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Abstract

:

We review an innovative approach for the fabrication of site-controlled quantum emitters (i.e., single-photon emitting quantum dots) based on the spatially selective incorporation and/or removal of hydrogen in dilute nitride semiconductors (e.g., GaAsN). In such systems, the formation of stable N-H complexes removes the effects that nitrogen has on the alloy properties, thus enabling the in-plane engineering of the band bap energy of the system. Both a lithographic approach and/or a near-field optical illumination—coupled to the ultra-sharp diffusion profile of H in dilute nitrides—allow us to control the hydrogen implantation and/or removal on a nanometer scale. This, eventually, makes it possible to fabricate site-controlled quantum dots that are able to emit single photons on demand. The strategy for a deterministic spatial and spectral coupling of such quantum emitters with photonic crystal cavities is also presented.
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1. Introduction


Owing to their ability to act as sources of non-classical light in the solid state, semiconductor quantum dots (QDs) might serve as the main building blocks of several potentially ground-breaking devices, thus enabling the first practical implementation of quantum information technology (e.g., quantum computation, quantum teleportation, and quantum cryptography) [1,2]. The possibility to tune their emission energy and to have a narrow luminescence linewidth has, indeed, already made QDs predominant in several different technological fields, from solid-state lighting (e.g., LED and lasers) to biology, from photovoltaic to sensor devices [3,4]. In this scenario, a fine control on the position, size, density, and confinement potential of QDs is highly desirable—when not strictly necessary. Therefore, the development of technologies able to provide site-controlled quantum emitters based on QDs is strongly pursued by industry and research groups. In particular, one of the most difficult requests to fulfill is the fine control on the QD position, especially for QDs obtained by the most widely used standard growth methods (i.e., Stranski-Krastanow and droplet epitaxy), which are intrinsically random processes [5,6]. In the last two decades, several methods have been developed to control the QD nucleation position [5,7], in order to integrate site-controlled QDs in photonic structures, i.e., a fundamental step towards the practical implementation of quantum devices. The most successful approach is represented perhaps by the self-limited growth of QDs into inverted pyramidal recesses etched in a GaAs substrate [8,9,10], which gives a position accuracy of about 50 nm [11]. Preferential sites for QD nucleation can also be defined by growing InP pyramids by selective-area epitaxy [12,13,14] or by patterning the substrate with nano-hole arrays [15,16,17,18,19], with a spatial accuracy better than 50 nm and 80 nm, respectively, and a possible integration with photonic devices. The main characteristics of those site-controlled QD fabrication techniques are reported in Table 1. Other approaches to the fabrication of site-controlled QDs include the self-organization of individual InAs QDs by scanning tunneling probe-assisted nanolithography [20], the “vicinal substrate” approach [21], the nucleation of InAs QDs on strain modulated buffer layers grown on submicron mesa arrays [22], and quantum-well etching [23]. All the techniques not included in Table 1, however, are either incompatible with the integration with optical micro-cavities, since they are characterized by an insufficient spatial accuracy, or not really scalable, and therefore unsuitable for future applications in quantum information technology.



Different lithographic strategies have also been developed to deterministically fabricate a photonic device around a post-selected, self-assembled QD [2,24,25,26]. These techniques, which can reach a spatial accuracy up to 50 nm, avoid in principle the need for site-controlled QDs. However, they are intrinsically not scalable—and therefore not suitable for the mass production—although strategies for increasing the number of implemented devices within a given processing time are being investigated [27].



In this review, we report on an innovative approach we developed for the fabrication of site-controlled QDs, which are able to emit down to the single-photon regime. Our approach is based on the spatially selective incorporation and/or removal of hydrogen in dilute nitride semiconductors (e.g., GaAsN) [28,29,30]. Our fabrication strategy, at variance with the approaches proposed so far in the literature that rely on complex growth procedures often followed by cumbersome processing steps, starts from standard dilute-nitride quantum well samples and acts at a post-growth level. Therefore, it is easy, cost-effective, and extremely versatile. Moreover, it is scalable and guarantees an easy integration of the fabricated, site-controlled quantum emitters with photonic crystal cavities. Finally, it allows a spatial and spectral accuracy comparable to—or even better than—those obtained with other, more established techniques (see Table 1). It should be noted that the proposed approach can also be applied to different dilute nitrides, such as GaAsN, GaPN, and InGaAsN, in which N-effects have been shown to be neutralized by hydrogen [31].



In the following, we first briefly introduce the physical process on which the proposed fabrication processes rely, i.e., the peculiar effects of hydrogen in dilute nitrides (Section 2). Then (Section 3), we present fabrication approaches based either on spatially selective hydrogen incorporation (Section 3.1) or on spatially selective hydrogen removal (Section 3.2), both approaches having been successfully applied to the fabrication of site-controlled, single-photon emitters. Finally (Section 4), our strategy for the deterministic spatial and spectral coupling of such quantum emitters with photonic crystal cavities is presented.




