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We present a novel, two-channel, single photon receiver based on two
ﬁbre-coupled, NbN, superconducting, single photon detectors (SSPDs). The
SSPDs are nanostructured superconducting meanders and are known for
ultrafast and eﬃcient detection of visible-to-infrared photons. Coupling between
the NbN detector and optical ﬁbre was achieved using a micromechanical
photoresist ring placed directly over the SSPD, holding the ﬁbre in place. With
this arrangement, we obtained coupling eﬃciencies up to 30%. Our
experimental results showed that the best receiver had a near-infrared system
quantum eﬃciency of 0.33% at 4.2 K. The quantum eﬃciency increased
exponentially with the photon energy increase, reaching a few percent level
for visible-light photons. The photoresponse pulses of our devices were limited
by the meander high kinetic inductance and had the rise and fall times of
approximately 250 ps and 5 ns, respectively. The receiver’s timing jitter was in the
37 to 58 ps range, approximately 2 to 3 times larger than in our older free-spacecoupled SSPDs. We stipulate that this timing jitter is in part due to optical ﬁbre
properties. Besides quantum communications, the two-detector arrangement
should also ﬁnd applications in quantum correlation experiments.
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1. Introduction
Modern quantum communications (QC) is currently an area of science that is under
intense investigation. QC provides a unique possibility of ultrafast, extremely low
power and unconditionally secure information exchange. Optical QC systems require
photon counters with high speed, high sensitivity, high quantum eﬃciency (QE), and
short dead times along with precise timing characteristics and low dark counts [1].
For QC systems with optical ﬁbres, detectors working at standard near-infrared
(NIR) telecommunication wavelengths of 1.3 mm and/or 1.55 mm are needed.
The most popular single photon detectors (SPDs), semiconductor avalanche
photodiodes (APDs), have a limited utility for QC applications [2]. Si APDs have
their sensitivity restricted by the Si bandgap (1.1 mm); therefore, they cannot be
directly implemented in ﬁbre optic communication networks. The InGaAs APDs
work in the NIR region and the best devices (in the 1.2 to 1.6 mm wavelength range)
have a QE of >20% in single photon detection mode, but their timing jitter is 50 ps
or longer and they suﬀer from very high (>10 kHz) dark counts [3, 4]. All APDs have
to be gated and either passively or actively quenched to reduce the dark-count noise.
Another very promising SPD that was recently developed is a transition-edge
sensor (TES) [5]. The TES is a superconducting tungsten bolometer and, because of
its extreme high sensitivity, it exhibits photon number resolving capabilities and
QE >86% [6]. It operates at temperatures T < 100 mK and has almost negligible
dark counts [7]. These devices, however, suﬀer greatly from a 4 ms recovery time
and a 72 ns full width at half maximum (FWHM) arrival time resolution ( jitter).
Nevertheless, TESs have been successfully implemented in a QC channel, although
operating at a low counting rate [7].
Another type (besides TES) of a superconducting SPD (SSPD) recently
developed is an ultra-thin, submicron-width NbN structure maintained at T far
below the NbN critical temperature Tc [8, 9]. The SSPD operation principle has been
explained within a phenomenological hot-electron photoresponse model [10, 11].
As we have already presented, the NbN SSPDs are ultrafast and eﬃciently count
photons with wavelengths ranging from ultraviolet to infrared. They have already
been successfully used for free-space (laboratory) detection at ﬁbre communication
wavelengths [9].
We present here a double-channel, ﬁbre-coupled receiver designed for telecommunication wavelengths and prepared for simultaneous detection of two polarizations of single photons in practical QC systems as well as for antibunching-type
quantum correlation studies. The receiver is based on two ﬁbre-coupled NbN SSPDs
operating at 4.2 K inside a liquid-helium dewar. Both the ﬁbre and electrical
connections, however, are outside the dewar at room temperature.

