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Abstract

:

Quantum photonic integrated circuits (QPICs) on a GaAs platform allow the generation, manipulation, routing, and detection of non-classical states of light, which could pave the way for quantum information processing based on photons. In this article, the prototype of a multi-functional QPIC is presented together with our recent achievements in terms of nanofabrication and integration of each component of the circuit. Photons are generated by excited InAs quantum dots (QDs) and routed through ridge waveguides towards photonic crystal cavities acting as filters. The filters with a transmission of 20% and free spectral range ≥66 nm are able to select a single excitonic line out of the complex emission spectra of the QDs. The QD luminescence can be measured by on-chip superconducting single photon detectors made of niobium nitride (NbN) nanowires patterned on top of a suspended nanobeam, reaching a device quantum efficiency up to 28%. Moreover, two electrically independent detectors are integrated on top of the same nanobeam, resulting in a very compact autocorrelator for on-chip g(2)(τ) measurements.
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1. Introduction


Quantum information processing (QIP) is a well-established scientific field that opens unconventional perspectives for information processing. QIP uses quantum bits (qubits) as units of information. While qubits can be based on atomic and solid state systems, photons have emerged as a promising approach for QIP [1]. However, it is very challenging to implement quantum processing functionalities on a large scale with bulk optics due to the extreme stability requirements and large coupling losses. The concept of quantum photonic integration [2] has been investigated as a scalable approach to photonic QIP, in principle enabling experiments with a few tens of photons. In order to realize a fully-functional quantum photonic integrated circuit (QPIC), all the required quantum optical components, such as single-photon sources, passive circuit elements, and single-photon detectors, must be integrated on a single chip. The use of III-V materials, especially GaAs and InP compounds, is very promising for QPIC [3] because it allows the integration of on-demand single-photon sources. Semiconductor quantum dots (QDs) have been shown to be nearly ideal sources of non-classical light [4] that can be efficiently routed into nanophotonic circuits [5,6,7,8]. As compared to integrated single-photon sources based on parametric processes in LiNbO3 [9] or Si waveguides [10], QDs offer the advantage of much higher efficiency and easier filtering of the pump beam. Moreover, approaches to reproducibly control the exciton and cavity energy on chip, as needed to realize a scalable circuit, have been developed [11,12,13,14]. On the other side, superconducting single photon detectors (SSPDs) [15] based on niobium nitride (NbN) nanowires combine high detection efficiency, low dark count rates, and ultra-fast response, making them promising candidates for QIP [16]. The integration of such detectors into nanophotonic circuits has been proved on different platforms: on GaAs with waveguides [17] and QDs [18], and on Si with waveguides [19] and nanobeam cavities [20]. Particularly in [18], the possibility of on-chip detection of the QDs emission light has been proved; however, the demonstrated circuit lacked more complex structures (high-finesse nanocavities, beam splitters, etc.) needed for photonic QIP.



Here, we present a prototype architecture of a fully integrated photonic quantum circuit on a GaAs platform (Figure 1), consisting of InAs QDs, photonic crystal waveguides (PhCWGs) and cavities (PhCCs), and SSPDs patterned on top of suspended nanobeams (SNBs). Thanks to the addition of PhCCs and PhCWGs, the emission from one or several QDs can be filtered on-chip so that single photons originating from a single excitonic line are funneled to circuits and then measured. We choose to integrate the superconductive nanowires on top of a SNB instead of a ridge waveguide since shorter lengths are sufficient to reach high absorption due to a tighter field confinement [21]. This is expected to reduce the role of wire inhomogeneities [22] and increase efficiency. Moreover, it is possible to place two electrically independent detectors on top of the SNB, such that the same guided mode is probed by the two SSPDs [23]. The autocorrelators together with the PhC filters would, for example, allow the performance of a Hanbury-Brow-Twiss (HBT) experiment [24] completely on-chip, which would be a meaningful validation of a fully functional QPIC. However, the integration of these different functionalities on the same platform shows significant technological challenges. In this paper, a low-temperature fabrication process that allows for the integration of the different components of the above-mentioned circuit is presented. Further, the characteristics and functionalities of each component (SSPDs, QDs and PhC filters) of the circuit fabricated at low temperature are shown in detail, and it will be demonstrated how the required functionality and performance is obtained for each component.




