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We use quantum detector tomography to investigate the detection mechanism in WSi nanowire
superconducting single photon detectors. To this purpose, we fabricated a 250 nm wide and 250 nm
long WSi nanowire and measured its response to impinging photons with wavelengths ranging from
A=900nm to 4= 1650 nm. Tomographic measurements show that the detector response depends on
the total excitation energy only. Moreover, for total absorbed energies >0.8 eV the current-energy
relation is linear, similar to what was observed in NbN nanowires, whereas the current—energy
relation deviates from linear behavior for total energies below 0.8 eV. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4958687]

Nanowire superconducting single photon detectors
(SSPDs)' are a key technology for the development of quan-
tum communication and computation.”> Their fast response
time combined with their low dark count rate, low jitter, and
single- and multi-photon counting capability favor the use of
this technology in applications such as quantum key distribu-
tion (QKD),®> quantum optics,* nanoscale imaging,’ and
interplanetary optical communication.®

The earliest SSPDs were made of polycrystalline films
of NbN, NbTiN, and TaN, and different techniques were
used to maximize optical coupling into the superconducting
film.? Despite technological efforts, these detectors are still
affected by low fabrication yield’® and the highest system
detection efficiency (SDE) reported for 2= 1550 nm is not
higher than 80%.%'°

Recently, amorphous superconducting films have
attracted the interest of the SSPD community.''™** Although
operating at much lower temperatures, the advantage of
SSPDs based on amorphous WSi'* (and also MoSi'> and
MoGe'®) is that their internal detection efficiency saturates
close to unity'' at currents well below the critical current.
Due to their high internal detection efficiency, devices
patterned from such films have an SDE higher than 90%
(Ref. 14) and higher yield."” It is an open question whether
these striking differences between NbN and WSi films are
related to differences in the physics of the detection process.

For NbN SSPDs, we demonstrated'®'? that the detection
event is due to a vortex crossing induced by a cloud of quasi-
particles, which reduces the potential barrier for vortex entry.
The energy dissipated by the vortex crossing the nanowire
leads to a transition to the normal state.’** Contrary to
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early models,”® we found that the detection event cannot be
described by the local increase of current density over the
critical value due to a photo-generated normal core hotspot.

For WS, in contrast, little is known about the detection
mechanism. Compared with NbN,?*® a typical®’ thin WSi
film is characterized®®?° by a higher normal-state electron
diffusion coefficient of 0.75 cm?/s vs. 0.5cm?/s, a larger co-
herence length (9 nm versus 4 nm), a lower superconducting
gap (0.5meV vs. 2meV), and a lower density of states at the
Fermi level (2 x 10%2eV 'em™® vs. 4 x 10?eV 'ecm ™).
According to simulations that take into account these proper-
ties, these differences are enough to lead to a qualitative
change in the detection mechanism. Absorption of a single
photon is expected to result in the formation of a normal hot-
spot, at wavelengths up to the mid-infrared.””

Moreover, pump-probe experiments on the two materials
produce qualitatively different results. In WSi,?° the lifetime
of an excitation created by an absorbed photon is strongly de-
pendent on bias current. In a bias current range from 0.45 to
0.65 I,/1.., the excitation lifetime changes by an order of mag-
nitude. In contrast, in NbN,3 132 the lifetime is constant over a
similar range of bias currents (0.3-0.55 I,,/1..).

For WSi, the two-photon behavior is governed by the
recombination of quasiparticles.®® In NbN, in contrast, quasi-
particle multiplication and diffusion set the relevant time-
scales. Both experimental evidence'”*® and theoretical
calculations® point to a hotspot size of about 20-30nm
in diameter, which leads to an estimated detection time of
2-5 ps, much shorter than the QP recombination time. These
results indicate substantial differences in the phenomenology
of these materials.

In this work, we experimentally investigate the detection
mechanism in WSi nanowire SSPDs. We use quantum detec-
tor tomography (QDT)***> and multiphoton excitations'® to

measure the energy—current relation,>*> i.e., the amount of

Published by AIP Publishing.
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bias current (/ ’bh) required to produce a detection event with a
fixed probability (1%) as a function of the detected energy
(E,). This functional dependence is a key signature of the
detection mechanism.

