-
perature and finally it exhibits a prominent decrease by
increasing temperature. The behavior of the MoSi nanome-
anders is very similar to what has been observed in 2D
NbN [15], Nb-Ti-N [16], and 1D Al strip, where the
switching is attributed to quantum tunneling [28] or ther-
mally excited single phase slips [27,29]. The decrease of
o measured for high temperature is related to switching by
multiple phase slips or multiple fluctuation events [16,20].
According to the literature, in the intermediate range of
temperatures, a single fluctuation event is by itself energet-
ically sufficient to properly trigger a full superconducting
to resistive state transition. In this temperature regime,
we calculate the switching rates, I', by performing the
Kurkijarvi-Fulton-Dunkleberger transformation following
Ref. [30]. We observe that I" decreases exponentially with
bias current over about 4 orders of magnitude, as shown in
Fig. 2(b). We stress that the calculated I" also represents
the measured dark-count rate and the fluctuation-event
rate, whether they are single vortices, vortices pairs, or
hotspots.

III. FLUCTUATION EVENTS

Various mechanisms could be considered as responsi-
ble for the fluctuation rates measured in our experiments
depending on the temperature range considered [10] but
we consider just 2D vortex models to give a description
of our datasets. Indeed, in MoSi nanomeanders, the coher-
ence length, £, and A are known to be around 10 nm and
50 um, respectively [31]. Since in our devices the condi-
tion d < & <« w is satisfied, the strips can be considered a
quasi-two-dimensional system. For this reason, in the fol-
lowing analysis we do not consider 27 -phase slip since the
energy barrier for the nucleation of a normal state region
becomes relevant in small superconducting wires with a
cross-section area approximately £2 [5]. The Likharev con-
dition w>4.4¢ is also satisfied [32], ensuring that the
strips are wide enough for nucleation and the propagation
of vortices.

In our analysis we particularly focus on the temperature
range from 1.0 to 3.0 K, corresponding to 7/7, from 0.2 to
0.5. This is done mainly for two reasons: first, as one can
see in Fig. 2(a), in this regime there is a linear dependence
of o on the temperature and a consequent one-to-one cor-
respondence between the fluctuation rate and the switching
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rate [16]. Secondly, this is the standard operating tem-
perature of cryogen-free cryostats, typically adopted for
SNSPD operations. Therefore, in the following analysis,
we exclude fluctuation mechanisms due to quantum tun-
neling of vortices through the edge barrier, as they become
relevant only at sub-Kelvin temperatures and confine our
discussion only to the thermal regime [33].

A. Fluctuation models

Vortices can arise in superconducting strips as single
vortices (VH) due to an external magnetic field, such as
the magnetic self-field generated by the bias current, or as
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FIG. 2. (a) The standard deviation of P(/4y) as a function of

the normalized temperature for the MoSi/Al device A (cyano
points) and MoSi/Al device B (blue points), Nb-Ti-N device
(red points) and NbN (dark points), respectively [27]. The errors
on standard deviation are about 1%. (b) Switching rates versus
normalized bias current for three different relative temperatures,
T/T,, of sample B (0.27 blue, 0.35 black, 0.45 green). The solid
red and green curves are the fitting curves obtained by using
vortex hopping and vortex antivortex pair models, respectively.

VAPs as topological excitations of a 2D superconducting
film.

The activation of the dissipation process requires, due
to the boundary conditions, the overcoming of an energy
barrier U(), T), which is always guaranteed in this temper-
ature regime by thermal excitations. The rate of dissipa-
tive events, which are referred to as fluctuations, may be
expressed through the Boltzmann factor as

[y, T) = Qexp[—U(lp, T)/kpT], (1

where 2 and kg are the attempted frequency and the Boltz-
mann constant, respectively. The analytic expressions for
U1, T) differs depending on the mechanisms.