2. Materials and Methods


The fabrication process starts with the sputtering of a thin NbN film on top of the substrate for the fabrication of the SSPDs. In this step, it is crucial to have a substrate’s surface with very low roughness (<0.5 nm), since the internal quantum efficiency of the detector depends on the quality and uniformity of the superconducting film [25]; consequently, a rough film could produce an inefficient SSPD. Therefore, it is crucial to start from a GaAs/AlGaAs heterostructure featuring very low roughness despite the QDs embedded inside. The sample is grown by molecular beam epitaxy on an undoped GaAs substrate where a layer of GaAs with a 320 nm thickness including low-density InAs QDs [26] is grown on top of a 1.5-µm-thick layer of Al0.7Ga0.3As. At the end of the growth, an extra final step of deposition of a few atomic layers of GaAs, at 20 °C above the oxide removal temperature (585 °C) under an As flux, yields samples with a smooth surface (root mean square roughness = 0.4 nm). After the growth, a 5-nm-thick NbN film is deposited on top of the wafer by means of direct current reactive magnetron sputtering. A Nb target in Ar + N2 mixture at total pressure PTOT = 2.3 mTorr is sputtered for the deposition of the film. The deposition is carried out at a nominal temperature of 400 °C, with a target current of 250 mA and a target voltage of 380 V, conditions similar to those previously used to fabricate high-performance waveguide SSPDs [22]. This annealing step at 400 °C does not significantly change the emission spectra of the QDs, which display only a 5 nm blue shift after the sputtering process. The contact pads and alignment markers, consisting of 14 nm Ti and 140 nm Au layers, are defined through optical lithography, electron beam evaporation, and lift-off. The nanowires are patterned by electron beam lithography on a 100-nm-thick mask of hydrogen silsequioxane (HSQ) and then transferred to the NbN film via reactive ion etching (RIE) in an Ar/SF6 plasma. Figure 2a shows a scanning electron microscopy (SEM) image of an etched wire (100 nm width, 160 nm pitch, and 20 µm length) covered with the HSQ mask. As can be noticed, the design was adjusted in the areas close to the corners in order to avoid current crowding around sharp edges [27]. In order to obtain high quality photonic crystal structures, the pattern has to be etched through a hard mask, which is usually made of a thick SiN film (200–400 nm) deposited at high temperature (300 °C) via plasma enhanced chemical vapor deposition (PECVD). However, in this specific case, to preserve the NbN quality film, it is essential to avoid thermal stress, and for this reason it is important that temperatures above 200 °C are never reached. A low-temperature recipe (70 °C) for the deposition of a 400 nm SiN hard mask has been used based on an induced coupled plasma (ICP) PECVD. A 320-nm-thick layer of ZEP520A as electron beam resist is deposited in the next step, and the design including the RWGs, the PhCs structures, and the SNBs is exposed with electron beam lithography, taking special care on the alignment of the wires with the SNB. Two subsequent RIE steps at room temperature are performed in order to etch through the SiN and GaAs layers. The higher density and different composition of the LT SiN hard mask required an optimization of the composition of the reactive gases; specifically, a CHF3/O2 plasma is used for the SiN etching, and a SiCl4 plasma for the GaAs etching. The sacrificial AlGaAs layer is removed via wet etching in an HCl-based solution, which results in a geometrically well-defined etching profile due to different etching rates in different crystallographic orientations in AlGaAs [8]. A final step of dry etching to remove the residual SiN hard mask is usually required in order to open the metal contacts. However, it has been noticed that in this step the nanowires endure significant damage due to a lateral etching that drastically reduces the width of the wire and, correspondingly, the value of the critical current. An intermediate step of optical lithography and SiN etching has been added in order to open only the metal contact, avoiding the SiN etching in the active parts of the circuit. The SiN layer (50 nm) left on top does not seem to significantly modify the optical properties of the PhC structures (Figure 2b). Indeed, the quality factor (Q) of a cavity fabricated with this recipe is around 1000, as expected from the simulation for the chosen design. An example of a complete QPIC is presented in Figure 2 in which its different parts are visible: (a) the nanowire placed on top of a 15-µm-long, 1-µm-wide nanobeam, the two PhC waveguides with the PhC cavity and (b) the other SNB that is tapered to a RWG with a 5 µm width at the cleaved facet.