2. Construction of the receiver
The NbN SSPDs were fabricated according to a technological procedure described
in detail in [12]. Most of the detectors used in our receiver were 10  10 mm2
superconducting meander-type structures with a 4 nm thickness and a 120 nm

Downloaded By: [Bibliotheek TU Delft] At: 12:12 18 April 2011

Fibre-coupled, single photon detector based on NbN superconducting nanostructures 317

nominal strip width. Recently, we also used 10  20 mm2 devices. The critical current
density Jc of the completed devices varied within 2 to 6 MA cm2 at 4.2 K with
Tc  10 K. The general idea of the receiver construction is presented in ﬁgure 1.
The receiver was designed to be immersed and operated in a standard liquid helium
transport dewar.
The system consists of two independent detector channels (ﬁgure 1). In each
channel, the photon delivery to the NbN detector is provided by the single/multimode ﬁbre, while the electrical output is connected to the room-temperature
electronics via a SMA connector directly integrated with the SSPDs
coplanar waveguide output. A picture of the receiver’s bottom ﬂange with both
the ﬁbre and electrical connections is shown in ﬁgure 1(a). Figure 1(b) presents a
cross-section through the ﬁbre coupling mechanical support, which consists of a
micromechanical photoresist ring and two bridge-like aluminium holders.
The photoresist ring is positioned over the SSPD meander structure with an
accuracy of 1 mm using a photolithography process guided by alignment marks made
on the SSPD during its fabrication process [13]. The ﬁbre, stripped of its jacket,
is pushed against the NbN ﬁlm and permanently attached with optical glue.
As indicated in ﬁgure 1, each electrical trace is connected through a bias-tee to an
electronics box containing a biasing circuit and a two-stage, broadband ampliﬁer
with a 62 dB total gain and 0.05 to 4 GHz bandwidth. The bias-tee and the
electronics box operate outside the dewar, and the optical ﬁbre is connected directly
to the source of photons using a standard FC connector. Mechanical details of the
entire apparatus and the methods of joining them together were optimized with

Readout
Fibre

Amplification
Electronic box
Bias-tee
Bias box
Top flange

Mechanical
support

(a)

Electrical
connection

(b)
Fibre
Detectors
Liquid helium

Figure 1. Schematic of a two-channel single photon detector operating in a helium
transport dewar. (a) Detail of a cryogenic end, SMA connectors and detectors pigtailed to
ﬁbres. (b) Cross-section of the ﬁbre-coupling scheme.
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respect to mechanical stability and resistance to thermal stress associated with room
temperature-to-helium cycling.
During the experiments, the receiver was placed in a standard (60 l) liquid-He
transport dewar. One container was suﬃcient for over two months of permanent
operation. During this period, for robustness test purposes, the receiver was taken
out of the dewar many times (on average 1–2 times per week) and immersed again
with no observed deterioration in its performance and no visible or measurable
mechanical damage. Only the initial (ﬁrst) cooling of the detector insert sometimes
resulted in the catastrophic failure of our apparatus, which was later traced to ﬁbre
microcracking.

