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Abstract—Superconducting single-photon detectors (SSPDs) are
nanostructured devices made from ultrathin superconducting
films. They are typically operated at liquid helium temperature and
exhibit high detection efficiency, in combination with very low dark
counts, fast response time, and extremely low timing jitter, within
a broad wavelength range from ultraviolet to mid-infrared (up
to 6 µm). SSPDs are very attractive for applications such as fiberbased telecommunication, where single-photon sensitivity and high
photon-counting rates are required. We review the current stateof-the-art in the SSPD research and development, and compare the
SSPD performance to the best semiconducting avalanche photodiodes and other superconducting photon detectors. Furthermore,
we demonstrate that SSPDs can also be successfully implemented
in photon-energy-resolving experiments. Our approach is based
on the fact that the size of the hotspot, a nonsuperconducting region generated upon photon absorption, is linearly dependent on
the photon energy. We introduce a statistical method, where, by
measuring the SSPD system detection efficiency at different bias
currents, we are able to resolve the wavelength of the incident
photons with a resolution of 50 nm.
Index Terms—Energy resolution, nanostructured superconducting detectors, photon spectroscopy, single-photon detectors (SPDs),
superconducting SPDs (SSPDs).

I. INTRODUCTION

I

NTEREST in single-photon detectors (SPDs) has recently
increased dramatically, due to many novel scientific and
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technical applications, ranging from studies on quantum dot
single photon emitters [1] to quantum cryptography and optical quantum computing [2]. Typically, such applications require
that an SPD combine several of the following properties: picosecond timing resolution (jitter), a high count rate (reaching
gigahertz), almost negligible dark counts, and high quantum
efficiency (QE) [3].
Silicon avalanche photodiodes (APDs) are the most popular
and readily commercially available SPDs. They exhibit high QE,
up to 70% at the visible (630 nm) wavelength [4]. The lowest
dark count rates for commercial Si APDs are on the order of 1 Hz
for ultralow noise, thermoelectrically cooled systems, and the
best timing resolution can reach 40 ps, however, at the expense of
a reduced QE (35% at 500 nm) [5]. Contrary to photomultiplier
tubes and microchannel plates, modern Si APDs require only
low biasing power, do not suffer from memory effects, and are
not damaged by ambient light or overillumination. Thus, they
are typically the devices-of-choice for counting visible light
photons, as their QE drops dramatically at wavelengths above
1.1 µm (the value corresponding to the Si energy gap).
In the near-infrared (NIR) region, from 900 to 1700 nm,
InGaAs/InP APDs operating in the Geiger mode have been
widely used for photon counting. The InGaAs devices operate
at near room temperature (∼200 K) and possess the general
robustness of solid-state devices [6]– [8]. Unfortunately, current
designs suffer from strong afterpulsing and large dark count
rates (on the order of 10 kHz), caused by the thermal carrier
fluctuations. The best, cooled InGaAs/InP APDs operated in
the short-gate mode (gate-on time ∼2.5 ns) exhibit QE ∼25% at
the telecommunication 1.55 µm wavelength with a dark count
probability per gate of 10−5 to 10−4 . The counting rates of
InGaAs APDs are up to 20 MHz; however, their repetition rates,
which assure the afterpulsing-free single-photon detection, are
as low as ∼1 MHz, because of a long lifetime of the trapped
carriers [9].
Recently, a new NIR photon-counting approach, using wavelength up-conversion in combination with a Si APD has been
reported [10]. Such scheme does not require a gating operation
as required for InGaAs/InP APDs, and the maximum count rate
can reach 20 MHz, limited by the 45-ns value of the dead time
of the Si APD.
The most promising competitors of APDs are superconducting photon detectors. They are all research devices, but they are
very attractive due to low noise operation at cryogenic temperature, very high sensitivity, and the capability to count photons
in the middle-infrared (MIR) range (∼6 µm wavelength).
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TABLE I
COMPARISON OF SEMICONDUCTING AND SUPERCONDUCTING SPDS

