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Abstract

:

The current state of the art of single-photon detectors operating in the mid-infrared wavelength range is reported in this review. These devices are essential for a wide range of applications, such as mid-infrared quantum communications, sensing, and metrology, which require detectors with high detection efficiency, low dark count rates, and low dead times. The technological challenge of moving from the well-performing and commercially available near-infrared single-photon detectors to mid-infrared detection is discussed. Different approaches are explored, spanning from the stoichiometric or geometric engineering of a large variety of materials for infrared applications to the exploitation of alternative novel materials and the implementation of proper detection schemes. The three most promising solutions are described in detail: superconductive nanowires, avalanche photodiodes, and photovoltaic detectors.
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1. Introduction


Quantum technologies are pushing toward new paradigms in research and device development. In particular, on the one hand, advances in materials sciences are supporting quantum experiments. On the other hand, groundbreaking results in quantum communication, quantum computing and simulation [1,2,3], quantum sensing [4,5,6,7,8], and metrology [9,10] drive technological development useful for the public at large. Moreover, the interest in quantum experiments in the mid-infrared (MIR) range is rising [11,12,13,14], and consequently, there is a demand for high-performance photonic components in this spectral region. Indeed, a strong interest among researchers and technological communities is focused on the development of single-photon detectors (SPDs) operating in the mid-infrared spectral region. The driving force behind this trend of research relies on the existence of a broad range of applications that would find relevant improvements in the MIR region, the development of which has been prevented so far mainly due to technological limitations. Although efficient SPDs exist and are commercially available for the near-infrared (NIR)/visible region, a considerable effort is centered on how to move toward longer wavelength detection. The rapidly rising interest in MIR single-photon detectors and, consequently, in the applications that become accessible in this spectral region is highlighted in Figure 1, which shows the number of publications on these topics in the last 50 years.



Among the several applications, the current rising research focused on single-photon detectors is strongly promoted by the field of quantum communication science. SPDs are key elements for the quantum key distribution (QKD) [16] for the detection of single photons traveling along a channel, which are an essential request to guarantee the security of communication and prevent eavesdropping. QKD has widely been explored in the NIR region both for guided-wave and free-space implementations [17]. Nevertheless, several beneficial motivations drive the shift in focus to the MIR. For free-space communications with satellite-based QKD, two strength points are noticeable. First, the Rayleigh scattering cross-section is well-reduced, compared with the NIR region, offering an exploitable transparency atmosphere window between 3 and 5 µm [18]. Moreover, during daylight, the binding effect of the solar background radiation is up to 3 times lower, compared with the telecom band at 1550 nm [19,20]. At the same time, the 2 µm band is desirable for fiber telecommunications and fiber-based QKD, since it overcomes some issues of the standard telecom band. First of all, it overcomes the capacity crunch [21] shown by guided wave optics at 1.5 µm. Moreover, the 2–2.5 µm band allows the reduction in intrinsic losses mainly due to Rayleigh scattering, showing minimal losses in the hollow-core photonic band gap fiber [22,23].



Besides quantum information science, quantum sensing applications can also inherit the potential benefits of probing a strong rovibrational transition in the MIR molecular fingerprint region. MIR single-photon detectors can be used for the search of biosignatures in the atmosphere of exoplanets [5], owing to the detection of small changes in the spectrum of a star due to the absorption or emission from a transiting exoplanet’s atmosphere. For lidar, VIS–NIR single-photon avalanche photodiodes with high temporal resolutions are commonly used for the detection of very weak optical pulses. The extension of lidar to the MIR [4,24] allows gas concentration measurements in the molecular fingerprint region [25], as well as higher transmission through scattering media, such as fog and smog [26]. The emergence of MIR SPDs is encouraging the extension of the fluorescence imaging technique, realized in the NIR second region band exploiting superconductive single-photon detectors [27,28], to new MIR fluorescence spectroscopy schemes, with all its countless applications, such as monitoring volcanos, infrared chemiluminescence, thermal microscopy, and infrared telescopy [6]. In addition, interferometric schemes for mid-infrared imaging have been demonstrated [29] by using “conventional” detectors for on-field applications in harsh environments [30]. MIR single-photon development paves the way for quantum imaging schemes useful also for quantum sensing [31].



