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Abstract. We report on the development of a design for a waveguide integrated photon
number resolving superconducting detector with micron-wide strips. The detector is designed
for a 1550-nm-wavelength single-mode waveguide. Using the planarization operation, it is
possible to cover the waveguide and the entire area around it with a dielectric layer, producing
a flat surface for the superconducting detector fabrication. The detector is formed in a shape
of a straight line directly above the waveguide. The length and width of the superconducting
detector are chosen to absorb maximum of the radiation from the waveguide. In the same
superconductor layer, the Klopfenstein taper impedance transformer is designed as a non-uni-
form coplanar line. The use of impedance matching Klopfenstein tapers makes it possible to
distinguish the resistances of several hot spots, that is, to distinguish the number of absorbed
photons. The detector should absorb almost all radiation and be capable to distinguish up to 3
photons in an optical pulse.
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AHHoTamusa. MbI cooOiaeM o pa3paboTKe aM3aiiHa CBEPXIPOBOISIIETO IETEKTOpa C
pa3pelieHreM yrcia (OTOHOB Ha OCHOBE MOJOCOK MUKPOHHOW IIMPUHBI UHTETPUPOBAHHOTO

Ha ONTUYECKWI BOJHOBOA. JleTeKTOp TOMEIaeTcss Ha BOJHOBOJA TIOCTAE OTmepaluun
IUTaHapU3aluy OUB3JIeKTpruKa. Pa3peleHue ynciaa ¢OTOHOB JOCTUTACTCS IyTEM COIJIACOBAHMUS
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MMIIEJAHCOB KOAKCHUAaJbHOM JTUHUU U COMPOTUBJICHUS IETEKTOPA, 3aBUCSILEr0 OT KOJIMYeCTBa
OJHOBPEMEHHO TOTJIOIIEHHBIX (oToHOB. B KauecTBe TpaHchopMaTopa MMIIEAAHCOB MbI
npejaraeM MCIoJIb30BaTh CBEPXIIPOBOISIIYIO KOILUIAHAPHYIO JIMHUIO TIEPEMEHHOM IIIMPUHBI B
¢dopme koHyca KiondeHiureitHa.
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Introduction

Superconducting Single Photon Detectors (SSPD) have proven to be excellent for detecting
single photons [1] in quantum information applications. However, the challenges of quantum
optics require detectors capable to resolve the number of photons [2]. Moreover, present
development of quantum computers is directed towards integrated circuits [3]. All this suggests
that superconducting photon-number resolving (PNR) detectors should be compatible with the
integration on a photonic chip [4—6].

Traditionally, SSPDs are made as 100-nanometer-wide strips, which does not allow them to
effectively absorb the radiation from the waveguide. This problem can be solved using micron-wide
superconducting strips [7], planarized [8] and integrated with impedance matching Klopfenstein
tapers [9].

The planarization makes it possible to cover the waveguide and the entire area around it with
a dielectric layer, producing a flat surface for the superconductor deposition. Then a micron-
wide superconducting strip can be placed above the waveguide, even if the strip is wider than the
waveguide. The use of impedance matching Klopfenstein tapers makes it possible to distinguish
the resistances of several hot spots, that is, to distinguish the number of absorbed photons.

We propose a new design of the PNR with a Klopfenstein taper on the waveguide and determine
its parameters for manufacturing.

Waveguide and SSPD

The following parameters were chosen for modeling: the waveguide material is Si;N,
(n=1.9894) surrounded by SiO, (n = 1.444) medium, waveguide width w = 1.68 um, Wavegmde
height a’ = 0.5 um. Modehng in the COMSOL environment demonstrates that it will be a
single- mode waveguide for a wavelength of A = 1550 nm. A strip of NbN (with refraction index
n = 5.20685—5.82/) 5 nm thick is placed above the waveguide. The ground contacts of the
coplanar line are placed far enough away so as not to affect the absorption of radiation from
the waveguide. The width of the superconducting strip Wi and the thickness of the dielectric
layer (d, ) between the waveguide and superconductor are selected to ensure maximum radiation
absorptlon (Fig. 1, a).

The simulation results in the COMSOL environment are shown in Fig. 1, b. It is clearly
visible that for maximum absorption, the thickness of the dielectric layer between the waveguide
and superconductor should be as small as possible: for example, the absorption of 1.4 dB/um is
achieved for d,, = 0 nm, and for d,, = 100 nm the absorption is only 0.7 dB/um. Absorption
increases with increasing width of the superconducting strip. However, as shown in the inset in
Fig. 1, b, for strips wider than 2 micrometers, the increase in absorption is extremely small and
does not give any improvement.

