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Abstract: We report the development of the multimode fiber-coupled superconducting nanowire transition edge
sensor with high system detection efficiency at optical and near-infrared wavelength. The SNTES consists of an
absorber, a sensitive thermometer, and a weak thermal link to a cold bath, For a SNTES optimized to detect
single photons, the temperature change caused by the absorption of a single photo is read out by the
thermometer, and the system resets by cooling through the thermal link. The graded index (GRIN) lenses were
spliced to the end of the multi mode fiber with a 50 pm diameter core, and the incident light spot diameter was
focused to approximately 20 pm at the active area, which is 28 um diameter, allowing a good optical coupling.
We have achieved a nominal coupling efficiency of 91 % and system efficiency of 76 % by the SNTES at 1310
nm -1350 nm. The developed practical SNTES presented in this paper could open a new frontier for a wide
range of applications at optical and infrared wavelength. Copyright © 2015 IFSA Publishing, S. L.

Keywords: Laser communication, Multi-mode fiber, Photon detector, Transistion edge sensor, Detection
efficiency.

1. Introduction

In recent years, Superconductor Nanowire Single-
Photon detectors (SNSPDs) have been emerged as
promising single-photon detectors for numerous
applications [1] in various fields, as quantum
information [2], free space optical communication,
laser detection and ranging [3]. Their applicability to
numerous areas can be attributed to their high System
Detection Efficiency (SDE), high counting rate, Low
Dark Count rate (DCR) and short timing jitter. So
far, efforts have been made to improve the system
performance of SNSPDs and SNTES, which are

http://www.sensorsportal.com/HTML/DIGEST/P_2689.htm

optically coupled with single-mode(SM) optical
fibers at telecommunication wavelength region [4-5].
However, the single-mode fiber coupled SNSPDs and
single mode SNTESs are restricted to viable
applications [6-7]. Development of the multimode
fiber coupled SNTES system would enhance the
usability in the satellite based quantum
communication and in photon coupling. Many
attempts tried to increase the detection area for
developing multi-mode fiber coupled SNSPDs. A
large active area benefits optical coupling but
produces high kinetic inductance, which inevitably
degrades the repetition rate of SNSPDs. In addition,
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the fabrication difficulty increases exponentially as
the detection area increases. Therefore the maximum
detection area reported thus far is only 40 x 40 pm?
[16] for single nanowire, which is smaller than the
core diameter (50 um) of standard multi-mode fibers.
Thus, No multi-mode fiber coupled SNSPD and
SNTESs has been reported previously. In the recent
work by F. Marsili, et al. [2] achieved detection
efficiency n ~ 2.6 — 5.5 % in the wavelength range
A =10.5 -5 pm using SNSPD but the non integrating
of the detectors in an optical cavity lead to decrease
in detection efficiency. E. Reiger, et al. [6] approach
is based on the fact that the size of the hotspot and is
linearly dependent on the photon energy but the
resolution of 50 nm is only achieved while W. Slysz,
et al. [7] experimented by ~100 nm wide and 4 nm
thick NbN SNSPD, operated at 2 to 42K
temperature range, the coupling efficiency up to
33 % is achieved due to the weal coupling between
SNSPD and single mode optical fiber.

A part from the SNSPD detectors, the nanowire
superconducting transition edge sensors where used
for the detection of photon number. In recent times,
Cryogenic particle detection by using Transition
Edge Sensor with a single mode fiber coupling
yielded for 65 % efficiency, K. D. Irwain, et al. [14]
and Rosenberg D., et al. [5] report on the device
characteristics of a new generation of tungsten
TESs with greater than 80 % quantum
efficiency at 1550 nm and has not discussed on the
coupling efficiency.

This motivates to develop a multimode fiber
(MM) coupled SNTES for good coupling efficiency,
system efficiency and low noise which will increase
the usability in different applications. Achieving
efficient coupling with a multimode optical fiber
gives a need to receive photons from free space.
These applications [8] require a large detection area
of the SNSPDs and SNTES, thus achieving an
efficient coupling with MM optical fiber, which has a
larger core diameter than that of the single mode
fiber is proposed in this work.

In this paper, we report on the development of the
MM fiber coupled Superconducting Nanowire
Transition Edge Sensor (SNTES) for detection of
single photons at optical and near-infrared wave
lengths.