The electro-optical characterization of SSPD is performed at an estimated sample temperature of 2.3 K in a continuous flow helium cryostat. During the electrical measurements, the detector is biased through the DC port of a bias-T with a voltage source connected in series with a 10 Ω bias resistor. The RF port of the bias-T is instead connected to a 50 Ω cap. The electrical contact with the device is established with a 50 Ω microwave probe connected to the circuit through a SMA coaxial cable. During the optical measurement, the 50 Ω cap is removed and a 4 dB attenuator connected to a series of four amplifiers is now added to the RF port of the bias-T. A continuous wave 1300 nm diode laser is sent through a polarization-maintaining lensed fiber into the waveguides, and the detector output signal coming from the amplifiers is then sent to a counter. 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. The QDs and the PhC filters are characterized through the use of a non-resonant pump laser (780 nm) that is focused by a microscope objective (NA 0.4) into the sample to excite the QDs. The photoluminescence (PL) signal is collected from the end facet of the RWG through the lensed fiber, sent to a spectrometer (focal length = 1 m) and detected by an InGaAs array detector. All simulations both for the detectors and the filters are performed using a finite-element mode solver (COMSOL Multiphysics).




3. Results


3.1. Detectors


3.1.1. Design


The chosen design for the detectors on top of a SNB is based on simulations in which the absorptances for nanowires on top of either GaAs waveguides or nanobeams are compared. In the first design, an NbN meander (5-nm-thick, 100-nm-wide, and with a 250 nm pitch) was placed on top of a GaAs/Al0.7Ga0.3As waveguide (1.85-µm-wide and 250-nm-deep). Assuming a complex NbN reflective index ñNbN = 4.35 − i4.65, the absorption coefficients for TE and TM polarizations provide a total absorptance of 84% and 82% for a 50-µm-long waveguide, respectively [21]. While the theoretical calculations suggest a high absorptance, the experimental device detection efficiency for this detector’s design does not go above 20% [17], indicating that the inhomogeneities [22] could play a major role on limiting the detector’s efficiency. Therefore, a new design, with a NbN meander on top of a GaAs SNB surrounded by air, has been proposed as a possible improvement [21]. As the index contrast between GaAs and the bottom cladding layer is higher as compared to the previous design, the field is pushed towards the top GaAs/NbN interface and the absorptance is improved. For the simulation, a NbN meander (5-nm-thick, 100-nm-wide nanowire with a 160 nm pitch) on top of a 1-µm-wide and 300-nm-thick SNB is considered. A 100-nm-thick HSQ film (amorphous silicon oxide) remaining on top of the nanowires after processing, as well as a residual 50-nm-thick SiN layer, are taken into account during the simulation. The absorption coefficients for TE and TM polarizations at 1310 nm are calculated as αTE = 1166 cm−1 and αTM = 1399 cm−1, by using the same ñNbN as in [21]. The fundamental TE mode, the only interesting one in terms of integration with the QD sources, is presented in Figure 3. From the calculation, a 15 µm NbN nanowire on top of a 7.5 µm SNB is already long enough to guarantee that 90% of the input light is absorbed, resulting in a lower probability of suffering of inhomogeneities.