Alongside the need for MIR single-photon detectors, nonclassical sources are required to generate the MIR single photons; SPDs with photon number resolutions are necessary elements for the characterization of such quantum sources, in order to analyze the photon number distribution of the emitter [9].



The above-mentioned applications reveal the necessity of developing SPDs in the MIR region with appropriate features. The main features discussed in this review are the system detector’s efficiency (DE or SDE), the dark count rate (DCR, also referred to as background count rate), and timing. The overall device detection efficiency ηDE is the probability that a photon incident at the optical input of the detector within a detection gate will be detected and produce an output signal. The overall detector efficiency can be factorized into the product of the quantum efficiency of the detector ηqe and other contributions, depending on the specific physical processes involved in the detection scheme, as explained in the next sections. The dark count rate is the rate at which a detector registers an event within a detection gate in the absence of incident photons. Another important parameter to be optimized is the detector timing, including the dead time and the jitter. The dead time is the time interval after a detection event during which the detector is unable to provide a response to an incoming photon, while the jitter is the temporal variation in the output signal produced by the detector upon registering an event. An additional feature of single-photon detectors is the photon number resolution (PNR), which is the ability to distinguish the number of photons in an incident pulse. This last feature will not be widely discussed in this review since the reported categories of MIR single-photon detectors are not photon-number-resolving detectors. Nevertheless, different schemes based on an array of SPDs, so that each can register a photon independent of the others, can be implemented to gain the PNR capability [32].



Before discussing the MIR SPDs, in this review, we first present the state of the art in NIR SPD research and highlight their outstanding importance in commercially available technologies, as discussed in several reviews [32,33,34]. Various research lines seek to exploit or modify the well-performing NIR SPDs in order to extend their applicability in longer wavelength regions. In particular, these studies deal with three categories of detectors: superconducting nanowire, avalanche photodiode, and photovoltaic detectors. Superconductive nanowire single-photon detectors (SNSPDs) have emerged as leading technological devices in the NIR owing to their system detection efficiency of ~90%, high count rates, dark count rates as low as 10−3 cps, and low jitter time [7,35]. Different approaches to address the dramatic drop in their quantum efficiency with the increase in wavelength and extend detector sensitivity to the MIR are discussed. The second category of SPDs is the room temperature avalanche photodiodes, which are well-developed and commercially available detectors in the short IR range. Two parallel approaches are currently being developed to extend the employment of APDs to the MIR range. The first one consists of developing devices designed with appropriate material to operate at mid- and long wavelengths. The second and most widely implemented approach, instead, exploits the performances of NIR photodiodes to detect upconverted MIR photons, as is explained in Section 3. The last strategy for MIR single-photon detection investigated in this review is based on the use of two photovoltaic immersed (PVI) HgCdTe detectors in a balanced homodyne detection scheme.




2. Superconducting Nanowire Single-Photon Detectors


Developed by Goltsman et al. in 2001 [36], superconducting nanowire single-photon detectors (SNSPDs or SNPDs), depicted in Figure 2a, consist of a thin (≈5 nm) film of superconducting material shaped into a meandering nanowire (width ≈ 100 nm, active area ≈ 100 µm2) through nanofabrication processes. The operating principle has been discussed in detail by Engel et al. [37] and is schematized in Figure 2b: the nanowire, biased with a DC current that is close to, but less than, the superconducting critical current, absorbs a photon generating quasi-particles and phonons, the diffusion of which breaks the nanowire superconductivity. This results in a drop in the current circulating in the nanowire. After the reset time, the SNSPD returns to a steady state and is again sensitive to single-photon absorption. The main limitation of SNSPDs is the operating temperature, which depends on the superconducting transition temperature of the constituent material (TC) [38].