In the VAP model, the collapse of a long-range order
parameter gives rise to the so-called topological defects
that, in thin superconducting films, appear as vortices pairs,
according to the BKT model [34,35]. Below T’gkr, Vortices
pairs, characterized by a supercurrent circulating in oppo-
site directions, are in a bound VAP state. However, under
the condition w > 4.4£ and in the presence of a bias cur-
rent I;, a Lorentz force is exerted on VAPs and directed
in opposite directions for the vortex and the antivortex,
respectively. The resulting torque forces VAPs to align
perpendicularly to the current flow. The binding energy
changes with the angle and reaches its minimum at /2.
As shown by Mooji [36], the interplay between the repul-
sion of vortices in a pair due to the Lorentz force and their
magnetic attraction defines the current-dependent » = 2.6&
1./1y, leading to the minimal binding energy of the pair
Uvap. According to the models in Refs. [10,37], the Uyap
is given by

Uvap = A(ST) |:1n (2'652(])) -1+ L

where A(T) = QD% /T, A(T) is the vortex activation
energy and ¢ is the averaged polarizability of a VAP within
the entire VAP population. We use the conventional nota-
tion where @ is the flux quantum and u, the vacuum per-
meability. The motion of normal core vortices dissipates
energy, leading to the formation of a nonsuperconducting
domain resulting in a voltage transient.

On the other hand, we also consider the nucleation
of single vortices close to the edge of the strip. The
probability for thermally activated VH over the energy
barrier is again proportional to the Boltzmann factor
exp[—Uyn/kpT], where Uyy is now given by [10]
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and the energy scale Ep is other, while the single vortices’ VH mechanism exhibits
a higher barrier with respect to the VAP in the wider sam-
@2 A(T) ple, thus indicating that the VAP mechanism is favored. We

Ep(lp, T) = 4)

T 2nuoAn, ) 2

Once a vortex jumps over the barrier, the Lorentz force
will move it across the strip. As in the VAP scenario,
the motion of these free vortices across the strip creates
a nonsuperconducting domain.

B. Data analysis

We fit the obtained fluctuation rates, for both samples A
and B, by using Eq. (1) with U(l,, T) represented by Egs.
(2) and (3) in the range of temperatures where only a single
event is responsible of the switching. We observe that both
VAP and VH models are in good agreement with experi-
mental data; hence, we cannot exclude the presence of both
mechanisms. The values of the fitting parameters, 4(7)/ ¢,
Ep, and & are reported in Table II and they are reasonably
close to the ones reported in the literature [38]. Interest-
ingly, in the case of the narrowest nanomeander (sample
A) the A(T)/e and Ep parameters are about a factor of 56
lower than in other devices. The energy barriers Uyap and
Uvyy expressed as a function of the normalized tempera-
ture at I/, = 0.99 are reported for all samples in Fig. 3(a),
showing a weak dependence on the temperature. One can
notice that the binding energy of the VAP and VH is sig-
nificantly lower in the case of the narrowest wires, thus
confirming that the narrowest wires are generally more
sensitive.

Inverting Eqgs. (2) and (3), we calculate the parameters
e, A, while the effective penetration depth in thin film
A(d < 1) is provided by the relation A? (T) = dA(T)/2. We
estimate the coherence length &, for sample B, equal to
9.3 nm (see Appendix) and according the Ginsburg Lan-
dau (GL) theory £, =7.6 nm from &%, = &7/./2. This
value agrees with the values found in the literature [31]
proving the validity of the fitting procedure reported in the
Appendix. The obtained &, values further proves that the
2D approximation is applicable and validates both models.

In Fig. 3(b) we plot the energy barriers, extracted from
the fitting procedure, in the unit of kg for both models as
a function of the reduced bias current /;/1. for samples A
and B at 7/T.=0.4. In the narrower sample A the exci-
tation energies for VAP and VH are comparable to each

observe that at //I. = 0.4 for sample B, there is a crossover
from the VH dominated regime to VAP as the strip width
is increased.
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FIG. 3. (a) Estimated energy barriers, in the unit of kg, at fixed

I,/1.=0.99 by using VAP (solid circles) and VH (squares) mod-
els for nanowires having different widths. (b) Energy barriers in
the unit of kg for both models as a function of the reduced bias
current /;/I, for samples A and B at 7/7.=0.4. The inset shows
the enlargement of the energy barriers at high values of 1,/1..
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TABLE II.