Downloaded By: [Bibliotheek TU Delft] At: 12:12 18 April 2011

3. Experimental results
3.1 System quantum eﬃciency
We fabricated ten eﬃcient receivers (ﬁve pairs), eight of which were coupled via
single-mode ﬁbres and two utilized multimode ﬁbres. The main ﬁgure of merit
was the system QE (SQE) for each receiver [9, 14, 15]. We used highly attenuated,
41 ps wide pulses from a semiconductor laser diode operating at a 1540 nm
wavelength with a repetition rate of 1 MHz. The optical power delivered to the
detectors was controlled with a calibrated, digital optical attenuator. We measured
the nominal optical power at the room temperature end of the ﬁbre (at the FC
connector plane) and the subsequent relative levels were obtained using the
attenuator. Next, the optical power values were divided by the photon
( ¼ 1540 nm) energy to calculate the photon ﬂux, which, in turn, was divided
by the laser repetition rate (1 MHz) to obtain the average number of photons
per optical pulse.
The output signals from the ampliﬁers (located inside the electronics boxes)
were connected to either a fast oscilloscope for time-resolved studies or to a signal
counter to perform statistical analysis of our photon counts or to measure the dark
counts.
The typical dependences of the detection probability (DP) versus the number
of photons per optical pulse incident on the NbN detector for a number of our
receivers are presented in ﬁgure 2. At high power levels, we observe a saturation
of DP at a value close to 100%, as the receiver is able to count all laser pulses.
At low-incident photon ﬂuxes, our experimental data show a linear dependence
of DP versus the number of incident photons over ﬁve orders of magnitude,
demonstrating the single photon detection mechanism [6]. The behaviour observed
in ﬁgure 2 agrees well with our previous observations [3, 6]. Taking the DP value
measured for Ib  0:95Ic at the photon ﬂux level corresponding to an average
of one photon per pulse; we determined the SQE of our receivers and listed the
values for the best and weakest devices directly above ﬁgure 2 and in table 1. We also
present in this table the corresponding device QE (DQE) values characteristic to the
detector structure and measured directly after the SSPD fabrication. Finally, table 1
contains the ratio SQE/DQE, which is an experimental measure of the eﬃciency of
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Device SQE (%)
#2
#3
#6

0.06
0.16
0.001

Device SQE (%)
#11
#15
#17

0.33
0.0004
0.21

Detection probability (%)

102
101
100
10–1
10–2
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10–3
10–4

10–1

100
101
102
103
104
Number of photons per pulse in fibre

105

Figure 2. Photoresponse detection probability versus the averaged number of photons per
pulse for several ﬁbre-coupled NbN SSPDs illuminated by 1540 nm wavelength photons.
The thin vertical line indicates the 1 photon/pulse ﬂux and corresponds to the SQE deﬁnition.

Table 1.

DQE, SQE and calculated K values for ﬁbre-coupled SSPD receivers operating
at the telecommunication 1.55 mm wavelength.

Detector number
number

DQE (% )

SQE (% )

K

Fibre

2
3
11
17

2.1
4.9
1.0
6.4

0.06
0.16
0.33
0.21

0.029
0.033
0.333
0.033

Single mode
Multimode
Single mode
Single mode

Best
receivers

6
15

2.0
2.1

0.001
0.0004

0.0005
0.0002

Single mode
Single mode

Weak
receivers

ﬁbre coupling K. We note that device #11 exhibits the best SQE ¼ 0.33% and
K ¼ 0:33.
The separate dark-count measurements with the ﬁbre input blocked (0 photons
per pulse) resulted in 2 (device #6) to 90 (device #11) counts per second for a bias
current Ib  0:95Ic . Such low dark counts allowed us to measure ‘live’ photon counts
at ﬂuxes as low as 0.06 photons per pulse. At this level, our signal-to-background
ratio was roughly 2. We note that the dark-count rates measured in ﬁbre-coupled
SSPDs are somewhat larger than in our earlier free-space devices [9]. We tentatively
associate these excess dark counts with the 300 K background radiation picked by
the ﬁbre’s room temperature end.
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To analyse the ﬁbre-coupling performance, we computed K between the detector
and ﬁbre, assuming a perfect Gaussian mode-light proﬁle emitted from the ﬁbre.
We obtain the fraction K of power incident on the square (10  10 mm2) detector with
side length a