For SNSPDs, the device efficiency ηDE is given by the product of the probability of three independent processes ηDE = ηcpl ηabs ηqe, where ηcpl represents the coupling of the device to the light source, ηabs represents the probability that a photon arriving at the region of the device will be absorbed in the nanowire, and ηqe is the intrinsic quantum efficiency, which defines the probability that a photon absorption event will produce a measurable signal [40]. The SNSPD quantum efficiency shows a sigmoidal feature [41], as the bias current varies. ηqe saturation is reached for lower bias currents as the temperature decreases. If the temperature is too high, the saturation is not reached, as the detector loses its superconducting properties, and the detection efficiency is strongly compromised.



The demonstrated advantageous efficiency and timing performance of SNSPDs comprise quasi-saturated (93%) system detection efficiency (DE) [42], lower counts per second (cps), dark count rate (DCR) [43], lower timing jitter [44], and lower reset time [45] when compared with other single-photon detectors operating at the C-band telecom wavelength (1.55 µm). Detailed analysis of the physical mechanism and performance of SNSPDs in the near-IR spectral range are reported in numerous reviews [40,41,46].



The most widely used material for nanowire realization is niobium nitride (NbN) due to its high superconducting transition temperature (TC = 1–6 K) and its fast thermal recovery time, allowing operation at high count rates [45,47]. Different approaches have been explored to extend the spectral detection efficiency up to MIR. The first attempts date back to 2012: Korneev et al. [47] demonstrated that a reduction in the strip width improves the quantum efficiency of NbN SNSPD at wavelengths longer than 1.5 μm. The reason is that, with a narrower nanowire, the energy per unit area is larger, and thermal conduction along the length of the nanowire is smaller, resulting in a higher probability to generate a hotspot [48]. A detailed experimental study of the quantum DE dependence on the variation in the NbN nanowire width was carried out by Marsili et al. [49]. As shown in Figure 3, varying the nanowire width from 85 to 30 nm, it was possible to enlarge the efficiency range up to 5 µm. In the range λ = 0.5–2.7 μm, DE showed a sigmoidal dependence on the bias current (IB) and saturated to DE~4.5−5.5% (depending on the wavelength) for IB, sufficiently higher than the cutoff current (Ico). Furthermore, 30 nm wide SNSPDs, up to longer wavelengths of 5 μm, showed two orders of magnitude higher DE (~2%) than the value previously reported for this class of detector.



As the nanowire became narrower, edge roughness and constrictions in the width of the nanowire, due to fabrication imperfections, began to have larger relative effects, degrading the device performance: the DE for small wavelengths was reduced, compared with the case of wider nanowires. Moreover, as the nanowire width decreased, an increase in the detector DCR of up to two orders of magnitude was observed, with a significant drop in its critical current density [50]. For applications in which the mean value of the DCR cannot be compensated (e.g., quantum key distribution [51]), the value of DE at a certain value of DCR is the relevant figure of merit. Considering the statistical variation of the DCR, the overall DE in the Mid-infrared region ranged from 5% around 2 µm to 1% around 5 µm wavelength. Five years later, Zolotov et al. [52] studied the quantum efficiency of NbN SNSPD devices close to saturation level. With careful optimization of the SNSPD realization mechanism, ηqe up to 40% at 2.5 µm wavelength and 10% at 3 µm wavelength were achieved, although overall SNSPD DE values were not reported. Recently, Chang et al. [53] provided an alternative approach with SNSPDs fabricated from 5–9.5 nm thick (50 nm wide) conventional NbTiN superconducting films and devices operated in conventional Gifford–McMahon cryocoolers. By optimizing the superconducting film deposition process, film thickness, and nanowire design, the fiber-coupled devices achieved >70% device detection efficiency at 2 μm and sub-15 ps timing jitter. Furthermore, detectors from the same batch demonstrated saturated quantum detection efficiency at 3 μm and 80% internal efficiency at 4 μm, paving the path for an efficient mid-infrared single-photon detection technology with unparalleled time resolution and without mK cooling requirements.



