Home

Search

Collections

Journals

About

Contact us

My IOPscience

Design of broadband high-efficiency superconducting-nanowire single photon detectors

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2016 Supercond. Sci. Technol. 29 065016
(http://iopscience.iop.org/0953-2048/29/6/065016)
View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 130.237.35.236
This content was downloaded on 26/05/2016 at 09:02

Please note that terms and conditions apply.

Superconductor Science and Technology
Supercond. Sci. Technol. 29 (2016) 065016 (9pp)

doi:10.1088/0953-2048/29/6/065016

Design of broadband high-efﬁciency
superconducting-nanowire single photon
detectors
L Redaelli1,2, G Bulgarini3, S Dobrovolskiy3, S N Dorenbos3, V Zwiller1,2,4,5,
E Monroy1,2 and J M Gérard1,2
1

Univ. Grenoble Alpes, F-3800 Grenoble, France
CEA, INAC-PHELIQS, Nanophysics and Semiconductors group, F-38000, Grenoble, France
3
Single Quantum B.V., 2628 CH Delft, The Netherlands
4
TU Delft, Kavli Institute of Nanosciences, 2628 CH Delft, The Netherlands
5
KTH Stockholm, Departement of Applied Physics, SE-114 28 Stockholm, Sweden
2

E-mail: luca.redaelli@cea.fr
Received 17 February 2016, revised 20 April 2016
Accepted for publication 21 April 2016
Published 6 May 2016
Abstract

In this paper several designs to maximize the absorption efﬁciency of superconducting-nanowire
single-photon detectors are investigated. Using a simple optical cavity consisting of a gold mirror
and a SiO2 layer, the absorption efﬁciency can be boosted to over 97%: this result is conﬁrmed
experimentally by the realization of an NbTiN-based detector having an overall system detection
efﬁciency of 85% at 1.31 μm. Calculations show that by sandwiching the nanowire between two
dielectric Bragg reﬂectors, unity absorption (>99.9%) could be reached at the peak wavelength
for optimized structures. To achieve broadband high efﬁciency, a different approach is
considered: a waveguide-coupled detector. The calculations performed in this work show that,
by correctly dimensioning the waveguide and the nanowire, polarization-insensitive detectors
absorbing more than 95% of the injected photons over a wavelength range of several hundred
nm can be designed. We propose a detector design making use of GaN/AlN waveguides, since
these materials allow lattice-matched epitaxial deposition of Nb(Ti)N ﬁlms and are transparent
on a very wide wavelength range.
Keywords: photodetectors, single-photon detectors, superconducting-nanowire detectors,
waveguide, microcavity, SNSPD, nitride
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

they now outperform single-photon avalanche diodes in many
insights [11, 12], especially in the infrared spectral range.
Superior detection efﬁciencies, up to 93% [13–15], have been
demonstrated with SNSPDs at telecom wavelength, which,
combined with the very high detector speeds, make SNSPDs
the ideal candidate for many of the aforementioned applications [16].
The overall system detection efﬁciency (ηSDE) of a SNSPD
can be seen as the product of three contributions: the coupling
efﬁciency (ηcoup), the absorption efﬁciency (ηabs) and the
internal efﬁciency (ηint) [1]: ηSDE=ηcoup×ηabs×ηint.
The coupling efﬁciency ηcoup is the probability that a
photon travelling in the optical ﬁber carrying the signal is

Highly efﬁcient detection of single photons is of capital
importance not only for advanced quantum optics experiments but, increasingly, for many emerging industrial applications [1, 2]. Single-photon detectors (SPDs) are used today
in many ﬁelds, such as quantum key distribution [3, 4], timeof-ﬂight depth ranging applications such as the Lidar [5, 6],
space-to-ground optical communication [7], singlet oxygen
detection for medical applications [8], and integrated circuit
testing [9, 10].
In recent years, superconducting-nanowire single-photon
detectors (SNSPDs) have undergone rapid development, and
0953-2048/16/065016+09$33.00
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Figure 1. Schematic description of the device designs investigated in this paper. (a) Microcavity-enhanced detector: the nanowire meander
(black) is sandwiched between two mirrors. One possible layer stack, depicted here as an example, is (starting from the bottom): a metal layer
(e.g. Au, dark yellow in the ﬁgure), a transparent dielectric layer (e.g.: SiO2, green in the ﬁgure), the nanowire meander, another dielectric
layer (e.g. SiO2, semitransparent-green layer) and a ﬁnal layer consisting of higher-index dielectric (e.g. TiO2, top semitransparent-blue
layer). (b) Waveguide-coupled detector: The material in blue is a semiconductor or a dielectric which is transparent for the injected light. In
both drawings, the superconducting nanowire is contacted by two metal pads (yellow squares), and red arrows indicate the direction of
incidence of light.