Nano-bolometer-type, transition edge sensors (TESs) are
well known and are a well-established technology. The most
advanced TES devices, based on a tungsten absorber, were
reported to have ∼92% QE at 1.55 µm, which was obtained
by embedding the TES in a specially designed resonator structure to maximize the absorption at that wavelength [11]. TESs
are, unfortunately, very slow (20 kHz maximum count rate),
have submicrosecond jitter, require operational temperature of
∼0.1 K, and are easy to saturate by room temperature background radiation. Their advantage, besides almost perfect QE,
is the ability to resolve incoming photon energy, or equivalently,
the number of incident photons [12].
Superconducting tunnel junction (STJ) devices are another
type of energy-resolving SPDs. They are characterized by an
intrinsic spectral resolution of 20 nm, and QE is estimated to be
about 50% at 500 nm [13], [14].
In 2001, yet another type of superconducting SPD (SSPD)
was introduced [15], [16]. The SSPDs are nanostructured devices made from ultrathin NbN films. The active area is formed
by a superconducting nanowire arranged in a meander-like geometry. They operate in the 2–4.2 K range, well below the
critical temperature Tc of NbN, and are biased by a current Ib
close to the nanowire critical current Ic . They exhibit singlephoton sensitivity from ultraviolet to MIR [17]. Unfortunately,
despite significant efforts in several laboratories worldwide, the
fabrication yield of very-high-quality SSPDs is currently quite
low, as those nanostructures are very sensitive to any defects
and faults during the fabrication process.
Operated at 4.2 K, SSPDs typically demonstrate QE up to
20% in the visible range and ∼6% in the NIR. The maximal
demonstrated photon count rate of SSPDs is up to 1 GHz for
small-area, low-kinetic-inductance meanders, and they show a
very fast timing resolution with a time jitter <18 ps [18], [19].
Decreasing the temperature to 2 K leads to a significant improvement in QE and a drastic reduction of the dark count level.
The QE of our best, large-area (100 µm2 ) SSPDs approached
a saturation level of ∼30% for visible light photons, limited by
the optical absorption probability of an ultrathin NbN film. For a
telecommunication wavelength of 1.3 µm, the QE at 2 K reached
∼30% with a dark count rate below 2 × 10−4 Hz [17]. The maximal count rate of such large-area SSPDs is up to 250 MHz [20].
It has been shown very recently that the integration of an
SSPD structure with a quarter-wavelength (λ/4) microcavity
designed for the wavelength of 1.55 µm more than doubles the
probability of absorbing a photon of this wavelength, and hence,

the QE reaches values as high as 57% at 1.55 µm without losing the device’s high-speed characteristics [21]. Independently,
single-photon sensitivity of SSPDs in the MIR was also recently
observed. For the 5 µm wavelength, the detector exhibited ∼1%
QE at 1.6 K. We believe that actually the SSPD is capable
of single-photon counting even at longer wavelengths, up to
∼10 µm [22].
Table I presents a direct comparison of the performance parameters of semiconducting APDs and various superconducting
SPDs.
The SSPDs are now on the verge of becoming accepted detection devices, in particular, in the NIR and MIR ranges. The first
practical application of the SSPD was for noninvasive testing
and debugging of CMOS integrated circuits [23], [24]. The very
low timing jitter of SSPDs was recently used for fast lifetime
measurements of a quantum well structure emitting in NIR [25]
and in determination of the spontaneous emission lifetime of an
InAs quantum dot single-photon source [26]. Low dark counts
in combination with the fast recovery time, and hence, the high
maximal counting rate makes SSPDs very attractive for optical
communication protocols [27]. Very recently, the longest terrestrial Quantum Key Distribution (over 200 km) at 1.55 µm
using a fiber link has been performed with a twin SSPD detector
setup [45]. Heralding of telecommunication photon pairs [28]
and photon-counting optical communications with a bit rate of
781 Mbit/s [29] were experimentally demonstrated in a combined SSPD and APD system.
There are two different ways to implement the SSPD into
an optics experiment: a free space or an optical fiber-based approach. In a free-space arrangement, an optical cryostat is used
in combination with a moveable lens system to focus photons
directly on the SSPD chip. The setup can be used to measure
QE of the detector knowing the light spot size with respect to
the active area of the SSPD. Often, these QE values are given
in literature (see Table I), but care has to be taken, since for real
experiments, the system detection efficiency (DE) is relevant:
DE = (Pabs × Pdet ) × L = QE × L