A second approach to extending the overall DE up to MIR is to choose a proper material for SNSPD fabrication. Extreme structural homogeneity and the absence of grain boundaries in metal–silicon alloys can be advantageous, compared with the granular structure in nitride superconductors. In particular, tungsten silicide (a-WxSi1−x) showed a tunable superconducting transition temperature TC up to 5 K and seemed suitable for single-photon MIR detection. Baek et al. [54] developed a nanowire device based on a-WxSi1−x alloy thin film with saturated quantum efficiency from visible to 1.85 µm and overall DE of 20% at 1.55 µm. Recently, Verma et al. [48] extended this result, increasing film resistivity by tuning the film stoichiometry during the fabrication and thus realizing an SNSPD based on W52Si48 with saturated quantum detection efficiency up to a wavelength of 10 μm with DCR between 10 and 100 cps, as shown in Figure 4.



The use of metal–silicon alloys allows the realization of larger nanowires, compared with the ones obtained with NbN, making the manufacturing process simpler. However, it requires more efficient cooling systems due to the lower operating temperature of the SNSPD. Saturated quantum efficiency in the range 1.55–5.07 µm was also obtained by Chen et al. [35], by using another metal–silicon alloy, molybdenum silicide (Mo80Si20), with DCR between 10 and 100 cps. The operating temperature (85 mK), however, was found to be an order of magnitude lower than the one obtained with the WSi SNSPD.



The single-photon detection in MIR with SNSPD has reached almost the same levels obtained in NIR in an enormously short period of time. Achievements in saturated quantum efficiency and the progress made in radiation sensor coupling represent the first great result, which has already led researchers to search for technological applications. For example, Prabhakar et al. [20] and Dada et al. [22] demonstrated the possibility of implementing device-independent quantum key distribution (DI-QKD) with SNSPD at 2.1 µm with a secure key rate of 0.254 bits/pair, by using a NbTiN SNSPDs with detection efficiency rates of roughly one order of magnitude lower than that developed by Chang et al. A lidar system with MIR SNSPDs operating at 2.3 µm has been developed [55], demonstrating the viability of these detectors for future free-space photon counting applications. Further improvements for lidar experiments can be achieved by developing lidar systems exploiting an array of detectors with an appropriate read-out circuit [56].




3. Single-Photon Avalanche Diodes


A single-photon avalanche diode (SPAD or SPAPD) is a p–n junction operating in “Geiger mode”: The device is biased well above its reverse-bias breakdown. Its basic principle of detection is sketched in Figure 5. First, the photon is absorbed in the p-type zone, creating an electron–hole pair. The electron then moves to the n-type zone, due to the applied voltage, generating a large avalanche of current carriers. These carriers grow exponentially and can be triggered from a single-photon-initiated carrier.



Geiger-mode SPADs can have high device efficiency DEs, up to 85%, in the visible range. To reduce dark count rates, SPADs are typically cooled with thermoelectric coolers to temperatures of 210 K to 250 K. In addition, the SPAD gain medium typically has trap sites that need time to depopulate after an avalanche has occurred and before the bias voltage can be restored. If those sites are not allowed to depopulate, carriers released from traps rather than from a new photon can initiate a second avalanche. As a result, SPAD dead times can range from tens of nanoseconds to tens microseconds. This is a particular problem for SPADs designed for IR sensitivity [32].



The most widely used materials for NIR SPAD fabrication are indium gallium arsenide (InGaAs) [57] and numerous other III–V materials [58,59,60]. Among them, InP/InGaA NIR detectors present the most developed existing and commercially available single-photon detector technology, owing to their practicality in terms of small size, low cost, and easy operation [61]. Beyond the choice of material and SPAD device design, the detection circuitry (quenching electronics) plays an important role in the overall performance of SPADs. Different schemes can be implemented, including passive quenching, active quenching, and gated quenching. In particular, gated quenching has shown the capability to suppress DCR and after-pulses [62], making it suitable for applications requiring synchronous photon detection such as QKDs. After-pulsing refers to avalanche events that originate from the emission of carriers that were trapped in deep levels during previous avalanche events, due to semiconductors’ impurities. High-frequency gating (sinusoidal gating [63,64], a self-differing technique [65,66]), can reduce the after-pulses probability since it reduces the total charge flow generated during an avalanche event, maintaining high detection rates at the same time. Recently, new studies are emerging on materials and superlattices, such as HgCdTe [67], InAs/InSb [68], AlAsSb/GaSb [69], which can extend the detection range of SPADs to MIR. However, significantly lower cooling temperatures (≈80 K) are required to suppress the dark current due to the low energy bandgap [67,70], resulting in increased costs and complexity of such devices.