The proposed Superconducting Nanowires
Transition Edge Sensor (SNTES) is highly sensitive
microbolometers that can detect radiations from sub-
mm wavelength to gamma —rays and they typically
consist of an absorber, a sensitive thermometer, and a
weak thermal link to a cold bath. For an optimized
detection of single photons, the temperature change
caused by the absorption of a single photo is read out
by the thermometer, and the system resets by cooling
through the thermal link but as low energies
involved, detection of single photons at optical and
near infrared wavelengths requires low heat capacity
and extremely sensitive thermometry. The most
successful optical SNTES sensors use device that
operate below 1K. However, higher operating
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temperatures are being explored by sacrificing
detector size [9]. For example, in devices made using
tungsten the sensor is cooled below the
superconducting critical temperature Te,
typically =100 mK. A voltage bias is applied so that
the resultant Joule heating raises the electron
temperature of the detector to a temperature in the
superconducting-to-normal transition, where the
device has some Non-zero resistance (RTES). The
negative feedback inherent in voltage biasing a
device with a positive temperature coefficient of
resistance (dR/dT >0) keeps the temperature stable; if
the temperature increases (decreases), the resistance
increases (decreases), resulting in a smaller (larger)
amount of Joule heating thus when a photon is
absorbed the temperature of the sensor increases,
resulting in a change in the electrical resistance. This
change can be measured using a sensitive current
amplifier such as a SQUID in Fig. 1. The detector
then resets as it cools through the weak thermal link.
Because of the low operating temperature, and the
need for a relatively stiff voltage bias, a small shunt
resistor Rbias is placed in parallel with the TES
detector, which is represented as RTES in the
schematic. The value of Rbias is chosen to be much
smaller than RTES at the operating point where the
SNTES is properly biased to detect photons.

Current bias |y Amplifier
Inductive
coupling > Out
—
— £
Rbias § __—
Rres

Fig. 1. Electrical schematic of the current bias and
superconducting amplifier(SQUID) typically used to read
out the signals from SNTES detector. A voltage bias is
formed by choosing a bias resistor that is much less than
the operating resistance of the SNTES detector.

The response of the SNTES is determined by two
differential equations describing the electrical and
thermal circuits. The thermal differential equation can
be express as follow

daT
CE = _Pbath + P]oule + Pphotons: (1)

where C is the heat capacity of the device, Py 1S
the power flowing from the electrons to the heat bath,
Pjouie is the joule heating of the electrons, and
Pyhotons 1 the power from photons being detected.
For tungsten-based TES detectors Pbath is given

by the following equation:
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Pypaen = k.V.(T", — Thph): )

where Kk is the electron-photon decoupling constant,
V is the volume of the device, and the exponent n is
usually 5 for tungsten SNTES detectors.

In SNTES detector, the power applied to raise the
SNTES into its transition region is nearly constant.
This has the effect that the response becomes linear
to better than 1 %, substantially better than the
typical linearity achived with semiconducting
thermistors, because the sensitivity of a SNTES is so
large (=200 for the flim), a voltage — biased SNTES
is stabilized by strong eletrothermal feedback.In this
mechanism, an increase in temperature yields a sharp
increase in resistance,which reduce the current
flowing through the SNTES, lowering the bias power
and decreasing the temperature [10]. This enables the
devices to be very fast (time constants of = 1 ms) and
a nominal coupling efficiency of 91 % and system
efficiency of 76 % was obtained by the SNTES
at 1310 nm - 1350 nm.

2. SQUID Amplifier

The superconducting SNTES is well matched by
a superconducting SQUID amplifier [11] (Fig. 2). A
SQUID amplifier acts as a magnetic flux to voltage
converter, with very low output voltage noise. A
voltage — biased SNTES in series with a pickup
inductor placed near a SQUID [11] will be inducting
a change in flux through the SQUID when the RTES
resistance changes. A single detector can be read out
using eight wires.
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Fig. 2. A single SQUID amplifier circuit.eight wires are
connected to readout one detector,assuming
separate returns.

3. Coupling Efficiency-multimode Fiber

3.1. System Coupling Efficiency and
Detection Count Rate

The device was mounted in a fiber coupled
package optimized for front side illumination with a
multimode fiber. The graded index (GRIN) lenses

were spliced to the end of the multimode fiber with a
50 pum diameter core, and the incident light spot
diameter was focused to approximately 20 um at the
active area [12], which is 28 pm diameter, allowing a
good optical coupling. The reflectance of the
dielectric mirror was designed to be less than 25 % at
a 1310 nm wavelength. The optical alignment was
done precisely by monitoring an illuminated 1310-
nm-wavelength spot from the side of the chip [13].
The final packed SNTES is then installed in the GM
cryocooler system [14] with the operating
temperature of 2.2 K. The bias circuit used is as show
in the Fig. 1. And the experimental set up is as show
in the Fig. 3. The nominal coupling efficiency versus
slide length of the detection area with the focused
beam is shown in Fig. 4.

