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Abstract

:

Numerous optoelectronic devices based on low-dimensional nanostructures have been developed in recent years. Among these, pyramidal low-dimensional semiconductors (zero- and one-dimensional nanomaterials) have been favored in the field of optoelectronics. In this review, we discuss in detail the structures, preparation methods, band structures, electronic properties, and optoelectronic applications (photocatalysis, photoelectric detection, solar cells, light-emitting diodes, lasers, and optical quantum information processing) of pyramidal low-dimensional semiconductors and demonstrate their excellent photoelectric performances. More specifically, pyramidal semiconductor quantum dots (PSQDs) possess higher mobilities and longer lifetimes, which would be more suitable for photovoltaic devices requiring fast carrier transport. In addition, the linear polarization direction of exciton emission is easily controlled via the direction of magnetic field in PSQDs with C3v symmetry, so that all-optical multi-qubit gates based on electron spin as a quantum bit could be realized. Therefore, the use of PSQDs (e.g., InAs, GaN, InGaAs, and InGaN) as effective candidates for constructing optical quantum devices is examined due to the growing interest in optical quantum information processing. Pyramidal semiconductor nanorods (PSNRs) and pyramidal semiconductor nanowires (PSNWRs) also exhibit the more efficient separation of electron-hole pairs and strong light absorption effects, which are expected to be widely utilized in light-receiving devices. Finally, this review concludes with a summary of the current problems and suggestions for potential future research directions in the context of pyramidal low-dimensional semiconductors.
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1. Introduction


1.1. Structures and Properties of Low-Dimensional Nanomaterials


Nanotechnology is the science of studying the interactions, compositions, properties, and manufacturing of materials at the nanoscale (i.e., from atoms and molecules to the submicron scale) [1,2,3,4,5,6,7,8,9,10]. With the ongoing development of nanotechnology, the structures and properties of nanomaterials have gradually attracted the attention of researchers. Low-dimensional nanomaterials are those that have at least one dimension in the nanoscale range (1–100 nm) [11]. Importantly, such materials exhibit physical and chemical characteristics that differ from those of conventional materials. Low-dimensional nanomaterials have unique structures, and as a result, they do not possess the properties of traditional block materials; this is an important basis for the development of nanoscience and technology. More specifically, the unique structures of low-dimensional nanomaterials produce a range of effects, including surface, small-size, quantum-size, and macroscopic quantum tunneling effects [12,13,14,15]. Consequently, low-dimensional nanomaterials exhibit unique characteristics in terms of their magnetic, optical, electrical, thermal, and sensing properties [16,17,18,19,20]. Low-dimensional nanomaterials can be divided into zero-, one-, and two-dimensional nanomaterials, depending on their dimensions. Zero-dimensional nanomaterials include clusters, quantum dots (artificial atoms, QDs), and nanoparticles [21,22,23]; one-dimensional nanomaterials include nanowires (NWRs), nanorods (NRs), nanotubes, and nanofibers [24,25,26,27]; and two-dimensional nanomaterials include nanoribbons, ultra-thin films, and multilayer membranes [28,29,30].




1.2. Influences of Low-Dimensional Semiconductor Morphologies on Optoelectronics


In this review, we consider the effects of the morphologies and dimensions of pyramidal low-dimensional semiconductors on their application in the field of optoelectronics. In Figure 1, pyramidal low-dimensional semiconductors include pyramidal semiconductor quantum dots (PSQDs), pyramidal semiconductor clusters, pyramidal semiconductor nanorods (PSNRs), and pyramidal semiconductor nanowires (PSNWRs) [31,32,33,34]. Broadly speaking, truncated PSQDs, PSNRs, and PSNWRs can also be considered as pyramidal low-dimensional semiconductors, whereas their crystal planes at the tip are parallel to the bottom planes. Moreover, material morphology has become an important direction for the development of materials science within nanomaterials research [35,36]. Morphology produces significant effects on various characteristics in these systems (e.g., optics, electricity, and magnetism) via thermodynamics, kinetics, and crystallography [37,38,39]. However, so far, there is still no unified theory for the study of the photoelectric properties of nanomaterials with different morphologies. Because the optical properties of low-dimensional semiconductors are strongly dependent on the shapes and interaction between nanoparticles, the band structures can be adjusted by changing morphologies and sizes to optimize the photoelectric performance [40]. In addition, quantum confinement effects can change the band gap of most semiconductors to achieve a wide and continuously adjustable range [41].



