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The monolithic integration of single-photon sources, passive optical circuits, and single-photon
detectors enables complex and scalable quantum photonic integrated circuits, for application in
linear-optics quantum computing and quantum communications. Here, we demonstrate a key
component of such a circuit, a waveguide single-photon detector. Our detectors, based on
superconducting nanowires on GaAs ridge waveguides, provide high efficiency (~20%) at telecom
wavelengths, high timing accuracy (~60 ps), and response time in the ns range and are fully
compatible with the integration of single-photon sources, passive networks, and modulators.
© 2011 American Institute of Physics. [doi:10.1063/1.3657518]

The combination of single-photon sources, passive opti-
cal circuits, and single-photon detectors enables important
functionalities in quantum communications, such as quantum
repeaters’ and qubit amplifiers,” and also forms the basis of
all-optical quantum gates® and of linear-optics quantum
computing.* However, present implementations are limited
to few qubits, due to the large number of optical components
required and the corresponding complexity and cost of
experimental set-ups. The monolithic integration of quantum
photonic components and circuits on a chip is absolutely
required to scale implementations of optical quantum infor-
mation processing to meaningful numbers of qubits. The
integration of passive circuits has been demonstrated in
waveguides based on silica-on-silicon’ and on laser-
micromachined glass,®’ but a platform for the simultaneous
integration of sources, detectors, and passive circuitry is still
missing. The integration of detectors is particularly challeng-
ing, as the complex device structures associated to avalanche
photodiodes are not easily compatible with the integration
with low-loss waveguides and even less with sources.
Transition-edge sensors may be suited for integration,® but
they are plagued by very slow response times (leading to
maximum counting rates in the tens of kHz range) and
require cooling down to <100 mK temperatures. Here, we
report a simple approach to the realization of single-photon
detectors on optical waveguides in the GaAs/AlGaAs mate-
rial system. It enables the demonstration of efficient wave-
guide single-photon detectors (WSPDs) with response times
in the ns range and is fully compatible with the integration of
sources and passive optical circuits on a single chip.

Our WSPDs are based on the principle of photon-
induced hot-spot creation in ultranarrow superconducting
NbN wires, which is also used in nanowire superconducting
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single-photon detectors (SSPDs)” and can provide ultrahigh
sensitivity at telecommunication wavelengths, high counting
rates, broad spectral response, and high temporal resolution
due to low jitter values. In our design (see Fig. 1), the wires
are deposited and patterned on top of a GaAs ridge wave-
guide, in order to sense the evanescent field on the surface.
Four NbN nanowires (4 nm-thick, 100 nm wide, and spaced
by 150nm) are placed on top of a GaAs (300nm)/
Aly75Gag,sAs waveguide, and a 1.85 um-wide, 250 nm-deep
ridge is etched to provide 2D confinement. We assume that a
100 nm-thick SiOj layer is left on top of the wires as a residue
of the hydrogen silsesquioxane (HSQ) mask used for

FIG. 1. (Color online) (a) Schematic view and (b) Contour and vector plot
of the amplitude [V/m] and direction of the electric field for the fundamental
mode (A=1300nm) of the waveguide superconducting single-photon
detector.