(1)

where Pabs describes the probability of a photon being absorbed
in the NbN film, Pdet is the probability that an absorbed photon
is leading to a detection event, and L comprises all optical
losses in the setup. The product of Pabs and Pdet is the QE of
the device.
We have recently demonstrated pigtailing of an SSPD, where
a single-mode optical fiber was glued directly on the active
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Fig. 1. Microscope image of an SSPD detector chip (left). The active area is
positioned between Au contacts. An SEM image showing the active area of the
device (right). The NbN nanowire (width 100 nm, filling factor 0.5) covers the
area of 10 µm × 10 µm.

area of the SSPD chip [20]. The main advantage of this fiberequipped SSPD setup is that it is very easy to implement into
any optics experiments. The measured DE values of the first
successful fiber-coupled SSPDs are 0.3% and 1% for 1.55 and
0.9 µm photon wavelengths, respectively [20].
In this paper, we investigate the energy-resolving property of
SSPDs. Due to the fact that the QE depends on the wavelength
of the absorbed photon, the photon energy can be determined
with the help of a statistical method. Being able not only to
count individual photons, but also to gain information about
their energy opens new experimental possibilities. Our “demonstration of principle” has been performed using visible light
photons, but the true applicability of this concept should lie in
future energy-resolving studies of single photons emitted in the
infrared region.

II. DESIGN, FABRICATION, AND OPERATING PRINCIPLE
A. SSPD Design and Fabrication
SSPDs are based on 2-D superconducting nanostructures typically made from NbN films. Ultrathin (typical thickness: 2.5–
10 nm) NbN films are deposited by reactive magnetron sputtering in an Ar and N2 mixture on sapphire substrates. During the
deposition process, the substrate is heated to 850 ◦ C allowing
epitaxial growth. The high quality of our films was demonstrated
by parameters such as the surface resistance of 400–500 Ω/sq
(for 4-nm-thick films), Tc of 10–11 K, and superconducting
transition width of ∆Tc ∼ 0.3 K [30]. The active area of the
SSPD is patterned by a direct electron beam lithography and
reactive ion etching [31].
Fig. 1 presents a top view of an SSPD chip and an SEM image
of its active area. The SSPD nanostructure is placed at a center
line of a shorted, 50 Ω gold coplanar waveguide, and its active
element is a superconducting nanowire with a typical width of
80–100 nm. For better coupling with the incident radiation, the
nanowire is arranged in meander-type geometry. The current
state-of-the-art devices are 10 µm × 0 µm meanders with a filling factor (the ratio of the area occupied by the superconducting
wire to the device nominal area) as high as 0.5–0.7 [19]. For
a 100-µm2 -area meander with a filling factor of 0.5, the total
nanowire length is 500 µm.

Fig. 2. SSPD nanowire cross section with a hotspot generated by a singlephoton absorption. The hotspot consists of a resistive, quasi-particle core with
the diameter of the order of 2 ξ. Due to quasi-particle out-diffusion, the total
final diameter of the hotspot is given by 2(ξ + L E ). The supercurrent is expelled from the nonsuperconducting hotspot region into the strip edges, which
is schematically shown by arrows.