2. Hydrogen Effects in Dilute Nitrides


Dilute nitride semiconductors are III-V alloys in which small percentages of nitrogen atoms (~1%) replace the group-V elements and present many interesting and counterintuitive physical properties [32,33,34]. Despite the small amount of substituted atoms, N perturbs dramatically the electronic properties of the host crystal, leading to a counterintuitive and large decrease in the bandgap energy [35,36,37,38], a non-monotonic variation of the electron effective mass [39,40,41] and gyromagnetic factor [42,43,44], and a softened response to external perturbations, such as hydrostatic pressure [45,46,47] and temperature [48,49]. All these effects are ascribable to the formation of N-related localized states that are resonant with (or close to) the extended states of the conduction band (CB) of the host lattice [50]. The quantum interaction between these two sets of states leads to a distortion of the energy-wavevector dispersion curve and to the formation of a fully-developed energy gap in the CB of the host crystal, which is eventually responsible for the drastic reduction in the bandgap energy with increasing N concentration.



2.1. Hydrogen-Induced Band-Gap Tuning


The change in the properties of dilute nitrides after irradiation with atomic hydrogen is an additional, unique, and exciting feature of these materials. Hydrogen, which is present in most growth and post-growth steps of semiconductor processing, affects the optical and electrical properties of the materials it enters in more ways than one. In particular, it is well-known that H often passivates shallow and deep defects, thus largely modifying the conductivity of several semiconductors [51,52]. Recently, it has also been shown that H neutralizes the native p-type conductivity in GaAsBi [53], opens the gap in InN and in In-rich InGaN [54], and increases the electron concentration in InAsN [55]. As for dilute nitrides, remarkably, H neutralizes N-induced effects in various III-V compounds and alloys [31]. It was discovered, indeed, that hydrogen incorporation modifies the band-gap energy (Eg) of GaAsN [56,57,58], InGaAsN [59,60], and GaPN [61], leading to a recovery of the Eg value of the N-free host. The hydrogen-induced band-gap tuning process is illustrated in Figure 1 for the GaAsN and GaPN cases. Although these materials emit in very different wavelength ranges, they share quite similar electronic properties. For the GaAsN case, we show two very different N concentrations irradiated at different H doses. Figure 1a refers to a GaAsN/GaAs quantum well (QW) with width L = 6 nm and nitrogen concentration [N] = 1.1%. Clearly, with increasing hydrogen dose (dH) the photoluminescence (PL) peak (due to exciton recombination in the well) blueshifts, until it reaches the energy position expected for the N-free material. Figure 1b displays, instead, the PL spectra of a GaAsN epilayer (t = 110 nm) in the very dilute concentration limit, i.e., [N] < 0.1%. In this limit, the band-gap energy is slightly affected by N incorporation, while the crystal emission is characterized by a series of very sharp lines (linewidth ~0.5 meV) due to the radiative recombination of excitons localized on N complexes (such as N pairs, triplets, or higher-order clusters); see topmost spectrum. These lines are superimposed on a broad band, also related to N alloying. Hydrogenation leads to a progressive and finally complete quenching of the N-related lines, as well as of the broad underlying band [62]. As regards the GaPN case, which emits in the visible range of the electromagnetic spectrum, the tuning of the band gap energy by H appears evident even to a naked-eye inspection of the sample. Figure 1c shows the photographic image of two GaPN epilayers (t = 250 nm, [N] = 0.81%), acquired at T = 10 K and under laser excitation. The epilayer in the upper part of the picture was treated with two different dH along its length, while the one in the lower part (shown as a reference) was left untreated. The emission clearly shifts from red to green by increasing the H dose, nicely confirming the possibility to tune the emission wavelength (i.e., the energy gap) of the material by H irradiation.



As extensively investigated in the case of GaAsN, the tuning of the band-gap energy is accompanied by a H-induced tuning of the electron effective mass [39] and gyromagnetic factor [42], which clearly indicates that the entire band structure of the system is profoundly affected by H, and that the attainment of a fine control on H incorporation would provide us with the means to finely tune the electronic properties of the alloy. Furthermore, even the structural characteristics of H-irradiated GaAsN undergo major modifications: A reversal of strain from tensile to compressive and an effective re-establishment of local ordering were indeed reported [63].



In the next paragraph, we describe briefly the microscopic structure of the N–H complexes responsible for the band-gap reopening, how these complexes distribute in the crystal, and how they can be dissociated to make the H effect reversible.




2.2. Nitrogen-Hydrogen Complex Formation and Spatial Distribution


Infrared absorption studies of GaAsN epilayers treated with both hydrogen and deuterium (D) revealed that the complex causing the passivation of the electronic activity of N has the canted C1h geometry shown in Figure 2c [64]. Additionally, this C1h complex also accounts for the X-ray absorption near-edge structure of N atoms detected in hydrogenated GaAsN [65]. To date, it is considered the most likely complex responsible for nitrogen passivation [66,67,68].



