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detector on the very same semiconductor chip. Thus, all 
key components required for prototype quantum photonic 
circuits with sources, optical components and detectors on 
the same chip are reported.

1  Main text

Semiconductors are ubiquitous in modern optoelectron-
ics and quantum photonic devices and are also expected to 
play a major role in photonic quantum technologies [1]. In 
particular, semiconductor quantum dots have been shown 
to be near ideal sources of nonclassical light [2, 3] that can 
be efficiently routed into nanoscale photonic circuits [4, 5] 
and even be used to manipulate the quantum state of sin-
gle photons [4, 6, 7]. Besides the generation and routing of 
quantum light on a semiconductor chip [3, 8, 9], a further 
major requirement for realizing integrated quantum devices 
is the on-chip detection of single photons with near unity 
quantum efficiency [10] and the integration of such detec-
tors into nanophotonic circuits, consisting of waveguides, 
high-finesse nanocavities and beam splitters, opening the 
way towards integrated photon-mediated quantum informa-
tion technologies. Superconducting single-photon detec-
tors (SSPDs) based on niobium nitride (NbN) nanowires 
combine high detection efficiency, low dark count rates 
and picosecond timing resolution [11, 12], and can be inte-
grated into prototype optical chips in a straightforward 
manner [13]. Altogether, the integration of SSPDs into 
nanophotonic circuits, their high detection efficiencies and 
ultra-fast response make them promising candidates for 
numerous quantum information applications [1], such as 
linear optical quantum computation [14], on-chip photonic 
quantum gates [15, 16], optical transistors [17, 18] or even 
quantum repeaters [19, 20].

Abstract Semiconductor quantum photonic circuits 
can be used to efficiently generate, manipulate, route and 
exploit nonclassical states of light for distributed photon-
based quantum information technologies. In this article, we 
review our recent achievements on the growth, nanofab-
rication and integration of high-quality, superconducting 
niobium nitride thin films on optically active, semiconduct-
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conductor nanomaterials containing quantum dots. Our 
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of such detectors into quantum dot-loaded, semiconductor 
ridge waveguides, resulting in the on-chip, time-resolved 
detection of quantum dot luminescence. Furthermore, a 
prototype quantum optical circuit is demonstrated that 
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from an individual InGaAs quantum dot, with a linewidth 
<15 μeV displaced by 1 mm from the superconducting 
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In this article, we review our recent progress in the 
growth of high-quality superconducting NbN thin films 
with critical transition temperatures of Tc > 12 K and their 
patterning to realize highly efficient (η > 20 %) and ultra-
fast (<72 ps) SSPDs on semiconducting GaAs substrates 
[21]. Furthermore, we demonstrate the integration of such 
SSPDs in quantum dot-loaded photonic waveguides for on-
chip time-resolved photoluminescence spectroscopy [22, 
23]. Finally, we present a first prototype architecture of a 
fully integrated photonic nanocircuit, consisting of an indi-
vidual InGaAs quantum dot, a GaAs/AlGaAs ridge wave-
guide and a waveguide-integrated SSPD, and demonstrate 
on-chip resonant fluorescence as an initial step towards on-
chip quantum coherent information processing [13, 24].

Niobium nitride thin films were deposited on clean 
semiconducting gallium arsenide (GaAs) substrates using 
direct current (DC) reactive magnetron sputtering. This 
deposition technique has been shown to provide excellent 
control over the growth temperature Tgr, nitrogen partial 
pressure PN2

 or sputtering rate ΓNbN. High-quality super-
conducting NbN thin films have already been realized on 
various other substrates, for example, sapphire [25], MgO 
[26] or glass [27], using this technique. The ~5 × 5 mm2 
GaAs substrates were mounted on a copper sample holder 
which can be heated up to 850 °C. After conditioning, 
the sputtering chamber is evacuated to a base pressure of 
P0 ≤ 5 × 10−6 mbar in order to reduce the partial pres-
sure of residual gases that might become incorporated into 
the superconducting films as defects and, thus, potentially 
diminish their superconducting metrics such as critical 
temperature Tc or transition width ΔTc. After conditioning, 