coupled to the detector. The absorption efﬁciency ηabs provides a measure of the probability, for a photon impinging on
the detector, to be actually absorbed by it rather than transmitted or reﬂected. Finally, the internal efﬁciency ηint is the
probability of registering a voltage pulse at the nanowire leads
when a photon is absorbed. This latter parameter depends on
the choice and quality of the superconducting material, as
well as on the nanowire width. A few years ago, high internal
efﬁciencies approaching 100% at telecom wavelength were
demonstrated with ultranarrow (30 nm) NbN nanowires [17]6.
More recently reported values exceed 90% internal efﬁciency
for 100 nm wide NbTiN nanowires [18], and reach 100% for
comparably sized, or even wider, WSi [13] and MoSi [19, 20]
nanowires. The optimization of ηint will, however, not be
discussed in this paper.
The coupling efﬁciency, ηcoup, is usually boosted by
folding the detecting nanowire in a tightly packed meandering
structure, covering a circular area several microns in diameter.
It is then possible to efﬁciently couple the light output from a
ﬁber to the center of the nanowire meander with a self-aligning
method, achieving coupling efﬁciencies close to unity [21].
Achieving high absorption efﬁciency is often difﬁcult in
SNSPDs. Since the light is usually coupled vertically to the
thin (4–8 nm) nanowire, only a small fraction of it is absorbed. Several techniques have been developed to enhance ηabs.
In particular, two device designs have been proposed: the
‘microcavity-enhanced’ design, and the ‘waveguide-coupled’
(or ‘travelling-wave’) design. In microcavity-enhanced
detectors, the meandering wire is enclosed in an optical cavity
to enhance absorption (ﬁgure 1(a)) [13–15, 22–26]. Light can
be injected from the front-side or through the substrate. In the
waveguide approach the nanowire is patterned on top of a
ridge-waveguide [19, 27–33]. The light is injected and

propagates in the waveguide, and the evanescent tail of the
mode couples to the nanowire, eventually leading to complete
absorption (ﬁgure 1(b)).
In this paper, both approaches will be studied by optical
simulations, and their respective advantages and drawbacks
will be discussed. First, the microcavity approach will be
studied (section 2), with several designs of increasing complexity. For fabrication simplicity reasons, we choose to
illuminate the device through the front-side. One of the
designs has been realized experimentally and characterized, in
order to validate the calculations. More complex cavity
designs enabling absorption efﬁciencies close to unity will be
then presented. Finally, high-efﬁciency polarization-insensitive detectors based on the waveguide-coupled design will be
studied in section 3. An innovative device architecture will be
proposed, in which the nanowire is deposited on an AlN/GaN
waveguide.
2. Microcavity-enhanced detectors
2.1. Simulation method and optical model

In this section, devices based on the microcavity approach are
studied by 2D ﬁnite-difference time-domain (FDTD) simulations using the commercial software RSoft FullWAVE [34].
The device is modeled as an inﬁnite grating, as shown in
ﬁgure 2(a). Only one grating period is drawn and calculated,
and in-plane periodic boundary conditions are applied. The
2D analysis is justiﬁed because the photons are incoming at
normal incidence and the wavefront can be approximated as
planar: the grating period is much smaller than both the
wavelength and the detector diameter. The top and bottom
domain boundaries are 0.2 μm thick perfectly matched layers
(PML). A nonuniform graded grid is used, in order to allow
precise modeling of the thin nanowire but limit the overall
calculation effort. The ﬁnest grid size, used at each layer
boundary, is set to 1 nm in x direction, and to one tenth of the
nanowire thickness (i.e. 0.7 nm) in z direction. The coarser