© 2011 American Institute of Physics
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patterning the wires. The dimensions of the waveguide have
been optimized to obtain maximum absorption by the NbN
wires while leaving a 0.5 yum alignment margin between the
wires and the side of the ridge. The electric field amplitude
and polarization for the fundamental mode, calculated using a
finite-element mode solver (COMSOL Multiphysics), is shown
in Fig. 1(b) for A= 1300 nm. For this quasi-transverse-electric
(TE) mode, we calculate a modal absorption coefficient of
taps =451 cm ™! (assuming a refractive index of 5.23-5.82i
(Ref. 10) for NbN), corresponding to 90% (99%) absorptance
after 51 um (102 pum) propagation length. This very high and
broadband absorptance in an ultrathin wire is unique to wave-
guide geometries, which allow an interaction length limited
only by extrinsic waveguide losses. Since the NbN wires pro-
duce a very small perturbation to the guided mode, the imped-
ance mismatch at the interface between the passive
waveguide without wires and the detecting section is negligi-
ble (calculated modal reflectivity of 5.84 x 107°%), allowing
very efficient coupling to the detector. We note that this
design with a TE-polarized, tightly confined mode is opti-
mized for on-chip applications with integrated single-photon
sources (quantum dots in waveguides), which emit in the TE
polarization. In contrast, transverse magnetic (TM) polarized
modes have a complex spatial profile, which makes the fiber
coupling inefficient. By increasing the waveguide thickness
by 50 nm, well-confined TM modes with high modal absorp-
tion coefficients >500 cm ™' can be obtained. The absorptance
of both TE and TM light would then approach 100%, resulting
in a polarization-independent quantum efficiency (QE).
Nanowire WSPDs were fabricated on top of a GaAs
(300 nm)/Aly 75Gagr5As (1.5 um) heterostructure grown by
molecular beam epitaxy on an undoped GaAs (001) sub-
strate. A 4.3 nm-thick NbN layer was deposited by dc reac-
tive magnetron sputtering of a Nb target in a N,/Ar plasma
at 350°C, with deposition parameters optimized for GaAs
substrates,“ resulting in a critical temperature T, =10.0K,
and a transition width AT, = 650 mK. WSPDs were then fab-
ricated using four steps of direct-writing 100kV electron
beam lithography (EBL). In the first step, Ti(10nm)/
Au(60 nm) contact pads (patterned as a 50 Q coplanar trans-
mission line) and alignment markers are defined by lift-off
using a PMMA mask (Fig. 2(a)). In the second step, the me-
ander pattern is defined on a 180 nm thick (HSQ) mask and
then transferred to the NbN film with a (CHF;+4SFg+Ar) re-
active ion etching (RIE). Fig. 2(b) shows a scanning electron
microscopy (SEM) image of an etched wire. The meandered
NbN nanowire (100 nm width, 250 nm pitch, and 30-100 um
length), still covered with the HSQ mask, is very regular
with a width uniformity of about 5%. In the third step, an
HSQ-mask for the waveguide patterning is defined by care-
fully realigning this layer with the previous one. This layer
also protects the Ti/Au pads against the subsequent reactive
etching process. Fig. 2(c) shows an atomic force microscopy
(AFM) image of the waveguide etch mask aligned to the
wires, showing realignment accuracy better than 100 nm
(Fig. 2(d)). Successively, 250nm of the underlying GaAs
layer is etched by a Cl,+Ar ECR (electron cyclotron reso-
nance) RIE. Finally, in order to allow the electrical wiring to
the TiAu pads, vias through the remaining HSQ-mask are
opened using a PMMA mask and RIE in a CHF; plasma.

Appl. Phys. Lett. 99, 181110 (2011)

FIG. 2. (Color online) (a) Scanning electron microscope (SEM) micrograph
of Ti/Au electric contacts; (b) Collection of three SEM micrographs taken in
different regions of a 30 um long WSPD, the nanowires are still covered by
the HSQ etching mask; (c) Atomic force microscope (AFM) image of the
1.85 um wide and 30 um long HSQ mask used for the etching of the wave-
guide aligned on top of the NbN nanowires; and d) AFM Enlarged view of
the waveguide HSQ etching mask showing a realignment accuracy better
than 100 nm.

The waveguides were cleaved leaving a 1 mm-long passive
ridge waveguide between the cleaved facet and the WSPD.
The WSPDs were characterized by end-fire coupling light
from a polarization-maintaining lensed fiber (producing a spot
with nominal diameter of 2.5 = 0.5 um) into the waveguides
mounted on the cold finger of a continuous flow helium cryo-
stat. Both the lensed fiber and the contact probes are mounted
on piezoelectric positioners, which are thermally anchored to
the cold plate to minimize the thermal load to the detector,
resulting in an operating temperature <4 K. The inset of Fig.
3 displays the current-voltage characteristic measured for a
50 um-long WSPD, showing a critical current (I.) of 16.9 uA.
The electro-optical response was measured by end-fire cou-
pling a continuous wave 1300nm diode laser through the
lensed fiber in the TE polarization. The detector count rate
was observed to be extremely sensitive to the fiber-waveguide
alignment and to their distance, confirming that the detector
responds to guided photons and not to stray light propagating
along the surface or in the substrate. The count rate was meas-
ured to be proportional to the laser power (Fig. 3), proving
operation in the single-photon regime. The inset in Fig. 4
shows a single WSPD output pulse, showing a pulse duration
(full-width-half-maximum) of 3.2ns and a 1/e decay time of
3.6 ns, which corresponds very well to the expected time con-
stant T = L;/R = 3.6 ns, where L;;, = 180 nH is the wire ki-
netic inductance (as calculated from the kinetic inductance
per square for similar NbN wires, L =90 pH/O (Ref. 12))
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FIG. 3. (Color online) Count rate as a function of laser power (4= 1300 nm,
TE polarization, I;, = 9.9 uA), showing a linear behavior and hence operation
in the single-photon regime. Inset: Current-voltage characteristic of the
WSPD, showing a critical current of 16.9 uA, the relaxation-oscillation
region, and the beginning of the hot-spot plateau.
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FIG. 4. (Color online) Device QE (open symbols) and system QE (closed
symbols) of a 50 um-long WSPD under illumination at 1300 nm in the TE
polarization (left axis) and dark count rate (black dots, right axis) as a func-
tion of the normalized bias current. Inset: WSPD output pulse after 48 dB
amplification.