carefully measured quantities of process gases, argon (Ar) 
and nitrogen (N2), are introduced into the growth cham-
ber, controlled using mass-flow controllers. The mixture of 
these gases, i.e. their volume ratio, primarily controls the 
Nb:N stoichiometry and, therefore, influences the result-
ing crystal structure of the NbN films [21, 28]. After reach-
ing stable conditions with respect to gas flow and pressure, 
the plasma is started by applying a negative DC voltage 
of ~350 V, thus accelerating Ar+ ions towards the sput-
ter target. During this presputtering for ~15 min, the top-
oxide layer of the Nb-target is removed and a total cham-
ber pressure of typical Ptot = 4.4 × 10−3 mbar is reached. 
After opening the shutter in front of the GaAs substrates, 
the actual thin-film deposition starts, whereby Nb atoms hit 
the sample surface and subsequently form chemical bonds 
with N2 and, thus, arrange into crystal grains with a size 
and crystal structure that depends strongly on the chosen 
sputtering parameters. Typical film thicknesses investigated 
are in the range of 5–25 nm, determined by atomic force 
microscopy performed post-growth.

The superconducting NbN thin films are electrically 
characterized employing temperature-dependent transport 
measurements using a four-point geometry [29]. A typi-
cal result of the film resistance R as a function of temper-
ature T is shown by the blue curve in Fig. 1a for a NbN 
film with thickness dNbN = 26.0 ± 0.5 nm. We observe a 
gradual decrease in R with decreasing T with a drop to a 
value close to 0 Ω for T ≤ 11.8 K, reflecting the normal 
to superconducting phase transition. From such measure-
ments, we deduce the two main figures of merit of the NbN 
films, namely the critical temperature Tc and transition 

(a) (b)

Fig. 1  a Measured film resistance R and derivative �R/�T  as 
a function of temperature T for a NbN thin film with thickness 
dNbN = 26.0 ± 0.5 nm in blue and red, respectively. b Measured 
current I as a function of applied bias voltage Vbias for a NbN SSPD 

with thickness dNbN = 20.0 ± 0.5 nm as a temperature T = 4 K inset: 
Schematic of electrical circuit used for SSPD electro-optical charac-
terization
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width ΔTc. Both quantities are extracted from the film 
resistivity measurements according to the analysis in 
Ref. [30]. Based on the normalized numerical derivative 
�R/�T  as shown by the red curve in Fig. 1a, we define 
the temperature Tnormal at which the film remains just above 
the transition but still in its normal conducting state, and 
the Tsuper where the film becomes superconducting. We 
define now the average normal state resistivity R as the 
arithmetic mean of the resistance between Tnormal and Tsu-

per + 2 K. As shown in Fig. 1a, we can define now Tlower 
and Tupper as the boundaries of the 10–90 % transition as 
R(Tlower) = 0.1R and R(Tupper) = 0.9R, respectively. This 
provides an objective definition of the critical tempera-
ture Tc ≡ 1/2

(

Tupper + Tlower

)

 and the transition width 
�Tc ≡ Tupper − Tlower, giving rise to Tc = 12.1 ± 0.2K 
and �Tc = 0.3 ± 0.05K for the dNbN = 26 ± 0.5 nm film 
presented in Fig. 1a.

In a detailed study [21], we investigated NbN films 
with thicknesses dNbN = 4− 20 nm as a function growth 
temperature Tgr and nitrogen partial pressure PN2