According to their geometric shapes, QDs can be divided into spherical, tetrahedral (pyramidal), cylindrical, disk, and plate QDs, among others [42]. Common QD materials include CdS, CdSe, CdTe, and ZnS, which represent II-VI semiconductor QDs [43]; PbS and PbSe, which represent IV–VI semiconductor QDs [44]; and InP, GaAs, and InAs, which represent III–V semiconductor QDs [45]. Although PSQDs contain similar material components, III–V pyramidal nanostructures exhibit superior thermal stabilities [46]. Since Lopez et al. first reported pyramidal GaAs QDs, PSQDs with various components have been successfully prepared [47]. For nearly half a century, the application of semiconductor QDs in optoelectronics has led to significant advances, and optoelectronic devices constructed using PSQDs have also undergone remarkable developments [48,49,50]. Compared with spherical and plate QDs, PSQDs have different degrees of electron and hole confinement and different k-space composition of their wave functions due to the nontrivial interplay between the geometric configurations and composition of material surfaces in various shapes, which is considered to be the possible reason for the difference in optical properties [51,52]. Moreover, compared with PSQDs, spherical and plate QDs exhibit faster radiative and slower Auger recombination times with similar emission energy, making them more suitable for applications in lasers and light-emitting devices [53,54]. PSQDs possess higher mobilities and longer lifetimes, which would be suited for applications in field-effect transistors and photovoltaic devices requiring fast carrier transport [53]. In addition, PSQDs also have high photoluminescence (PL) efficiency and large specific surface area, which is beneficial to the sensing application [55]. The linear polarization direction of exciton emission is controlled via the direction of the magnetic field in PSQDs with C3v symmetry so that all-optical multi-qubit gates based on electron spin as a quantum bit could be realized [56,57]. Therefore, based on the above viewpoints, we can combine the morphological advantages of PSQDs to develop optoelectronic devices in the fields of photocatalysis, photodetection, solar cells, and optical quantum information. Patterned PSQD arrays are more conducive to the construction of optoelectronic devices compared with common colloidal QDs, indicating their potential application value [58]. More specifically, the photoelectric properties of PSQDs can be effectively improved by component regulation, alloying, and the preparation of core-shell structures [59,60,61]. The maximum photoluminescence quantum yields (PLQYs) of some QDs with different morphologies and components are shown in Table 1.



Semiconductor NWRs (semiconductor NRs) are unique one-dimensional artificial micro-nano structures that exhibit various advantages over traditional block semiconductor materials and other nanomaterials [77,78,79,80]. For example, NWRs exhibit significant surface and size effects, they are the smallest unit of charge transmission, and they can be used both in device construction units and as the interconnecting wires of device circuits. In addition, semiconductor NWRs have a diverse range of chemical compositions, including GaN, ZnO, and TiO2. Since the first synthesis of Si NWRs, a variety of quasi-one-dimensional NWRs, such as semiconductor NWRs, nanobelts, NRs, and nanotubes, have been successfully prepared and have attracted the attention of researchers [81,82,83,84,85]. Common NWRs can be divided into cylindrical, quadrangular, and hexagonal NWRs, among others. Since Ruach et al. first reported pyramidal CdSe NWRs, PSNWRs with various components have been successfully prepared [86]. Many studies have shown that these quasi-one-dimensional nanomaterials and structures have promising applications in nano-optoelectronic and electronic devices [87,88]. PSNRs and PSNWRs have been applied in the fields of photocatalysis, photodetectors, and solar cells due to their large specific surface area, the more efficient separation of electron-hole pairs, and strong light absorption effects [89,90].





