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The authors report fiber-coupled superconducting single-photon detectors with specifications that
exceed those of avalanche photodiodes, operating at telecommunication wavelength, in sensitivity,
temporal resolution, and repetition frequency. The improved performance is demonstrated by
measuring the intensity correlation function g�2���� of single-photon states at 1300 nm produced by
single semiconductor quantum dots. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2752108�

While silicon-based avalanche photodiodes �APDs� can
be used as single-photon detectors in the visible wave-
length range, a mature technology with single-photon sensi-
tivity is still lacking at telecommunication wavelengths
�1310–1550 nm�. The poor performance of InGaAs APDs
barely satisfies the requirements for secure quantum key dis-
tribution, limiting the maximum distance, and sifted key rate.
More generally, progress in the development of systems
based on processing and measuring photonic quantum bits at
these wavelengths is hindered by the lack of adequate detec-
tors. As an example, while single-photon sources based on
semiconductor quantum dots �QDs� have been extensively
characterized at wavelength �1000 nm, only a few clear
demonstrations of single-photon emission have been re-
ported at 1300 nm.1,2 The recent development of single-
photon detectors based on NbN superconducting
nanostructures,3 promises orders of magnitude improvement
over InGaAs APDs in sensitivity, dark count, jitter, and rep-
etition frequency. In the following we report on fiber-coupled
superconducting single-photon detectors �SSPDs� with sen-
sitivity several orders of magnitude larger than InGaAs
APDs, and demonstrate their application to single-photon
measurements at telecommunication wavelengths. The detec-
tion principle of the SSPDs is based on the local inhibition of
superconductivity in a current-biased ultrathin superconduct-
ing nanowire due to the absorption of a light quantum.4 The
SSPDs used in this work consist of 10�10 �m2 meanders
made of a 100 nm wide, 3.5 nm thick NbN nanowire. The
chips were fabricated in Moscow using the technology de-
scribed in Ref. 5. The SSPD meander was aligned to the fiber
core with a precision of less than a 1 �m and held in place
by a beryllium copper spring. After several thermal cycles no
deterioration of the detector-fiber alignment was observed.
The system is then cooled down to 2.3 K in a liquid He
insert. Input fiber connectors and output SMA cables are
mounted at room temperature on the flange of the cryogenic
insert. The high frequency components of the detector output
are fed to a 60 dB gain amplifier with a 2.5 GHz bandwidth.

The efficiency of the fiber-coupled detector was measured
using an attenuated gain-switched diode laser at 1300 nm
and a calibrated InGaAs APD as a reference. The depen-
dence of the quantum efficiency �QE� as a function of the
normalized bias current �Ib� with respect to the critical cur-
rent �Ic=28.2 �A� is shown along with the dark count rate
�DCR� in Fig. 1�a� for the best SSPD. The QE for the SSPD
refers to the percentage of single-photon pulses coupled to
the fiber that produce an output signal. Both QE and dark
counts increase with increasing bias current. At a bias current
of 0.78Ic an efficiency QE=4.8% and dark count rate DCR
=13 Hz are measured. The other SSPD had lower efficiency
�2.5% � for the same DCR. The corresponding QE/DCR ra-
tios are over a factor of 10 higher than previous reports for
fiber-coupled SSPDs.6,7 The plateau in the DCR, measured
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FIG. 1. �a� SSPD quantum efficiency and dark count rate plotted as a func-
tion of normalized current at 2.3 K. Inset: dark count rate plotted as a
function of normalized current for a different SSPD system with/without
�filled/empty circles� cold filter. �b� Comparison between SSPD and APD
performances.
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below a bias current of 0.87Ic �Fig. 1�a��, is attributed to
background thermal radiation, at room temperature, coupled
to the SSPD system through the input fiber. Without thermal
radiation, the DCR would fall below 1 Hz at I�0.9Ic, as
previously reported.8 The plateau was not observed in previ-
ous reports9,8 as the thermal radiation was blocked in those
experiments. We have experimentally verified on a different
SSPD system that the excess DCR in the plateau can be
eliminated by using a cold filter �inset of Fig. 1�a��.

