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Summary. — One of the most promising detector, able to resolve single photons
thanks to their intrinsic energy resolution, is the transition-edge sensor (TES). We
present the state of the art on these superconducting single-photon detectors, devel-
oped and characterised at the National Institute of Metrological Research (INRIM).
We show both the physical properties and the best results obtained on a Ti/Au TES
in the spectral range between visible and near infrared.

PACS 29.40.Vj — Calorimeters.

PACS 42.50.Ar — Photon statistics and coherence theory.

PACS 85.25.0j — Superconducting optical, X-ray, and ~-ray detectors (SIS, NIS,
transition edge).

PACS 85.25.-j — Superconducting devices.

1. — Introduction

Single-photon detectors are fundamental devices in several scientific fields, like in
optical science and technology [1]. For example, they play a crucial role in quantum
information and computation to exploit quantum systems for the elaboration and com-
munication of information, or in quantum-based metrology for the reformulation of the
candela in terms of a quantum standard based on a fundamental constant [2] or for the
absolute calibration of detectors [3].

A transition-edge sensor is a superconductive detector which works as a mi-
crocalorimeter taking advantage from its very sharp transition from superconducting
to normal state. TESs are able to detect single photons from NIR to X-ray with an
intrinsic energy resolution and photon number discrimination capability [4].

In the present work we present the electro-optic characterization of TiAu TESs. Ther-
mal and electrical parameters, such as heat capacity, thermal conductance, logarithmic
temperature sensitivity and the logarithmic current sensitivity, have been estimated using
impedance measurements technique [5]. Photon number resolving capability, obtained
by means of a new coupling system [6] and irradiating our devices at 690 nm, 1310 nm
and 1570 nm, is also presented.
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Fig. 1. — TES resistance vs. temperature for a TiAu bilayer with T, = 121 mK, AT, = 2mK
and R, = 0.220€.

2. — TESs characterization

At INRIM we fabricate and characterize TES detectors made by several kind of mate-
rials. In this manuscript we focus on devices based on TiAu bilayer films, with an overall
thickness of about 80nm and area of 20 pm x 20 ym and 10 gm x 10 pum, respectively.
More details on devices fabrication are reported in another paper [7].

The proximity effect between Ti and Au, combined with the thicknesses control, allows
to obtain critical temperatures ranging from 80 mK to 130 mK, transition width of few
mK and normal resistance (R,,) of hundreds of m€. The detector is voltage biased with
a shunt resistance Ry, of 2.38 m$) and read out using a DC-SQUID current sensor [8],
whose input coil is in series with the TES [9].

The transition curve reported in fig. 1 corresponds to a 20 um x 20 um TES, with
T. = 121mK, AT, = 2mK and R,, = 0.220Q. It has been obtained with a constant
sinusoidal current of 0.5 A applied to the bias circuit. The polarization curve, reporting
the current passing through the TES I;.s vs. the applied bias current Ip;qs, is shown in
fig. 2, at fixed bath temperature of ~ 39mK. The superconducting region is present

for Ipias < 40 pA, while the normal region begins for Ip;,s > 400 pA, corresponding to
220 m$2. The working point is chosen through the superconducting-to-normal transition
region at Ip;qs = 95 nA corresponding to 17m€) (about 8% of Ry).

For a complete characterisation of microcalorimeters it is necessary to evaluate their
thermal and electrical properties. To this purpose the complex impedance measurement

technique is an established and powerful method. The impedance of our TiAu TES is
measured using the experimental set-up described in [5]. By fitting the experimental

data to a suitable model [10], we obtain information about the logarithmic temperature
sensitivity a, the logarithmic current sensitivity 4 and on the device thermal parameters,
heat capacity C' and thermal conductance G. The complex impedance measurements
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Fig. 2. — TES bias curve [ies vs. Ipias. The black straight lines indicate the 17 mfQ resistance
corresponding to the working point into the transition region and the 220 m{2 resistance of the
normal phase.

have been acquired, from 2 Hz to 250 kHz, for different bias points (different % of Ry ) and
rappresented in the complex plane (solid dots) as shown in fig. 3 with the corresponding fit
curves (lines). All the points have been normalized with respect to the actual fitted value
of 3 since at high frequencies the real part of the impedance is given by Re[Z(f)] = Rsn+
Ro(1+). In this fit analysis, the thermal conductance G has been shared by the multiple
curves involved during the fit in order to obtain a robust parameter estimation [11]. The
G value obtained is 14 pW/K, while the other parameters vary through the transition
(from 20% to 80% of Ry), C from 1 to 0.3fJ/K, « from 28 to 2 and § from 2.7 to
0.2. These values are comparable to those obtained for a similar TiAu TES in the
corresponding bias point presented in a recent work [11].