B. Operating Principle: Photon Counts and Dark Counts
In the framework of a phenomenological model, the operating principle of the SSPD is based on the formation of a
resistive region across a 2-D superconducting nanowire when
a single photon is absorbed. This is due to a combined action
of a single-photon absorption—which results in the generation
of a nonsuperconducting hotspot—and redistribution of the bias
current applied to the SSPD [15], [32], [33].
The absorption of a photon by a superconducting film results
in breaking of a Cooper pair and generates a very hot electron, which, subsequently, looses its excess energy via electron–
electron and electron–phonon interactions on a time scale of
∼7 ps for NbN [34]. This excess energy, if reabsorbed, leads to
breaking of many additional Cooper pairs. Since the typical energy of an optical photon is about 1–2 eV, while the energy gap
of 2 ∆ for NbN at T  Tc is ∼2 meV, the above-mentioned
avalanche process leads to the creation of up to 1000 quasiparticles [35] and results in a local suppression of ∆.
The region of suppressed superconductivity is called a hotspot
and has an initial diameter, or core, of 2 Rm , of the order of the
superconductor coherence length ξ, as is schematically depicted
in Fig. 2. This figure also shows that the diffusion of quasiparticles (diffusion length LE ) out of the resistive hotspot core
causes penetration of the electric field E into the superconductor
and further expands the nonsuperconducting region across the
strip width. As a consequence, the supercurrent is redistributed
and flows in the quasi-1-D “sidewalks.” The final (total) crosssection area of the hotspot, for our 2-D superconducting strip,
is approximately π(Rm + LE )2 , and is directly related to the
incident photon energy.
Indeed, numerical computations [36] based on the hotspot diffusion model developed in [33] and presented in Fig. 3 show that
the hotspot cross-section area depends linearly on the photon
energy in direct agreement with earlier experimental data [37].
This fact will be later used for our photon-energy-resolving
measurements.
After the hotspot region has extended due to out-diffusion of
quasi-particles, Ib comes into play. As schematically shown in
Fig. 2, the supercurrent is redistributed around the nonsuperconducting region, leading to an increased current density j in
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Fig. 3. Hotspot cross-section area versus the incident photon energy. The
dashed lines demonstrate the hotspot dynamics and are fitted to the experimentally measured hotspot areas [37] in 3.5-nm-thick (triangles) and 10-nm-thick
(squares) NbN SSPDs biased at j/jc = 0.9 and operated at T = 4.2 K.

the 1-D sidewalks near the edge of the strip. Once the critical
current density jc in those “sidewalks” is exceeded, phase-slip
centers (PSCs) form, and as a consequence, a resistive region
across the entire width of the detector nanostrip is formed. This
latter process is time-delayed with respect to the initial hotspot
generation and was investigated in detail in [38].
The processes of the hotspot and PSCs formation can quantitatively explain both the SSPD time jitter and the QE dependence on the photon energy. It is clear that the hotspot size and
the nanowire width uniformity are critical in determining the
intrinsic jitter and QE of the device. Any variations of the strip
width directly affect jc of the entire device with the narrowest
segment of the meander setting the upper limit on the maximal Ib . Hence, only some (narrowest) parts of the nanowire are
optimally current biased, while for wider parts (with Ib  Ic ),
the formation of a resistive region becomes significantly less
probable. As expected, devices with improved strip uniformity
exhibit high QEs and the lowest experimentally observed time
jitter values <20 ps [18].
Superconductivity of the resistive region is restored due to the
recombination of excited quasi-particles in combination with
out-diffusion of phonons [39]. For an ultrathin NbN superconducting film, the quasi-particle relaxation time is ∼30 ps [34];
thus, on this time scale, the hotspot is expected to collapse and
superconductivity be restored. This intrinsic recovery time, together with the time delay for forming the resistive (PSC) barrier,
sets the maximal, intrinsic counting rate of up to ∼10 GHz [18].
However, it has been recently shown by Kerman et al. [40]
that the SSPD response time is limited by another parameter,
namely, the kinetic inductance of a superconducting meander.
The kinetic inductance effect is intrinsic to any nanostructured
superconducting devices; it typically exceeds the value of the
geometrical inductance, and depends on the thickness and the
width of the superconducting nanowire. The thinner, narrower,
and longer the nanowire is, the higher is its superconducting
kinetic inductance. Hence, there is a tradeoff between the maximal count rate and the maximal QE value for large-active area
(large-meander) devices. As a consequence, the recent SSPDs
with active areas of 100 µm2 exhibit the largest QE values, but
their maximal count rates are below 250 MHz [20].

937

Fig. 4. Measured photoresponse signal (dotted line) of a 100 µm2 area fibercoupled SSPD compared with a theoretical calculation (dark solid line), based
on the kinetic inductance model [40]. The shown dark count photoresponse
(light solid line) is almost identical to the photon absorption signal.