For comparison with other detector systems we have
plotted on the right axis of Fig. 1�b� the noise equivalent
power �NEP� calculated for a quantum detector from the
equation:10 NEP=h� /QE��2DCR, where h� is the photon
energy. The NEP is an appropriate figure of merit when a low
light power must be measured. A more relevant parameter,
for applications where single-photon states must be detected,
is given by the ratio between the probability of generating an
event from the detection of a photon �the QE� and the prob-
ability of generating a dark event.10 A direct comparison be-
tween the detectors is complicated by the fact that the APDs
must be operated in gated mode, so that only a dark count
probability �DCP� per gate can be defined, which is a func-
tion of the gate width. Therefore we compare the perfor-
mance of the SSPD and APD by defining the signal to noise
ratio as SNR=QE/DCP, where the DCP is measured for a
gate width of 1 ns. In Fig. 1�b� the SNR values for the SSPD
are deduced from the data presented in Fig. 1�a� and by
normalizing the dark count rate to a 1 ns time bin. For a fair
comparison between the detectors, the dark count rate mea-
sured �DCRm� on the APD must be normalized to the optical
gate duration �D� and repetition frequency �F� to obtain the
DCR=DCRm / �DF�. The DCP �for a 1 ns gate� was calcu-
lated from a dark count rate DCRm=30 Hz, measured for a
300 ps optical gate at a repetition frequency of 4 MHz. The
APD QE is 10%. These values correspond to the optimized
working regime used for antibunching measurements in Ref.
2. The SSPD displays several orders of magnitude improve-
ment in the SNR.

Figure 2 reports the temporal dynamics of a laser diode
pulse as measured directly using a sampling oscilloscope and
by time-correlated single-photon counting �TCSPC� using

the SSPD and the APD. From the jitter characteristics of the
correlation card, we estimate the time resolution of the SSPD
and APD at 150 and 400 ps, respectively. Lower jitter values
�18 ps have been reported11� could be achieved by improving
the amplification electronics. We note that the SSPD re-
sponse follows a Gaussian distribution, while the APD pre-
sents an asymmetric profile, which depends on the count rate
and limits their application for TCSPC experiments.

In order to validate the application of SSPDs to the char-
acterization of nonclassical light states at telecommunication
wavelengths, we measured the correlations between single
photon pulses produced by a single InAs/GaAs quantum
dot emitting at 1300 nm. The low-density ��2 dots/�m2�
ensemble of QDs was grown by molecular beam epitaxy at
the center of a GaAs/AlAs planar microcavity, as described
in Ref. 12. Circular mesas of 1.5 �m2 diameter were defined
by electron-beam lithography and reactive ion etching in or-
der to isolate the emission of a single QD. The excitation of
the QDs and light collection strategies are similar to the ones
described in Ref. 2. The photoluminescence �PL� spectrum
from a single QD �Fig. 3�a�� is dominated by two lines cor-
responding to the emission from exciton �X� and biexciton
�BX� states. As a first test we demonstrate single-photon
emission from the X line under nonresonant pulsed excita-
tion at 80 MHz. We remark that this repetition frequency is
unachievable with APDs for a reasonable QE, which are lim-
ited to a few megahertz. The coincidence histogram �Fig.
3�b�� is characterized by periodic peaks separated by the la-
ser repetition frequency except for zero delays; this is the
signature of a single-photon emitter under pulsed excitation.
The peaks are well fitted by Gaussian time distributions with
an offset of three coincidences and a full width at half maxi-
mum �FWHM�=2.2 ns that corresponds to twice the X
lifetime.2 Normalizing the counts in 2.2 ns windows we cal-
culate a g�2��0�=0.18. This value is lower than the result

FIG. 2. Measurement of the jitter of the detectors. Dotted line: laser pulse
�FWHM=88 ps� measured on a sampling oscilloscope with 24 GHz band-
width. Continuous line: temporal response of the APD �FWHM=480 ps�.
Dashed line: temporal response of the SSPD �FWHM=320 ps�.

