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Abstract. This paper reports simulation results for 1550 nm wavelength absorption efficiency 
of a superconducting NbN nanowire coupled to a single-mode Si3N4 waveguide depending on 
SiO2 cladding thickness. Simulation results for straight, U- and W-shaped strips show that with 
perfect planarization (no top cladding) the absorption coefficient per unit length is 0.031, 0.07 
and 0.11 dB/µm, respectively.
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Аннотация. В данной работе представлены результаты моделирования эффективности 
поглощения на длине волны 1550 нм сверхпроводящей нанополоской NbN, 
интегрированной с одномодовым волноводом Si3N4, в зависимости от толщины буферного 
слоя SiO2. Результаты моделирования для прямых, U- и W-образных полосок показывают, 
что при идеальной планаризации (без верхнего буферного слоя) коэффициент поглощения 
на единицу длины составляет 0,07 ,0,031 и 0,11 дБ/мкм соответственно.
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Introduction

Planarization technology of multilayer CMOS structures is one of the key steps in nano- and 
microelectronics manufacturing. Without planarization, each successive layer applied follows the 
topology of the previous layers, creating undesirable steps and steep slopes on the surface of the new 
layer, which degrades its performance. Photonic integrated circuits (PIC), used for converting opti-
cal signals into electrical signals, are multilayer structures comprising such basic elements as wave-
guides, electro-optical modulators, photon detectors and quantum emitters [1]. The main element 
for planarization of such circuits is the waveguide cladding layer, on which the control and detection 
elements of radiation are placed. One of the practical implementations of cladding planarization 
technology in PICs is the creation of a multi-resonator structure and vertical inter-wavelength cou-
pling [2]. Modern CMP (Chemical Mechanical Planarization) equipment has high precision pro-
cessing, which allows not only to thin cladding but also to prepare the surface for further technologi-
cal operations, e.g., for splicing wafers with SiO2 cladding and LiNbO3 electro-optical modulator [3].

Integrating the detector onto the upper cladding reduces the number of standard processing 
steps, such as etching process, spin coating photoresist, that modify the waveguide surface and 
the result in the losses increase in the entire optical system. Similarly, if the waveguide is etched 
after the detector has been fabricated, the possibility of the detector itself being modified by tech-
nological operations can be excluded. 

Ideally, the planarization of the upper cladding to the Si3N4 surface would allow the detector 
to be placed on the waveguide itself, but due to different material planarization rates, recesses are 
formed in the Si3N4, which degrades the surface and increases the roughness of the waveguide [4]. 
Due to the planarization rate of the PECVD SiO2 layer, which varies from 1 nm/s to 2 nm/s, 
one cannot exclude a situation where a small thickness of the upper cladding will remain on the 
surface of the waveguide, which greatly affects the radiation detection efficiency.

In this paper, we calculate the effect of the residual SiO2 cladding layer after planarization 
process [5] on the efficiency of pulling an evanescent wave from a Si3N4 waveguide by a super-
conducting NbN nanostrip.

Materials and Methods

The first step in PIC design is to determine the compatibility of the operating wavelength with the 
waveguide material. At the telecommunication wavelength of 1550 nm, Si3N4-based platforms (refrac-
tion index n = 2.01) exhibit record low optical absorption [6]. To localize the optical mode of radi-
ation in the Si3N4 waveguide, a cladding layer with a lower refractive index, SiO2 (n = 1.44) is used.

We consider a single-mode radiation propagation with a wavelength of 1550 nm, which is defined 
by the geometry of the waveguide cross section of 1×1 µm2. As a superconducting material, NbN, 
which is widely used for single-photon detectors [7], is chosen. NbN refractive index at 1550 nm is 
5.23–5.82i, where the multiplier of the imaginary part is responsible for light absorption by the material.

The transmittance characteristic of a planar waveguide is defined as ln(Pout/Pin), where Pout is the 
output signal power, Pin is the input signal power. And according to the Boeger–Lambert–Bera 
law considering the superconducting strip as an absorbing medium, the transmittance is defined as:

· ln ,out
NbN
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(1)

where LNbN is the strip length, α is the absorption coefficient.
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An alternative way to calculate the absorption index is an analytical formula that includes 
the effective refractive index neff, which determines the phase velocity of the surface wave in the 
waveguide, taking into account the integrated detector:

( )2·ð· · 
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 α = −
 
 

(2)

where imag(neff) is the imaginary part of the effective refractive index of the strip waveguide, λ is 
the operating wavelength.