. On 
such optimized films, we established SSPDs employing 
a combination of electron beam lithography with a nega-
tive tone resist and reactive ion etching using a SF6/C4F8 
plasma [22, 24]. Nanowire SSPDs were arranged in a 
meander-type fashion with typically 34 × loops, nanow-
ire widths 80 ± 10 nm, nanowire separation 170 ± 10 nm 
and a total length of 23 μm as shown in the scanning elec-
tron microscope images in the inset of Fig. 1b. In order 
to determine the performance metrics of our SSPDs, we 
performed optoelectrical characterization measurements 
in a low-temperature (T = 4.3 ± 0.1 K) microwave probe 
station where individual devices can be contacted using 
mechanically adjustable microwave probes. A schematic 
circuit diagram of the set-up used for probing the optical 
response of the detectors is shown in the inset of Fig. 1b. 
Hereby, the SSPD is operated just below the critical current 
Ic using a bias tee (1 mH inductance and 0.22 μF capaci-
tance) connected to a 100-kΩ resistor and a voltage source 
Vb. Here, we assume the illuminated SSPD to be equiva-
lent to an inductor Lk with a time-dependent resistor R(t). 
Photon absorption events will result in locally formed 
normal conducting regions with Rn and, thus, redirect 
the current onto the output capacitor, eventually leading 
to a measureable voltage pulse V(t). In the main panel of 
Fig. 1b, we present a typical current–voltage characteristic 
of a NbN SSPD with a thickness dNbN = 20 ± 0.5 nm at 
T = 4.2 K. The measured current I increases linearly with 
a slope of 1/100 kΩ, determined by the bias resistor, up to 
a maximum current of Ic = 55.6 μA, as indicated by the 
orange dashed line. For voltages exceeding ~5.6 V, I drops 
to a value of 26.7 ± 0.9 μA and remains constant up to 
Vbias = 18 V. For voltages larger 18 V, the current shows 
an ohmic increase corresponding to the SSPD resistance 

of 637 kΩ. In general, we can divide the current–voltage 
curve shown in Fig. 1b into three distinct regimes: (1) for 
Vbias ≤ 5.6 V the device is in its superconducting state, (2) 
for 5.7 ≤ Vbias ≤ 18 V the SSPD is in a partially normal 
conducting state after the applied current I exceeded Ic and, 
thereby, caused a phase transitions from the superconduct-
ing to the normal conducting state for the thinnest, i.e. most 
constricted, nanowires [31] and (3) for Vbias ≥ 18 V the 
complete device has switched to a normal conducting state. 
The optoelectrical characterization of our SSPDs enables 
us to reliably determine the critical current Ic and to test the 
homogeneity of the lithographically defined superconduct-
ing nanowires.

The optical properties of SSPDs were investigated by 
measuring the time evolution, amplitude and lateral exten-
sion of the thermal hotspot formed in thin and thick devices 
upon single-photon registration [21]. Having identified 
optimized SSPD designs, we continued to determine the 
detection efficiency η and dark count rate DC, as the two 
most important figures of merit. Both quantities were meas-
ured with a set-up as schematically depicted in the inset of 
Fig. 1b, with two low-noise 30 dB high-bandwidth amplifi-
ers connected to a 350-MHz frequency counter. The SSPDs 
were illuminated by a carefully calibrated laser beam with 
a spot diameter dbeam = 5.5 ± 0.1 mm whilst recording the 
number of events per second as shown in Fig. 2a. Here, two 
sets of data are presented for SSPDs with film thicknesses 
dNbN = 4 ± 0.5 nm and dNbN = 22 ± 0.5 nm as filled and 
open symbols, respectively. During each measurement, the 
SSPD under test is operated at a fixed current ratio I/Ic as 
indicated by the numbers on the right of Fig. 2a. Moreo-
ver, we indicated the corresponding dark count rates DC 
by the dashed lines and according numbers on the left. 
For both SSPD thicknesses and all currents, we observe a 
clear linear increase in the detected single-photon events as 
a function of the top-incident photon number in this dou-
ble-logarithmic representation, strongly indicating that the 
detectors indeed work in the single-photon regime [32, 33]. 
The dashed and solid curves in Fig. 2a are fits to the data, 
yielding exponents of 0.98 ± 0.02 and 1.09 ± 0.03 for the 
thin and thick SSPDs, respectively. The super-linear trend 
obtained for the thick detectors suggests that a small frac-
tion of the detected counts is mostly likely arising from 
double-photon events, in agreement with expectations for 
larger detector areas [32]. Moreover, for both batches of 
samples, the dark count rate as well as the photon counts at 
constant photon flux increases exponentially with the cur-
rent, in excellent agreements with previous reports on simi-
lar devices [33, 34].