3.1.2. Performance


NbN SSPDs were fabricated on top of GaAs SNBs following the design in Figure 3 and the fabrication procedure presented in Section 2. In what follows, their performance at a low temperature (2.2 K) in terms of quantum efficiency, dead time, and jitter is discussed. A preliminary measurement to quickly judge the quality of an SSPD is the current-voltage (I-V) characteristic. The inset of Figure 4a displays the current-voltage characteristic measured for a 20-µm-long wire, showing a critical current (Ic) of 8 µA.



The device quantum efficiency (DQE) is plotted in red Figure 4a as a function of the normalized bias current Ib/Ic, and it is defined as the number of counts minus the dark counts (in black) divided by the number of photons coupled to the waveguide. We note that the dark counts shown in Figure 4a have been measured in a cryostat with an optical window. They are therefore mostly produced by the absorption of infrared thermal photons and not indicative of the detector’s performance in an optimized environment. The number of photons coupled into the ridge waveguide is determined by transmission measurements: the ratio of fiber-in to fiber-out averaged over a 2 nm spectra around 1300 nm gives a value of T = 0.06%, meaning that the coupling efficiency from the fiber to the center of the RWG is     η C  =    T  = 2.5 %   , including the loss. Taking this ηc into account, the maximum value reached for the DQE is 28%. While the coupling efficiency is relatively low, due to the unoptimized modal matching between the lensed fiber and the waveguide, the DQE is the relevant figure of merit for integrated experiments where the photons are produced within the chip.



The timing resolution (jitter) of a detector can be determined illuminating the detector with a pulsed laser (λ = 965 nm, 100 ps pulse width) and sending the output pulse to a correlation card together with the laser trigger signal to record the coincidences counts. Figure 4b shows the coincidence peak using a bias current of 94% Ic. The fit with a Gaussian distribution gives a full width half maximum (FWHM) value of 127 ± 8 ps. This value is much shorter than the QD carrier lifetime (~1 ns), so correlation measurements are not going to be significantly affected by the detector jitter. The analysis of the SSPD output pulse provides a value of FWHM = 3.4 ns and a 1/e decay time of 3.7 ns, which corresponds very well to the expected time constant τ = LKin/R for a value of wire kinetic inductance LKin = 180 nH, calculated from the kinetic inductance per square of the NbN wire L = 90 pH/□ [28].




3.1.3. Autocorrelator Performance


As already mentioned, the addition of a second independent detector on top of the SNB provides a very compact autocorrelator and opens the way to on-chip g(2)(τ) measurements. In order to test the performance of the autocorrelators, two electrically independent detectors have been fabricated on top of a SNB that is tapered to a RWG. The close packing of the nanowires could in principle produce electrical, magnetic, or thermal coupling between the two detectors. In the following, we prove the absence of any crosstalk, either static or dynamic, between the two detectors on a single nanobeam, following a similar approach used in [23]. An initial series of tests is performed in static conditions to determine whether the bias condition of one detector has an influence on the electrical response of the other. Figure 5a shows the I-V characteristic of one detector (A) when the other one (B) is biased above the Ic or when it is not biased at all, and vice versa.