Fig. 4 shows a photoresponse signal (dotted line) of a
100-µm2 -area, 0.6-filling-factor SSPD, recorded using a 6 GHz
Tektronix, single-shot digital oscilloscope. The experimentally
measured transient has a full-width at half-maximum of about
2.5 ns and exhibits a small negative tail component due to the
limited (50 MHz to 4 GHz) bandwidth of the amplifier. Obviously, the presented transient in Fig. 4 does not represent the
intrinsic photoresponse of the superconducting material (NbN)
that, as we mentioned before, is of the order of 30 ps, but is limited by the kinetic inductance of the ∼0.5-mm-long nanowire
meander. The observed pulse shape is in good agreement with
our numerical simulations (solid line) based on the kinetic inductance, taking into account the acquisition electronics bandwidth [41].
Even when the SSPD is completely blocked from all incoming
radiation, one can still observe sporadic voltage pulses. It has
been suggested that these dark counts are due to the depairing of
vortex–antivortex pairs caused by the applied bias current [42],
[43]. The photoresponse of dark counts is very similar to the
signal caused by single photon absorption (see Fig. 4, light solid
line) with the pulsewidth also set by the kinetic inductive effect.
The dark count rates decrease exponentially with decreasing Ib
and can be significantly reduced by going to low (well below
4.2 K) operating temperatures [17].
Finally, we would like to note that the fact that in largearea SSPDs, the photoresponse is limited by the kinetic inductive effect contradicts proposals for single-shot photon-energyresolving measurements [33], [44], based on the assumption that
both the height and duration of the SSPD photoresponse pulse
should be dependent on the energy of the absorbed photon.
III. EXPERIMENTAL SETUP
In Fig. 5, we present our fiber-based setup used for demonstrating the energy-resolving properties of SSPDs. We use a
simple dip-stick design to immerse the detector in liquid He.
The detector is positioned well below the liquid He surface,
ensuring a stable operating temperature of 4.2 K.
The SSPD had an active area of 10 µm × 10 µm with a filling
factor of 0.5 and a nominal strip width of 100 nm. The SSPD
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Fig. 5. Sketch of a fiber-coupled SSPD setup. The detector was immerged
in liquid He inside a transport He dewar using a simple dipstick design. The
bias current was applied via a dc port of a bias tee. The SSPD transient was
amplified and detected by a pulse counter. The laser light was delivered to our
SSPD through an optical fiber.

was pigtailed with a P1-SMF28 fiber (Thorlabs, single mode:
1310–1550 nm) following the procedure presented in [20].
The electronic readout system was placed outside the He dewar at room temperature. The bias current was generated by
a computer-controlled data acquisition unit (National Instruments, DAQPad-6015) in combination with a 440 kΩ resistor
and applied via the dc-port of a home-made bias tee (bandwidth:
1 MHz–5 GHz). The RF port of the bias tee was connected to
an amplifier cascade of two low-noise amplifiers (Miteq, JS201000200-10-10A, gain 36 dB). Two attenuators (10 dB), one
placed between the amplifiers and the other after the second
amplifier, were used for stabilizing the amplifier cascade and
to minimize back actions from the pulse counter. The SSPD response (amplified voltage pulses) was fed to a counter (Stanford
Research, SR400 Photon Counter) or monitored with a 1 GHz
oscilloscope (LeCroy, LC574AM).
Assuming that the resistance of the SSPD when it was in
its resistive state, RSSPD , was much higher than the 50 Ω
input impedance of the amplifier, the measured amplitude of
the voltage photoresponse pulse was expected to be Vpulse ≈
Ib × 50Ω × Gsig , where Gsig is the total gain of the amplifier
system within the amplifier passband [40]. The measured Ic of
our SSPD was ∼11.8 µA, and a typical photoresponse pulse
had a amplified voltage amplitude of ∼250 mV, when the SSPD
was biased with Ib /Ic = 0.8.
For demonstrating energy-resolving properties of the SSPD,
we used a tunable Ti:sapphire laser (Coherent, MIRA900) with a
wavelength range between 700 and 1000 nm as a photon source.
The laser was operated in a continuous-wave mode. To monitor
the laser stability and to be able to compensate for possible light
intensity fluctuations, a beam splitter was positioned between
the laser output and the fiber coupler, and the intensity was constantly monitored by a power meter (Thorlabs, S120A), together
with the SSPD readout. No collimation optics was used to focus the incident light onto the fiber input. The aforementioned
coupling arrangement minimized the setup sensitivity with respect to the laser spot variations and was expected to assure
minimal changes in the coupling efficiency for different wavelengths used in the experiment. On the other hand, it forced us
to apply high incident laser powers to obtain high-count photon
rates from the SSPD. The laser intensity was varied using a laser