We continue to determine the maximum detection 
efficiency under top illumination at a wavelength of 
λ = 950 nm by dividing the number of detected counts by 
the number of incident photons at 0.98 Ibias/Ic. Moreover, 
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we maximized the incoming photon flux such that the 
detector did not permanently stay in a normal conducting 
state caused by a reduced critical current due to device heat-
ing [35]. The maximum device detection efficiency η and 
the corresponding dark count rates DC are shown in Fig. 2b 
in blue and red, respectively. We obtain a η = 21 ± 2 % for 
SSPDs with a thickness dNbN = 4 ± 0.5 nm at a dark count 
rate of 52,000 1/s. This is in excellent agreement with val-
ues of 18.3 % for NbN SSPD detectors on GaAs at a illu-
mination wavelength of 1.3 μm [36] as well as comparable 
studies on other substrates [37–39]. In strong contrast, we 
find for the thick SSPDs with dNbN = 22 ± 0.5 nm a much 
lower detection efficiency of η = 0.004 ± 0.001 %, how-
ever, accompanied with an almost negligible dark count 
rate of only 3 1/s. The observed behaviour is fully consist-
ent with the commonly accepted hotspot model, where the 
absorption of a photon by a Cooper pair leads to a small 
conducting region, the so-called hotspot, which eventually 
extends across the whole wire [40, 41] and furthermore in 
good accord with findings presented in Ref. [42].

In order to benefit from in situ detection using SSPDs 
in functional semiconductor-based photonic circuits, a 
first step is their integration into prototype GaAs/AlGaAs 
ridge waveguides. To optimize the basic device character-
istics, we applied numerical simulations to systematically 
study the propagating waveguide mode profiles, propaga-
tion and absorption losses and the dipole emission into the 
waveguide mode [43] using the commercial grade finite 
difference eigenmode (FDE) solver Lumerical [44]. The 

straightforward nanofabrication of SSPDs on top of ridge 
waveguides exploits the exponentially decaying field, out-
side the waveguide and inside the NbN detector and thus, is 
based on the absorption of a constant fraction of the opti-
cal intensity per unit length. The feasibility of this intuitive 
approach has already been demonstrated for NbN-based 
SSPDs on both GaAs [45] and Si [10] waveguides, giving 
rise to up to 91 % single-photon detection efficiencies for 
detectors of 40 μm length.

As an example, we show in Fig. 3a the simulated incou-
pling of light with an emission energy of 1.305 ± 0.073 eV, 
corresponding to typical emission of InAs quantum dots, 
from the Al0.8Ga0.2As/GaAs ridge waveguide into the 
detector (cp. inset (i)) for the first five even (TEMx0 with 
x = 0, 2, 4, 6, 8) and odd (TEMx0 with x = 1, 3, 5, 7, 9) 
modes as a function of the waveguide widths wWG. The 
insets (ii) and (iii) of Fig. 3a represent cross sections of the 
simulated structures and the mode profiles for the TEM00 
and TEM10 modes. The SSPD in this simulation con-
sists of 6 NbN nanowires of  100 nm width. As expected, 
we obtain an increased number of guided modes when 
increasing wWG from 0.75 to 5 μm from just the first even 
mode TEM00 to a total of 10 modes for the widest simu-
lated waveguide. This trend is accompanied by a gradu-
ally decreasing light-incoupling for the TEM00 mode from 
~0.26 dB/μm for wWG = 0.75 μm by a factor of 5× for the 
largest waveguide width studied wWG = 5 μm. This pro-
nounced decrease in light-incoupling efficiency is attrib-
uted to a decreased overlap of the light field and the active 

(a) (b)

Fig. 2  a Number of detected single-photon events as a function of 
top-incident photon number for a dNbN = 4 ± 0.5 nm thin SSPD and 
a dNbN = 22 ± 0.5 nm thick SSPD in filled and open symbols, respec-
tively. Numbers on the left and right give the according dark count 

rates DC and currents I with respect to Ic, respectively. b Maximum 
SSPD efficiency η and corresponding dark count rate DC as a func-
tion of SSPD film thickness dNbN in blue and red, respectively
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NbN detector region, due to the fact that substantially more 
light is guided off-centre for wider waveguides. This effect 
is even more pronounced for odd modes due to the exist-
ence of an anti-node at the waveguide centre. Whilst we 
observe a pronounced reduction of the light-incoupling by 
a factor of ~3.2× for the lowest order odd mode TEM10 
when compared to the lowest order even mode TEM00 at 
wWG = 1.25 μm, which further increases by a factor of ~67 
as the waveguide width increases to wWG = 5 μm, we also 
observe that this deviation lessens when comparing higher 
order odd and even modes, such as TEM80 and TEM90. 
This effect is explained by the increased number of nodes 
at the waveguide centre for higher order odd modes, which 
counteracts the initially lowered light-incoupling efficiency 
due to the node at the waveguide centre. The simulations 
in Fig. 3a suggest the use of single-mode waveguides with 
wWG < 1 μm for maximum coupling efficiency between 
waveguides and SSPD; however, we note that additional 
simulations as a function of the filling factor η = wNbN/wWG 
between active NbN material and waveguide width allow 
further optimization of the light-incoupling efficiency [43].