2. Structure, Growth, and Preparation of Pyramidal Low-Dimensional Semiconductors


2.1. Pyramidal Semiconductor Quantum Dots with Different Components


2.1.1. Structure and Growth of Pyramidal SiGe/Si Quantum Dots


In the material systems of pyramidal low-dimensional semiconductors, pyramidal QDs are the most widely studied. Among the many pyramidal QD systems reported to date, self-assembled SiGe/Si QDs possess the simplest epitaxial structures. Based on scanning tunneling microscopy (STM) experimental observations, researchers have discovered that the growth of SiGe/Si self-assembled QDs can be described as follows. Firstly, the growth of Ge or SiGe QDs originates from the instability of the epitaxial plane, which is induced by mismatch strain, and is initially manifested as the fluctuation of only a few atoms on the growth surface. As the epitaxial growth process continues and the deposition amount increases, these surface fluctuations become approximately circular islands that the heights are ~3–4 monolayer (ML). These islands initially possess no definite crystallographic morphology and gradually grow into pyramids surrounded by {105} facets [91,92,93]. During subsequent growth, as their volume increases, these pyramidal growth islands take the shape of a dome or barn with a steeper outer surface (Figure 2) [94]. The outer surface of the dome or barn island contain {105}, {111}, {113}, {15 3 23}, and {20 4 23} facets [95,96]. In addition, the morphological changes from the pyramid to the dome or barn are discontinuous and can be explained by considering a thermodynamic phase-transition model [97]. More specifically, PSQDs exist in the transition state of crystal nucleation; therefore, their thermodynamic state is not stable, and phase transition occurs easily. Although the growth of SiGe/Si self-assembled QDs is influenced by many factors, these conclusions are applicable under a wide range of conditions.




2.1.2. Structure and Growth of Pyramidal III–V Quantum Dots


In the III–V semiconducting QD family, researchers initially focused on InAs/GaAs QDs, which possess a zinc-blende crystal structure with a direct band gap [98]. Additionally, InAs/GaAs QDs, as second-generation semiconductor materials, are expected to exhibit great application potential in optoelectronic devices [99]. To date, researchers have devoted significant efforts to examining the growth and structures of InAs/GaAs QDs. Despite the accumulation of large amounts of experimental data, few conclusions have been formed, likely due to the complexity of the problem. In the InAs/GaAs system, the QD growth process and structure are affected by many factors, such as the atmosphere, growth rate, temperature, deposition method, and material structure. Consequently, the growth conditions should be carefully optimized. In a mathematical sense, optimization is preferably carried out based on numerous permutations and combinations. The growth process of InAs/GaAs(001) QDs was investigated by Xu et al. [100], who considered the complex growth morphologies of pyramidal QDs. They suggest that InAs QDs with different volumes in the same system represent different growth stages. Hence, by observing the morphologies of QDs with different volumes using STM, changes in the QD morphology during the growth process can be carefully deduced. As presented in Figure 3, the initial morphology of the QD is a rhombohedral tetrahedron or pyramid composed of {137}A facets. During the subsequent growth stage, growth along the [110] direction is faster than that along the [1   1 ¯   0] direction, and as a result, {   1 ¯      3 ¯      5 ¯   }B facets appear, followed by {   1 ¯      1 ¯      2 ¯   }B facets. When the bottom width of the QD reaches a critical value, the steeper {110}, {111}A, and {   1 ¯      1 ¯      1 ¯   }B facets appear successively.