and R =50 Q is the load resistance. Considering that it takes
a time ~37 to recover 95% of the bias current after detection,
we estimate a maximum counting rate close to 100 MHz. By
illuminating the device with a pulsed diode laser, a total jitter
of 73 ps was measured on the WSPD output pulse, corre-
sponding to a 61 ps intrinsic detector jitter after correcting
for the 40 ps jitter from the laser pulse.

The measured QE (1300 nm, TE polarization) is plotted
in Fig. 4 (left axis) as a function of the normalized bias cur-
rent I/I.. The system quantum efficiency (SQE, open sym-
bols), defined as the number of counts divided by the
average photon number in the fiber at the input of the cryo-
stat, reaches 3.4% for a 50 um-long device. For determining
the number of photons coupled into the waveguide, transmis-
sion measurements were performed with a tunable laser on a
sample containing 3 mm-long ridge waveguides, but without
NbN wires and contact pads. From the measured Fabry-Perot
fringes, and particularly from the maximum and minimum
transmission (in TE polarization), T.x=6.1% and T,
=1.8%, we deduce that the propagation loss over a 3 mm
waveguide length is negligible. Assuming symmetric input/
output coupling and using the standard expression for the
Fabry-Perot transmission,'® we derive a coupling efficiency
(from fiber input) of 17.4%. The corresponding device quan-
tum efficiency (DQE), defined with respect to the number of
photons coupled to the waveguide, is plotted as closed sym-
bols in Fig. 4 and reaches 19.7%. This value is still lower
than the calculated absorptance (90% in the 50 um-long
WSPD), which we mainly attribute to a limited internal
quantum efficiency (detection probability upon absorption of
a photon), and further improvements of film quality and wire
etching process may result in notably improved values.
Another potential cause for limited efficiency may be extrin-
sic loss (e.g., scattering) due to the nanowires, which is how-
ever believed to be small as compared to nanowire
absorption. The dark count rate was measured in another
cryostat without optical windows at 1.2 K and is presented in
Fig. 4 (right axis), showing the usual exponential depend-
ence as a function of the bias current.

In conclusion, we have demonstrated integrated wave-
guide single-photon detectors based on superconducting
nanowires on GaAs ridge waveguides. They provide system
(device) quantum efficiencies of 3.4% (~20%) at 1300 nm, a
timing resolution ~60 ps, and dead times of few ns. Further

Appl. Phys. Lett. 99, 181110 (2011)

optimization of film deposition and device fabrication may
result in efficiencies approaching 100% due to the high ab-
sorptance allowed by the waveguide geometry. Higher sys-
tem QE and polarization-independence can be obtained by a
waveguide design providing a more extended and symmetric
mode profile and by integrating a tapered coupler.'® Inte-
grated photon-correlation devices'> and photon-number-
resolving detectors'® are straightforward to realize by inte-
grating several wires on the same waveguide. Furthermore,
this technology is fully compatible with the fabrication of
passive quantum circuits on GaAs waveguides, and with
single-photon sources based on InAs quantum dots in wave-
guides, and, therefore, opens the way to fully integrated
quantum photonic circuits including sources and detectors.

Note added in proof: Two alternative approaches to
waveguide single-photon detection, based on transition edge
sensors® and on superconducting nanowires on Si/SiO,
waveguides,'” have been reported during the submission pro-
cess of this manuscript.
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