SNSPD parameters determined at 7/7. = 0.4. A/¢ is obtained by fitting the switching rate data with Egs. (1) and (2), while

& and Ep are attained by fitting the escape rate data with Eqgs. (1)~(3). Using 4 =2 Ej, the polarizability ¢ is also calculated while A

and A are computed by Eq. (4).

Ale (meV) & (nm) Ep (meV) e A (nm) A (um)
VAP model fitting

Sample w (nm) d (nm) parameter VH model fitting parameter Calculated parameters

A 90 9 9.42 13 11.1 2.36 1168 303

B 140 9 57.46 15 55 1.91 525 61
NbN*? 175 8 105.26 4.5 340 1.9 368 34
Nb-Ti-N°] 80 5 41.16 15 52 25 404 65
2Ref. [34]

PRef. [14]

The rate of single vortices entering depends on the
length L of the strip whereas the rate of VAP breakup
depends on the area (Lw) of the superconducting film
[10,11]. Therefore, the ratio of VAP to VH rates in mean-
dered lines is supposed to depend on the strip width w and
one can hence expect that VAP events start to dominate in
wider strips. In our case this ratio effectively increases as
a function of the width of the strip and the VAPs present
a lower energy barrier in the high-bias-current region,
indicating that this process occurs with higher probability.

IV. COMPARISON WITH OTHER MATERIALS
AND EXPERIMENTAL OUTCOMES

Based on the performed analysis, in order to under-
line the role that each material and its sizes play in
the studied vortex dynamic, we also compare the results
obtained on MoSi/Al nanomeanders with similar realized
with niobium-based superconducting materials, typically
adopted for SNSPD fabrication such as NbN, Nb-Ti-N
[16,38]. For this purpose, we analyze the switching current
distributions of all the devices and estimate the energy bar-
riers in the case of VAP and VH mechanisms. As observed
in Fig. 2(a), for similar widths, the MoSi/Al SNSPD shows
fluctuations comparable to those observed for the Nb-Ti-N
[16] and lower than that of NbN [38].

We follow the same procedure described above for the
switching current distribution analysis and we plot the
energy barrier at a fixed 7/7, ratio for MoSi/Al, NbN, and
Nb-Ti-N SNSPDs with comparable widths. From those
plots (Fig. 4) it is possible to observe that the energy barri-
ers are lower in MoSi/Al, both at fixed temperature and
geometries. This confirms the experimental well-known
result that this material exhibits higher dark-count rates.
However, this can also be considered a sign of higher
sensitivity to lower-energy excitations [31]. By using the
hotspot model [6], it is possible to estimate the maximum
detectable radiation wavelength Ay =hc/Enin =12 yum
and the minimum detectable energy Epi, = 103 meV for
a 100-nm-wide and 5-nm-thick nanomeander based on

MoSi/Al. The energy and wavelength values can be com-
pared with what is obtained for other materials such as
NbN, and a NbRe nanomeanders with the same widths
and thicknesses. By using the parameters reported in
Ref. [39] we find Enin=584 meV and A =2 um
and Enjn=19 meV and Ay =64 um, for NbN and
NbRe, respectively. However, in photoresponse experi-
ments based on NbDN nanomeander, wavelengths up to
5 um have been detected, although with poor efficiency
for Ref. [40] and this result cannot be predicted according
with the simple hotspot model.

In a vortice-assisted detection mechanism scenario,
which ascribes the hotspot formation to the movement
of vortices across the strip [10], the energy scales to
be considered are Uyap or Uyy. From the values calcu-
lated, an average estimation of U=20 and U=40 meV
for MoSi/Al and NbN nanowire provides maximum
detectable wavelengths of A~60 and A~30um, respec-
tively, without considering losses due to the coupling
between the device and the optical source. These results
favor a vortex-based detection model. Moreover, we prove
that the switching current distributions are a powerful tool
to estimate the SNSPD detection limits, and this method is
easier compared to the techniques required to estimate the
diffusivity, the thermalization time, the superconducting
gap, and the density of states at the Fermi level.