Considering the above hypothesis, Figure 4a outlines the changes in the cross-sectional morphology of an InAs QD observed along the [111] direction. According to the results of the Liu, Kratzer, and Xu groups [100,101], who used similar experimental methods and perspectives, the initial QD morphology is a pyramid surrounded by {137} facets; as the growth process advances, {110}, {111}, and {   1 ¯      1 ¯      1 ¯   } facets begin to appear on the outer surface. By comparing the growth processes of the SiGe/Si self-assembled QD and InAs/GaAs(001) QD systems, it is clear that the two growth processes are similar, following the Stranski–Krastanow growth mode, wherein the pyramidal shape changes in the presence of a phase transition driving force.



Despite these advances, the growth processes of other PSQDs have not been extensively studied. However, progress has been made in the study of the pyramidal structures of AlGaAs/GaAs, InGaAs/AlGaAs, InGaAs/GaAs, and InAs/InP QDs in III–V low-dimensional compound semiconductors. These works are of particular interest due to the attractive development prospects exhibited by AlGaAs/GaAs QDs for application in quantum cascade lasers. The spontaneous growth structure of this type of QD is a typical truncated pyramidal (GaAs(001) substrate) due to the fact that the growth rates of the four {011} facets are slower than those of the low-index facets [102]. In addition, the growth range of the top region of the truncated pyramid is narrower because of the self-limiting growth mechanism. Hartmann et al. successfully prepared inverted pyramidal AlGaAs/GaAs QDs using a pyramidal groove pattern on a GaAs(111)B substrate and realized the controllable preparation of AlGaAs/GaAs QDs [103]. In another study, Pelucchi et al. prepared inverted pyramidal InxGa1−xAs/Al0.30Ga0.70As QDs on a patterned GaAs(111)B substrate, and observed that the growth rate of the QDs is faster at the tip of the pyramid due to surface diffusion on the (111)B plane [104]. In addition, Pelucchi et al. also fabricated inverted-pyramidal InGaAs/GaAs QDs on the same substrate, and in this case, the QDs grew laterally along the crystallographic orientation of the (111)A facet [105]. Prohl et al. successfully prepared truncated pyramidal In0.25Ga0.75As/GaAs QDs on a GaP(001) substrate, whereas the formation of such a shape is related to the occurrence of a capping layer and the intense lateral material transport from the wetting layer into the QDs [106]. Later, Gajjela et al. fabricated truncated pyramidal (InGa)(AsSb)/GaAs QDs on the same GaP substrate [107]. Compared with the work of Prohl et al. [106], the average size of the QDs was smaller due to the reduction in adatom mobility (surfactant effect of Sb) on the growth surface. Hasan et al. prepared InAs/InP QDs on an InP(001) substrate, and discovered that the morphologies of the InAs/InP QDs were related to the QD volume [108]. More specifically, when the volume of the QDs was <104 nm3, the morphology tended to be spherical, and when the volume was >104 nm3, a truncated pyramidal morphology was obtained (Figure 4b).
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Figure 4. (a). Cross-sectional diagram of an InAs QD at different stages of growth, among which numbers (1–6) show the different atomic layers [100]. (b) Schematic representation of the changes in morphology and volume of an InAs/InP QD during growth [108]. 
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2.1.3. Structure and Growth of Pyramidal III-Nitride Quantum Dots