We find linear scaling between photon energy and bias
current at constant detection probability, similar to NbN.
This scaling holds in the range E,=0.8eV-2.25¢eV, and we
can parameterize it as I =1, — yE,, with y = 1.7 uA/eV,
Io/1. = 0.7, where I, is the critical current of the device. As
in NbN, we find that the current required to achieve a detec-
tion event only depends on the total energy of the photons
participating in the detection event. We experimentally rule
out the quadratic scaling which is expected from the original
normal-core hot spot model*® and from the simulations of
Engel er al.*® For energies E,<0.8eV, experimental data
deviate from the linear relation. The strong similarity
between our results and those obtained on NbN indicates—
surprisingly—that the differences in material parameters do
not substantially alter the phenomenological description of
the detection mechanism.

Our device consists of 5nm thick WSi, with a critical
temperature of 7, = 3.7 K, on a GaAs substrate.>® The device
is fabricated into a 250 nm wide, 250 nm long bridge using
reactive ion etching and e-beam lithography (Figure 1). The
sample is cooled to 1.6K, and we observe a critical current
of 9.4 uA. We have previously shown'® for NbN that the cur-
rent— energy relation is independent of the device geometry:
the energy—current relation for a short bridge device is iden-
tical to that obtained with a meander. Furthermore, the posi-
tion dependence of the detection efficiency inferred from
such a device carries over to meander devices."”

The device is illuminated with a Fianium supercontin-
uum pulsed laser®® with a repetition rate of 20 MHz, which
provides a broadband spectrum from 600nm to 1800nm.
The laser light is linearly polarized perpendicular to the
nanowire longitudinal axis using polarization-maintaining
components throughout. We use a lensed fiber to illuminate
the device, which produces a beam spot with nominal diame-
ter of 2.9 um at 1550 nm.

To measure the multiphoton response of our sample, we
make use of quantum detector tomography (QDT).** The
goal of QDT is to measure the probability of a detection
event given that n photons are incident on a detector. This is
done by recording the detection probability under illumina-
tion with coherent states. Since the coherent states form a
(overcomplete) basis for the space of quantum states of light,
this information is sufficient to infer the response of the
device to Fock states (which is the desired quantity) by
means of a basis transformation.

During each experimental run, we record the counts of
the detector while varying the light power P and the bias cur-
rent ,. We perform this experiment independently at a series
of wavelengths (A =950 nm—1650 nm, AA= 10 = 2 nm).

We make use of the modified protocol described in Ref.
35. In this description, the detection probability R as function
of the input mean photon number N is given by

R(N) = exp(=N) > pa=——, (1)
n=0 '
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FIG. 1. Scanning electron microscope image of the WSi device. The magni-
fication on the right shows the active area of a nanowire detector similar to
that involved in the measurements.

where 7 is a parameter that captures all linear loss, and the
parameter p,, measures the probability that n absorbed pho-
tons trigger a detection event. A minimal set of p, that
adequately describes the detector can be found by using a
sparsity assumption.®

Figure 2 shows a typical data set for an experimental
run at 1650nm. The effective linear detection efficiency n
and the internal detection probabilities py, p,, and p3 are plot-
ted as a function of 7,. For I,,>5.5 uA the device mostly
detects single photons, while for 4 nA <1, <5.5 nA it detects
predominantly two or more photons (p; < 0.01). The data for
I,>7 1A are not considered since the corresponding pure
single-photon regime does not contain any interesting
dynamics.

The observed linear efficiency of 7~ 5 x 107* is con-
sistent with the fraction of photons absorbed into the active
area of our detector. The gradual decrease in efficiency at
low bias currents could be due to the finite probability of
overlap between the excitations along the length of the
detector.*** The small jumps in efficiency which occur at
I,=4 uA and I, =5.5 pA are related to the different model
(i.e., different number of fitting parameters) used in the dif-
ferent photon-number regimes. This is due to the limited
ability of the protocol to resolve values of p, =0.3 due to
additional nonlinearities which occur at the high count rates
required to resolve such values.*!
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FIG. 2. The p; and n displayed as a function of bias current for the case
A=1650nm. The horizontal dashed line indicates the probability level equal
to 0.01. The dashed area indicates the values of p,, which are not accessible
without present measurement.
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From the observed values of p,, as a function of bias cur-
rent we construct the energy—current relation. We plot the
bias current required to obtain a detection event with fixed
probability (1%) as a function of the overall excitation
energy E, = nh/—‘, where 7 is the number and A the wave-
length of the photons corresponding to the p, in question.
The 1%-threshold criterion is chosen to be in the range
where the imperfections discussed above do not affect our
results.