A careful investigation of hydrogen diffusion (actually, of deuterium, customarily used in order to observe isotpe effects and to increase the measurement sensitivity) in GaAsN has revealed that a very sharp D profile is achieved in proper samples and under suitable conditions. Specifically, N concentrations greater than 0.5% and deuteration temperatures (TD) lower than 250 °C result in markedly steep D profiles, in which the concentration of electronically active (namely, not passivated) N atoms drops by a factor of ten in less than 5 nm [69]. This is shown in Figure 2, which displays deuterium concentration profiles (symbols) for different nitrogen concentrations (panel a) and TD (panel b), as derived in GaAsN by secondary-ion-mass spectrometry (SIMS) measurements. Simulations (solid lines) that accurately reproduce the data have been obtained by solving a system of differential equations, describing the time evolution of the concentration of free N and D atoms and of the different N–D complexes forming and dissociating in the lattice during the deuteration process [69]. A key point accounting for the D profile is the multiple trapping character of D diffusion, in which passivating D atoms do not proceed further into the crystal until stable C1h defects stop forming.




2.3. Reversibility of the Hydrogen Effects


Before moving further to the quantum-emitter fabrication approaches, we review the different methodologies employed to dissociate the N–H complexes responsible for the electronic passivation of N activity in dilute nitrides. This is an issue of high relevance, since it addresses both the stability of the effects induced by hydrogen and the possibility to spatially modulate these effects after N–H complexes have been formed. Three different approaches are possible for N–H complex dissociation, namely, thermal-, electron-, and photon-induced dissociation. Here we focus on the photon-induced dissociation approach, which is at the basis of the QD direct-writing fabrication technique by near-field illumination that we will present later (see Section 3.2). Details on the other two approaches can be found, respectively, in Refs. [57,60,70,71].



The combination of hydrogenation and photon-induced dissociation provides a successful, versatile tool for the tuning and spatial control of the optical properties of dilute nitride alloys. Indeed, it has been shown that the N–H complex responsible for the passivation of N is dissociated, by means of a purely photonic effect, upon exposing the sample to a focused laser beam [72]. Figure 3a,b shows the room temperature (T = 300 K) micro-photoluminescence (μPL) map and spectra of a hydrogenated GaAsN sample (dH = 6 × 1016 cm−2, [N] = 0.9%) after exposure for a time ta = 15 s to a focused laser beam (of diameter d ~ 1 μm and wavelength λ = 515 nm) with laser power Pa = 30 mW. The μPL spectra were acquired at low excitation power (~Pa/20) inside and outside the laser-exposed spot. It can be seen that the QW PL emission peaks at increasingly low energies when moving from outside to inside the laser exposed spot; see the μPL spectra at positions A, B, C, and D in Figure 3b. The μPL map in the spectral range of the QW emission shows a light-emitting region with an approximately Gaussian intensity distribution and a full-width at half-maximum (FWHM) of ~0.95 μm, which corresponds closely to the laser spot diameter. By keeping the laser power low enough (Pa ≤ 40 mW), no surface damage is produced by the laser treatment [72]. Moreover, at variance with thermal annealing treatments that affect the whole sample [57,60,70], laser treatment is limited only by the diffraction of the laser light, thus allowing a control of the optical properties of dilute nitrides on a micrometer scale. The high versatility of this photonic approach, as regards both the size and shape of the treated region, is exemplified by the micrometer-sized emitting areas, respectively shaped as an “H” and as a triangle, obtained by laser writing and shown in panel (c) [72,73].



Thermal annealing studies in a high-temperature furnace have shown that the light-emitting areas created by laser treatment are stable up to temperatures T ~ 200 °C, while they can be erased at T > 250 °C due to the thermal dissociation of the N–H complexes followed by H outgassing from the whole sample (see Figure 3d). In this respect, it should be noted that the temperatures locally reached by the sample during the laser treatment are considerably lower than those required for thermal dissociation (T > 200 °C), as demonstrated in Ref. [72] by calculating the dependence of the lattice temperature (Ta) on the laser power through a model taking into account the T-dependent thermal conductivity [74] and reflection/absorption coefficients of GaAs. This indicates that under the employed laser exposure conditions, the laser-induced local heating cannot be responsible for the dissociation of the N–H complexes. A photonic-induced dissociation process is also supported by laser-writing experiments at liquid-helium temperatures (T = 4.2 K) and laser exposure conditions (Pa < 40 mW) that correspond to a sample heating at Ta < 25 K (not shown here). In contrast, for a focused laser exposure at room temperature with Pa ≥ 40 mW, the temperature increases very steeply in the centre of the laser spot, up to values that can exceed those required for H outgassing (Ta > 250 °C), As desorption (Ta > 400 °C), and GaAs melting (Ta > 1200 °C) [72].