The III-nitride semiconductor QDs have been reported as direct-gap materials that cover the spectral range from near-infrared to ultraviolet [109]. Such materials are particularly suitable for the development of optoelectronics, especially short-wavelength optoelectronic devices, which can be implemented into high-temperature, high-frequency, and high-power electronic devices. Currently, GaN-based III-nitrides are the most attractive third-generation semiconductor materials [110]. In this context, Korytov et al. prepared GaN QDs with two morphologies on an Al0.5Ga0.5N substrate [111]. More specifically, the growth of the GaN QDs on the surface of Al0.5Ga0.5N led to a pyramidal shape (height = 12 ML) (Figure 5a), whereas when the GaN QDs were embedded in the interior of Al0.5Ga0.5N, a truncated pyramidal shape was obtained (height = 8 ML) (Figure 5b). Furthermore, in the case where the Al0.5Ga0.5N matrix is overgrown, the QD morphology changes dramatically. In addition to pyramidal GaN QDs, InGaAsN is an important material for constructing pyramidal III-nitride semiconductor QDs. However, the strain of the InGaAs layer was found to limit the emission spectrum of the QDs to a wavelength of ~880 nm (calibrated indium concentration = 45%), resulting in poor spectral quality. Consequently, Pelucchi et al. fabricated inverted pyramidal InGaAs1−εNε (ε << 1) QDs on the patterned GaAs(111)B substrate by introducing N into InGaAs (Figure 5c) [112]. Due to the strong band gap contraction effect of the N component in InGaAsN, the emission spectrum of this new material is red-shifted compared to that of pyramidal InGaAs QDs. In another study, Carron et al. conducted a preliminary investigation into the growth mechanism of pyramidal InGaAsN QDs, and found that their growth relies on significant capillary effects, which are associated with a highly curved crystal face [113]. Thus, owing to the large curvature of the pyramidal tip and the strong capillary effect, N atoms are easily enriched at the tip of the pyramid (Figure 5d). Furthermore, considering the small diffusion length between the As atoms at the edges of the PSQDs, a smaller As/III ratio was found to favor the adsorption of N atoms.




2.1.4. Structure and Growth of Pyramidal II–VI Quantum Dots


In the semiconducting QD family, II–VI semiconductors encompass the entire visible and near-ultraviolet regions, with large electric-optical coefficients, high exciton binding energies, and high light saturation intensities [114]. Accordingly, these materials are expected to be widely utilized in semiconductor QD lasers, photodetectors, and other fields. However, the structures of II–VI semiconductor QDs are unstable and prone to Ostwald ripening. To address this issue, Suemune et al. prepared a highly stable CdS/ZnS truncated PSQD (GaAs(001) substrate) in which CdS was epitaxially grown laterally on the (001) plane and {034} facets of ZnS [115]. Scheerschmidt et al. synthesized truncated pyramidal CdSe/ZnSe QDs on a GaAs(001) substrate, which include {011}, {112}, {113}, and {136} facets. Furthermore, the formation of this shape is relevant to the low CdSe content at the tips of the pyramids and the high level of strain around the islands [116].




2.1.5. Structure and Growth of Pyramidal IV–VI Quantum Dots


The IV–VI semiconductor QDs have been extensively applied in optoelectronic devices, and common IV–VI semiconductor QDs mainly include PbSe and PbS [117]. Although PbSe has been reported as a narrow band gap semiconductor (0.27 eV) with broad application prospects in the fields of photoelectronics and thermoelectrics, it has recently been discovered that the Auger recombination mechanisms are anomalous in this system [118,119]. In addition, Abtin et al. prepared pyramidal PbSe QDs and observed that they are prone to overgrowth [120]. As the anion surface exchange reaction induces a significant shape change (rounded shape), resulting in a significant reduction in height, the pyramidal structure of the PbSe QDs must be preserved in the barrier layer. Preobrajenski et al. synthesized pyramidal PbS QDs on an InP(110) substrate [121]. The base of each pyramidal PbS QD is formed by the (1   1 ¯   4) face and the largest facet is formed by the (001) face, and the appearance of this shape may be related to the difference in the free surface energy (or surface tension) of these systems.




2.1.6. Preparation Methodology of Pyramidal Semiconductor Quantum Dots


From the above observations, it is clear that the growth morphologies of PSQDs and truncated PSQDs are related to many effects involving both internal and external factors. In terms of the internal factors, PSQDs exist in a metastable thermodynamic state and are prone to phase transitions by virtue of the different growth rates of the various crystal planes. Moreover, a greater capillary effect is conducive to enriching atoms and generating crystal planes with larger curvatures. In terms of the external factors, the temperature, substrate components, and synthetic processes are known to impact the atomic diffusion rate and the resulting crystal quality. Currently, the most remarkable method for the preparation of PSQDs is the chemical vapor deposition (CVD) technique [122]. Unlike the solvothermal and sol–gel methods, no surfactants are present on the surfaces of nanomaterials prepared by CVD. In addition, owing to the higher preparation temperature, the obtained materials exhibit a superior crystallinity, which is conducive to the preparation of nanomaterial devices.