Biasing the other detector in the resistive region is a stringent test to prove the absence of static crosstalk. Indeed, the heat dissipated due to Joule effect could thermally affect the other detector, as has been observed for other substrates like sapphire [29]. Instead, it can be clearly seen how the I-V curve are completely superposed in every electrical regime of the device, proving the absence of static crosstalk. The difference between the Ic values (2.7 µA) of the two nominally identical detectors is an indication that, for 20-µm-long wires, the inhomogeneities still play a role [22]. We then tested the existence of dynamic crosstalk. In this test, the temporal variation of the detection probability of one detector due to the firing of the other detector is investigated. If the probability to click after a detection event on the other wire was increased or decreased, g(2)(τ) would show a peak or a dip at τ = 0 even in the case of laser illumination. To this end, we measured the intensity correlation function g(2)(τ) of a pulsed laser (λ = 965 nm, 80 MHz repetition rate) coupled to the waveguide. The detectors were biased at Ib = 0.97Ic, and the coincidence counts were measured by sending their outputs to the inputs of a correlation card (PicoHarp 300) using a line with a known delay. In Figure 5b, the coincidence counts are shown as a function of the delay time between the start and stop channels, and as expected coincidences are observed only at delays multiple of the repetition period of the laser (12.5 ns). The coincidence counts are normalized to the average of the peak’s maximum presented in Figure 5b and show a standard deviation of 0.03 due to statistical fluctuation. Considering that the peak at zero delay has 1.00 normalized coincidences, it is fair to conclude that no sign of dynamic crosstalk was observed.





3.2. QD Emission


On-Chip Detection


The next step toward the demonstration of a fully functional QPIC is to prove that the SSPDs are able to detect only the light coming from the QDs and not from other sources such as the direct or scattered light of the laser pump. For this low-temperature (2.2 K) measurement, a 750 nm gain switched diode laser with a repetition rate of 80 MHz was used to excite the QDs and use them as an internal light source. The SSPD on SNB was biased at 0.94Ic, and the output was sent to the correlation card together with the laser trigger to record the coincidences counts. In the first measurement, the instrument response function (IRF) of the SSPD under direct laser illumination at normal incidence with 30 nW of power was measured. The IRF (Figure 6; blue curve) shows a main peak and a shoulder, which may be due to a relaxation oscillation of the laser. A Gaussian fit to the main peak has a FWHM of 134 ± 4 ps, which corresponds very well to the value of jitter previously measured for the SSPD on a sample without QDs. At long delay, it was possible to recognize a shoulder due to the response to QD emission. The exponential decay fit of the shoulder (green curve) yielded a decay time value τd = 0.94 ± 0.01 ns, which corresponds to the typical spontaneous emission lifetime of these InAs quantum dots [30]. In the second measurement, an ensemble of QDs at the edge of the ridge waveguide (0.5 mm away from the SSPD) was excited non-resonantly with the same power, and the on-chip time resolved photoluminescence (PL) data were recorded (Figure 6; black curve). The exponential fit of the decay time yielded a value τd = 0.92 ± 0.01 ns, in good agreement with the decay time observed in the shoulder on the IRF curve. This proves that, whenever the excitation spot is far enough from the detector, the laser is completely absorbed in the GaAs so that only the QD emission is detected.





3.3. Filters


3.3.1. Design


In order to obtain single-photon emission from QDs, a single excitonic line must be filtered out of the complex emission spectrum of one or more QDs. A coupled PhCC-PhCWG system has been theoretically and experimentally investigated and proposed as a system capable of realizing the filtering functionality [31,32]. Indeed, when the wavelength of the input light matches the wavelength of the cavity, light can pass through the cavity via resonant tunneling. The performance of this filter can be described by coupled-mode theory [33]. The coupling of the cavity to the PhCWG and to the leaky radiation modes can be characterized by quality factors QWG and QR, where the total quality factor QT is obtained from    1 /  Q T  = 1 /  Q  W G   + 1 /  Q R    , and the transmission is calculated as    T =      [  1 /  (  1 +  Q  W G   /  Q R   )   ]   2    . This means that for a fixed QR (which depends on the design and fabrication of the cavity), increasing the transmission requires a decrease of the QWG, which will increase the bandwidth of the filter, thus deteriorating the filtering functionality. Therefore, to achieve good filtering performances, a trade-off between the transmission and the bandwidth is required. As the typical spectral separation between lines when few QDs are pumped is in the order of a few nm, we aimed at QT ≈ 1000. Together with a QR about equal to 10,000, this should ensure good filtering and high transmission. Another important parameter is the free spectral range (FSR) around the transmission peak: all the QDs with a wavelength different from the cavity must be filtered, so a large FSR is necessary (at least 40 nm). Designs with different coupling between the PhCC and the PhCWG have been simulated. A direct coupling (in-line) of an L3 PhCC (obtained by removing the first three holes from the center of the PhC) with a PhCWG, and a two-hole barrier in between, was found to be the design that best fulfills the requirements (Figure 7 inset). Moreover, the diameter of the external hole of the barrier was reduced by 10%, compared with the others holes, to increase Q. Figure 7 shows the simulated transmissions spectra: both the fundamental and second mode peaks are quite narrow with Q = 1170 and Q = 1230, respectively, and are well separated, resulting in a FSR of 75 nm. The fundamental mode has a transmission of 58%, while the second mode a transmission of 78%.