The possible mechanisms responsible for the photon-induced N–H complex dissociation have been investigated by studying the dependence of ΔnN-H—namely, the percentage variation in the concentration of N–H complexes, as estimated from the peak energy of the GaAsN QW PL emission—on the laser power density (Pa) and photon wavelength (λ); see Figure 3e. There, the photon excitation is tuned over a range of energies 1.49–2.41 eV (λ = 830−515 nm), below and above the dissociation energy range EA =1.77–1.89 eV (λ = 700–656 nm), as derived from thermal annealing studies of GaAsN [75,76] of the N–H complexes. From Figure 3e, at each power the value of ΔnN-H peaks at hν = 1.76 eV (λ = 700 nm) there is a value close to those reported for EA, thus indicating a resonant photon absorption by the N-H complex itself followed by its dissociation. Surprisingly enough, N–H complex dissociation is also observed for laser photon energies that are significantly smaller than EA. This dissociation could be assisted by phonons with photo-generated electron-hole pairs screening the N–H chemical bond, and thus effectively reducing the dissociation energy of the complex. Similar mechanisms were invoked to explain the light-enhanced H diffusion in amorphous Si [77] and the photo-induced reactivation of neutralized donors in hydrogenated Si-doped GaAs [78].



The laser-induced reversal of hydrogen effects in GaAsN has been observed also in GaPN and InGaAsN alloys [72], thus indicating a universal behavior of hydrogenated dilute nitride alloys. Therefore, if properly harnessed, the photon-induced N–H complex dissociation could serve as the basis for the development of a new, inexpensive method for the fast and flexible writing of dilute-nitride nanostructures, as will be reported in Section 3.2.





3. A Novel Approach for Site-Controlled Quantum Emitter Fabrication


As mentioned in the introduction, a fine control on the position of semiconductor QDs is impossible to achieve via the simple self-assembly processes commonly exploited for QD growth [5,6]. On the other hand, even the most successful attempts to control the QD position and template rely on complex and cumbersome growth protocols and lithographic steps [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23] that, nevertheless, do not always guarantee the required control over the nanostructure nucleation site and/or the optical quality needed for the realization of integrated QD-optical microcavity systems.



The peculiar effects of H in dilute nitrides, together with the ultra-sharp H diffusion profile under specific conditions (see Figure 2), have allowed us to develop a novel approach to the fabrication of site-controlled quantum emitters. That approach is very versatile, post-growth, and naturally suited for the integration of QDs in photonic structures. The approach acts on the spatially selective incorporation and/or removal of hydrogen in dilute nitride semiconductors on a nanometer scale, as will be discussed in the following sections [28,30,79,80].



3.1. QD Fabrication by Spatially Selective Hydrogen Incorporation


A schematic representation of the site-controlled dilute nitride QD fabrication process by spatially selective hydrogen incorporation is reported in Figure 4a–c. Such fabrication approach starts from a standard dilute nitride quantum well (e.g., GaAsN/GaAs) buried few tens of nanometers (typically 20–100 nm) below the sample surface. An isolated H-opaque circular mask is first patterned by electron-beam lithography (EBL) on the sample surface. The hydrogenation of such a patterned QW structure results in the spatially controlled diffusion of hydrogen inside the sample, and, eventually, in a well-defined spatial region of GaAsN material completely surrounded by a barrier of fully hydrogenated GaAsN (laterally) and GaAs (above and below). Due to a partial H diffusion beneath the mask, the actual size of the GaAsN region can be smaller than the physical size of the mask itself, as evident by finite-elements calculations of the post-hydrogenation distribution of electrically active N atoms (N atoms with no bound hydrogen); see Figure 4b [79]. Arrays of isolated circular masks of different diameter (ranging from 80 nm to 500 nm; see Figure 4c) were patterned by EBL with a negative-tone HSQ (hydrogen silsesquioxane) resist on top of a 6 nm-thick GaAsN/GaAs QW with a nitrogen concentration x = 1.1%, capped by a 30 nm-thick GaAs layer. The sample was then irradiated with hydrogen ions by means of a Kaufman source [81]. The ion-beam kinetic energy was set to a low value (100 eV) in order to minimize sample damage, whilst the sample was kept at a temperature of 190 °C for the entire duration of the irradiation process, to allow H diffusion inside the sample while maintaining an extremely sharp diffusion profile (hydrogen forefront ~5 nm/decade; see Figure 2 [69]). Different hydrogen doses were investigated in order to reach a full passivation of the open region and a well-defined GaAsN dot beneath the mask. At the end of the fabrication process, the H-opaque HSQ masks were removed by chemical etching in an aqueous solution of potassium borates (5–15%) and potassium hydroxide (2%), which dissolves HSQ but does not attack the sample, thus giving access to the optical characterization of the realized nanostructures.



Figure 4d shows a μPL image of an array of GaAsN dots obtained by employing mask dots of 80 nm. The μPL image demonstrates an excellent control over the dot position and exhibits a quite uniform emission efficiency. Furthermore, the entire process is highly scalable due to the use of electron-beam lithography. PL spectra were recorded on a single dot, showing one narrow line, and on the H-irradiated region in between GaAsN dots; see Figure 4e, in which the spectrum of the hydrogenated GaAsN barrier is indistinguishable from that of GaAs. Besides being site-controlled with a spatial accuracy equal to that of the EBL system (~20 nm—the EBL-defined HSQ pattern acts as a mask for H without the need for any further lithographic steps), the QDs obtained by the proposed techniques have also shown the ability to emit single photons on demand [80], see Figure 4f. They are, therefore, ideal candidates for a deterministic integration with nanophotonic devices.