To date, the best way to detect single photons in MIR with SPADs consists of creating a photon with a shorter wavelength through sum-frequency generation (SFG). With this detection scheme, the overall device efficiency is given by the product ηDE = ηqe ηopt ηSFG, where ηopt comprises the losses in all optical components, and ηSFG is the probability that the MIR photon will be upconverted inside the nonlinear crystal [11]. In 2016, Mancinelli et al. [71] paved the way toward quantum measurements in the MID-IR by demonstrating a room temperature coincidence measurement with nondegenerate twin photons at about 3.1 µm. As sketched in Figure 6a, a periodically poled lithium niobate (PPLN) crystal was used for both the entangled photon generation (spontaneous parametric downconversion (SPDC)) process and the sum-frequency generation process. By appropriately choosing the crystal poling period (Λ) and crystal temperature, it was possible to optimize the conversion efficiency, making sure that the photon produced during the SPDC would have a suitable wavelength to interact with the second crystal, as shown in Figure 6b. In the case of nondegenerate photons, losses were minimized, but the energy probability distribution of the downconverted photons was much greater (≈50 nm) than the probability distribution of photons useful for the SFG (≈7 nm). The conversion efficiency was found to be less than one unit.



Using this method, the authors demonstrated the possibility of detecting entangled photons, at room temperature for the first time, also reaching low DCR levels (1 kcps at 300 K) and an excellent coincidence-to-accidental ratio (CAR ≈ 16). Unfortunately, despite having a quantum detection efficiency of 65% at the selected wavelength (0.8 µm), considering the coupling efficiencies in SFG and SPDC processes and the losses between detector overlap and optical filters, the system DE was equal to 0.35%, about an order of magnitude lower than the results obtained with SNSPD in the same years [50]. However, improvement in the device’s detection efficiency is expected by optimizing the described system: The higher upconversion efficiency ηSFG of 20% demonstrated in [72] combined with the use of commercial silicon-based photon counters with quantum efficiency ηqe of 80% will allow reducing the coupling losses and, eventually, eliminating them, reaching device detection efficiency up to 15%. Four years later, through careful optimization of optical pulses in spectral and temporal domains, Huang et al. [73] were able to perform SFG with a conversion efficiency of 80%. In combination with a silicon avalanche photodiode, they obtained unprecedented performance, with a high device efficiency DE of 37% and a low noise equivalent power of 1.8 × 10−17 W/Hz1/2.



These results, together with the current efforts in the engineering of materials for the realization of new SPADs optimized for detection in MIR, pave the way for the detection of single photons at larger wavelengths without resorting to the use of cryogenic cooling systems, very expensive and difficult in terms of maintenance, transport, use, and availability.




4. Photovoltaic Detectors


As known in the literature, in the MIR, photovoltaic detectors are usually devoted to spectroscopy. In the last few years, some applications have been reported in the field of quantum technologies.



The most common example of photovoltaic detectors is the abrupt p–n junction prepared in a semiconductor, which is often simply referred to as a photodiode. A graphical representation of a photovoltaic (PV) detector is similar to that shown in Figure 5. However, a variety of different photodiode structures are used, according to the scopes and the wavelength, as widely discussed in [74,75,76]. Nevertheless, the basic principle is the same—namely, photons with energy greater than the energy gap, incident on the front surface of the device, create electron–hole pairs in the material on both sides of the junction. Via diffusion, the electrons and holes generated within a diffusion length from the junction reach the space-charge region. Then, electron–hole pairs are separated by the strong electric field; minority carriers are readily accelerated to become majority carriers on the other side. In this way, a photocurrent is generated, which shifts the current–voltage (I–V) characteristic in the direction of negative or reverse current.