In order to demonstrate the functionality of waveguide-
integrated SSPDs, we fabricated two samples with bent 
waveguides as shown in inset (i) of Fig. 3a, containing no 
quantum dots and an ensemble of quantum dots, which we 

term in the following passive and active substrates, respec-
tively. We performed a low-temperature (T = 4.2 K) optical 
experiment, where we spatially scanned a ~ 5-μm diameter 
excitation spot across the waveguide-detector area whilst 
simultaneously detecting the on-chip luminescence using 
the waveguide-integrated SSPD. The result for the passive 
substrate under optical illumination with light emitted of 
energy 1.959 eV and an excitation power density of 4.2 ±  
0.4 W/cm2 is shown in Fig. 3b, where we observe only sig-
nal when directly illuminating the detector area. In strong 
contrast, we can clearly identify the bent waveguide struc-
ture when repeating the same measurement on the active 
substrate, as shown in Fig. 3c. The strong signal obtained 
when exciting the waveguide structure far away from the 
detector region on the active substrate and the absence 
of signal in a similar experiment on the passive substrate 
unambiguously proves on-chip detection of quantum dot 
luminescence using waveguide-integrated SSPDs [22].

In Fig. 4a, we present the spectrally integrated quan-
tum dot photoluminescence as a function of excitation 
energy for off-chip detection using a standard confocal 
microscope and on-chip detection using the waveguide-
integrated SSPD in blue and red, respectively. We observe 
a reduction of the measured photoluminescence signal 
by ~103–104× for both confocal and on-chip detection 

(a) (b)

(c)

Fig. 3  a Simulated efficiency of light-incoupling from a waveguide 
into a waveguide-coupled SSPD for the first five even and odd modes 
as a function of waveguide width wWG. The insets depict the mode 
distributions inside the waveguide for the TEM00 and TEM10 modes. 

b and c show the detected single-photon events as a function of exci-
tation laser position for an energy 1.959 eV for the passive and active 
substrates, respectively
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geometries as the excitation energy is tuned below ~1.5 eV, 
which corresponds to the GaAs band gap at cryogenic tem-
peratures. The observed trend is attributed to the strongly 
reduced absorption strength of the quantum dots when 
the excitation energy is tuned from above the GaAs band 
gap via the two-dimensional InGaAs wetting layer states 
(EWL ~ 1.4 eV) and into the s-shell transitions of the quan-
tum dots 

(

E
s−shell
QD ∼ 1.3 eV

)

. Moreover, we also show in 
Fig. 4a the measured SSPD detection efficiency in green. 
In strong contrast to the strongly reduced quantum dot 
luminescence signal, we obtain for the SSPD detection 
efficiency only a weak reduction of ~2.5× with decreasing 
excitation energy. This weak reduction in the SSPD detec-
tion efficiency is related to the size and energy dependence 
of the photon-inducted hotspots [32]. Thereby, detected 
photons with larger energy create larger hotspots and, thus, 
result in an enhanced probability to completely switch the 
nanowire into a normal conducting state. This has recently 

been demonstrated by energy-dependent measurements of 
the detector efficiency [46]. Since the propagation losses in 
the considered multi-mode waveguides are rather insensi-
tive with respect to detection wavelength, our observations 
unambiguously show that the on-chip detected events are 
stemming from quantum dot emission into guided wave-
guide modes.