3.2. QD Direct Writing by Near Field Illumination


As shown in Section 2.3, in addition to the masked-hydrogenation procedure described above, another way to spatially control the hydrogen concentration in dilute nitrides can be obtained by local H removal via laser treatments. However, it is necessary to overcome the diffraction limit of objective lenses in order to employ such a strategy for QD fabrication [82]. Very recently, this goal was reached by shining a hydrogenated GaAsN sample through the tip of a scanning near-field optical microscope (SNOM), thus achieving spatial accuracy < 100 nm via a fully optical approach [30]. In order to test the QD fabrication process under conditions similar to those needed for the realization of an integrated QD-photonic crystal cavity system, the sample was processed with an array of well-separated circular areas in which the QW was suspended with respect to the substrate, as shown in Figure 5a,b. The fabrication of the suspended membrane follows the same steps required for the realization of a photonic crystal cavity and will be described in the next section. The QD fabrication was performed by exposing for a few seconds a nanometric region of the membrane surface, ideally the central region, with the 514.5 nm line of a continuous wave argon laser by means of the SNOM dielectric tip. Exploiting the optical near field of the tip, we aim to remove hydrogen from the GaAsN:H layer of the QW in an area (~100 nm) much smaller than the typical spot size (about 500 nm) obtained at this wavelength with a high NA objective lens (see, e.g., Figure 3). The fabrication power (Pa) and exposure time (ta) are varied to optimize the fabrication process; by doing this, it was possible to get fine control not only of the spatial position but also of the emission energy of the created QDs. In Figure 5c, we have reported the PL spectra of five representative GaAsN QDs fabricated at different powers, from 1.1 mW to 0.7 mW, with the same exposure time (1 s). The PL spectrum of the GaAsN/GaAs QW before hydrogenation is also reported for comparison reasons, as the QW emission energy (about 1.30 eV in the specific case) represents the lower limit for the QD emission. Indeed, when hydrogen is removed from an area large enough that the H-induced confinement effects are negligible, the fabricated dots approach the QW’s behavior. This situation can be attained for either high fabrication powers or long exposure times. By keeping the exposure time fixed while reducing the fabrication power, indeed, the QD diameter is expected to decrease. In turn, this should result in a larger confinement-induced blueshift, as rather clearly observed in the data reported in Figure 5c,d. The inhomogeneous broadening of the emission energy of the realized QDs (~20 meV) is the same as the linewidth of the pristine GaAsN/GaAs QW, suggesting that such a value could be improved by using a higher quality QW. Also, the QDs obtained by near-field optical illumination emit in the single-photon regime, independently of the QD emission energy [30]; see Figure 5e,f.





4. Quantum Emitter Integration in Photonic Crystal Cavities


Coupling QDs with photonic structures, in particular with photonic crystal (PhC) cavities [1,5], is a fundamental step towards the practical implementation of quantum devices. Indeed, such a coupling increases the radiative recombination rate of the QD and the speed and brightness of the device, while it reduces the negative effects of dephasing [83,84], thereby greatly improving the performance of QDs as sources of single and entangled photons [1,5]. It can also help to couple light into waveguides aiming at realizing all-integrated optical chips. The stochastic coupling of self-assembled QDs to photonic crystal cavities has been demonstrated both in the weak [85] and strong coupling regime [86,87]. On the other hand, the strategy to deterministically align a photonic crystal cavity to a single QD was for years simply based on the fabrication of the cavity after the QD was located by microscopy techniques [24,25]. The methods presented here for the realization of dilute nitride-based, site-controlled quantum emitters rely on top-down approaches that provide clear advantages over current state-of-the-art techniques in terms of flexibility and because they open the way to a unique possibility to fabricate QDs in specified points of an existing, optimized photonic structure. In particular, the spatially selective hydrogen incorporation described in Section 3.1 has already been applied successfully to the fabrication of a QD-PhC cavity system, in which the weak-coupling regime has been observed [28,29]. These recent results are reviewed in the following.



Lithographic Approach for QD-PhC Cavity Integration


Aiming at obtaining a deterministic integration of a quantum emitter with a photonic crystal cavity—with state-of-the-art spatial accuracy (see Table 1)—we developed a fully lithographic approach to fabricate QD-PhC cavity integrated systems, which relies on the realignment precision of the EBL system (~20 nm) on a series of alignment markers present on the sample surface.