6
100% internal efﬁciency is not explicitly claimed; however it is generally
accepted that the saturation of the detection efﬁciency with increasing bias
current, as observed in the reference, corresponds to an internal efﬁciency
close to 100%.
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SiO2 thickness close to a quarter of the wavelength, so that
light coupling in the nanowire is enhanced by constructive
interference. In the real device, which makes use of a gold
mirror and is designed for operation at telecom wavelength
(1.55 μm), the phase changes induced upon reﬂection at the
metallic/dielectric interfaces, as well as the non-zero NbTiN
thickness, place the optimum SiO2 thickness value for maximum absorption at 268 nm. Figure 2(b) displays the
absorption in the superconducting nanowire as a function of
the incident wavelength considering TE- and TM-polarized
light. In this case, 97.6% absorption efﬁciency for TEpolarized photons is achieved, whereas TM absorption is
much less efﬁcient, with a peak value of 37%. Note that the
maximum achievable TE efﬁciency would be lower, if a
superconducting material with lower absorption coefﬁcient
(e.g. WSi), a thinner nanowire, or a lower ﬁll-factor (i.e.
wider gaps between the wires) were used. For instance,
replacing NbTiN with WSi, the maximum attainable TE
efﬁciency would be 91.5%, for an optimum SiO2 thickness of
229 nm. If the nanowire geometry of the record-holding
reference [13] is used instead (WSi wire, thickness 4.3 nm,
width 102 nm, pitch 200 nm) the maximum TE efﬁciency
would be 70.1% (TM efﬁciency 41.0%), for a SiO2 thickness
of 231 nm.
To validate these calculations, a device using the ‘halfcavity’ geometry of ﬁgure 2(a) was fabricated and characterized by the company Single Quantum. A silicon wafer
was used as substrate and mechanical support. The 7 nm thick
NbTiN ﬁlm was deposited on SiO2 by magnetron sputtering
and patterned into a nanowire meander (wire width 100 nm,
pitch 200 nm) by e-beam lithography and Reactive Ion
Etching (RIE). A hydrogen silsesquioxane mask was used,
and RIE was performed in SF6/O2 atmosphere. In order to
boost the optical absorption at 1.31 μm, the superconducting
nanowire was positioned on top of a 230 nm thick SiO2 layer
and a gold mirror. Dicing was performed by deep RIE
(‘Bosch etching’) and cleaving. The nanowire meander was
aligned to the core of a single-mode ﬁber using a ﬁber
alignment sleeve, a technique similar to the one described in
reference [21]. Finally, the chip was mounted on a printed
circuit board and wire-bonded.
The detection efﬁciency was measured at a temperature
of 2.5 K in a closed-cycle cryostat. As photon source a Fianium Supercontinuum Laser SC-400-4 with acousto-optic
tunable ﬁlters was used; the optical pulses were attenuated by
a JDS Uniphase JDSU HA9 calibrated programmable
attenuator, and the photon polarization was controlled by a
Thorlabs FPC561 Fiber Polarization Controller. Electrical
ampliﬁcation of the detection pulses and counting were performed with a Single Quantum proprietary driver, while
optical power measurements were performed by a Thorlabs
Digital Optical Power and Energy Meter PM100D equipped
with a ThorlabsS154C InGaAs photodiode. The measurement
values at 1.31 μm, wavelength at which the structure was
optimized to operate, were 10 nW average laser power with
an additional attenuation of 50 dB, which correspond to a
photon ﬂux of 6.59×105 photons s−1.

Figure 2. (a) Cross-section scheme of a ‘half-cavity’ detector design
(not to scale). The area enclosed in the dashed rectangle corresponds
to the simulated unit cell. The indicated layer thicknesses correspond
to a device optimized for maximum TE absorption at a wavelength
of 1.55 μm. (b) Calculated absorption efﬁciency as a function of
wavelength for the ‘half-cavity’ device shown in (a).

grid size is 10 nm, both in x and z. For simplicity, throughout
this section we will refer to ‘TE-polarized light’ when the
electric ﬁeld is parallel to the nanowire length, ‘TM-polarized’ light for the opposite case, where the electric ﬁeld is
perpendicular to the nanowire.
The absorption efﬁciency is calculated, once the steady
state is reached, by subtracting from the input power the power
reaching the top PML boundary due to reﬂection, and the power
absorbed by the backside mirror (if any). The thickness of the
backside mirror is chosen so that the transmitted power reaching the bottom boundary is <0.1% of the input power.
The wavelength-dependent complex refractive indices
used in the calculations were taken from value tables reported
in literature. Their values at 1.55 μm are: 4.80+i6.05 for
NbTiN [35]7, 4.58+i3.66 for WSi [13], 2.45 for TiO2 [36–
38], 1.44 for SiO2, and 0.57+i9.66 for Au [39].
2.2. Results and discussion

