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We investigate single- and multi-photon detection regimes of superconducting nanowire detectors em-

bedded in silicon nitride nanophotonic circuits. At near-infrared wavelengths, simultaneous detection

of up to three photons is observed for 120 nm wide nanowires biased far from the critical current,

while narrow nanowires below 100 nm provide efficient single photon detection. A theoretical model

is proposed to determine the different detection regimes and to calculate the corresponding internal

quantum efficiency. The predicted saturation of the internal quantum efficiency in the single photon re-

gime agrees well with plateau behavior observed at high bias currents. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4917166]

For demanding applications in photon counting,1 quan-

tum optics,2,3 as well as correlation imaging,4 high efficiency

single photon detectors with superior performance are

required. Depending on the target optical wavelength, differ-

ent detector implementations can be used. In the visible wave-

length range, the current detector of choice is the silicon

avalanche photodiode (APD).5–7 Such detectors provide high

timing resolution and detection efficiency above 70% at mod-

erate dark count levels.8,9 When moving to near-infrared

wavelengths, indium gallium arsenide (InGaAs) based APDs

can be employed.7,10 InGaAs APDs suffer, however, from

higher dark count rates, lower detection efficiency, and need

to be operated in gated mode.8–11 Alternatively, superconduct-

ing single-photon detectors (SSPDs) offer broad optical band-

width, high detection efficiency, and high timing resolution in

the same device.12,13 SSPDs thus promise to overcome limita-

tions of traditional single photon detectors particularly at tele-

communication wavelengths.14 For use in integrated quantum

optical applications conventional free-space SSPDs15 are

nevertheless hard to combine with an on-chip framework.

Instead, full scalability and integration atop of waveguides in

optical circuits are desirable to provide essential elements for

applications in quantum photonic technologies.16–19 Here, we

demonstrate that niobium nitride (NbN) nanowire SSPDs atop

silicon nitride (Si3N4) nanophotonic waveguide not only pro-

vide single-photon counting capability but also can be used to

discriminate larger numbers of photons when operated under

different biasing conditions. We present a simple model to

accurately fit our experimental data, which allows us to extract

the internal quantum efficiency (IQE) of the integrated detec-

tors. Our results allow for designing tailored integrated nano-

photonic devices which operate in a desirable detection

regime by selecting opportune biasing conditions.

The SSPDs in this work are fabricated from a 4 nm thick

superconducting NbN film deposited by magnetron sputtering

in argon/nitrogen atmosphere onto 450 nm thick stoichiomet-

ric Si3N4 films sitting on top of a SiO2 layer on a Si substrate.

Superconducting nanowire detector devices are realized with

a three steps lithography process for integration with nanopho-

tonic circuitry. In an initial e-beam exposure, metal contact

pads and alignment marker patterns are defined using the posi-

tive resist polymethyl methacrylate (PMMA). Contact pads

and markers are then finalized by electron beam evaporation

of 150 nm gold on a 5 nm thick chromium adhesion layer and

subsequent lift-off in acetone. Subsequently, the detector

nanowires are defined by high resolution e-beam lithography

using hydrogen silsesquioxane (HSQ). The pattern is trans-

ferred into the NbN layer using CF4 plasma reactive ion etch-

ing (RIE). In the final exposure, nanophotonic waveguides are

written with ma-N 2403 resist, followed by a second dry etch-

ing step using RIE with a CHF3 chemistry to obtain an half

etched rib-waveguide structures on Si3N4. An additional O2

plasma step is used to remove the residual resist on the top of

the waveguides. With this procedure low loss waveguides

(21 dB/m) can be reliably fabricated.20

An SEM picture of a typical nanophotonic circuit is

shown in the inset of Fig. 1(c). We use nanophotonic devices

into which light is injected and collected from waveguides

which support transverse-electrical (TE) mode propagation

using an optical fiber array and a pair of optical grating cou-

plers, designed for 1550 nm wavelength. The integrated opti-

cal circuit (Fig. 1(d)) consists of a 50:50 waveguide splitter

that routes half of the coupled light to the detector region and

the other half to a reference grating coupler port which is used

to determine the amount of photons travelling to the detector.