Due to the fact that the zero-dimensional nanomaterials prepared by CVD are not anisotropic, it is not necessary to control their epitaxial growth. Therefore, the kinetic process involved in the preparation of nanomaterials using the CVD approach is relatively simple, and the resulting particle size is uniform. At present, the majority of PSQDs are synthesized using the metal–organic chemical vapor deposition (MOCVD) technique. This technique is based on vapor-phase epitaxial growth and exploits the volatility of metal–organic compounds for metal transport [123]. Since patterned template-assisted methods are commonly used to prepare PSQDs, the MOCVD method is relatively mature and is suitable for the large-scale preparation of PSQDs with good crystallinity and uniform size. For a detailed discussion of the MOCVD method, the reader may refer to two classical reviews by Kapon and Pelucchi et al. [124,125]. In addition to the MOCVD approach, molecular beam epitaxy (MBE) has also been developed for the preparation of PSQDs with simple structures [126]. These semiconductor QDs can easily and spontaneously form a pyramidal structure under vapor phase deposition conditions, and so the PSQDs synthesized via this method do not require template assistance. Compared to MOCVD, the MBE growth rate is reduced, and the growth temperature is relatively low. Accordingly, high precision growth control can be achieved to accurately control a range of characteristics at a single molecular (atomic) scale, including the film thickness, components, and doping concentration [127]. Furthermore, MBE utilizes an ultra-high vacuum environment (1 × 10−10 Torr) and high-purity source materials (6–8 N), thereby leading to the generation of highly pure products. However, MBE requires a long epitaxial growth time, is not suitable for mass production, and has high requirements for the employed vacuum conditions. As a result, optimization of this approach remains an ongoing priority. In this context, a technique known as droplet epitaxy has been developed for implementation with MBE [128]. Droplet epitaxy can be used to prepare novel low-dimensional semiconductor structures, such as low-density quantum rings, QDs, and QD pairs (QD molecules) [129,130,131]. For example, Watanabe et al. prepared high-quality pyramidal GaAs/AlGaAs QDs using a modified droplet epitaxial technique, indicating its broad application prospects in the preparation of PSQDs [132]. The preparation methods of different PSQDs are shown in Table 2.