The nanowire thickness is ﬁxed to 7 nm, the width to 100 nm,
and the spacing between two nearby nanowire meanders is set
to 100 nm: values similar to these are typical for Nb(Ti)N
based detectors [15, 40, 41]. In this conﬁguration, assuming a
semi-inﬁnite SiO2 layer, the calculated absorption probability
would be as low as 29% for TE-polarized photons, and 11%
for TM-polarized photons.
The absorption efﬁciency can be increased by placing a
highly reﬂective mirror below the SiO2 layer and reducing the
7

For wavelengths exceeding 1.68 μm, the n and k values are linearly
extrapolated (up to 2.0 μm). This is a reasonable approximation, since most
metals show a linear-like increase of their refractive index in this range.
3
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Figure 3. (a) System detection efﬁciency (ηSDE) measured at 1.31 μm of a half-cavity device incorporating a gold mirror and a 230 nm thick
SiO2 layer. The efﬁciency is plotted as a function of the normalized bias current, showing saturation of the detection efﬁciency when
approaching the critical current Ic. The maximum system detection efﬁciency is 85.6%. (b) Wavelength-dependent absorption efﬁciency
compared to simulation. The experimental absorption efﬁciency is calculated from the measured ηSDE by dividing the experimental values by
the estimated ηint and ηcoup. (c) Dependence of the detection efﬁciency on the polarization angle, normalized to the peak TE absorption
efﬁciency.

The measurements results are shown in ﬁgures 3(a) and
(b), together with the simulated absorption efﬁciency curves.
In ﬁgure 3(a) the system detection efﬁciency at 1.31 μm is
plotted as a function of the normalized bias current Ib/Ic,
where Ib is the bias current and Ic the critical current, deﬁned
as the current which causes the nanowire to transition to the
normal state in absence of illumination. The peak system
detection efﬁciency ηSDE reaches8 85.6%±4.7%, which is,
to the best of our knowledge, the highest reported to date for
Nb(Ti)N-based SNSPDs. The efﬁciency is almost saturated;
by ﬁtting the curve with a sigmoidal function (logistic function), and assuming that ηint would be 100% at saturation, as
in [18], we obtain that the maximum measured value of ηint is
97.4%. From these values of ηSDE and ηint, and from the
calculated ηabs=97.0%, the coupling efﬁciency can be
estimated as ηcoup=89.3%. This value is lower than the
value ηcoup>99% obtained in [21]. However, additional
coupling losses due to defects at the ﬁber ferrule facets, or a
small imperfection in one of the process steps (etching,
aligning, gluingK) could easily account for the missing
photons.
In order to compare experimental measurements and
simulations, we assume that the coupling efﬁciency and the
internal efﬁciency are constant across the considered wavelength range, and independent from light polarization. We can
thus divide the experimental values by the estimated ηint and
ηcoup and compare the obtained curve to the theoretically
calculated absorption efﬁciency versus wavelength curve in
ﬁgure 3(b). The good agreement of the experimental wavelength dependence with the simulation conﬁrms that our
model predicts accurately the spectral dependence of the
SNSPDs under investigation. It is worth noting that, in
ﬁgure 3(b), the experimental measurement drops signiﬁcantly
below the calculated efﬁciency value at 1.55 μm, which might
be partly explained by a non-saturated internal efﬁciency, i.e.
our assumption of a constant ηint is not valid for wavelengths

