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Abstract: We investigate the absorption properties of U-shaped niobium 
nitride (NbN) nanowires atop nanophotonic circuits. Nanowires as narrow 
as 20nm are realized in direct contact with Si3N4 waveguides and their 
absorption properties are extracted through balanced measurements. We 
perform a full characterization of the absorption coefficient in dependence 
of length, width and separation of the fabricated nanowires, as well as for 
waveguides with different cross-section and etch depth. Our results show 
excellent agreement with finite-element analysis simulations for all 
considered parameters. The experimental data thus allows for optimizing 
absorption properties of emerging single-photon detectors co-integrated 
with telecom wavelength optical circuits. 
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1. Introduction 

Nanophotonic circuits allow for realizing complex optical functionality on a chip and enable 
the assembly of functional devices with many optical components in a scalable fashion. By 
exploiting established fabrication routines originally developed for the electronics industry, 
high-quality optical networks can be realized. While such circuits have been demonstrated 
very successfully using silicon as a waveguiding material, recently alternative materials have 
been investigated that overcome some of the shortcomings of silicon. In particular materials 
with a wider bandgap are desirable, as they allow for reduced free-carrier absorption and a 
broader transparency window which also covers wavelengths in the visible spectral region. In 
particular nitride based semiconductors such as silicon nitride [1,2], gallium nitride [3,4] and 
aluminum nitride [5] are attractive due to their compatibility with CMOS fabrication. 

Waveguides based on Si3N4 provide low optical absorption in the infrared [6] and visible 
[7] wavelength region as well as good mechanical properties [8,9]. A large difference in 
refractive index between the Si3N4 and its cladding layers (air and SiO2) allows for creating 
compact and flexible waveguides for nanophotonic circuits that highly concentrate the optical 
mode power within the waveguides. Tight confinement of the electrical fields is particularly 
important for the fabrication of hybrid systems, as for example integrated photonic-
superconducting circuits, where the coupling efficiency of evanescent modes to a nearby 
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detector plays a critical role [10–12]. Such circuits are promising for use in both classical and 
quantum optical technologies, including characterization of quantum emitters [13,14], optical 
time domain reflectometry (OTDR) [15–17], quantum key distribution [18,19] and other tasks 
where several key requirements have to be met simultaneously: compact design, high 
quantum efficiency, broad spectral range and high timing resolution. One of the main 
elements of such circuits is a superconducting single-photon detector (SSPD) [20,21], which 
is realized by U-shaped NbN nanowires atop of a nanophotonic waveguide [10]. The 
detection mechanism of such devices is based on the transition from the superconducting to 
the normal state upon the absorption of a single photon, which leads to the creation of a 
localized hot-spot [22]. On the one hand it is necessary to obtain as much absorption as 
possible in the nanowire. On the other hand the dimensions of the nanowires are restricted by 
the hot spot size and cannot be made arbitrarily large without loss of detection efficiency [23]. 
Thus an increase in speed, quantum efficiency and spectral range of such detectors can be 
achieved by reducing the length and width of nanowires, at the cost of reduced absorption of 
incoming photons. In the first case this is due to the resulting decrease in the kinetic 
inductance of the nanowire [10,24], in the second case due to an increasing size of the hot 
spot with respect to the nanowire width [23,25]. 

Here we present a detailed study of the absorption coefficient of U-shaped NbN 
nanowires on top of Si3N4 waveguides for the relevant geometry parameters of the whole 
nanophotonic system. Our aim is to maximize the absorption efficiency while maintaining a 
minimal cross-section of the nanowire. We systematically vary the nanowire geometry and 
determine the absorption coefficient using on-chip balanced detection. Through transmission 
measurements in the telecom C-band we obtain the absolute absorption value in dependence 
of wavelength, which allows for extracting the normalized absorption coefficient per unit 
length. The measured values are in good agreement with absorption parameters extracted 
from finite-element simulations. Our results provide design guidelines for obtaining desired 
absorption values for a given detector geometry. 