3. — Photon counting

Four TESs are deposited on each SiN substrate (the TES chip carrier): two 20 um x
20 pm and two 10 um x 10 um. To irradiate TESs we use a coupling system [6] that
consists of an array of eight single-mode fibers, assembled on Si groove, glued to a
copper bracket soldered to the TES chip carrier. The distance between two TESs with
different area is the same between the first and the last fiber, so we can easily couple two
detectors.

Hluminating the 20 pm x 20 pm detector with a pulsed diode laser at 690 nm (energy
of single photon E) = 1.80eV) with a pulse length of 0.1 us, a repetition rate of 10 kHz
and attenuating the light by neutral density filters, we obtain the histogram of the
pulse amplitudes shown in fig. 4. The histogram has been processed by using a fit
equation composed by a Gaussian function for each peak, with amplitude convoluted
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Fig. 3. — Representation of the experimental impedance data (solid dots) and the corresponding
fit curves (lines) in the complex plane. The curves at different bias points have been normalized
with respect to the actual fitted value of 3. At high frequencies, the real part of the impedance
is given by Re[Z(f)] = Rsn + Ro(1 + ).
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Fig. 4. — Histogram of the pulse amplitudes where up to 7 absorbed photons can be discriminated
at 690 nm, by our 20 um x 20 um TES with an energy resolution AE = 0.62eV and averaged
number of photons per pulse p = 2.45.



Ti/Au TES AS PHOTON-NUMBER-RESOLVING DETECTOR 213

°

e

800000
| 2=1310nm, AE=0.50 eV, p=1.61 |

600000

400000

Counts

200000

0 . . . h
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Amplitude (V)

Fig. 5. — Histogram of the pulse amplitudes where up to 6 absorbed photons can be discriminated
at 1310 nm, by our 20 um x 20 um TES. The energy resolution is AE = 0.50 eV and the averaged
number of photons per pulse is p = 1.61.

with a Poissonian function [12]. In this way, for the results presented in fig. 4, we obtain
an averaged number of absorbed photons per pulse p = 2.45 and a full width at half
maximum energy resolution AF = 0.62eV.
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Fig. 6. — Histogram, in logarithmic scale, where up to 18 absorbed photons are discriminated at
1570 nm, with an energy resolution AE = 0.37¢eV and averaged number of photons per pulse
pn=_8.11.
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Irradiating the same TES with a 80 ns pulsed laser source at 1310 nm (Ey = 0.95eV),
with a repetition rate of 10 kHz, we obtain the result shown in the histogram of fig. 5.
The fit result, as previously described, gives an averaged number of absorbed photons
per pulse g = 1.61 and a full width at half maximum energy resolution AE = 0.50eV.

For a wider optical characterization of our detector, we irradiated the TES by using
also an attenuated diode laser at 1570nm (E) = 0.79eV), with a pulse length of 70ns
and 9kHz of repetition rate. As shown in logarithmic scale in fig. 6, in this case we
used a higher level of light intensity and we are able to discriminate up to 18 absorbed
photons per pulse (1 = 8.11), with an energy resolution of AE = 0.371¢V.

4. — Conclusion

In this work the results obtained at INRIM with TESs superconducting single-photon
detectors in the visible-NIR wavelength range are reported. TESs are worldwide consid-
ered today the best available photon-number—resolving detectors. They are foundamental
for the new quantum technologies and for single-photon metrology.

A 20 pum x 20 yum TiAu TESs has been characterized with the complex impedance
method and single photon counting experiments have been performed at 690 nm, 1310 nm
and 1570 nm. The best measured energy resolution is AF = 0.37eV at 1570 nm and up
to 18 photons have been discriminated in a single light pulse.
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