larger than 1.31 μm. Figure 3(c) shows the typical system
detection efﬁciency of a half-cavity device as a function of the
light polarization angle. By normalizing the peak value to the
TE absorption efﬁciency, we observe that the minimum
efﬁciency well matches the simulated TM value, thus validating the calculation predictions.
It is possible to further increase the absorption efﬁciency
of the devices by adding a matching dielectric mirror on the
device front side, thereby completing the optical cavity, as
done for example in [13]. Two different geometries leaning
on this concept are depicted in ﬁgures 4(a) and (c), and will
be studied in the following paragraphs. By optimizing the
thickness of the dielectric layers, the reﬂected power can be
reduced close to zero thanks to destructive interference, so
that all the power is absorbed inside the cavity (i.e., ηabs∼1).
If the backside reﬂector is a gold mirror and the previously
introduced nanowire meander sizes are used, the maximum
efﬁciency that can be achieved is 98.6%. In order to achieve
unity efﬁciency (>99.9%) the Au mirror must be replaced by
a dielectric Bragg mirror, since Au is not a perfect reﬂector at
1.55 μm—it absorbs at least 1%–2% of the incident radiation.
In ﬁgure 4 both cavity conﬁgurations are illustrated, and the
respective calculated absorption efﬁciencies are plotted as a
function of wavelength and polarization. In comparison to the
half-cavity conﬁguration in ﬁgure 2, TM absorption is
enhanced, but the absorption peak is red shifted with respect
to the TE absorption peak. By tuning the front mirror and
spacer thicknesses, it is possible to design a polarizationindependent detector, although this will come at the cost of
peak efﬁciency. For example, calculations show that for front
mirror thicknesses of 263 nm (TiO2) and 89 nm (SiO2), the
absorption efﬁciency would be of 80% for both polarizations.
Considering the full-cavity detectors of ﬁgure 4, precise
control of the dielectric layer thicknesses is capital to attain
such high absorption efﬁciencies. We assume a thickness
tolerance of ±2%, a realistic number for modern deposition
techniques, and calculate its impact on the peak TE absorption efﬁciency. We ﬁnd out that, in the worst-case scenario
(all dielectric layers are 2% thinner than expected), such a

8

The error of the system detection efﬁciency is given by the root mean
square of the power meter and the optical attenuator accuracies. The
instrument errors as speciﬁed by the manufacturers are used.
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approach is the waveguide-coupled detector design, which
will be discussed in the next section.
3. Waveguide-coupled detectors
3.1. Detector design options

Various substrate/waveguide material combinations have
been proposed for the realization of waveguide-coupled
SNSPDs. The most obvious choice is silicon-on-insulator
(SOI), in order to integrate this detector technology on-chip
with photonic circuits working at telecom wavelength. Silicon
waveguides rely on a very mature technology, with extremely
low propagation losses [42]. Furthermore, the index difference between silicon and the underlying SiO2 cladding is very
high (about 2), and the mode can be tightly conﬁned in very
thin waveguides, providing intense evanescent ﬁeld. This, in
turn, allows for efﬁcient evanescent coupling to the nanowire
and highly efﬁcient absorption, even in short waveguides:
attenuations up to 1 dB μm−1 have been demonstrated [31].
The main drawback of this technology is that silicon is not
transparent below 1.1 μm, so that it is not suitable e.g. for
850 nm ﬁber-optics transmission or for truly broadband
detectors.
Other approaches include GaAs/AlGaAs [28] and
Si3N4/SiO2 [27] waveguides. In both cases the index difference is much lower than for SOI, which means that the mode
conﬁnement is less effective. Therefore, thicker and wider
waveguides are needed to guide the mode, and its evanescent
ﬁeld will be less intense, so that longer detectors are necessary
to achieve absorption efﬁciencies close to unity. The GaAs
absorption edge is located around 0.9 μm, which allows only
slightly larger bandwidth than with silicon, while high-quality
Si3N4 can have a much wider transparent band.
In this work we propose waveguide-coupled detectors
fabricated on GaN/AlN waveguides, since this material system has some important advantages: AlN is lattice-matched to
Nb(Ti)N, offering the best possible substrate for the deposition of high-quality superconducting ﬁlms [43]. Furthermore,
AlN and GaN are transparent over a very large band, from 0.4
to about 7.4 μm [44]: this opens the way to the design of
detectors which can operate with high efﬁciency on a very
broad wavelength range. The ridge-waveguide design is
illustrated in ﬁgure 5(a). It consists of a double GaN/AlN
waveguiding layer on a sapphire substrate. In this conﬁguration, the mode maximum can be efﬁciently conﬁned in the
upper GaN layer. Sapphire acts as a cladding layer, thanks to
the larger index difference with AlN (at 1.55 μm, sapphire
1.75 [36, 45], AlN 2.12 [36, 46]) and GaN (2.32 [36, 47]).
The thick AlN layer is needed as a buffer in order to achieve
high crystalline quality in the upper GaN layer, where the
maximum mode intensity propagates, and has a thickness of
1.1 μm. Besides, the overall thicker waveguiding layers
should facilitate ﬁber-waveguide coupling. A cleaved waveguide facet is shown in ﬁgure 5(b). In this sample, the
waveguide was etched by inductive coupled plasma (ICP)
RIE in GaN/AlN (0.6 μm/1.1 μm) layers grown by molecular beam epitaxy on a sapphire substrate. The etch depth is