The SSPDs are fabricated directly on the top of the waveguide

so that for sufficiently long nanowires the incoming photons

are almost fully absorbed.21 This design offers significant

advantages in terms of the overall on–chip detection effi-

ciency in comparison with traditional fiber coupled SSPDs,
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which absorb photons only under normal incidence in an

ultra-thin superconducting meander structure.16,22

The detection mechanism of nanowire SSPDs can be

understood in the framework of the quasi-static vortex (QSV)

model, combined with quasi-particle diffusion.23–25 The

absorption of a photon increases locally the temperature of

electrons, thus forming a hot-spot inside the nanowire.

Suppression of the order parameter in the spot and the corre-

sponding enhancement of the kinetic inductivity lead to redis-

tribution of the supercurrent density. If the suppression of the

order parameter and supercurrent are sufficient, the supercur-

rent density exceeds the depairing current density in the center

of the spot or at the edge of the strip, depending on whether

the spot was formed near the center of the strip or near the

edge. Immediately after this, a vortex-antivortex pair or a sin-

gle vortex is nucleated and crosses the strip, that locally heats

it up, leading to a further reduction of the depairing current

density and also the nucleation of new vortices. Model calcu-

lations24 show that for films with high resistivity, like NbN,

crossing of the strip by just several vortices or pairs com-

pletely destroys the superconductivity in the narrow belt

across the strip. The breakdown of the superconductivity cor-

responds to the appearance of resistance and thus a detection

event. Then the supercurrent is reduced, heating stops and the

superconducting state is recovered on a picosecond timescale

through thermalization with the cold bath. If the value of the

supercurrent is not sufficiently large or the width of the strip is

too large, after the formation of the hot spot, the redistributed

supercurrent density will not exceed the depairing current den-

sity, and the absorption of a single photon is insufficient to

generate an output signal. Instead, the simultaneous absorp-

tion of multiple photons in a small region of the wire is

needed to lead to a breakdown of the superconductivity. In

addition, the multi-photon absorption events must occur

within the original hotspot lifetime.

In order to measure multi-photon absorption, we employ

the measurement setup shown in Fig. 1. A 1550 nm femtosec-

ond laser (PriTel FFL-40M), with a repetition rate RR of

40.125 MHz, generates pulses that are sent through two optical

attenuators (HP 8156A) which provide maximum attenuation

of 120 dB. The attenuated pulses pass through a polarization

controller to optimize the transmission through the optical cir-

cuit which is situated in a helium-4 flow cryostat with a base

temperature of 1.75 K. The superconducting nanowire is biased

in current mode by a stable voltage source (Keithley 2400) con-

nected to a 1 MX series resistor and a bias tee (ZFBT-GW6þ).

The readout circuit consists of two low noise amplifiers (mini

circuits ZFL-1000LNþ) connected to a frequency counter

(Agilent 53132A). In order to exactly control the average num-

ber of photons arriving at the on-chip detector, a lightwave mul-

timeter system (HP 8135A) is used to continuously monitor the

optical input power. A critical point in the exact determination

of the number of photons reaching the device is represented by

the variability of the coupling efficiency of the grating couplers.

This contribution is strongly dependent on the relative position

between the fiber array and grating couplers, and may also vary

for different devices.18 Therefore, the effective coupling losses

of the grating couplers are retrieved during the experiment by

comparing the transmitted optical signal from the reference

port of the on-chip optical circuit Pout and the input power Pin.

We measure the SSPDs’ detection probability (DP) as

the ratio between the detector count rate and the pulsed laser

repetition rate, in dependence of the average number of pho-

tons per pulse in the waveguide. The average number of pho-

tons per pulse m that reaches the detector is calculated

considering the attenuated laser power Pin, the femtosecond

laser pulse repetition rate RR, the grating coupler coupling

losses CL, the splitting ratio S¼ 0.5 of the 50/50 Y-splitter,

and the waveguide losses WL, as follows:

m ¼ k
hc

Pin

RR
� CL� S�WL: (1)

The measured detection probability for a 120 nm wide

nanowire detector at different bias currents is shown in Fig.