2. Device design and absorption engineering 

In order to determine the absorption coefficient we measure transmission through on-chip 
waveguides with NbN nanowires fabricated on top. A schematic view of fabricated structures 
is shown in Fig. 1(a). For variation of the waveguide geometry we use two silicon substrates 
with different thickness of the waveguiding layer, deposited onto a buffered oxide layer with 
lower refractive index. The first class of substrates includes 3300nm SiO2 and 330nm Si3N4, 
the second class 2600nm SiO2 and 450nm Si3N4. The thickness of the underlying oxide is 
adjusted for maximizing the coupling efficiency into the fabricated circuits. On both 
platforms we pattern a matrix of nanophotonic circuits which consists of 264 elements and 
covers 9x9 mm2 wafer area. An optical image of several devices placed on chip is shown in 
Fig. 1(g). 

Each nanophotonic circuit includes two equal waveguide arms with the same length of 
about 360µm. One arm is used as the reference waveguide for light without any nanowire; the 
other arm is equipped with a U-shaped NbN nanowire on top. The waveguides are terminated 
with three focusing grating couplers with a coupler separation of 250µm among them, 
connected via a 50:50 Y-splitter. The focusing grating couplers are used to couple light from 
optical single mode fibers onto the chip and vice versa. The period and fill factor of these 
grating couplers were optimized for 1550nm wavelength and provide coupling efficiency of 
19% for 450nm Si3N4 and 17% for 330nm Si3N4, respectively. We also experimentally 
optimized the geometric parameters of the 50:50 Y-splitter, to obtain even splitting ratio. In 
the optimized devices we obtain division of the incoming mode with an uncertainty below 
0.5%. A schematic view of the nanowire on top of the waveguide is shown in Fig. 1(b). Here 
we also present the parameters which are varied during the absorption measurements. The 
length (lnw), width (wnw), and gap (gnw), are the varied geometrical parameters of the 
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nanowires. We define the nanowire gap as the clear distance between two wires (indicated by 
the red line in Fig. 1(b)). The cross-section of the Si3N4 waveguides is adjusted by varying the 
width (wwg) and height (hwg). 

Numerical analysis of mode propagation and nanowire absorption is carried out through 
finite-element simulations with COMSOL MultiPhysics and presented in Figs. 1(c)-1(f), 
using material parameters as given in [26]. In Figs. 1(c) and 1(e) we show the fundamental 
TE-like mode for the two studied substrate materials, where the optical mode is strongly 
confined inside the waveguide. In the presence of the NbN nanowire the evanescent tail of the 
guided mode is strongly coupled to the NbN wire (see Figs. 1(d) and 1(f)). 

 

Fig. 1. (a) Schematic view of one nanophotonic device. (b) Сross-section of a nanophotonic 
waveguide covered with a U-shaped NbN nanowire. (c) Simulated distribution of the electric 
field in the x-direction (TE-like mode) for 1550nm wavelength and 450x900nm Si3N4 
waveguide. Light intensities are shown in linear color scale. (d) Simulated distribution of the 
TE-like mode for 1550nm wavelength and 450x900nm Si3N4 waveguide in the NbN nanowire 
covered region. (e) Simulated distribution of the electric TE-like mode for 1550nm wavelength 
and 330x1000nm Si3N4 waveguide. (f) Simulated distribution of the TE-like mode for 1550nm 
wavelength and 330x1000nm Si3N4 waveguide in the NbN nanowire covered region. (g) 
Optical micrograph of a matrix of devices on a chip. 

Using COMSOL we extract the complex refractive index of the propagating mode. From 
the imaginary part of the refractive index ni the absorption coefficient can be directly 
extracted using the expression α = 4.34 (4πni /λ), in units of dB/μm. 

In addition to the design shown in Fig. 1(b) the absorption properties of nanowires 
deposited on ridge waveguides were investigated. In such waveguides only half of the 450nm 
Si3N4 was etched down as illustrated in Fig. 2(c). This type of waveguide provides further 
flexibility in adjusting the waveguide width, since single mode guiding is also possible for 
narrow ridges. Furthermore, by optimizing the focusing grating couplers we found that the 
maximum of coupling efficiency occurs at a different combination of a grating period and fill 
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factor for fully and half etched structures. Figures 2(e) and 2(f) show the spectra of 
transmission measured from the reference arm of nanophotonic devices for both cases. Half 
etched structures (FHWH = 35nm) have wider coupling bandwidth as compared with fully 
etched (FHWH = 24nm) for approximately the same coupled power. For this reason 
structures based on ridge waveguides can be more attractive for the realization of phase-
sensitive devices where it is desirable to have a operational spectral range as wide as possible. 