The fabrication process is sketched in Figure 6. The sample is first provided with a series of Cr/Au alignment markers by means of a standard lift-off process; see Figure 6a. Then, it is covered with a thin layer of positive-tone electron-beam resist (ZEP520A) on which the desired PhC cavity pattern is realized by electron-beam lithography; see Figure 6b. The resist acts as a mask during the transfer of the PhC design onto the sample via Cl-based dry etching of the GaAsN/GaAs layer; see Figure 6c. Finally, the mask resist is removed by a wet etching in hot anisole and the membrane containing the PhC structure is released by wet etching of the AlGaAs sacrificial layer with a 5% solution of hydrofluoric acid, in order to provide vertical optical isolation; see Figure 6d. A GaAsN QD can be realized either before the realization of the PhC cavity (i.e., soon after the deposition of the alignment markers) or after the complete realization of the PhC cavity, by making use of the spatially selective hydrogenation approach described in Section 3.1. In both cases, the presence of the alignment markers on the sample—together with the spatial accuracy in defining the QD and PhC cavity given by the EBL—guarantees a spatial coupling between the QD and the cavity of about 20 nm (limited only by the realignment precision of the EBL system). Further details on the fabrication process can be found in Ref. [28].



We want to stress here that a QD-PhC integrated system might also be realized by using the spatially selective hydrogen-removal approach presented in Section 3.2. In this case, indeed, the SNOM ability to “see” the electromagnetic field of a PhC cavity [88] can be used to map the field distribution of the fundamental cavity mode of a fully hydrogenated GaAsN/GaAs PhC cavity and, eventually, to fabricate by near field illumination a quantum emitter coupled with the cavity mode. Although within this further approach the spatial accuracy is worse than that achievable with the EBL-based method presented above (only a spatial precision of ~100 nm can be reached by conventional SNOM’s stages), the overall process flexibility is improved by the possibility to tailor the emission energy of the QD to that of the cavity mode simply by varying the QD fabrication parameters (see Figure 5).



As summarized in Figure 7, integrated QD-PhC cavity systems have already been successfully realized using a fully lithographic approach [28]. The energy of the fundamental cavity mode (CM) of a series of L3 photonic defects (wherein the microcavity is obtained by removing three holes from an otherwise perfectly periodic photonic lattice [89]; see Figure 6e,g) was lithographically tuned into resonance with the QD emission by adjusting the PhC lattice pitch (a); see Figure 7c. After achieving a coarse spectral matching between the CM and the QD exciton (X) for a = 255 nm, the system was progressively tuned into resonance by varying the sample temperature T, as displayed in Figure 7a. This was made possible by the much stronger T dependence of the energy of the X transition, which follows the band gap reduction of GaAsN with T [90], with respect to the CM, which linearly redshifts (at a rate of ~20 μeV/K, consistent with Refs. [91]) due to the variation of the refractive index of GaAs with T. An interesting outcome of the progressive reduction of the QD-CM energy detuning with T is reported in Figure 7b, which displays the temperature dependence of the micro-PL intensity of the QD and CM peaks. As T is increased from 10 K to 50 K, the PL signal shows the intensity drop-off usually expected in semiconducting samples, chiefly due to the thermal activation of non-radiative recombination channels [92]. For T > 50 K, however, a large increase in the PL intensity can be observed as the X line is moved into resonance with the CM. This is consistent with the ~10-fold enhancement of the radiative recombination rate (i.e., the Purcell effect [93]) measured for this system [29].



As regards the properties of the quantum emitter integrated in the cavity, it is important to stress that also in this condition the site-controlled QD is able to emit at the single photon regime, which is a crucial property for the successful employment of these systems in future applications. Evidence of such a non-classical behavior of light is given by the observation of a strong antibunching for near-zero time delay in the autocorrelation histogram of the QD exciton emission line reported in Figure 7d.





5. Conclusions and Perspectives


In summary, the possibility to finely control the spatial incorporation and/or removal of hydrogen in dilute nitride semiconductors has opened the way to a novel, versatile fabrication technique for site-controlled quantum emitters. The site-controlled QDs fabricated by tailoring the energy gap of dilute nitrides in their growth plane, have shown, indeed, the ability to emit single photons on demand. Those QDs have also evidenced the presence of both exciton and biexciton emissions in their PL spectra [30,80], a prerequisite for the possible generation of entangled photon pairs. In addition, the possibility to modulate the optoelectronic properties of dilute nitride semiconductors by spatially selective hydrogenation, and consequently to control the refractive index of the material with sub-wavelength resolution [63,94], might provide an ideal platform for the fabrication of integrated photonic circuits, providing an innovative way to define the optical elements—such as waveguides, beam splitters, and phase shifters—, which are required for the manipulation of photonic qubits.



The fabricated QDs have also been deterministically coupled with photonic crystal cavities, proving their inherent suitability to act as integrated light sources in complex nanophotonic devices. In particular, the presented lithographic approach exhibits an unparalleled spatial matching (~20 nm) between the emitter and the cavity, thanks to the high spatial resolution made available by electron-beam lithography, whilst a good spectral matching (~20–30 meV) is achieved via the fine lithographic tuning of the PhC lattice constant (i.e., cavity-mode energy), or, eventually, by controlling the emission energy of the QDs through their fabrication by near-field optical illumination (as presented in Section 3.2). While the ability to deterministically integrate dilute nitride-based QDs with photonic devices was demonstrated for photonic crystal cavities, of course the techniques described here may also be applied to other kinds of micro-cavities, like, for example, microdisk or micropillar ones, which have been reported to provide single photon devices with very high performances [26,95].