In addition to on-chip photon detection, SSPDs also 
exhibit extremely high timing precision, which typically 
outperforms even state-of-the-art semiconductor-based sin-
gle-photon avalanche photodiodes [47]. Here, recent exper-
iments have demonstrated for SSPDs photodetection tim-
ing jitters as low as 18 ps [10, 38]. In Fig. 4b, we present 
the measured instrument response function of a SSPD with 
dNbN = 10 ± 0.5 nm under normal incidence illumination, 
operated at T = 4.2 K and Ibias = 0.95 Ic. Here, we illu-
minated the detector with a ps-pulsed laser diode emitting 
~60 ps pulses at an energy of 1.302 eV and a repetition rate 
of 80 MHz. The red solid line in Fig. 4b represents a Gauss-
ian fit to the data and yields a timing resolution given by the 
full width at half maximum of Δ = 72 ± 2 ps. Although 
the value for the timing resolution is most likely limited by 
the ~60-ps pulse duration of the used pulsed laser diode, we 
note that it is much faster than typical quantum dot exciton 
lifetimes of ~1 ns [48] and, thus, enables us to perform on-
chip time-resolved quantum dot spectroscopy.

In Fig. 4c, we present typical on-chip, time-resolved 
photoluminescence data of a quantum dot ensemble located 
~0.5 mm displaced from the SSPD, close to the remote end 
of a bended waveguide structure as schematically shown in 
inset (i) of Fig. 3a. Exponential fits to the rising and falling 
edge of the photoluminescence intensity as a function of 
time are shown in red and yield a rise time t0 = 136 ± 21 ps 
and a fall time t1 = 0.95 ± 0.03 ns, respectively. Here, the 
measured t1 time is in excellent agreement with values of 
the spontaneous emission lifetimes of InGaAs quantum 
dots [48, 49]. The rise time reflects the timescale for charge 
carrier capture and thermalization processes to the lowest 
unoccupied energy states of the quantum dot, and the sur-
prisingly slow rise-time clearly suggests the presence of a 
phonon bottleneck [50]. In our experiments, the excitation 
peak power density Pexc ~ 25 W/cm2 is kept sufficiently 
low in order to stay in the single exciton limit and there-
fore, significant free carrier populations are not present in 
the wetting layer or the GaAs matrix. However, such free 
carriers are typically required to provide faster carrier 
capture and intra-dot carrier relaxation dynamics [50]. A 
detailed study of the carrier relaxation dynamics in single 
InGaAs quantum dots probed by on-chip integrated SSPDs 
can be found in Ref. [23].

After demonstrating the basic working principle of mon-
olithically integrated quantum light sources [2], photonic 
quantum channels [1] and ultra-fast and highly efficient 

(a)

(b) (c)

Fig. 4  a Left axis: integrated on-chip and confocal quantum dot 
photoluminescence as a function of excitation energy in red and 
blue, respectively. Right axis: corresponding SSPD detection effi-
ciency. b Instrument response function of a typical SSPD for a NbN 
film thickness of dNbN = 10 ± 0.5 nm, operated at T = 4.2 K and 
Ibias = 0.95 Ic. The red line represents a Gaussian fit to the data. b On-
chip detected quantum dot photoluminescence as a function of the 
decay time. The red curves are exponential fits to the data. The green 
curve is the corresponding instrument response function
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single-photon detectors, we developed a first prototype of 
an integrated quantum optical circuit [13]. In Fig. 5a, we 
show a typical light microscope image of a ready-fabri-
cated sample after SSPD definition, waveguide nanofab-
rication and bonding. The sample consists of a 2.6-mm-
long, straight GaAs/AlGaAs multimode ridge waveguide 
into which a single layer of low-density, optically active 

self-assembled InGaAs quantum dots has been embed-
ded at its midpoint. At the leftmost end of the waveguide, 
two SSPDs have been defined as shown by the scanning 
electron microscopy images in the inset of Fig. 5a, which 
have been buried below a Teflon-aluminium-Teflon multi-
layer in order to reduce residual laser stray light. Moreo-
ver, a 1-μm-thick Si absorber layer has been grown on the 

(a)

(b) (c)