ð1Þ

where w0 is the beam radius and  is the optical wavelength.
In our calculations, we did not take into account the detectors’ reﬂection or
transparency because we wanted to determine the expected SQE values for our
receiver, knowing the DQE value, and compare them to those listed in table 1.
The resulting calculations, based on equation (1) for the detector–ﬁbre misalignment, are presented in ﬁgure 3, which shows the constant K values for the increasing
vertical ﬁbre–SSPD distance ( y axis) and the horizontal (radial) ﬁbre misalignment
(x axis). We see that there is a rather weak dependence of K on the vertical
ﬁbre–detector separation. For perfect horizontal alignment and the most probable
detector-to-ﬁbre distance of 5 to 10 mm, we expect to have Ks as large as 0.9.
As seen in ﬁgure 3, the horizontal plane misalignment is the most signiﬁcant
determinant in the diminishing value of K. Since at room temperature the ﬁbre was
precisely positioned with the photoresist ring, the misalignment and the resulting
low K observed in our devices (see table 1 and ﬁgure 3) were most likely due to the
distortion (tilt) of the ﬁbre end face with respect to the SSPD plane that was
caused by its uncontrolled cryogenic contraction and horizontal movement during
the cooldown process. Therefore, the 30 mm-thick positioning ring appears to be
25
0.1
0.2

20
Detector distance (µm)
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8
9
a=2
ð a=2
ð
< 2x2 þ y2  =
2
h
h
i dx dy,
exp
K¼

2 i
:w2 1 þ z=pw2 2 ;
pw20 1 þ z=pw20 a=2 a=2
0
0

0.3
0.4
15

0.5
0.6
0.7

10
0.8

#11

0.9

#3

#17

#1

5

0
0

2

4

6

8

10

12

Detector misalignment (µm)

Figure 3. Dependence of the coupling factor K versus the detector–ﬁbre misalignment
distance. The measured values of K for four detectors from table 1 are placed on the diagram.
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insuﬃciently resistant to lateral distortions of the ﬁbre, resulting in lower than
expected Ks, experimentally observed in most of our devices (see table 1).
In an attempt to improve the ﬁbre alignment and reduce the lateral distortions,
we implemented a multimode ﬁbre in our detectors. Because of the large 50 mm
diameter core of the multimode ﬁbre, the coupling should be less sensitive to ﬁbre
displacement in the x–y plane. Unfortunately, the K value listed in table 1 (see also
ﬁgure 2) for the multimode ﬁbre-coupled detector does not support the above
expectations. One should note, however, that in the case of the multimode ﬁbre,
because of the large (2000 mm2) core area, only a small portion of radiation reaches
the detector with a much smaller (100 mm2) surface area. Assuming a Gaussian power
distribution in the graded-index core, we can estimate that only 1/10 of the power
from the ﬁbre reaches the SSPD, even in the case of perfect horizontal alignment.
Moreover, it is well known that multimode ﬁbres suﬀer from a speckle noise. Since
the size of the detector is much less than the size of the ﬁbre core, it is very likely that
our QE measurement was aﬀected by the speckle noise.
Table 1 also shows that some of our detectors exhibited very low SQE and
K values. In these cases, the most probable reason was either a cooling-related crack
of the ﬁbre somewhere along its length or a permanent deformation/contraction
of the ﬁbre’s ending position with respect to the NbN meander. Evidence of this is
that K remained constant after a few thermal cycles, and cracks in the ﬁbres were
found in mechanical post-mortem tests of the two weakest devices.
The QE values presented in table 1 are signiﬁcantly lower than those for the
SSPDs reported in our previous publications. We need to stress, however, that in our
receiver, the SQE value is not merely the eﬃciency of the detector, but also includes
that of the ﬁbre-coupling arrangement.
Figure 4 shows the spectral dependence of the SQEs for two ﬁbre-coupled
receivers. We note that both data sets follow exponential dependences with the
same slope, meaning that the SSPD photoresponse mechanism is the same
as reported earlier by us and is based on the hot-spot formation and current
redistribution model [10, 11]. Thus, the diﬀerences in the actual SQE values for a
given receiver can be accounted by the spectral dependence of DQE, however,
we cannot exclude that K also depends on the incident photon wavelength.
3.2 Timing parameters
As demonstrated by Kerman et al. [16], for large meander-type SSPDs, the photoresponse pulse width and its fall time are limited by the large kinetic inductance
of the superconducting meander. For our time-resolved measurements, we used the
experimental set-up that consisted of a bias-tee (80 kHz to 26 GHz) semiconductor
laser ( ¼ 1:55 mm), a broadband ampliﬁer (50 MHz to 4 GHz) and a 6 GHz,
Tektronix, single-shot digital oscilloscope. An example of the photoresponse
transient of our ﬁbre-coupled detector is shown in ﬁgure 5 (dotted line) and consists
a 250 ps rise time and a 5 ns fall time, with a FWHM of about 2.5 ns. This
ﬁgure also presents a typical dark-count pulse (light solid line) observed with the
ﬁbre input completely blocked. We note that the shape of the dark-count pulse is
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Photon energy (eV)
4