Fig. 3. The experimental setup of the multimode
coupling of the superconductor nano wire transition
edge sensor for measurement of single photon
near-infrared wavelengths.
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Fig. 4. Nominal coupling efficiency Vs slide length;

with the detection area of 28 um — coupling efficiency
of 91 % is achieved for the multimode fiber coupling.

While measuring the system detection efficiency
(SDE), a continuous laser source with several
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different wave lengths was used as the photon
source. A 4-channel attenuator was used to adjust the
photon power to be P, and then a calibrated
attenuation of P, is added to the incident light, so that
the power P;-P, equaled to the power of the flux of
105 photons/s at a specific wave length. We follow
the method defined in the international standard of
IEEE 61300-3-5; which requires an external cavity
laser source(tunable from 1300 to 1400 nm),
Although the optical losses of the optical fibers in the
cryocooler system [14] were measured to be
0.1-0.3dB and they were not included in the
calibration of the input photon flux.

When measuring the System Detcetion Efficiency
(SDE), the SDE curve shows saturation trend when
the bias current approaches the Isw;the SDE reaches
its highest value at 76 % as shown in Fig. 5.
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Fig. 5. System detection efficiency Vs wave length.

The system effieciency increased as the
wavelength, and peaked at 1310 nm, because high
quantum efficiency was maintained and the
absorption efficiency was increased. At wavelength
higher than the cuttoff, both the quantum efficiency
and coupling efficiency decreased, resulting in the
system effieciency decreased for the photons at the
wavelength of 2000 nm, as show in Fig. 5.

According to pervious results [5], there should be
a cuttoff below which the photon response is
produced by a hot spot, and the quantum efficiency is
at high, after which it is deceased by increasing
wavelength. However, there is a increase in the sensitivity
at infra-red wavelengths with the high cuttoff. Thus,
with hot spot theory, the superconducting nanowire
with low critical current increased the cuttoff for
the SNTES.

The dark count rate (DCR) was measured by
turning of the attenuator and the laser source. The
SDE was obtained by subtracting the DCR from the
output pulse rate and dividing the value by the total
number of the input photons. The observed photons
statistic at the 1310 nm wavelength with a AE =
0.26 eV at 28 pm x 28 pm is as shown in the Fig. 6.
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Fig.6. Photon statistic at 1310 nm wavelength.
The histogram of photon counting at AE=0.26 eV.

4. Conclusions

In summary, we have developed and
characterized the MM fiber-coupled SNTES for the
near infra-red wavelength region. The SNTES device
showed a high System Detection Efficiency of 76 %
for the incident photons with 1310 nm wave length
and with AE = 0.26 eV. The proposed multimode
fiber coupled SNTES device showed a high coupling
efficiency of 91 % at the 28 um slide length with the
incident light spot diameter was focused at 20 pm,
which is superior both in detection efficiency and
coupling efficiency when compared with the other
detectors. The proposed multimode fiber coupled
SNTES presented in this paper could open a new
frontier for a wide range of applications at infra-red
and at optical wavelength. The ability of a SNTES
detector to resolve photon number is a key feature
that is still unmatched by other superconducting
detector technologies. And hence it has high detection
efficiency in many wavelength ranges commonly
used for quantum optics applications. In the future,
SNTES can also be constructed in arrays with
multiplexed SQUID readouts, and more advanced
versions of these multiplexing circuits may be
integrated with the detectors to create even large
photon — counting arrays.

References

[1]. R. Sobolewski, A. Verevkin, G. N. Gol’tsman,
A. Lipatov, K. Wilsher, Ultrafast Superconducting
Single-photon ~ Optical  Detectors and  their
Applications, IEEE Transactions Applied
Superconductivity, 13, 2, 2003, pp. 1151-1157.

[2]. F. Marsili, et al., Efficient single photon detection
from 500 nm to 5 mu m wavelength, Nano Letters,
Vol. 12, No. 9, Sep. 2012, pp. 4799-4804.

[3]. M. Sasaki, M. Fujiwara, H. Ishizuka, W. Klaus, et al,
Field test of quantum key distribution in the Tokyo
QKD Network, Optics Express, 19, 11, 2011,
pp. 10387-10409.

[4]. S. Miki, T. Yamashita, H. Terai, Z. Wang, High
performance fiber-coupled NDbTiIN superconducting



Sensors & Transducers, Vol. 190, Issue 7, July 2015, pp. 19-23

nanowire single — photon detectors with Gifford-
McMohan crycooler, Optics Express, 21, 8, 2013,
pp. 10208-10214.