Fig. 6. Bias current scans for different incident photon wavelengths. The
SSPD system DE strongly depends on the energy of the absorbed photons.
It is highest for 700 nm photons due to the large diameter of the generated
nonsuperconducting hotspot and lowest for the longest wavelength of 1000 nm,
as illustrated schematically by the two insets. The right-hand axis corresponds
to the dark count rate of the SSPD, represented by black dots.

stabilization system (Brockton Electrooptic Corporation) and a
calibrated attenuator wheel in front of the beam splitter.
IV. PHOTON-ENERGY-RESOLVING PROPERTY
To gain information about the energy of absorbed single photons, we use the fact that, for a given thickness of a NbN
nanowire, the area of a nonsuperconducting hotspot depends
linearly on the energy of the incident photon (cf., Fig. 3). In the
case of a 10-nm-thick SSPD, the difference in the hotspot diameters is 30%, when comparing the hotspot sizes corresponding to
the 700-nm (hotspot diameter ∼25 nm) and 1000-nm (∼32 nm)
wavelength photons. For 4-nm-thick devices used in our experiments, we follow the dependence presented in Fig. 3 for a
3.5-nm-thick SSPD, assuming actual differences between the
nominally 3.5 and 4 nm nanowires are negligible.
Fig. 6 presents a family of the system DE curves versus the
normalized applied bias current, collected for different incident
photon wavelengths. Clearly, it can be seen that, for shorter
wavelengths, larger DEs are obtained for the same Ib , because
highly energetic photons create larger hotspots, and the condition for the PSC generation in the sidewalks can be fulfilled for
lower Ib values. For example, at Ib /Ic = 0.7, the difference in
the DEs values for the 700 and 1000 nm photons is approximately two orders of magnitude. For the 700 nm wavelength,
the DE is almost saturated, whereas for 1000 nm photons, DE
could still be further increased by going closer toward Ic .
For the studied SSPD, the overall system DE presented in
Fig. 6 is rather low. One apparent reason is that the optical coupling of the laser light to the SSPD used in our experiments is
far below the best, ∼30% value, reported for the best pigtailed
SSPD and more comparable with the other, tested devices [20].
In addition, the device QE in this particular SSPD might be
reduced, possibly due to, e.g., variations of the nanowire strip
width. Nevertheless, despite the very low absolute DE values,
the DE curves collected for different wavelengths are very reproducible and generally typical for SSPDs, showing a strong
dependence on the energy of the incident photons. The latter is
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Fig. 7. Photon-count rate dependence on the laser intensity. The linear dependence is the prerequisite to be able to recalibrate test curves taken at arbitrary
intensities and compare them to the calibration curves.

crucial for our demonstration of single-photon energy resolution
ability of SSPDs.
The right-hand axis in Fig. 6 corresponds to the dark count
rate of the SSPD, measured (black dots) when the laser light was
completely blocked. We note that the dark counts are relevant
only for Ib /Ic > 0.85. But even then, they are relatively low,
despite the fact that we did not properly shield our device from
the thermal background radiation (there were no cold IR filters
in our optical beam line).
For our proposed fitting procedure, the second criterion that
has to be fulfilled is the linear dependence of the SSPD photoncount rate on the incident photon flux (laser intensity), as we
presume that we cannot fully control the intensity of the light
source for which we want to determine the photon wavelength.
Thus, the actual measured photon-count rate has to be normalized with respect to the calibration curves, which were obtained
at a known wavelength and at a given intensity. In Fig. 7, the
linear dependence of the SSPD count rate is shown with the
laser intensity varied over two orders of magnitude. This linear
dependence is expected, unless the laser power is increased to
very high values, where we leave the one-photon absorption
regime [37]. In fact, the linear dependence of photon counts on
the number of incoming photons for very weak photon fluxes
is a direct confirmation of the single-photon-counting nature of
our detectors [15].
A. Fitting Procedure
Calibration curves were taken for different laser wavelengths
over the whole tunable wavelength regime from 700 to 1000 nm
in steps of 50 nm, as presented in Fig. 8. The laser intensity
of each calibration curve was chosen in such a way that at the
10.2 µA bias level, the obtained photon-count rate was approximately 1 MHz. The Ib step size was 45 nA. For each point, the
count rate was measured for 1 s. Several calibration curves for
each wavelength were taken, normalized to exactly 106 Hz at
Ib = 10.2 µA and averaged, resulting in a relative error of no
more than 1% (error bars not shown in Fig. 8).
For demonstrating the energy-resolving property, we have
taken our test curves at the same wavelengths as the calibration
curve, but measured for arbitrary intensities of incident photons.
The photon-count rate of the SSPD was measured at four dif-
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Fig. 8. Calibration curves. For wavelengths from 700 to 1000 nm in steps of
50 nm, Ib was scanned from 6.8 to 11.4 µA at 45 nA steps. All curves are
normalized to 106 Hz at Ib = 10.2 µA to simplify the fitting procedure. The
original data (solid squares) and the normalized data (circles) of one test curve
taken at arbitrary laser intensity are shown. The recalibrated test data can be
clearly assigned to the 1000 nm calibration curve.