 

Fig. 2. (a) The simulated distribution of the electric field in the x-direction (TE-like mode) for 
1550nm wavelength and a 225x1300nm Si3N4 waveguide cross-section. The field profile is 
shown in linear color scale. (b) The simulated distribution of the TE-like mode for 1550nm 
wavelength and 225x1300nm Si3N4 waveguide in the NbN nanowire covered region. (c) 
Schematic view of a half etched nanophotonic waveguide with a U-shaped NbN nanowire on 
top. (d) Transmission spectrum of the reference port of a fully etched device. (e) Transmission 
through a partially etched device, showing increased coupling bandwidth. 

3. Device fabrication and measurement setup 

For device fabrication we employ a multi-layer thin film platform. High-quality silicon 
wafers were covered by buried oxide (SiO2), low pressure chemical vapor deposited 
(LPCVD) Si3N4 and sputtered NbN ultrathin films. The sheet resistance of as-deposited 4nm 
NbN film was measured as 400-500 Ohm/sq on the two wafers used in the experiments. 

The process of nanophotonic circuit fabrication includes three steps of electron-beam 
lithography with marker search and subsequent alignment. In the first step electron-beam 
lithography with the positive resist polymethyl methacrylate (PMMA) is used to realize 
markers for the alignment of subsequent nanowire and waveguide patterns. Then a 4nm Cr 
adhesion-layer and a 50nm thick Au-film is evaporated, thus realizing clearly visible gold 
alignment markers after lift-off in acetone. Then a second e-beam lithography step for 
defining the nanowires is carried out using 3% high resolution hydrogen silsesquioxane 
(HSQ) resist. Reactive ion etching (RIE) in CF4 chemistry was chosen for forming the NbN 
nanowires. Figures 3(e)-3(g) show a scanning electron microscope (SEM) image of resulting 
nanowires with different width. We realize nanowire widths down to 20nm. Note that the 
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wires are still covered by residual HSQ resist after dry etching. The last step of electron beam 
lithography is used to define optical waveguide structures. For this step we use the positive e-
beam resist ZEP520A and reactive ion etching in CHF3 chemistry to transfer the written 
structures into the Si3N4waveguide layer. SEM images of a fabricated nanophotonic device 
and its main components are presented in Figs. 3(a)-3(d). After removing the ZEP resist, NbN 
nanowires are still protected by a thin layer of HSQ with thickness about 30-40nm as 
observed by atomic force microscope (AFM). AFM images of several devices are presented 
in Fig. 4, showing that the nanowire geometry is highly uniform with a surface roughness 
below 2nm rms. 

 

Fig. 3. (a) SEM image of a fabricated nanophotonic circuit consisting of focusing grating 
couplers, a 50:50 Y-splitter and alignment marks. (b) SEM image of the central element of a 
nanophotonic device (the waveguide). (c) SEM image of the Y-splitter. (d) SEM image of a 
portion of the focusing grating coupler. (e)-(f) SEM images with false colors of U-shaped NbN 
nanowire atop of Si3N4 waveguide with different width (27, 95, 120 nm, respectively). 

For measuring the absorption rate of the nanophotonic devices we use a flexible alignment 
procedure in an optical fiber-based experimental setup. The fabricated chip with all devices is 
placed on a computer controlled xyz-θ stage which is equipped with piezo picomotors (New 
Focus 8752/8753). The minimum step size of the picomotors is less than 30 nm, which allows 
for precise alignment of the grating couplers under an optical fiber array. To measure 
transmission we use a continuously swept, tunable wave laser (New Focus TLB-6600, 1510-
1620nm), manual polarization controllers (THORLABS FPC030) and a fiber array with a 
fiber-to-fiber spacing of 250µm, corresponding to the separation of the on-chip grating 
couplers. Light incoming from an optical fiber passes through optimized grating couplers into 
the on-chip single mode waveguide. The light is coupled from the fiber array into the central 
coupling port. The 50:50 splitter routes half of the coupled light to the reference port and the 
other half to the nanowire region. At the output grating couplers from reference port (Pref) and 
nanowire port (Pnw) we record the transmitted signal and measure it with two low-noise 
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calibrated photodetectors (New Focus, 2117) simultaneously. Alignment and transmission 
measurements are carried out for all devices on the fabricated chips to allow for statistical 
analysis. 