3

2

1

0.8

System quantum efficiency (%)

10
Receiver 3
Receiver 15

1
10–1
10–2
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T = 4.2 K
I b/I c = 0.88
0.3

0.5

0.7

0.9

1.1

1.3

1.5

1.7

Wavelength (µm)

Figure 4. Spectral dependences of the SQE for the multimode receiver #3 and single-mode
receiver #15. In order to directly compare the SQE values for two diﬀerent devices in a wide
photon-energy (wavelength) range, all the data points were obtained for the bias current
Ib ¼ 0:88Ic . Thus, the SQE values shown in the ﬁgure for 1540 nm photons are somewhat
lower than those listed in table 1.

Measured photoresponse
Measured dark response
Simulated response

0.8
Normalized amplitude
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10–5

FWHM =
2.5 ns

10 µm × 10 µm
4 nm thickness
120 nm stripe width
60% fill factor

0.4

0.0

–0.4

–1

0

1

2

Time delay (s)(× 10–8)

Figure 5. Measured photoresponse signal (dotted line) and dark response (light solid line)
of our ﬁbre-coupled NbN detector compared with theoretical calculation (dark solid line),
based on the kinetic inductance model [16].

identical with the photoresponse pulse, indicating that in both cases the output signal
is limited by the extrinsic kinetic inductance.
The latter conclusion was directly conﬁrmed by our theoretical calculations of the
pulse shape, taking into account the true dimensions of the NbN SSPD: thickness
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Device #11
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Normalized histogram counts
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Device #3
FWHM = 58 ps

0.8

–40

40
0
Time delay (ps)

80
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Figure 6. Jitter comparison of NbN free-space and ﬁbre-coupled SSPDs at a 1540 nm
wavelength. Free-space device reported in [9] with a jitter of 19 ps FWHM. Single-mode
ﬁbre-coupled device with a jitter of 37 ps FWHM. Multimode ﬁbre-coupled device with a jitter
of 58 ps FWHM.

d ¼ 4 nm, stripe width w ¼ 120 nm, and an 80 nm gap between the stripes. Using
these dimensions, we calculated the kinetic inductance, using the FastHenry
inductance simulation program, version 3.0 [17] and assuming a London penetration
depth of L ¼ 560 nm, as estimated by Hadﬁeld et al. [18]. We have also veriﬁed
that when we used this penetration depth value to calculate inductances of our
devices, they matched the measured values for the devices used in [16]. The
actual calculated inductance value was 420 nH, in good agreement with a simple
expression for the kinetic inductance of a thin superconducting ﬁlm of length l
with d, w  L ;
Lk ¼ 0 2L

l
:
wd

ð2Þ

Following the inductance model used by Kerman et al. [16], we then simulated
the voltage response and ﬁltered the signal according to our experimental set-up
bandwidth, measured with a spectrum analyser. The theoretical ﬁt (dark solid line in
ﬁgure 5) overlaps almost perfectly with our experimental data, conﬁrming that
indeed in large-area, meander-type SSPDs, the output signal is limited by the device
extrinsic kinetic inductance.
In the same experimental setup as above, we also measured the timing jitter of
our ﬁbre coupled detectors. The experimental data are shown in ﬁgure 6 and were
collected using the standard histogram feature installed in a 50 GHz Tektronix
sampling oscilloscope. For comparison, we also included the timing ﬁtting of one of
our older, free-space-coupled SSPDs [9]. We note that the jitter proﬁle in all cases
is Gaussian and for ﬁbre-coupled structures the FWHM varies from 37 ps for a