2.2. Pyramidal Semiconductor Nanorods (Nanowires) with Different Components


2.2.1. Structure and Growth of Pyramidal II–VI Nanorods (Nanowires)


PSNRs have received much research attention, with the most commonly used PSNR material being ZnO [133]. ZnO is a typical example of a II–VI wide band gap semiconductor and has important application prospects in ultraviolet optoelectronic devices [134,135,136]. Compared with ZnSe, which is also a II–VI semiconductor material, ZnO possesses a superior material quality; however, the application of ZnO devices still faces great technical difficulties. Among them, the p-type doping of high-quality ZnO is challenging, thereby restricting the further development of ZnO semiconductors [137]. Since the growth orientation of nanomaterials is determined by the surface energy, the shape complies with the principle of minimum total surface energy [138]. In the case of ZnO nanocrystals, the main equilibrium morphologies are cylindrical and hexagonal prisms; any deviation from these equilibrium morphologies can easily increase the systemic Gibbs free energy [139,140]. As a result, compared with the equilibrium morphologies of ZnO nanomaterials, the specific surface free energies of one-dimensional pyramidal ZnO NRs are higher, and the spontaneous formation of PSNRs is challenging. To address this issue, McPeak et al. used a continuous-flow microreactor to prepare one-dimensional truncated pyramidal ZnO NR arrays on a heated glass/silicon substrate [141]. As shown in Figure 6a, these truncated pyramidal ZnO NRs possess three crystal planes with different orientations, including the (0001), (10   1 ¯   1), and (10   1 ¯   0) planes. Notably, unlike the ZnO hexagonal prism, the truncated pyramidal ZnO NRs contain a (10   1 ¯   1) plane. This can be attributed to the higher growth rate of ZnO on the (0001) plane than that on the (10   1 ¯   1) plane under the conditions of a higher reactant concentration and a high flow rate. Thus, the geometric shape of the (10   1 ¯   1) plane is retained when the truncated pyramidal ZnO NRs complete the ripening process. In another study, Tharsika et al. successfully prepared pyramidal ZnO NRs on a glass substrate using zinc acetate and tin chloride pentahydrate as precursors [142]. However, in contrast to the system reported by McPeak et al. [141], no (0001) plane was detected at the tip of the ZnO NRs (Figure 6b,c). This was due to the presence of Sn4+ ions in the seed layer (Zn2+/Sn4+ molar ratio = 3:1), which in turn led to a fast relative growth rate of the (0001) plane, which eventually disappeared. Notably, the controllable preparation of pyramidal ZnO NRs was also achieved by the doping of specific transition metal elements. For example, Patra et al. prepared Co-doped pyramidal ZnO NR arrays on a polycrystalline glass substrate [143]. They discovered that although the ZnO NRs still grew along the crystallographic orientation of the c-axis, the presence of Co ions inhibited the NR growth rate on some specific crystal planes. As a result, the tips of the ZnO NRs retained their pyramidal shapes. In another study, Kim et al. prepared Ga-doped ZnO NR arrays with pyramidal tips on a c-plane sapphire substrate [144]. However, they found that the pyramidal ZnO NRs possessed a high stacking fault density owing to the presence of the Ga dopant.



In addition to ZnO, the growth and preparation of pyramidal ZnTe NRs have also attracted considerable research attention. ZnTe is a p-type wide band gap semiconductor material (free hole concentration ≤1020 cm−3) with a band gap of 2.26 eV at room temperature. Similar to other II–VI semiconductors, ZnTe also possesses great potential for application in the field of optoelectronics [145,146]. However, the n-type doping of ZnTe is particularly challenging due to defect compensation during crystal growth, the low uncompensated solubility of intentionally doped impurities, and the high activation energies of some known donor or acceptor levels [147]. In the context of this material, Fonseca et al. prepared Au-catalyzed ZnTe NRs on a ZnTe(111)B substrate, wherein the ZnTe NR morphology could be controlled by varying Te/Zn flux ratio employed in the reaction [148]. More specifically, at a Te/Zn flux ratio of 1.7:1, the ZnTe NR morphology was conical with a zinc-blende structure, whereas a flux ratio of 1:1 led to a cylindrical morphology with a wurtzite structure (Figure 7). In addition, Fonseca et al. found that conical ZnTe NRs grew along the [−1−1−1] plane, whereas cylindrical ZnTe NRs grew along the [000−2] plane. Consequently, it was clear that increasing the Te/Zn flux ratio led to a decreased atom diffusion length on the side walls of the NRs, ultimately influencing the morphology of the ZnTe NR product.