The values obtained indicate that the SNSPD based
on MoSi/Al are more suitable than the typically used
NbN and Nb-Ti-N to detect infrared and midinfrared pho-
tons since the energetic barrier is lower. Besides a deeper
understanding of the physics of these devices, there are
some interesting implications under the applicative point
of view. The first one is that the longest detectable wave-
lengths obtained here are even longer that what is expected
by the predictions of the hotspot model [6]. This can be
a very interesting result in Lidar applications for atmo-
spheric aerosols since working in the infrared and mid-
infrared range in single-photon counting regime would
different pollutants species and size to be distinguished
[41,42]. The last point is especially relevant to monitor
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FIG. 4. Energy scale normalized to Boltzmann constant as a
function of the bias current at 7/7. = 0.4 for different materials
(blue and cyan lines MoSi device, black lines NbN, and red lines
Nb-Ti-N) and width of the strips: (a) 140 and 175 nm; (b) 80 and
90 nm, respectively.

the air quality, but the resolution provided by the Lidar
is limited at the moment by the source, optics, and
detector limitations on the operating wavelength. The
second implication can be better understood looking at
Fig. 3(a). It shows that in wider SNSPD the energy bar-
riers remain almost constant as the temperature changes
and the dark-count rate can be lower with respect to nar-
rower nanowires. This aspect could be very promising
for the use of SNSPD for dark-matter detection where
large areas are required [43]. Finally, experimental data
supporting the perspective of working in the midinfrared
with high-efficiency single-photon detectors. In particu-
lar, high-sensitivity molecular spectroscopy can access the
wavelength range where fingerprint of molecular absorp-
tion occurs. Recently, tunable midinfrared lasers are being
developed [44] and a combination of this technology
with the performance of SNSPDs represents very solid
foundation for future innovation.

V. CONCLUSIONS

In this work we study 9-nm-thick MoSi SNSPDs cov-
ered with a very thin (2 nm) layer of aluminum by measur-
ing the switching current distributions in a wide range of
temperatures from 4.2 K down to 10 mK. The switching
current distributions measurements give us the possibil-
ity to explore the role of vortices in dark-count generation
in SNSPDs made of different materials and geometries.
In the framework of both the VAP and VH models we
evaluate the excitation energies and we find that for the
narrowest strips they are comparable while the VAP mech-
anism is favored in wider devices. We compare the energy
scales of MoSi/Al, NbN and Nb-Ti-N and the lower exci-
tation energies observed in MoSi/Al nanowires explain
the peculiarity of this material to work at longer wave-
lengths with higher quantum-detection efficiency. In the
scenario of the hotspot model, we calculate the maximum
detectable wavelength and confirm the prospective to work
up to Amax = 12 um with MoSi-based SNSPD. This limit
could be even higher in the framework of a vortex-based
detection model. We believe that a single-photon detector
with the performance of a SNSPD up to 12 um and beyond
would be enabling technology for fundamental science and
commercial applications.
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APPENDIX

The coherence length &, is estimated by using the
following analytical expression:

£ 1
(I —T/To) ST+ T/ T

EX(T/Tc) = (A1)

We find for sample B, £)=9.3 nm and &G, =7.6 nm
from €3, = &7/ V2. The GL coherence length determined
by the fitting procedures, as shown in Fig. 5, is used
to estimate the fundamental material parameters of our
MoSi samples such as the electrons’ diffusion constant
D =0.43 cm?/s and the density of states at the Fermi level
N(@©0)=54 10?! eV~! cm™3 by using D =£&2(0)A(0)/A,
A(0)=1.76 k3T, and N(0) = 1/e* py D, while the electrons
thermalization time 7y, is assumed to be 10 ps [34].
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