Thus, it is necessary to place 2-um-wide superconducting strip directly on the waveguide. Even
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Fig. 1. A cross-section showing the waveguide with an SSPD on top (a). The dependence of the
absorption on the thickness d, , of the dielectric layer between the waveguide and SSPD (b). The red
and purple curves (for Woin = 2 and 3 um) are indistinguishable due to the similar absorption values. In
insert: dependence of the maximum absorption (at d,,, = 0) on the width of the superconducting strip
though the width of the superconducting strip is greater than the width of the waveguide, this
is possible if the waveguide is covered with a thick dielectric layer and, using the planarization
operation, the dielectric layer is removed along the upper boundary of the waveguide.

To achieve the maximum absorption of 1.4 dB/um, the length Istrip of the superconducting
strip required to absorb 99% of the radiation from the waveguide is 14 pm.

Klopfenstein taper

A normal domain with a resistance of about 1 kQ is formed, when a photon is absorbed in
a superconducting strip. Accordingly, when two or more photons are absorbed, the number
of normal domains increases proportionally. However, the resistance of a different number of
normal domains is indistinguishable against the coaxial line impedance of 50 Q. To solve this
problem impedance matching is necessary which will ensure distinguishing between resistances of
normal domains, that is, the number of absorbed photons.
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Fig. 2. Smooth transformation of impedance along the length of the co-planar line calculated using
Klopfenstein's formulas (a). The width of the signal contact vs line length (b)

The matching of the impedances of the coaxial line and the normal domain is carried out using
the Klopfenstein taper. First, determine the reflection coefficient without impedance matching

according to formula:
1. Z
,=—In=2 1
© 2z M

here Z = 50 Q is the characteristic impedance of the coaxial line, Z, = 1 kQ is the resistance of

the normal domain. Then I') = 1.5.
Taking the maximum permissible reflection coefficient I’ = 0.1, the constant A4, which is

responsible for a smooth change in the impedance, can be found by (2):

A=cosh™ ([, /T,) )
Then A = 3.4. The length of the Klopfenstein taper is found by formula:
Ac
L=—"——F (3)
2nfmin \/E

here ¢ = 3-10% m/s is the speed of light in the vacuum, £ = 3.9 is the absolute permittivity of the
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SiO,, f . = 100 MHz is the minimum frequency of the transmitted signal. Then L = 83.4 cm.
To achieve a smooth change in the impedance, formula (4) is used:

o(x, A) = j“‘Ll Y

“)

here /,(x) is the modified Bessel function of the Ist order.
Finally, the change in impedance according to the Klopfenstein formula (5) is shown in
Fig. 2, a.
1 A° 2
nZ(z)=2nZ,Z +—— Ce(EE-1,4),0<z<L (5)
coshA L

Impedance matching is performed by using nonuniform transmission line with varying a
coplanar line impedance. A smooth change in the width of the superconducting strip (Fig. 2, b)
acting as a signal contact from 2 um to 20 um with a constant gap width of 20 um over L = 83 cm
will provide a smooth change in impedance according to the Klopfenstein formula.

Now it becomes possible to distinguish the resistance of one normal domain from two, three
or more. That is, to distinguish the number of photons in an optical pulse.

Design concept

We suggest photonic integrated circuit which has transmission lines with ground-signal-ground
(GSG) probing pad which matched to the RF probe impedance of 50 Q. The Klopfenstein taper
is used for matching between SSPD and GSC probing pad. On a SiO, dielectric substrate there is
a silicon nitride (Si,N,) waveguide. The waveguide is covered with a dielectric layer (SiO,) with
subsequent planarization, which will allow placing a detector on top with impedance matching
transformer in the form of a Klopfenstein taper. The detector is made in the form of a straight
2-pum-wide strip of NbN 14 um long. After all, the structure is covered with a dielectric layer to
prevent radiation scattering (Fig. 3).

B oielectric

[ superconductor

Fig. 3. The design concept of the PNR-SSPD with a Klopfenstein taper integrated on the optical
waveguide (not to scale)

The described detector absorbs 99% of the radiation from the optical waveguide and is able
to distinguish up to three photons in an optical pulse due to impedance matching.

Conclusion

We have proposed a design for a waveguide integrated PNR superconducting detector with
micron-wide strips connected to Klopfenstein taper. The optimal parameters were calculated
for absorbing 99% of the radiation and matching the impedance of the coaxial line and the
superconductor in the normal state: w,,, =2 pym, /= 14 pm, w, = 1.68 pm, d,_ = 0.5 pm,
L =283.4cm.

strip
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