Fig. 5  a Optical light microscope image of the prototype on-chip 
photonic circuit, consisting of a >1-mm-long waveguide and two 
SSPDs integrated at one waveguide end. b Off-chip recorded photo-
luminescence spectrum of a single InGaAs quantum dots. Inset shows 

the photoluminescence intensity of the X3 transition as a function of 
excitation power density. c Integrated resonance fluorescence signal 
of X3 as a function of excitation laser detuning �Eexc for gating laser 
power Pgate,0 and Pgate,1 in the top and bottom panels, respectively
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backside of the 350-μm-thick GaAs substrate in order to 
suppress back-reflected laser light from the sample back-
side [13]. A typical photoluminescence spectrum of a single 
InGaAs quantum dot under excitation at Eexc = 1347.7 eV 
via the two-dimensional wetting layer is shown in Fig. 5b, 
exhibiting sharp and well-distinct emission lines, which 
are attributed to quantum dot emission [51]. For example, 
the emission labelled X3 exhibits a clear linear dependence 
as a function of the excitation power density as shown in 
the inset of Fig. 5b, which is indicative for single excitonic 
transitions.

In order to study the X3 emission in an on-chip detection 
geometry via the established SSPDs, we need to resonantly 
excite this quantum dot transition whilst suppressing scat-
tered laser light, due to the lack of spectral filtering. Hereby, 
we tuned a single-frequency laser in steps of δE = 1 μeV 
across the X3 transition and record simultaneously the on-
chip detected time-resolved fluorescence signal. Besides 
the already mentioned Si absorber layer, temporal filter-
ing has been employed in order to efficiently suppress the 
laser [13]. Moreover, it has proven to be crucial to employ 
an additional, weak nonresonant laser with an excita-
tion energy above the GaAs band gap (Egate = 1.534 eV, 
Pgate = 0.06 ± 0.02 W/cm2), which continuously creates 
free charge carriers in the vicinity of the quantum dot under 
study and, therefore, fills up charge traps and stabilizes the 
otherwise fluctuating electrostatic charge environment [52, 
53]. In Fig. 5c, we show the on-chip recorded resonance 
fluorescence signal as a function of excitation laser detun-
ing �Eexc = Eexc − EX3

 for gating laser power densities 
Pgate,0 = 0.06 ± 0.02 W/cm2 and Pgate,1 = 0.1 · Pgate,0 in 
the upper and lower panels, respectively. Here, Eexc and EX3

 
denote the excitation laser energy and the energy of the X3 
transition, respectively. Both data sets exhibit a clear maxi-
mum of the resonance fluorescence signal at Eexc = EX3

 . 
Fitting the data with Lorentzians, we obtain line width 
�FWHM of 13.0 ± 4.3 and 24.5 ± 3.2 μeV for the data set 
in the upper and lower panels of Fig. 5c, respectively. For 
a reduced gating power density Pgate,1 = 0.1 · Pgate,0, we 
observe a pronounced broadening of the line width, indic-
ative for the onset of spectral wandering due to the more 
strongly fluctuating charge environment in the vicinity of 
the quantum dot. However, we note that the minimum line 
width observed in such on-chip detected resonance fluo-
rescence experiments is on the order of ~14 μeV, in good 
agreement with values recently reported for inhomogene-
ously broadened quantum dot emission [53]. In order to 
demonstrate coherent Rabi oscillations [54] or coherently 
scattered single photons [55], further improvements in laser 
stray light suppression and the control of the local charge 
environment are required.

In summary, we presented recent achievements in 
the NbN film growth, nanofabrication and integration of 

high-quality, high-efficiency and ultra-fast superconducting 
nanowire single-photon detectors on optically active semi-
conducting GaAs substrates. Such detectors reach >20 % 
detection efficiencies for film thicknesses ~4 nm and tim-
ing resolutions <72 ps and are capable to be integrated in 
nanophotonic hardware such as the demonstrated GaAs/
AlGaAs ridge waveguides. We further showed efficient on-
chip generation and routing of quantum light emitted from 
embedded single InGaAs quantum dots and the subsequent 
time-resolved on-chip detection using the nanofabricated 
SSPDs. Moreover, we addressed in a proof-of-concept 
experiment all necessary ingredients for future, fully inte-
grated quantum photonic circuits, by demonstrating the 
efficient generation, routing and on-chip detection of reso-
nance fluorescence from a single semiconductor quantum 
dot, giving rise to line width of <15 μeV; a key element for 
the exploitation of individual light quanta in future quan-
tum photonic information technologies.
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