In this paper we reviewed mainly results obtained on GaAsN samples with [N] ~ 1%; nevertheless, it is worth mentioning that those results could be extended to obtain integrated systems working at wavelengths of interest for telecommunication applications simply by using samples with a larger nitrogen content ([N] ~ 4%) or, alternatively, by using an InGaAsN QW sample [96] instead of a GaAsN one.
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Figure 1. H-induced band-gap tuning in dilute nitrides. (a) Photoluminescence spectra at T = 10 K of a GaAsN/GaAs quantum well (width L = 6 nm) treated with increasing hydrogen doses dH; (b) same as in panel (a) for a GaAsN epilayer (thickness t = 110 nm) in the very dilute N concentration limit; (c) real colour photographic image of two GaPN epilayers (thickness t = 250 nm, [N] = 0.81%). The epilayer in the upper part of the picture was treated with two different hydrogen doses along its length, while the epilayer in the lower part of the picture was left untreated. The picture was acquired at T = 10 K, exciting the samples with the 458 nm line of an Ar+ laser. The change in colour clearly indicates a variation of the band gap energy upon hydrogenation. Panel (b) was reproduced with permission from [56]. Copyright 2002 The American Physical Society. 
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Figure 2. N-H complex formation and spatial distribution. (a) Secondary-ion-mass spectrometry depth-profile of the deuterium concentration (the origin is set at the sample surface) for GaAsN samples with different N concentrations (x). Symbols and lines are experimental data and theoretical simulations, respectively. The sample irradiation temperature was TD = 300 °C; (b) same as in panel (a) for a x = 0.7% sample irradiated at different temperatures; (c) sketch of the nitrogen-hydrogen complex responsible for the electronic passivation of nitrogen in GaAsN. Panels (a,b) were adapted with permission from [69]. Copyright 2009 The American Physical Society. Panel (c) was reproduced with permission from [64]. Copyright 2010 The American Physical Society. 
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Figure 3. Band-gap direct writing. (a) μPL maps at T = 300 K of a hydrogenated GaAsN/GaAs QW sample (dH = 6×1016 cm−2, [N] = 0.9%) following exposure for a time ta = 15 s to a focused laser beam with λa = 515 nm and Pa = 30 mW; The μPL spectra at positions A, B, C, and D are shown in panel (b). The μPL map is obtained by plotting the μPL intensity around E = 1.30 eV, corresponding to the peak energy of the QW emission in the virgin sample (see gray area in the μPL spectra), and was acquired with p = 1.2 mW and λ = 633 nm; (c) Examples of the capability to direct-write the band-gap energy of dilute nitrides at the micrometer scale, as given by H-shape and triangular-shape laser-written (Pa = 20 mW, ta = 20 s, λa= 532 nm) emitting areas mapped at 300 K with laser power of 0.5 mW; (d) Light-emitting spot created by laser writing (Pa = 20 mW, λa = 515 nm, and ta = 15 s) and mapped after a 1-hr thermal annealing in a high-temperature furnace at different temperatures. All μPL maps were obtained by integrating the PL intensity around the peak energy of the QW emission in the virgin sample (E = 1.30 eV); (e) N-H dissociation efficiency at the centre of the laser spot [i.e., position A in panel (a)] as a function of the annealing photon energy (lower scale) and wavelength (upper scale) at various power densities for ta = 20 s. Panel (c) was adapted with permission from [73]. Copyright 2015 AIP Publishing LLC. Panels (d,e) were adapted with permission from [72]. Copyright 2012 The American Physical Society. 
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Figure 4. Site-controlled quantum emitters by spatially selective hydrogenation. (a) Hydrogen irradiation of a GaAsN/GaAs QW patterned with a nanometer-size H-opaque circular mask; (b) nanometer region of GaAsN surrounded by a barrier of GaAsN:H (laterally) and GaAs (above and below) resulting from the hydrogenation process; (c) SEM image of a single HSQ mask opaque to H (80 nm in diameter); (d) μPL image of an array or ordered GaAsN quantum emitters obtained by the technique depicted in panels (a–c). The image was recorded using an 850 nm low-energy pass filter to reject the emission from GaAs and hydrogenated GaAsN barriers. The single-dot image size is determined by the diffraction limit of the objective lens and by the carrier diffusion length. The μPL image demonstrates an excellent control over the dot position and a very uniform emission efficiency from the array; (e) μPL spectrum recorded on a single dot and on the barrier region that has been exposed to H irradiation; (f) normalized second-order correlation function for the excitonic emission of a single GaAsN dot. The amplitude of the zero-delay peak is well below the threshold value of 0.5, which points to the emission of single photons by the GaAsN QD. Panels (a–c) were adapted with permission from [28]. Copyright 2017 Elsevier. Panels (d,e) were adapted with permission from [79]. Copyright 2011 WILEY-VCH Verlag GmbH & Co. Panel (f) was adapted with permission from [80]. Copyright 2014 American Chemical Society. 