FIG. 3. �a� PL spectrum at 10 K from a single quantum dot showing emis-
sion of the exciton �X�, biexciton �BX�, and charged exciton �X+ �. �b�
Photon autocorrelation measurement on the X line under pulsed excitation
obtained with an integration time of 1.8 h and a time bin of 560 ps. Solid
�red� line is a sum of Gaussians with FWHM=2.2 ns and an offset of three
coincidences.
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�g�2��0�=0.38� obtained using two InGaAs APDs �Ref. 2�
due to the increase of the SNR in this experiment. The coin-
cidences between the peaks are due to uncorrelated light en-
tering the system and detector dark counts. While these
pulsed measurements allow an estimation of g�2��0�, which is
important for applications that use single-photon sources,
many important physical properties of the system are hidden
in the correlation function g�2���� for any delay.13–15 The
measurement of the g�2���� with APDs is exceedingly diffi-
cult since the use of relatively long ��10 ns� gates would
drive the experimental SNR below unity. The g�2���� was
measured on the positively charged exciton emission �inset
of Fig. 4�b�� under cw excitation by pumping resonantly in
the excited state of the trion. The resulting histogram, mea-
sured for a pump power of 0.2 mW, is shown in Fig. 4�a� for
long delays �0.5 �s�. For time delays between 3 and 200 ns
an increase of the correlation function is observed: this
bunching behavior, already studied for short-wavelength
QDs,16 shows that after emission of a photon from the posi-
tive trion the QD remains charged allowing the reexcitation
of the charged exciton state. For short time delays �3 ns
�see Fig. 4�b��, an antibunching dip is observed, confirming
the sub-Poissonian statistics of the light emitted by the trion
line. The bunching and antibunching behaviors can be mod-
eled in a three level system with the following expression:17

g�2����=1− �1+a��exp�−� /�1�+a�exp�−� /�2�. To account
for the limited setup resolution, detection of uncorrelated
photons and dark counts, we fitted the experimental data by
convolving a Gaussian time distribution �FWHM=200 ps�
with the correlation function corrected for noise:13 gn

�2����
=1+��g�2����−1�. The fit provides the values a=0.8,
�1=0.62 ns, �2=170.8 ns, �=0.9, and g�2��0�=0.18±0.02.

In conclusion we have demonstrated the use of fiber-
coupled SSPDs in photon correlation experiments at tele-
communication wavelength. Such experiments are a key
resource in quantum optics, for example, for the character-

ization of thermal light sources,18 the measurement of spatial
coherence,19 and in quantum coherence optical
tomography.20 We thus expect that the availability of these
SSPD systems will significantly improve the range of appli-
cation of quantum technologies in the telecommunication
wavelength range. As demonstrated the dark count can be
reduced by more than one order of magnitude with appropri-
ate filtering of the room temperature background radiation
and even higher efficiencies can be achieved by integrating
optical microcavities with the SSPD—up to 50 was demon-
strated for free-space coupling.21 SSPDs thus have a consid-
erable potential impact in photonics and quantum optics.

This work was supported by Swiss National Foundation
through the “Professeur borsier” and NCCR Quantum Pho-
tonics program, FP6 STREP “SINPHONIA” �Contract No.
NMP4-CT-2005-16433�, IP “QAP” �Contract No. 15848�,
NOE “ePIXnet,” and the Italian MIUR-FIRB program.

1M. B. Ward, O. Z. Karimov, D. C. Unitt, Z. L. Yuan, P. See, D. G. Gevaux,
A. J. Shields, P. Atkinson, and D. A. Ritchie, Appl. Phys. Lett. 86, 201111
�2005�.

2C. Zinoni, B. Alloing, C. Monat, V. Zwiller, L. H. Li, A. Fiore, L. Lunghi,
A. Gerardino, H. de Riedmatten, H. Zbinden, and N. Gisin, Appl. Phys.
Lett. 88, 131102 �2006�.