3.3.2. Performance


Filters according to the chosen design were fabricated and the transmission spectra were experimentally measured at room temperature using two techniques. First, a non-resonant laser (780 nm) was applied from the top on the two sides of the cavity (Figure 8a; red and blue arrows) and directly on top of it (black arrow). The PL coupled to the PhCWG (green arrow) was collected from the RWG through a lensed fiber. Figure 8b shows side-collection spectra of the PL signal when the laser was focused on top of the cavity and on the two sides. The blue curve (after cavity) shows a broad emission with several peaks in the slow-light part of the dispersion curve of the PhCWG mode [12], while in the other two it is possible to observe the filtered cavity mode (1266 nm) located around 20 nm away from the slow-light dispersion edge. When the pump was applied on top of the PhCC, some additional peaks were observed, compared with the case where the laser was applied before the PhCC, due to the excitation of the PhCWG section around the cavity (since the laser spot is bigger than the area of the cavity). From the Lorentz fit of the cavity mode, a Q of 1000 was obtained, a value close to the one predicted by the simulation. In the spectra before the cavity (red curve) for the full range of wavelengths (1200–1350 nm; not shown), no other cavity peak was observed, indicating that a FSR of at least 66 nm was obtained.



The transmission spectrum shown in black in Figure 9 was calculated as the ratio between the PL spectra acquired from the two sides of the cavity, therefore before and after filtering. The peaks were modulated by Fabry-Perot fringes due to reflections at the cleaved facet and at the interface between RWG and SNB. A clear transmission peak at the same wavelength of the cavity mode was easily distinguishable and well isolated, confirming a very large FSR, although the transmission was only 21% ± 2%. Secondly, a direct measure of transmission was taken using a PhCC-PhCWG coupled with a RWG on both sides, performing a fiber-in:fiber-out measurement with a tunable laser. Considering a coupling efficiency of ηc = 2.5%, the obtained transmission for this measurement was equal to 18% ± 2%.




3.3.3. Filtering of Single QD Lines


Finally, the capability of the on-chip filter to isolate a single QD excitonic line is presented. In Figure 10, two PL spectra measured at low temperature (2.2 K) are shown for side collection when the laser is focused either on top of the cavity or on top of the SNB before the cavity. To be able to better discriminate the single QD excitonic emission line, the pump laser power was strongly attenuated (20 nW). In this particular case, a QD was emitting (1194 nm) exactly within the bandwidth of the cavity mode; therefore, a single excitonic line was passing through the filter while all the other QDs emission lines at different wavelengths were suppressed. However, due to the lower Q = 200 of this specific cavity, some residual QD emission close to the filtered line was not yet well suppressed.