Figure 4. Microcavity detectors optimized for high TE absorption

efﬁciency at 1.55 μm: (a) and (b) full-cavity design with backside
Au mirror, (c) and (d) full-cavity with backside Bragg mirror. (a) and
(c) Illustrations (not to scale) of the simulated unit cells, together
with (b) and (d) the respective efﬁciencies calculated as a function of
wavelength and polarization.

variation would cause the peak efﬁciency of the design in
ﬁgure 4(a) to drop from 98.6% to 97.8%, while in the Braggbackmirror design of ﬁgure 4(c) the efﬁciency would drop
from above 99.9% to 98.0%.
In these ‘full-cavity’ conﬁgurations, peak efﬁciencies
close to unity can be reached at any targeted wavelength and
photon polarization, almost independent of the superconducting nanowire and of the nanowire size and absorption
coefﬁcient, by tuning the reﬂectivity of the front mirror. Even
a non-optimum thickness of the ﬁrst SiO2 layer below the
nanowire can be in most cases compensated by the front
mirror design. This fact opens up novel interesting opportunities from a fabrication point of view, concerning the design
in ﬁgure 4(a). Devices from the same wafer could be tuned to
maximize the response at different wavelengths (or photon
polarizations) at the end of the fabrication process, by fabricating front mirrors having different SiO2 and TiO2
thicknesses.
Microcavity-enhanced detectors are intrinsically wavelength sensitive, since they make use of interference effects to
enhance absorption. When using a simple backside mirror
(half-cavity, ﬁgure 2), the detection band is quite broad, with
a 0.7 μm wide wavelength range around the peak (from 1.3 to
1.8 μm) where ηabs>90%. When incorporating a front
mirror (ﬁgure 4(a)), on the other hand, the detection band
where ηabs>90% is less than 0.2 μm wide (from about 1.45
to 1.65 μm), and it shrinks even further when using a backside Bragg mirror.
In order to achieve polarization-insensitive and broadband detectors, a change of paradigm is necessary. A possible
5
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to the x direction (horizontal in ﬁgure 5(a)), ‘TM-polarized’
light when the electric ﬁeld vector is parallel to the y direction
(vertical in ﬁgure 5(a)).
The goal of the simulations is to optimize the waveguide
dimensions in order to ensure single-mode operation and
maximize the modal absorption. The most important parameters are highlighted in ﬁgure 5(a): the waveguide width and
thickness, the waveguide etch depth, and the sidewall angle.
Finally, the minimum waveguide length necessary to achieve
unity absorption will be determined, considering the impact
of the mode propagation losses.
3.3. Results and discussion