In general, photovoltaic detectors have weaker performance than SPADs in terms of single-photon detection. However, their noise level is lower, their structure is simpler, and they have linear behavior in opportune conditions. In addition, in SPAD devices, the current gain depends on the bias applied and on thermal fluctuations. For these reasons, it is required an adequate heat sink for such detectors. These features could favor the use of PV detectors in the future. Recently, Gabbrielli et al. [77] reported a mid-infrared balanced homodyne detection (BHD) system suitable for quantum characterization by using two photovoltaic optically immersed (PVI) HgCdTe detectors, in which the active element is grown monolithically on a hyperhemispherical microlens to improve detection performances. As sketched in Figure 7, the detection scheme simply consists of a beam splitter that divides the beam; then, the photons of these two beams impinge on two almost identical detectors. A similar approach has already been used for the detection of upconverted photons, through the use of InGaAs NIR detectors in heterodyne configuration schemes, demonstrating quantum vacuum fluctuation detection [78] and highly sensitive spectroscopic applications devoted to real-world biological and medical settings [79,80].



To test the sensitivity limits of the BHD detection system, the authors estimated a shot-noise clearance, compared with differential electrical noise, up to 8, leading to an effective quantum efficiency of 36% and reaching the sub-shot noise limit. This detection scheme represents an important step toward the quantum characterization of mid-infrared light. The lower quantum efficiency of PVI detectors, compared with that of SNSPDs and SPADs, is compensated by the simpler control of thermodynamic parameters, the greater stability at high temperatures, and, without doubt, the cost and current availability of these devices. Advances in photovoltaic detectors fabrication are on the agenda [76] and could lead, in the immediate future, to sufficiently high detection performance to make them suitable for MIR single-photon counting.




5. Conclusions


Research on mid-infrared single-photon detectors shows a constantly rising interest among scholars in recent years. The considerable research effort on this topic is moved and accelerated by the benefits that several applications inherit by working in the mid-infrared spectral region. Different types of single-photon detectors are investigated in parallel, with the common aim to improve the currently well-performing SPDs in the NIR in the direction of achieving higher efficiencies, lower timing jitter, and lower dark count rates when working at longer wavelengths. Table 1 summarizes the most promising results reported in the state-of-the-art research. All these detectors can be implemented in the realization of highly integrated photon circuits, as required for future quantum applications. SNSPDs offer low dark count rates of the order of 10–100 cps. The lower device detection efficiency in the MIR, compared with the one in the NIR, has been shown to be improved with both the reduction in strip width and optimization of the superconductive film deposition process, film thickness, and nanowire design, reaching device detection efficiency of >70% at 2 µm and sub-15 ps timing jitter. Near-infrared single-photon avalanche diodes operating at room temperature with high quantum efficiency can be implemented to detect MIR photons, which are first upconverted through sum-frequency generation. It was demonstrated that, with an appropriate pulsed pumping scheme for frequency upconversion, it was possible to optimize the conversion efficiency, reaching a record device detection efficiency of 37%. PVI detectors employed in a balanced homodyne detection scheme showed the potential to achieve shot-noise limited measurements required for quantum light characterization.



To date, SNSPDs seem to be the best choice for detecting single photons in the mid-infrared region, in terms of detection efficiency and timing performance. The first application study of QKD in the mid-infrared region was carried out precisely with these devices [20,22]. SPADs and PV detectors, on the other hand, show important progress and can, in the near future, pave the way for the use of out-of-lab quantum technologies at large wavelengths, due to their easy portability, lower energy consumption, and lower costs, although their high dark count rates still remain an unsolved problem.



Thus far, the technological gap in the MIR spectral region has been a limitation in quantum research. Single-photon detectors are pillars for a large variety of schemes in quantum sensing, communication, and metrology. In the near future, emerging technologies in the MIR and innovative setups will enable developments crucial for human life, security issues, space applications, and fundamental research.
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Figure 1. Rising number of publications on mid-infrared photon detectors and their applications in the last 50 years. The number of publications per year was obtained from the Google Scholar database [15], using the keywords “mid-infrared single-photon detection” (black squares), “mid-infrared quantum cryptography” (red circles), and “mid-infrared single-photon spectroscopy” (blue triangles). 