4. Discussion


The low temperature fabrication process, developed in order to integrate single-photon sources and detectors on a GaAs platform, has shown an ability to preserve high performance for each component of the proposed QPIC. In particular, the SSPD patterned on top of a SNB presents a DQE of 28% and a jitter of 127 ± 8 ps. The simulation of the electric field mode guided inside the SNB showed the possibility of using shorter wires (15-µm-long), preserving high absorptance (90%) and thereby reducing the inhomogeneities problem. Even if the experimental DQE did not improve as much as expected, a new record for the DQE on the GaAs platform has been established. Autocorrelators based on two electrically independent SSPDs on top of a SNB did not present any static or dynamic crosstalk; this, together with a jitter much shorter than the QD lifetime, shows that the integrated autocorrelators are suitable for the on-chip measurement of single-photon emission. On the other hand, the PhCC-PhCWG system showed the expected filtering functionality of a single-excitonic line. From the experimental transmission spectra, a FSR ≥ 66 nm and Q = 1000, as estimated from the simulation, were found; however, the transmission was 21% lower than expected, presumably due to disorder-induced optical losses. Even with such transmission, it has been possible to prove that single excitonic lines can be isolated and transmitted through the filter. Moreover, it has been proved that the QD emission can be detected by the on-chip SSPDs, whenever the laser is focused at a sufficiently long distance from the detector. In conclusion, a platform able to combine QD sources, filters, detectors, and autocorrelators has been developed and successfully tested, paving the way for numerous QIP applications.
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Figure 1. Sketch of the proposed approach for the quantum photonic integrated circuits (QPIC). Single photons are produced via spontaneous emission of excitons in quantum dots (QDs), efficiently funneled in waveguides, filtered by a photonic crystal cavity (PhCC) and detected by waveguide superconducting single photon detectors (SSPDs). 






Figure 1. Sketch of the proposed approach for the quantum photonic integrated circuits (QPIC). Single photons are produced via spontaneous emission of excitons in quantum dots (QDs), efficiently funneled in waveguides, filtered by a photonic crystal cavity (PhCC) and detected by waveguide superconducting single photon detectors (SSPDs).



[image: Photonics 03 00055 g001]







[image: Photonics 03 00055 g002 550] 





Figure 2. Scanning electron microscopy (SEM) picture of the full QPIC. Zoomed pictures of SSPD (a) and PhCC (b). 
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Figure 3. Simulated amplitude (V/m) and direction of the electric field for the fundamental mode of a suspended nanobeam (SNB) with a top niobium nitride (NbN) wire. 
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Figure 4. (a) Device quantum efficiency (DQE) (red) of a 20 µm-long SSPD on top of SNB under illumination at 1300 nm, and dark count rate (black) as a function of the normalized bias current. Inset: current-voltage characteristic. (b) Histogram of the jitter time of the detector biased 94% Ic. 
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Figure 5. (a) I-V curve of Detector A while Detector B is unbiased or in resistive state; I-V curve of Detector B while Detector A is unbiased or in resistive state. Inset: sketch of the two independent SSPDs on top of SNB. (b) Coincidence rate under illumination with a 80 MHz pulsed laser at 965 nm and detectors biased at 97% Ic. 
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Figure 6. Instrument response function (IRF) of the SSPD (blue) and on-chip time resolve QD photoluminescence measurement (black). The red line represents the Gaussian fit of the IRF and the green lines the exponential fit of the decay time of the QD emission. 
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Figure 7. Simulated transmission spectra. Inset: sketch of the chosen design. 
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Figure 8. (a) Sketch of the design B filter: the red (before cavity), black (on cavity), and blue (after cavity) arrows indicate the different position of the top excitation, while the green the direction of the side collection. (b) PL spectra for the three different excitation positions with color coding corresponding to (a). The blue spectra has been reduced by a factor of 5 for greater clarity. 
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Figure 9. Experimental transmission spectra: black curve indirectly calculated from the ratio between the photoluminescence (PL) spectra before and after filtering, red curve from direct fiber-in:fiber-out measurement. 
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Figure 10. PL spectra on two different excitation position following the previous color coding. A single QD excitonic line is clearly visible on the red curve. 
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