3G. N. Gol’tsman, O. Okunev, G. Chulkova, A. Lipatov, A. Semenov, K.
Smirnov, B. Voronov, A. Dzardanov, C. Williams, and R. Sobolewski,
Appl. Phys. Lett. 79, 705 �2001�.

4A. D. Semenov, G. N. Gol’tsman, and A. A. Korneev, Physica C 351, 349
�2001�.

5G. N. Gol’tsman, K. Smirnov, P. Kouminov, B. Voronov, N. Kaurova, V.
Drakinsky, J. Zhang, A. Verevkin, and R. Sobolewski, IEEE Trans. Appl.
Supercond. 13, 192 �2003�.

6R. H. Hadfield, M. J. Stevens, S. S. Gruber, A. J. Miller, R. E. Schwall, R.
P. Mirin, and S. W. Nam, Opt. Express 13, 10846 �2005�.

7W. Slysz, M. Wegrzecki, J. Bar, P. Grabiec, M. G. Rska, V. Zwiller, C.
Latta, P. Bohi, I. Milostnaya, O. Minaeva, A. Antipov, O. Okunev, A.
Korneev, S. Smirnov, B. Voronov, K. Kaurova, G. Gol’tsman, A.
Pearlman, A. Cross, I. Komissarov, A. Verevkin, and R. Sobolewski,
Appl. Phys. Lett. 88, 261113 �2006�.

8A. Korneev, V. Matvienko, O. Minaeva, I. Milostnaya, I. Rubtsova, G.
Chulkova, K. Smirnov, V. Voronov, G. Gol’tsman, W. Slysz, A. Pearlman,
A. Verevkin, and R. Sobolewski, IEEE Trans. Appl. Supercond. 15, 571
�2005�.

9A. Engel, A. D. Semenov, H. H.-W. Hübers, K. Il’in, and M. Siegel,
Physica C 444, 12 �2006�.

10A. Karlsson, M. Bourennane, G. Ribordy, H. Zbinden, J. Brendel, J.
Rarity, and P. Tapster, IEEE Circuits Devices Mag. 15, 34 �1999�.

11A. Verevkin, A. Pearlman, W. Słysz, J. Zhang, M. Currie, A. Korneev, G.
Chulkova, O. Okunev, P. Kouminov, K. Smirnov, V. Voronov, G.
Gol’tsman, and R. Sobolewski, J. Mod. Opt. 51, 1447 �2004�.

12B. Alloing, C. Zinoni, V. Zwiller, L. Li, C. Monat, M. Gobet, G. Buchs, A.
Fiore, E. Pelucchi, and E. Kapon, Appl. Phys. Lett. 86, 101908 �2005�.

13C. Becher, A. Kiraz, P. Michler, A. Imamoglu, W. Schoenfeld, P. Petroff,
L. Zhang, and E. Hu, Phys. Rev. B 63, 121312 �2001�.

14D. V. Regelman, U. Mizrahi, D. Gershoni, E. Ehrenfreund, W. V.
Schoenfeld, and P. M. Petroff, Phys. Rev. Lett. 87, 257401 �2001�.

15E. Moreau, I. Robert, L. Manin, V. Thierry-Mieg, J. M. Gerard, and I.
Abram, Phys. Rev. Lett. 87, 183601 �2001�.

16C. Santori, D. Fattal, J. Vuckovic, G. S. Solomon, E. Waks, and Y.
Yamamoto, Phys. Rev. B 69, 205324 �2004�.

17S. C. Kitson, P. Jonsson, J. G. Rarity, and P. R. Tapster, Phys. Rev. A 58,
620 �1998�.

18B. L. Morgan and L. Mandel, Phys. Rev. Lett. 16, 1012 �1966�.
19R. H. Brown and R. Twiss, Nature �London� 177, 27 �1956�.
20A. F. Abouraddy, M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C.

Teich, Phys. Rev. A 65, 053817 �2002�.
21K. M. Rosfjord, J. K. W. Yang, E. A. Dauler, A. J. Kerman, V. Anant, B.

M. Voronov, G. N. Gol’tsman, and K. K. Berggren, Opt. Express 14, 527
�2006�.
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