ferent Ib settings (6.8, 8.0, 9.1, and 10.2 µA). Each data point
was an average over 20 measurements, each one taken for 1 s.
The total time needed for taking one test curve was about 1–2
min. The value at 10.2 µA was used to normalize the given test
curve with respect to the calibration curve to the 106 Hz count
value. In Fig. 8, both the original and the normalized points of
one of the test curve are plotted. It can be easily assigned by eye
to the calibration curve of 1000 nm wavelength.
B. Fitting Results
For a quantitative assignment, we calculated the sum of the
squared differences of all points of one test curve (xi ) with
respect to all calibration curves [cali (j)], with (j) being different
wavelengths:
sum(j) =

 (xi − cali (j))2
.
cali (j)

(2)

By finding the minimum value of sum(j), the actual wavelength of the test curve could be determined [cf., Fig. 9(b)]. We
have tested our fitting procedure on 14 test curves. For each
wavelength (i.e., 700, 750, . . . , 1000 nm), two test curves were
measured at different laser intensities [only odd test data are
listed in Fig. 9(b)]. All except one test curve could be assigned
to the correct wavelength. Contrary to Fig. 9(b), which presents
the raw test data, in Fig. 9(a), we plotted the values of sum(j) for
each of 14 tests, normalized with respect to their corresponding
minimum values [bold numbers listed in Fig. 9(b) for odd test
curves]. For all expect one curve, a relative difference higher
than 5 [Fig. 9(a), dotted line] was obtained, and the wavelength
could be assigned with very high certainty. Problems arise only
in the case of one, 1000 nm test curve, where, for two calibration
curves, the relative squared difference was too small to make a
clear wavelength assignment.
The measurement must be free of any external disturbances,
such as bias current fluctuations or drift and/or laser fluctuations on the time scale much smaller than 1 s, which could not
be completely compensated in our experiments. In particular, at
Ib = 10.2 µA, which was used for recalibration, the measure-
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Fig. 10. Wavelength assignment for a light source composed of two different
wavelengths. The count rate of only the green laser (a), only the IR laser (b), and
of both lasers simultaneously (c) are shown together with the calculated sum of
(a) and (b) (open circles).

Fig. 9. Wavelength assignment for all 14 test curves. For each test curve,
sum(j) with respect to all calibration curves is calculated (cf., table). The normalized squared difference for each test curve is plotted versus the calibration
curves. For all curves, except one, there is a clear minimum value of sum(j) and
the photon wavelength can be assigned with high certainty. The dotted line represents a relative difference of 5, which is used as threshold for an unambiguous
assignment.

ments are very sensitive to any disturbance. Therefore, for an
unambiguous photon energy assignment, a threshold value of
the factor of 5 for the difference between the relative squared
differences was used. We stress that this latter condition is satisfied for all test curves except for one of the two 1000 nm curves.
In general, the procedure should be that, if the aforementioned
threshold is not reached, then simply the measurement of the
given test curve has to be repeated until the criterion is fulfilled.
In our procedure, the energy information about the incident
photons is obtained statistically, i.e., we have to measure the
photon-count rate for at least two different bias current settings.
That requires a stable light source over the time needed for performing the bias scan, which is 1–2 min in our case, when using
four different Ib values. By reducing the number of points and
the amount of averaging, this acquisition time can be lowered,
however, at the cost of accuracy.
We have also tested an approach, where test curves were taken
with a smaller Ib step size. We determined the slope of the test
curve and compared it with the slope of the calibration curves.
However, the results of this method were not as accurate as for
the four-point measurements discussed previously, presumably
because we had to reduce the averaging time for each measurement point in order to achieve a total measurement time in the
same 1–2 min range.
Detector instabilities, which could cause slightly different
count rates under exactly the same experimental conditions
were, probably, the main reason for the observed 50 nm wavelength resolution limit of our method. When taking calibration