Figure 3 shows that the detector responds only to the
total excitation energy. Data points corresponding to differ-
ent wavelengths and numbers of photons lie on the same
line, indicating that only the overall excitation energy mat-
ters. This is evident from the overlap of two data points high-
lighted by the red dotted circle in Figure 3, corresponding to
the detection of three photons with wavelength 4= 1650 nm
and two photons with 2= 1100 nm. We stress that this result
is independent of the choice of threshold detection probabil-
ity, up to a small linear shift, similar to NbN.'® These results
indicate that the detection probability only depends on the
total number of photo-created quasi-particles, as was
observed in NbN nanowires.'®

The data reported in Figure 3 provide the energy—current
relation for a WSi nanowire SSPD. For energies correspond-
ing to E,>0.8eV, the data lie on a straight line, which is
parameterized by [, =1y—yE; with y=1.6uA/V and
1,=6.5 uA=0.7I. (black dashed line in Figure 3). A fit of
linear behavior excluding points with £, < 0.8 eV gives a sig-
nificantly better fit (¥*=20) than one which includes low
energies (y>=47). We note that the experimental data are
not well described by the expression If,h = I,—y+/E, which
characterizes the normal-core hot spot model, regardless of
whether we consider the whole data set or only high ener-
gies. For NbN, we previously found a linear dependence,
with Ip=0.751. and y=1.6 uA/eV for a 220nm wide
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FIG. 3. The bias current required to trigger a detection with 0.01 probability
is plotted as a function of total energy E, for the 11 wavelengths. The error
bars are reported together with data points and range between 2nA and
90nA. The different symbols belong to different detection regimes while
each color corresponds to a wavelength. The red dotted circle highlights the
overlap between 2-photon data point for 2= 1100nm and the 3-photon data
point for 4= 1650nm. The black dashed line results from a linear fit to the
data points with E,>0.8eV using the expression 1! =1, —E,. Inset:
Zoom-in of the upper part of the graph. The data are represented by points to
highlight the error bars.
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detector.'® In the high energy range, our results are there-
fore—surprisingly—almost identical to those obtained for
NbN.

However, as shown in the inset, the first three points
deviate from this linear trend significantly (as much as 19¢
for the lowest energy point). We did not observe this devia-
tion in NbN in our previous experiment, which had the same
lower energy bound as the present work.'® It was pointed out
previously?>*** for NbN that such a deviation must be
expected on physical grounds, since the linear I;,h — E, rela-
tion cannot hold for E~0 if Iy <. If the linear extrapola-
tion would hold to £=0, this would mean that in the
absence of impinging energy it would be possible to record a
detection event with probability 0.01 if the detector was
biased with /7, =1,, which is not observed in experiments. A
preliminary observation of nonlinearity in NbN has recently
been reported.*

At present, there are two models that are consistent
with our data: the model based on the time-dependent
Ginzburg-Landau equation** and the model based on the dy-
namics of quasiparticle recombination.”® The gain times
length (GL) model takes a hotspot of fixed size as its initial
condition, and the quasiparticle recombination model takes
an area of uniformly suppressed superconductivity as its
starting point. It is therefore not surprising that these descrip-
tions work well for WSi, where the hotspot is known™ to be
larger than in NbN and comparable with the width of the
wire.

The GL-model has the attractive feature that the detec-
tion is triggered by the movement of vortices. This ingredi-
ent was found to be crucial for explaining the behavior of
NbN devices, because it introduces a dependence on the
absorption position, which causes the position-dependent
detection efficiency which we demonstrated recently.'” On
the other hand, we find no evidence of the low-current detec-
tion cutoff, which is predicted by the latest version of this
model.*® More experimental work is needed to determine the
detection mechanism in WSi. In particular, it would be inter-
esting to see if WSi has a position dependence, since this
would answer the question regarding the role of vortices in
the detection mechanism.

We investigated the detection mechanism in WSi
SSPDs. We find that the bias current required to obtain
a detection event depends only on the overall excitation
energy, not on how that energy is distributed over a number
of photons. At high photon energies, we observe a linear de-
pendence between bias current and photon energy required
to obtain a detection event. We find that, despite predictions
of a normal hotspot in WSi, the square root form of the
current—energy relation which is characteristic for some
normal-core hotspot models is strongly excluded by our
data. We find surprisingly strong similarities between our
experimental results on WSi and previous results on NbN.

The authors thank G. Frucci for technical assistance
with the experimental setup, J. Francke for assistance during
the device wire bonding, and A. Engel, A. Kozorezov, E.
Driessen, M. Sidorova, T. Klapwijk, and D. Vodolazov for
scientific discussions. This work is part of the research
programme of the Foundation for Fundamental Research on
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