The absorption of light by the detector is determined by the area of wave mode overlap with 
the superconducting strip, but there are limits to the width of the strip used. Since the most 
common superconducting device implementation is based on a superconducting nanowire with 
50–100 nm width patterned from a thin film (thickness 5–10 nm), we use the width of the strip 
equal to 100 nm, the gap is 50 nm and the thickness is 5 nm. For the better absorption of electri-
cal transverse TE-like modes, in order to decrease the detector length, a U-shaped and W-shaped 
meander can be used as an alternative to a single long strip.

Simulations are performed for different strip configurations (Fig. 1): a single strip (Fig. 1,a), a 
strip with one turn (U-shape) (Fig. 1,b) and a strip with two turns (W-shape) (Fig. 1,c).

Results

The simulation was performed in COMSOL Multiphysics software in the Electromagnetic 
Waves, Beam Envelopes (EWBE) physics section using the finite element method. The perfect 
electric conductor condition was used as the boundary conditions for the entire modelling scope, 
except for the input and output ports. The 2D cross section modelling of the waveguide gives the 
distribution of the optical mode field considering the integrated detectors and the residual cladding 
thickness. The simulation results are the values of the effective refractive index neff, which imag(neff) 
(Fig. 1,d) imaginary parts can be used to calculate the absorption index according to Eq. (2).

a ) d )

b)

c)

Fig. 1. 3D simulation of the absorption intensity for the radiation mode in waveguide with: 
NbN single strip (a), NbN strip with one turn (U-form shape) (b) and NbN strip 

with two turns (W-form shape) (c). The panel in (d) shows the imaginary part 
of the effective refractive index in the waveguide with a detector of various configurations 

as function of the thickness of the upper SiO2 cladding calculated by Eq. (2)
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Fig. 2 shows 3D simulation results demonstrating the effect of the thickness of the upper clad-
ding of the waveguide, which varied between 0 and 50 nm on the trapping of the NbN evanescent 
wave by a 36 µm long strip, a 25 µm long U-shape strip and an 18 µm long W-shape strip. For 
given strip configurations and geometrical sizes with perfect planarization (dclad = 0 nm) maximum 
absorption coefficients are 28% for straight strip, 44% for U-shape and 49% for W-shape strip, 
which gives absorption coefficient of 0.031 dB/µm, 0.07 dB/µm and 0.11 dB/µm per 1 micron 
length for above mentioned topologies, respectively. 

The electric field intensity decreases exponentially at the waveguide boundary as the upper 
cladding increases, which leads to decrease in the overlap integral of the propagating mode and 
the detector. Fig. 3 shows the simulation results, which allow one to choose required length of the 
detector strip to achieve 99% absorption of the input radiation, depending on the type of detector 
topology and the thickness of the residual upper SiO2 cladding. With an upper cladding thickness 
of 50 nm SiO2 to achieve full internal absorption, the length of one strip should be 400 μm, for 
U-type topology the length of each strip should be 186 μm, for W-type topology 123 μm. The 
choice of a compact W-type detector topology guarantees a combination of high detection effi-
ciency and small footprint in the PIC. 

Fig. 2. Simulation results of optical power distribution in a planar waveguide with different 
shapes of NbN strip at different thicknesses (dclad) of the cladding layer. The zoom shows 

the topology of the detector with a waveguide

Fig. 3. Length of NbN detector strips of different topology, providing 99% absorption 
of waveguide radiation, as function of the upper cladding thickness 
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Conclusion

In this work the dependence of waveguide mode absorption by a superconducting NbN strip 
of different topology on the thickness of waveguide cladding after technological planarization 
operation is demonstrated. Simulation results allowed determining absorption efficiency per 1 µm 
length of superconducting NbN strip of different configuration. The proposed calculation can be 
used to design a single photon detector, matched to a single-mode waveguide, based on NbN 
strip, whose length determines 99% absorption efficiency, with a fixed thickness of waveguide 
cladding. Such a detector is used in quantum computing and quantum cryptography applications.
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