 

Fig. 4. (a) AFM picture of a NbN nanowire atop a Si3N4 waveguide. (b)-(e) AFM pictures of 
fabricated NbN nanowires with different parameters (gap and wire width). The fabricated 
wires are still covered with residual HSQ ebeam resist after dry etching. 

4. Results 

For calculating the absorption coefficient from experimental data we compare the transmitted 
optical signals at the reference and the output port. Then the actual absorption value is 
obtained using the following equation: 

 
10

lg ,nw

nw ref

P

l P
α

 
=   

 
  (1) 

where α is the absorption coefficient [dB/µm], lnw – length of the nanowire, Pnw – measured 
power from the arm with nanowire region, Pref – reference power from arm without any 
nanowire. 

4.1 Fully etched nanophotonic devices 

In Fig. 5(a) we show the dependence of the absorption coefficient versus waveguide width for 
the two silicon nitride substrates used in our experiments (red: 330nm, black: 450nm). The 
squares and circles are the experimental data, while solid lines show the results of the 
numerical simulations as described above. 

The absorption rate versus waveguide width has smooth peak dependence. We find lower 
absorption rates for waveguide widths below 1000nm (for 330nm Si3N4) or 850nm (for 
450nm Si3N4), respectively. This is the results of the waveguide cut-off condition for 1550nm 
input wavelength which dominates with decreasing waveguide width. For wider waveguides 
the absorption coefficient decreases also due to the profile of the optical mode which shows 
weaker evanescent coupling to the nanowire with increasing waveguide width. The maximum 
value of the nanowire absorption coefficient is 0.34 ± 0.02 dB/µm, obtained for a waveguide 
height of 330nm and a width of 1000 nm. For a waveguide height equal to 450nm we find a 
maximal absorption rate of 0.27 ± 0.01 dB/µm which occurs around 850nm. 

The most drastic increase of the absorption coefficient is shown in Fig. 5(b). Here the 
waveguide width and the spacing between the nanowires are kept approximately equal for 
each Si3N4/SiO2 platforms, while the width of the nanowire itself is varied. The measured 
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absorption coefficient follows a power low, where the best fit yields a dependence of |α| = 1.8 
× 10−6 x2.7 for 330nm Si3N4 and |α| = 1.7 × 10−6 x2.6 for 450nm Si3N4. The dependence of the 
absorption coefficient versus nanowire width is not surprising because an increase in the 
width of the strip increases the area of overlap between the evanescent waveguide mode and 
the nanowire. As in Fig. 5(a) the numerical simulations (solid line) are in good agreement 
with the experimental data. When we fix all the parameters of waveguides and nanowires, 
except for the gap between the strips U-shaped nanowire, we obtain the relationship shown in 
Fig. 5(c). The results show that the absorption rate decreases with increasing nanowire gap, 
because the nanowire is displaced from the center of waveguide where the intensity of the 
evanescent mode is the highest. 

 

Fig. 5. Absorption coefficient of U-shaped NbN nanowire versus different geometrical 
parameters nanophotonic devices. For all graphs solid line is a simulation and dots are 
measured data. Red data rely to Si3N4 330nm, SiO2 3300nm, black data relay to Si3N4 450nm, 
SiO2 2600nm platform. (a) Dependence of absorption coefficient versus waveguide width. (b) 
Dependence of absorption coefficient versus NbN nanowire width. (c) Dependence of 
absorption coefficient versus NbN nanowire gap. (d) Dependence of absorption coefficient 
versus NbN nanowire length. 

The dependence of the absorption coefficient versus nanowire gap can be approximated as 
|α| = 0.50x-0.1 for 330nm Si3N4 and |α| = 0.42x-0.11 for 450 nm Si3N4. We further observe a 
linear dependence of nanowire absorption versus length as shown in Fig. 4(d). Overall, the 
measured absorption rate is lower than obtained for U-shaped NbN nanowires on silicon on 
insulator (SOI) [5]. This is predominantly due to the larger waveguide cross section necessary 
for lower refractive index contrast waveguides. 