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Figure 5. Site-controlled quantum emitters by near-field illumination. (a) Near-field optical illumination through the tip of a SNOM of the surface of a fully hydrogenated GaAsN/GaAs QW sample generates a hot spot within which the N-H bonds of the GaAsN:H layer are broken. This leaves a nanometer-sized region of GaAsN surrounded by a barrier of GaAsN:H (laterally) and GaAs (above and below); (b) top-view SEM image of a suspended GaAsN/GaAs QW structure (membrane), within which a QD has been fabricated as described in panel (a) (fabrication power of 1.1 mW for 1 s). The black areas are apertures opened in the membrane layer by dry etching, to allow a wet etching of the AlGaAs sacrificial layer and, consequently, the release of the suspended membrane containing the dilute nitride QW (see also Figure 6). In the SEM image, the circular region from which the sacrificial layer has been removed is visible as a dark-gray area underneath the released membrane. Superimposed to the SEM image is reported the PL intensity map at 10 K of the emission peak associated with the fabricated GaAsN QD (centered at 1.315 eV for this particular dot). The emission has a round shape and a spatial FWHM of 1 μm, equal to the setup resolution; (c) PL spectra at 10 K of different GaAsN QDs fabricated with different powers, distinguished by color (exposure time of 1 s). The PL spectrum of the GaAsN/GaAs QW before hydrogenation is also reported (gray areas). The fabrication powers, in units of mW, are provided as labels; (d) PL emission energy at 10 K of several GaAsN QDs as a function of the fabrication power. Blue dots and red squares represent 1 s and 5 s exposure time, respectively. The colored bands are a guide for the eye; (e,f) normalized second order autocorrelation function for two different QDs fabricated with the presented technique and having different emission energy (i.e., 1.325 eV and 1.342 eV). The value of g(2)(0) < 0.5 is a proof of the single photon emitter nature of the fabricated GaAsN QDs. Panels (b–f) were adapted with permission from [30]. Copyright 2018 WILEY-VCH Verlag GmbH & Co. 
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Figure 6. Deterministic integration of a quantum emitter in a photonic crystal cavity. Sketch of the processing steps leading to the fabrication of an integrated QD-PhC cavity system: A series of alignment markers (Cr/Au) are first realized on the surface of a GaAsN/GaAs heterostructure by lift-off process (a); The sample is then covered with an EBL positive-tone resist (ZEP520A) and patterned by EBL with the required PhC design (b); The design is then transferred into the GaAsN/GaAs membrane layer by means of a Cl-based dry etching (c); Finally, the GaAs membrane is released by a HF wet etching of the AlGaAs sacrificial layer (d). SEM images of the sample at the end of the dry etching process [(e): tilted at 0° and (f): tilted at 75°] and after the release of the membrane [(g): tilted at 60°] are shown. A GaAsN QD can be realized either between steps (a,b) by making use of the spatially selective hydrogenation approach described in Figure 4, or after step (d) by a spatially selective hydrogenation approach (see Figure 4), as well as by a near-field illumination approach (see Figure 5). In the case of the spatially selective hydrogenation approach, it is possible to achieve a spatial coupling accuracy between the quantum emitter and the PhC cavity of about 20 nm, which is limited only by the realignment precision of the EBL system used. Adapted with permission from [28]. Copyright 2017 Elsevier. 
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Figure 7. Characterization of the realized integrated QD-PhC cavity system. (a) Peak-normalized µPL spectra of an integrated QD-PhC cavity device, showing the temperature dependence of the cavity mode–quantum dot detuning. The exciton transition of the QD is labeled as X; (b) temperature dependence of the integrated PL intensity of the cavity mode (CM, black dots) and of the X peak (blue dots). The intensity increase observed for temperatures above ~ 50 K is a result of an increased QD-PhC cavity coupling (i.e., of the Purcell effect) due to the QD coming into resonance with the CM; (c) lithographic tuning of the CM energy of a PhC L3 defect cavity (r/a = 0.29) by varying the PhC lattice pitch value (a). Note the pretty good linear dependence (dECM/da ~ 3.5 meV/nm) of the CM energy with a; (d) second-order autocorrelation of the exciton ground-state transition for a site-controlled QD (mask diameter 160 nm) embedded in a PhC cavity. Note the g(2)(0) < 0.5, providing evidence of the single-photon emission regime for QDs integrated in PhC cavities. Adapted with permission from [28]. Copyright 2017 Elsevier. 
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Table 1. List of site-controlled QD fabrication-techniques suitable for integration in photonic devices. The techniques we developed (last two rows) are compared with those existing in the literature in terms of QD materials, position accuracy (Δx), and inhomogeneous broadening (ΔE).
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	Technique
	QD Materials
	Δx (nm)
	ΔE (meV)





	Inverted Pyramids [11]
	InGaAs/GaAs
	<50
	1.4



	Pyramids [13,14]
	InAs/InP
	50
	50



	Nanoholes [16,17]
	InAs/GaAs
	80
	70



	Spatially selective H incorporation [28,29]
	GaAsN/GaAs
	20
	30



	Spatially selectiveH removal [30]
	GaAsN/GaAs
	<100
	20
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