First, we deﬁne the maximum waveguide width which only
supports the fundamental TE and TM modes by considering the
evolution of the effective mode index as a function of waveguide
width, as plotted in ﬁgure 5(d). We consider that a mode is
supported when its effective index clearly rises above the index of
the substrate modes and it is fully contained into the simulation
domain (no variation of the index when enlarging the simulation
domain). It is important to note that there is no sharp cutoff
wavelength, since the modes slowly migrate from the substrate to
the waveguide with increasing waveguide width. Below a
waveguide width of 0.5 μm, the waveguide does not support any
mode, only substrate modes exist. Between 1 and 2 μm, the
fundamental TE and TM modes are supported. Above 2 μm, the
ﬁrst order modes (TE ﬁrst, then TM) start to appear. Thus, we
choose 2 μm as the upper limit for the waveguide width.
The various waveguide dimensions (waveguide width,
GaN thickness, etch depth, and sidewall angle) are then
investigated in order to maximize absorption. In ﬁgures 6(a)
and (b) the modal absorption of the fundamental TE and TM
modes is plotted as a function of the waveguide width and the
GaN thickness, respectively. Since TE absorption is consistently lower than TM absorption, the primary goal is to
maximize TE absorption. The optimum is reached for a
waveguide width of 1.7 μm and a GaN thickness of 0.5 μm. If
the waveguide size is smaller, the maximum mode intensity is
pushed down in the AlN layer, and the intensity of the evanescent mode tail drops, i.e. the modal absorption drops. If,
on the contrary, the waveguide is too large, the mode is more
tightly conﬁned in the GaN layer, thus reducing the evanescent tail intensity.
In ﬁgures 6(c) and (d) the waveguide etch depth and its
sidewall angle are investigated. Deeper waveguides offer
better lateral conﬁnement, thus more intense evanescent ﬁeld,
up to an etch depth of 0.8 μm. The sidewall slope has almost
no impact on the modal absorption, up to an angle of 35°
(ﬁgure 6(d)). On the other hand, a deeper etch would also
increase the propagation losses, due to the increased interaction of the mode with the rough etched sidewalls. The
sidewall angle is indirectly linked with the propagation losses,
as well: the choice of the ICP-RIE etching parameters inﬂuences both the surface roughness and the sidewalls slope.
Therefore, before choosing etch depth and angle, the impact
of the waveguide losses on the device efﬁciency should be
estimated. In this work we arbitrarily decide to stop the

Figure 5. (a) Illustration of the waveguiding structure in cross-

section (not to scale). The labels in italics indicate the most
important parameters that will be optimized in the following. Note
that the sidewall angle is deﬁned so that a perfectly vertical sidewall
would have a 0° angle. (b) SEM micrograph of a GaN/AlN ridgewaveguide. (c) Calculated fundamental TE mode for GaN
thickness=etch depth=0.5 μm, sidewall angle=25°. The ﬁeld
intensity is normalized to 1, 0 meaning absence of ﬁeld, 1 maximum
intensity. (d) Effective index of the ﬁrst three TE and TM modes as a
function of waveguide width (same waveguide geometry as before).
The waveguide supports only the fundamental TE and TM mode for
widths between 1 and 2 μm.

here 0.35 μm, the sidewall angle about 25°. The smooth facet
is obtained by manually cleaving the sample along the natural
GaN cleaving plane (m-plane). In order to obtain controlled
cleaving, the sapphire substrate was preventively sawn to a
predeﬁned depth along the future cleaving line.
3.2. Simulation method and optical model

In order to quantify the absorption efﬁciency, we calculate the
mode proﬁle and complex effective index using a Finite
Element (FEM) mode solver (RSoft FemSIM [34]), as shown
in ﬁgure 5(c). The nanowire absorption is calculated from the
imaginary part of the complex effective mode index. This
method does not take into account the mode reﬂection at the
nanowire onset, nor the additional absorption by the short
transversal wire segment connecting the two parallel wire
segments. This approximation is justiﬁed by the fact that the
contribution of both effects is negligible, as pointed out in
[31] and conﬁrmed by a 3D FDTD simulation performed by
the authors, in which these contributions were smaller than
the numerical noise level of the simulation.
The nonuniform graded mesh is chosen so that the ﬁnest
mesh size is ten times smaller than the smallest structure, both
in x and y directions (0.7 nm in x, 10 nm in y). A coarser mesh
is used (0.02 μm) where the material is uniform, far away
from the material interfaces. The nanowire dimensions and
spacing are unchanged from the microcavity design in
section 2 (7 nm thick and 100 nm wide nanowire, with
100 nm spacing). Throughout this section we will refer to
‘TE-polarized’ light when the electric ﬁeld vector is parallel
6

Supercond. Sci. Technol. 29 (2016) 065016

L Redaelli et al

−1
Figure 6. The modal absorption coefﬁcient (in dB μm ) is plotted
as a function of the waveguide width (WG_width) (a), GaN
thickness (GaN_thick) (b), waveguide etch depth (Etch_depth) (c),
and waveguide sidewall angle (Sidewall_angle) (d). Each time, only
one parameter is varied; the three other parameters are ﬁxed and their
values are indicated in each plot. In (a) and (b) Etch_depth=GaN_thick, i.e. the waveguide is etched down till the GAN/AlN
interface.