2(a). For high bias currents, the detection probability grows

linearly with the number of incoming photons. By reducing

FIG. 1. Experimental setup for the

detection probability measurement. (a)

Optical setup: 1550 nm pulses from a

femtosecond laser are injected into the

optical circuit through a pair of attenu-

ators and a polarization controller. The

generated signal is divided by a 50:50

splitter and registered by a lightwave

multimeter. (b) Electrical setup: the

detectors are biased by a stable source

(Keithley 2400) and the output signal

is registered by a frequency counter af-

ter being amplified by low noise ampli-

fiers (mini circuits ZFL-1000LNþ).

The inset (c) shows an SEM picture of

the nanowire (green) atop the wave-

guide (purple) and the contact pads

(gold) and a schematic of the nanowire

mesh used for the theoretical model.

(d) Optical micrograph of the on-chip

optical circuit (purple) and the nano-

wire contact pads (gold).
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the bias current, this proportionality becomes non-linear which

on a log-log scale translates into a change of the slope of the

detection curve. A similar behavior occurs when applying

identical bias condition to detectors with different nanowire

widths, as depicted in Fig. 2(b). The two data sets illustrate

that for a large number of incoming photons the DP saturates,

meaning that all the incoming pulses are detected. This satura-

tion occurs at lower photon numbers for narrower wires and

also at higher bias currents. For wider wires biased far away

from the critical current, the absorption of a single photon is

insufficient for breaking the superconductivity. Therefore, in

order to produce a voltage signal, the absorption of multiple

photons in the same region of the nanowire is needed. By

investigating the different detection regimes, it is thus possible

to arrive at suitable designs of the SSPDs which are capable of

detecting the simultaneous arrival of a specific number n of

photons rather than single photons. This property may be of

particular interest for the detection of Fock or NOON states.

The total detection probability of fiber coupled SSPD

can be described using the theoretical model proposed by

Elezov et al.26 Here, we adapted the formalism for the

waveguide integrated detector design, in which irradiation

is not homogeneous along the wire. In a waveguide, the

detection probability depends on two main contributions:

the detector’s IQE and the probability WðnÞ of absorbing n
photons at once

DPtot ¼
X

n
IQEðnÞWðnÞ: (2)

The IQE corresponds to the probability of converting

an absorbed photon into a detector output signal. This value

is an intrinsic characteristic of the nanowire and depends on

how the bias current is chosen with respect to the critical

current for a given nanowire width. The IQE is typically

limited by inhomogeneities in the nanowire width resulting

from fabrication imperfections.27 The second contribution

WðnÞ can be calculated by dividing each nanowire strip with

a length L, into a number of squares with edge length equal

to the width w of the wire, as shown in the inset (c) of

Fig. 1. Creating a device mesh this way agrees with the

QSV model, since the final normal-conducting area has to

span the entire nanowire width w in order to generate a

detection signal.

We also have to consider that only one nanowire cell is

able to provide a useful contribution for generating the volt-

age signal per detection cycle, especially for high optical

input power. Therefore, the total absorption probability can

be defined as the product of the probability of absorbing a

photon in a strip cell P
ðnÞ
j and the probability of not absorb-

ing photons in the other cells NðnÞj

WðnÞ ¼ 2
XL=w

j¼0
P
ðnÞ
j NðnÞj : (3)

The factor of 2 accounts for the fact that the detector consists

of two parallel superconducting stripes. The marginal contri-

bution originating from the 180� bend which connects the

two stripes at one end can be safely neglected.

The probability of absorbing n photons within the j-th
nanowire section is determined by the Poisson distribution:28,29

P
nð Þ

j ¼
ln

j exp ljð Þ
n!

; (4)

where lj is the number of photons that reach the j-th section of

the nanowire. Because of absorption along the waveguide inte-

grated SSPDs, this value varies along the nanowire length as

lj ¼ m expð�ajwÞð1� expð�awÞÞ; (5)

where a is the absorption coefficient of a single strip of the

detector and w is the width of the nanowire. The absorption

coefficient of the SSPDs is mainly determined by the overlap

between the optical field propagating along the waveguide

and the nanowires.21 In our analysis, we extract a by assum-

ing internal quantum efficiency of unity at the maximum

bias current (0.9 Ic).