[11].

D. Drung, C. A. Bman, J. Beyer, A. Kirste,
M. Peters, F. Ruede, T. Schuring, Highly sensitive
and easy-to-use squid sensors, |IEEE Transactions

[5]. Rosenberg D., et al., Performance of photon —number Applied Superconductivity, 17, 2007, pp. 699-704.
resolving transition — edge sensors with integrated [12]. S. Miki, et al., Large sensitive-area NbN nanowire
1550 nm resonant cavities, IEEE Transactions superconducting single-photon detectors fabricated
Applied Superconductivity, 15, 2, 2005, pp. 575-578. on single crystal MgO substrates, Applied Physics

[6]. E. Reiger, et al., Spectroscopy with nanostructured Letters, Vol. 92, No. 6, 11 Feb. 2008, pp. 061116-1-

superconducting single photon detectors, |EEE
Journal of Selected Topics in Quantum Electronics,
Vol. 13, No. 4, Jul.-Aug. 2007, pp. 934-943.

[13].

061116-3.
S. Miki, M. Fujjiwara, M. Sasaki, Z. Wang,
Development of SNSPD system with Gifford-

[7]. W. Slysz, et al., Fiber-coupled NbN superconducting mcmohan crycooler, IEEE Transactions Applied
single-photon detectors for quantum correlation Superconductivity, 19, 3, 2009, pp. 332-335.
measurements, Photon  Counting  Applications, [14]. K. D. Irwin, G. C. Hilton, Cryogenic particle
Quantum Optics, and Quantum Cryptography, detections, Springer, Chap. Transition Edge Sensors,
Vol. 6583, 2007, pp. 65830J-1-65830J-11. 2005, pp. 63-149.

[8]. Kersey A., Optical Fiber Sensors, Optical [15]. A. D. Semenov, et al., Vortex-based single — photon
Measurement techniques and applications, P. K. response in nano structured superconducting

Rastogi editor, Artech House, 1997, pp.217-254.

. T. Yamashita, S. Miki, W. Qiu, M. Fujiwara,

M. Sasaki, Z. Wang, Temperature Dependent
Performances of Superconducting Nanowire Single-
Photon Detectors in an Ultralow-Temperature Region,
Applied Physics Express, 3, 10, 2010, 102502/1-3.

[16].

detectors, Physica C: Superconductivity and its
Applications, Vol. 468, No. 7-10, 1 Apr. 2008,
pp. 627-630.

F. Mattioli, et al., Large area single photon detectors
based on parallel configuration NbN nanowires,
Journal of Vacuum Science & Technology B,

[10]. E. Lita, A. J. Miller, S. E. Nam, Counting near- Vol. 30, No. 3, May-June 2012, pp. 031204.
infrared single-photons with 95 % efficiency, Optics

Express, 16, 5, 2008, pp. 3032-3040.

2015 Copyright ©, International Frequency Sensor Association (IFSA) Publishing, S. L. All rights reserved.
(http://www.sensorsportal.com)

CHSA

NANOSENSORS:

Materials and Technologies

Nada F. Atta, Ed.

Hardcover: ISBN 978-84-616-5378-2
e-Book: ISBN 978-84-616-5422-2

Nanosensors: Materials and Technologies aims to provide the readers with some of
the most recent development of new and advanced materials such as carbon
nanotubes, graphene, sol-gel films, self-assembly layers in presence of surface active
agents, nano-particles, and conducting polymers in the surface structuring for sensing
applications. The emphasis of the presentations is devoted to the difference in
properties and its relation to the mechanism of detection and specificity.
Miniaturization on the other hand, is of unique importance for sensors applications.
The chapters of this book present the usage of robust, small, sensitive and reliable
sensors that take advantage of the growing interest in nano-structures. Different
chemical species are taken as good example of the determination of different
chemical substances industrially, medically and environmentally. A separate chapter
in this book will be devoted to molecular recognition using surface templating.

NANOSENSORS:
Materials and Technolagies

B—

£
g
-1
2
E

The present book will find a large audience of specialists and scientists or engineers
working in the area of sensors and its technological applications. The Nanosensors:
Materials and Technologies will also be useful for researchers working in the field of
electrochemical and biosensors since it presents a collection of achievements in
different areas of sensors applications.

Order: http://www.sensorsportal.com/HTML/BOOKSTORE/Nanosensors_IFSA.htm
|

23