324

W. Slysz et al.
(a) Start: device #12, stop: device #11

Counts

12000
8000

FWHM =
390 ps

4000
0

(b) Start: device #11, stop: device #12
Counts

8000
6000

FWHM =
420 ps

4000
2000
0
0

10

20

30

40

50

Downloaded By: [Bibliotheek TU Delft] At: 12:12 18 April 2011

Correlation time (ns)

Figure 7. Correlation measurements on 82 MHz laser pulses, performed with a twochannel, ﬁbre-coupled SSPD receiver. (a) High-SQE device #11 as a stop detector. (b) LowSQE device #12 as a stop detector.

single-mode detector to 60 ps for the multimode one. In both cases, the timing jitter
is higher than that for the free-space SSPD, apparently, because of the 2 m long
ﬁbres and electrical output cables implemented in our cryogenic insert (ﬁgure 1).
In addition, in multimode ﬁbres, we need to take into account a speckle noise and
substantial modal dispersion.
To further test the timing resolution of our complete detector systems and
determine their usefulness for applications in photon quantum-correlation experiments, we carried out our own correlation experiments with two SSPD detectors
placed on one ﬂange of our receiver. The pulsed laser light was split by a 50/50
beam splitter and detected by the two detectors. The signal from each detector
was sent to a discriminator and fed to a correlator. In ﬁgure 7(a), detector #12
with a low SQE (0.005%) operated as a start device and the high
SQE detector #11 acted as a stop. We used 500 fs wide pulses at  ¼ 940 nm
with a repetition rate of 82 MHz. The correlation time (FWHM of 390 ps),
presented in ﬁgure 7(a), can be regarded as the time resolution of the complete
correlation system (ampliﬁers, discriminator, correlator, cables, terminators and
detectors).
Figure 7(b) shows the correlation measurements with the start and stop
detectors reversed. As expected, the correlation width (430 ps FWHM) is virtually
identical and only the total number of collected counts decreases. The widths of the
correlation traces shown in ﬁgure 7 are relatively narrow compared to standard APD
quantum correlation systems, but wider compared to a combination APD–SSPD
system presented in [19]. The latter results demonstrate the utility of SSPDs in
general and our ﬁbre-coupled devices in particular for quantum-correlation-type
measurements [20].
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4. Conclusions
We have fabricated and tested a number of ﬁbre-based, single photon receivers
designed for applications in optical QC systems. The SQE of our best detector in
NIR was measured as 0.33%; however, we expect to reach values as high as 3% to
5%. This will be accomplished by implementing SSPDs with higher DQE values
since the estimated coupling eﬃciency of the ﬁbre–detector set-up in our design has
already reached 30%. Microlenses and thicker (e.g. 50 mm thick) photoresist rings
should increase that coupling eﬃciency even further.
Our fully integrated two-channel, single photon detectors were placed inside
the sealed helium transport dewar with SSPDs maintained at T ¼ 4:2 K, while the
optical and electrical connections remained at room temperature. The system
operating time between helium reﬁlls was above 2 months. Therefore, from
an external operator’s point of view, our whole receiver could be regarded as a
‘room-temperature-like’ apparatus. The performance parameters, such as >200 MHz
photon-counting rate, <40 ps timing jitter, and <100 Hz dark counts, make our
SSPD receivers especially useful for such applications as practical quantum key
distribution, in which photons with two separate polarizations (e.g. vertical and
horizontal) can be simultaneously counted using two parallel channels. The other
forthcoming application is in the photon quantum-correlation measurements.
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