4.2 Half etched nanophotonic devices 

For the half etched waveguide structures we find qualitatively similar behavior of the 
absorption as for the fully etched waveguides mentioned before. Measured data for several 
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nanowire parameters is presented in Fig. 6. Unlike the fully etched structures with 450nm of 
Si3N4 (where the maximum of absorption occurs at 850nm waveguide width) we find the 
highest absorption coefficients for a wider waveguide width between 1000nm and 1100nm. 
The absorption increases with the width of the nanowire and decreases with the gap. 

Given a U-shaped nanowire geometry of 60nm width and 100nm gap we find the 
maximum absorption for a waveguide width of 1000nm at 0.069dB/µm ± 0.003dB/µm. The 
dependence on the nanowire width can be fitted as |α| = 2.9 × 10−6 x2.4 for a waveguide width 

of 1300nm and a gap of 100nm and  being the width of the wire. The dependence of the 
absorption coefficient on the nanowire gap can be approximated as |α| = 0.14x-0.12. The 
absorption coefficient versus nanowire length for a waveguide width of 1000nm, nanowire 
width of 60nm and nanowire gap of 100nm can be approximated as |α| = 0.068x, showing the 
expected linear behavior. Nevertheless, for both device configurations (half etched and fully 
etched, respectively) we find good agreement with the numerical predictions. 

 

Fig. 6. Absorption coefficient of U-shaped NbN nanowire versus different geometrical 
parameters of nanophotonic devices. For all graphs the solid line is the simulation data and 
dots are measured data of a half etched Si3N4 450nm, SiO2 2600nm platform. (a) Dependence 
of the absorption coefficient versus waveguide width. (b) Dependence of the absorption 
coefficient versus NbN nanowire width. (c) Dependence of the absorption coefficient versus 
NbN nanowire gap. (d) Dependence of the absorption coefficient versus NbN nanowire length. 

A direct comparison between the two configurations from measured data is not always 
possible, due to different waveguide geometry, nanowire width, gap etc. of the fabricated 
devices. However, we can directly compare absorption coefficients for fully and half etched 
waveguides extracted from numerical simulations for the same geometry of nanowires. We 
find a significant decrease of the maximum value of absorption coefficient of half etched 
structures absorption (0.19 dB/µm) compared to the fully etched (0.27 dB/µm) devices on 
450nm Si3N4. We attribute this with pulling down the optical mode further into the substrate 
(see Figs. 2(a), 2(b)). Therefore the evanescent field overlapping with the nanowires is 
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weaker than on structures where the waveguide is fully etched, which leads to the mode being 
located approximately in the center of the waveguide. 

We estimate the uncertainty in the measurement of the absorption coefficient, which 
results from the error of the 50:50 splitting ratio, the optical power measurements error and 
uncertainty in determining the geometrical parameters of nanowires. To decrease 
measurement errors associated with the uncertainty of the geometric size of the resulting 
nanophotonic devices, the parameters of the structures were measured by electron scanning 
electron microscope (SEM) and atomic force microscope (AFM) after fabrication. We 
estimate a 5% total error during our absorption measurements, measuring a large number of 
devices and excluding differ greatly from the average value. The calculated error bars are 
shown in Figs. 5, 6. 

5. Conclusions 

We measured the absorption coefficient for U-shaped NbN nanowires directly placed on top 
of nanophotonic devices. By varying the nanowire geometrical parameters in width, nanowire 
separation and length we found that the maximum absorption rate occurs for a waveguide of 
1000nm width for one configuration (330nm Si3N4, 3300nm SiO2) and at 850nm for the other 
configuration (450nm Si3N4, 3300nm SiO2). Changing the nanowire width and gap with fixed 
waveguide width around the maxima we found increasing absorption rate with increasing 
width and decreasing gap between the NbN nanowires. Similar behaviour we also observed 
for devices that were only half etched into ridge waveguides. Nevertheless, in this geometry 
we measure a lower absorption coefficient for the same geometry of the nanowires. Our 
measured values are in good agreement with finite-element analysis simulations, which 
therefore provide a rapid evaluation tool for nanowire absorption. The data can be used for 
engineering hybrid nanophotonic-superconducting circuits for integrated classical and 
quantum applications. 
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