curves with smaller wavelength step size, the error bars of the
calibration curves started to overlap. By using an SSPD with
somewhat higher DE, and a better shielded readout system, our
energy resolution should be substantially improved.

C. Light Source With Two Different Wavelengths
Our photon-energy-resolving approach should also work in
the case of an incident optical flux consisting photons with
two different energies. Using our method, we should be able
to determine the wavelengths, as well as the intensities of both
contributions. To show the proof of principle, we equipped our
setup with a single-mode fiber optic coupler (Thorlabs, 10202A50-FC) and used the pump laser of our system (Coherent, Verdi:
530 nm) as the source of one (green) wavelength radiation, while
the Ti:sapphire laser at a wavelength of 900 nm was the second
source of photons.
Fig. 10 presents the photon-count rates obtained for three
different cases: 1) only the green (530 nm) laser was connected
to the input fiber of the SSPD, 2) only the IR wavelength beam of
the Ti:sapphire laser was used, and finally, 3) both beams were
coupled in at the same time and fed to the SSPD. Additionally,
Fig. 10 shows the calculated sum (open circles) of the curves in
Fig. 10(a) and (b).
At low values of Ib , the count rate curve [Fig. 10(c)], when
photons of both wavelengths are incident on the SSPD, is dominated by the contribution of the green laser. This is due to the fact
that the SSPD DE is much higher for green photons as compared
to that of IR photons. As a consequence, the low Ib /Ic regime,
e.g., 0.5–0.6, can be used for determining the wavelength of
the high-energy photons, as well as to measure their flux. Taking this information into account, a fit of the count rate curve
with the calibration curves in a bias current window close to the
critical current (0.8–0.9) gives the wavelength and intensity of
the low-energy photons. Note that for Ib close to Ic , the count
rate of the green laser [Fig. 10(a)], as well as the count rate of
the Ti:sapphire laser [Fig. 10(b)], differ significantly from curve
Fig. 10(c). Only the sum of both with the correct ratio of the
intensities will give the observed count rate curve in Fig. 10(c).
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Fig. 10 demonstrates that the careful analysis of the measured
photon-count curves in separated Ib /Ic windows, and their direct
comparison with the prerecorded calibration curves can allow
to obtain accurate energy determination also in case the incident
light consists of photons of different energies.
V. CONCLUSION
SSPDs are a very promising type of solid-state SPDs, due
to their efficient photon counting, especially in the NIR-toMIR region, almost negligible dark counts, the low timing jitter,
and finally, megahertz-to-gigahertz photon-counting rates. The
properties mentioned before make SSPDs very attractive in such
basic science applications as single-photon emission studies and
time-resolved correlation measurements in the infrared, as well
as in the engineering requiring very high counting rates and
ranging from fiber-based and free-space quantum communications to quantum cryptography. We have demonstrated that,
besides their photon-counting abilities, SSPDs can also be used
in the photon-energy-resolution mode. We used the fact that the
detection efficiency (DE) depends on the energy of the absorbed
photons and demonstrated an energy resolution of 50 nm for a
monochromatic light source. We expect that our energy resolution concept can become practical by implementing detectors
with higher system DE values and applying it to spectral studies
of IR photon sources. In fact, we can envision a very compact
single-photon spectroscopy setup, e.g., an on-chip design, where
the SSPD and a quantum dot embedded in a nanowire acting as
a single-photon source are integrated on the same substrate.
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[43] A. Engel, A. D. Semenov, H.-W. Hübers, K. Il’in, and M. Siegel, “Fluctuation effects in superconducting nanostrips,” Physica C, vol. 444, pp. 12–
18, 2006.
[44] A. Semenov, A. Engel, K. Il’in, G. Gol’tsman, M. Siegel, and
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