Figure 1. Rising number of publications on mid-infrared photon detectors and their applications in the last 50 years. The number of publications per year was obtained from the Google Scholar database [15], using the keywords “mid-infrared single-photon detection” (black squares), “mid-infrared quantum cryptography” (red circles), and “mid-infrared single-photon spectroscopy” (blue triangles).



[image: Photonics 09 00470 g001]







[image: Photonics 09 00470 g002 550] 





Figure 2. (a) A typical SNSPD structure sketch; (b) detection mechanism of an SNSPD reproduced from [39] with the permission of AIP Publishing. Photon absorption (I) generates quasi-particles and phonons (II), with the consequent breakdown of superconductivity (III). The resistivity returns to zero spontaneously (IV), and the charge passage due to the bias current is restored within the reset time (V). Center: voltage readout signal. SS: steady state of the SNSPD. Reproduced with permission of AIP Publishing from [39], copyright 2021. 
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Figure 3. Detection efficiency (in color scale) vs. λ and normalized bias current (IB/ISW) for SNSPDs based on 85 nm wide, 50 nm wide, and 30 nm wide nanowires. Each pixel of the color map corresponds to an experimental data point. The red dashed lines are the Ico vs. λ curves of the three detectors. The blue pixels for high bias current and λ < 2 μm are due to the detectors switching to the normal state. Reprinted with permission from [49], copyright 2012. 
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Figure 4. Normalized photon count rate vs. bias current curves for SNSPDs fabricated from a WSi film with silicon content of 48 ± 10%. Two different nanowire widths (50 and 70 nm) are presented, and measurements were obtained at three wavelengths (4.8, 7.4, and 9.9 μm) at an operating temperature of 0.85 K. Black squares correspond to the measurement of the background count rates. Adapted and reproduced from [48], with the permission of AIP Publishing, copyright 2021. 
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Figure 5. Sketch of a single-photon avalanche diode (SPAD). The voltage is applied to accelerate the electrons toward the multiplication region. A front-illuminated geometry is illustrated, with antireflective (AR) coating to improve efficiency, but back-illuminated designs are also used. Reproduced from [32], with the permission of AIP Publishing, copyright 2011. 
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Figure 6. (a) Schemes of the generation and detection stages in the case of degenerate (top) and nondegenerate (bottom) SPDC and SFG processes; (b) simulated downconversion spectra and module bandwidth as a function of the temperature. The solid blue curve refers to the degenerate downconversion process around 3.1 mm, which was achieved at 135 °C. The solid red curve refers to the nondegenerate downconversion process, which was achieved at 68 °C. Adapted with permission from [71], copyright 2017. 
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Figure 7. Sketch of the BHD characterization setup. A single-mode QCL is used as a local oscillator (LO) and sent on a BHD made of a 50/50 beam splitter (BS) and two HgCdTe photovoltaic detectors. After a preamplification stage, the detector output AC signals are acquired in the time domain, using an oscilloscope. To avoid any detector power saturation, a variable attenuator is used to control the incident laser power. Reprinted with permission from [77], copyright © The Optical Society 2021. 
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Table 1. Overview and comparison of SNSPD, SPAD, and PV detectors. Upconversion detection is highlighted with *.
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Detector Type

	
Material

	
Wavelength

(µm)

	
ηQE

	
ηDE

	
DCR

	
T (K)

	
Ref






	
SNSPD

	
NbN

	
0.5–5

	

	
0.5–5.5%

	
100 cps

	
1.5

	
[49]




	
WSi

	
4.8; 7.4; 9.9

	
100%

	

	
100 cps

	
0.85

	
[48]




	
Mo80Si20

	
1.55–5.07

	
100%

	

	
<100 cps

	
0.08

	
[35]




	
NbTiN

	
2–4

	
100% up to 3 µm

	
70% @ 2 µm

	

	
2.5

	
[53]




	
SPAD *

	
Si-based

	
3.1

	
65%

	
0.35%

	
1 kcps

	
300

	
[71]




	
Si-based

	
3

	

	
37%

	

	

	
[73]




	
PV

	
HgCdTe

	
4.47

4.72

	
41%

33%

	

	

	
300

	
[77]
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