Figure 7. (a) Mode attenuation as a function of the waveguide

length. (b) Absorption efﬁciency (net of waveguide losses) as a
function of wavelength. Constant losses of 2 dB mm−1 (4 dB mm−1)
for TE (TM) radiation are considered. Note that the y axis starts at
0.9, and not 0 as in ﬁgure 4. Below 1.3 μm the graph is greyed out
since part of the light might be injected in the ﬁrst-order mode,
resulting in an overestimation of the absorption efﬁciency.

etching at the GaN/AlN interface (etch depth=0.5 μm),
where TE absorption starts to saturate, and consider a 25°
sidewall angle, as obtained experimentally in ﬁgure 5(b).
For a bare waveguide structure as the one considered here,
propagation losses of about 2 dB mm−1 (4 dB mm−1) or lower
have been reported for TE (TM) polarization [48, 49]. These
values correspond to 2.1% (3.1%) of the TE (TM) peak modal
absorption induced by the NbTiN nanowire, which is
0.096 dB μm−1 (0.130 dB μm−1). As a consequence, the maximum TE (TM) absorption efﬁciency will be limited at 97.9%
(96.9%) for an inﬁnite waveguide length. In ﬁgure 7(a) the
attenuation of the TE and TM fundamental modes, propagating
in the waveguide, is plotted as a function of the waveguide
length L. The power drops to 0.1% of the input power (−30 dB
attenuation) for L=306 μm, i.e. an absorption efﬁciency of
about 97.8% is achieved. TM attenuation, for the same L, is
−10 dB larger, thus the maximum TM absorption efﬁciency of
96.9% is (almost) reached.
In ﬁgure 7(b), the absorption efﬁciency of the fundamental TE and TM modes is plotted as a function of wavelength. The curves are calculated for L=306 μm, assuming
that the waveguide losses are equal to 2 dB mm−1 for TE and
4 dB mm−1 for TM across the whole wavelength range. It
should be noted that, for wavelengths shorter than 1.2 μm
(1.3 μm), the ﬁrst-order TE (TM) mode is supported. As a
consequence, when coupling light into the waveguide, there is

an increasing probability that a fraction of the power will be
injected into the ﬁrst-order mode, which is poorly coupling to
the nanowire, i.e. the absorption efﬁciency below 1.3 μm
might be overestimated. Nevertheless, comparing ﬁgure 7(b)
to ﬁgures 4(b) and (d), it can be stated that the waveguide
approach offers high efﬁciencies, nearly independent on
polarization, across a wavelength range which is potentially
much larger than the one of microcavity-enhanced detectors.
A major drawback of the waveguide-coupled device
design is that, in order to achieve high coupling efﬁciency,
extremely precise alignment of the ﬁber and the waveguide is
needed. Here, the simple ﬁber self-aligning method developed
for normal-incidence detectors described in [21] cannot be
used. This is not an issue when thinking of waveguide-coupled detectors for integration in photonic circuits, where both
the photon source and the detector are on the same chip: onchip photonics is indeed a major application ﬁeld for this kind
of detectors, and has been motivating their development in the
ﬁrst place [18, 27–33, 41]. On the other hand, if the goal is the
fabrication of a stand-alone detector for other industrial
applications, the overall detector efﬁciency will be necessarily
limited by the ﬁber-waveguide coupling efﬁciency. Coupling
losses below 1 dB can be achieved, and have been realized on
Si CMOS technology [50], but they require complex and
expensive alignment systems. The task is made even more
7
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difﬁcult for SNSPDs, since they operate at cryogenic temperatures, and the induced mechanical strain due to thermal
mismatch during cooling needs to be managed.
Finally, for applications where large coupling losses (i.e.
low system detection efﬁciencies) are acceptable, but detector
speed, polarization insensitivity, and/or broadband operation
are essential, the waveguide approach might be interesting.
Since the absorption efﬁciency depends logarithmically on the
nanowire length, devices with short nanowires, i.e. shorter dead
times and higher detection rates, can be designed. An interesting
‘hybrid’ approach, combining waveguide-coupling and cavity
effects has been recently proposed [41], in which high
absorption efﬁciencies are achieved using ultrashort nanowires.
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