The probability of not absorbing photons in the other

sections can then be analogously defined as

NðnÞj ¼
YL=w

k¼0;k 6¼j
ð1� P

ðnÞ
k Þ: (6)

FIG. 2. (a) Measured detection probability vs average number of photons

per pulse for a SSPD with a nanowire width of 120 nm at different bias cur-

rents. (b) Comparison of the detection probability measured for different

nanowire widths at the same biasing condition (0.4 Ic). Indicated also is the

fitted slope of the detection probability according to the model proposed by

Elezov et al.26
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Based on this model, we identify different detection

regimes in the measured DP. The fitted results for the differ-

ent nanowires are shown in Fig. 3. The wider nanowires

show three different detection regimes. At high bias current,

the single photon detection regime is predominant. However,

when applying a current lower than 0.5 Ic, multi-photon

detection is enhanced. Shown in grey are the pure single,

double, or triple photon detection regimes. By definition, a

pure detection regime occurs when a particular detection

mechanism dominates over the others by 3 dB or more.26 We

note, however, that for a number of photons less than one

photon per pulse on average, the one photon detection re-

gime is always predominant. When increasing the number of

photons per pulse, the multi-photon regime dominates

instead. Furthermore, from the measured data for the dark

counts (noise) level (brown line in Fig. 3), we observe that

the incoming photon number has to be increased at low bias

current in order to register a real signal. This is partially due

to an overall device sensitivity reduction at lower currents.

In addition, the simultaneous presence of multiple photons

rapidly declines with decreasing optical input powers which,

in turn, reduces the detection probability.

The model proposed above is further used also to deter-

mine the IQE within the different detection regimes of the

SSPDs. In Fig. 4, we show the variation of the IQE in depend-

ence of the applied bias current for different detection regimes

in a 120 nm wide nanowire and, for comparison, in a 100 nm

and an 80 nm wide nanowire. For the 120 nm wide nanowire,

the single photon internal quantum efficiency reduces drasti-

cally when the bias current is lower than 0.6 Ic, where the two

photon regime efficiency is enhanced. The same happens again

at a bias point of 0.35 Ic between the two and three photon

detection regimes. In contrast, for the 80 nm wire, a very low

bias current has to be applied to be able to observe the two pho-

ton detection regime. In this case, three photon detections can-

not be observed. We would also like to point out that the

internal quantum efficiency for the single photon detection re-

gime saturates at bias currents in excess of 0.7 Ic, which implies

that the superconducting detector can be operated at low bias

conditions, where dark counts are strongly suppressed and

therefore high noise-equivalent power is obtained. The 100 nm

wide nanowire shows an intermediate behavior, in which two

and three photon detection regimes are visible at very low cur-

rents, while the IQE saturation occurs at higher bias currents.

In conclusion, we demonstrate that the waveguide inte-

grated superconducting single photon detectors can be

designed to work in many photon detection regimes by

adjusting the detector width and biasing conditions. A model

for the prediction of the detection probability capable of

describing the experimental data has been devised. This

model also allows for the calculation of the internal quantum

efficiency in waveguide integrated SSPDs. The model is in

agreement with the QSV theory and shows that wider nano-

wires are better candidates for simultaneous multiphoton

detection. From the internal quantum efficiency calculation,

they show in fact a wider bias current range, in which pure

two or three photon detection regimes are more efficient than

the single photon detection regime. Narrow wires represent

an efficient solution for single photon detection. A plateau in

the 80 nm and 100 nm nanowires internal quantum efficiency

for single photon detection indicates that narrower wires can

operate as single photon detectors at lower currents where

the signal to noise ratio is very high without any loss in the

efficiency.

FIG. 3. Fit result of the detection probability curve at different bias condi-

tions for a 120 nm wide nanowire: (a) Ib¼ 0.9Ic, (b) Ib¼ 0.5Ic, and (c)

Ib¼ 0.4Ic. The black squares represent the measured data. The detection

probability fit for the single photon regime is indicated in red (solid line),

the two photon regime in blue (dashed line), and the three photon regime in

green (dotted line). The horizontal line (brown) represents the noise level,

i.e., the dark count level. The gray shaded areas represented the photon flux

regimes where pure one, two, and three photon detection is feasible.
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