2.2.2. Other Pyramidal Semiconductor Nanorods (Nanowires)


In the study into the fabrication of pyramidal GaN NR arrays on a polar Ga template, Khan et al. found that the lateral growth rate of the pyramidal GaN NRs was faster than that of the hexagonal GaN NRs [149]. They also reported that smooth tips were obtained on N-polar templates under the same reaction conditions, and a faster lateral growth rate readily enabled the polymerization of the GaN NRs. Nano-TiO2 is a wide band gap n-type semiconductor with two main crystalline forms, namely the anatase and rutile forms, wherein the rutile form is more stable and has a denser structure [150,151]. As described in various reports, nano-TiO2 is expected to play an important role in photocatalysis, solar-energy conversion, sensing, and optoelectronic devices [152,153,154,155]. Thus, Xu et al. prepared TiO2 nanomaterials with two different pyramidal morphologies using H-titanate nanotubes [156]. They found that at pH levels ≥ 1.0, the H-titanate nanotubes initially transformed into tiny anatase nanocrystals, which continued to grow into rhombohedral anatase nanoparticles. In contrast, at pH levels ≤ 0.5, the H-titanate nanotubes initially formed hydrated titanium dioxide nanocrystals {TiO(OH2)}, and following the subsequent protonation of Ti-OH, rutile NRs with two pyramids were generated with (001), (110), and (111) orientations. Another well-known n-type semiconductor is the transparent In2O3, which possesses a wide band gap, high catalytic activity, and low resistivity. As a result, this functional material has been widely applied in optoelectronics, gas sensors, and catalysts [157,158,159]. For example, Hsin et al. fabricated pyramidal In2O3 NRs on SiO2 substrates, wherein the pyramidal tips were composed of {100} and {111} planes [160]. This result is consistent with the trend of a low total surface energy at 900 °C.




2.2.3. Preparation Methodology of Pyramidal Semiconductor Nanorods (Nanowires)


From the studies discussed above, it is clear that the growth morphologies of PSNRs are generally related to the reactant concentration, the doped ions, and the synthetic method employed. More specifically, the concentrations of the reactants and the doped ions can inhibit the growth of certain crystal planes, while different synthetic approaches can yield PSNRs with varying morphologies. For example, pyramidal GaN NRs are typically prepared using the MBE method. Due to the high melting point and high saturated vapor pressure of GaN, it cannot naturally exist in the single form, and as a result, it is difficult to prepare GaN films using the general bulk single-crystal growth method [161]. Similarly, the preparation of GaN NRs under liquid-phase conditions is challenging, often leading to their fabrication via vapor-phase deposition [149]. In contrast to the more stringent growth conditions required for GaN, the preparation of ZnTe can be achieved using both the gas- and liquid-phase approaches, although the morphology of nanoscale ZnTe prepared via the liquid-phase route is difficult to control [162,163]. Accordingly, controlling the reaction conditions using the MBE method remains the most effective method for regulating the growth morphologies of pyramidal ZnTe NRs [148]. Notably, pyramidal ZnO NRs have been successfully prepared using both gas- and liquid-phase approaches. However, magnetron sputtering is currently the preferred method for fabricating pyramidal ZnO NRs via physical vapor deposition (PVD) [144]. As presented in Figure 8a, the principle of magnetron sputtering is that, under vacuum or low-pressure gas discharge, the material source is evaporated (sputtered) into gaseous atoms (molecules) so that a new solid material coating with properties different from the substrate material is formed on the surface of the substrate [164]. However, compared with the ZnO NRs prepared using the liquid-phase approach, those obtained via vapor-phase deposition have a lower distribution density and greater numbers of defects; therefore, the liquid-phase method is often used when synthesizing pyramidal ZnO NRs [165,166]. This liquid-phase approach involves preparing a solution containing one or more suitable soluble salts, which are determined according to the stoichiometric ratio of the material composition to ensure that each element is in an ionic or molecular state [167]. During the relevant chemical reactions taking place in the solution state, the corresponding ions or molecules are uniformly precipitated or undergo nucleation crystallization to yield different types of low-dimensional nanomaterials. This method allows control of the crystal nucleation and growth of materials by adjusting the reaction conditions, including the temperature, concentration, and time, to obtain low-dimensional nanomaterials with a range of structural features. Indeed, semiconductor QDs are generally synthesized via self-assembly under liquid-phase conditions, and the resulting structures tend to be ordinarily spherical or quasi-spherical [168]. However, the edge curvature of the pyramidal QD structure is large, resulting in a high surface energy, and rendering its spontaneous formation challenging in the liquid phase. As such, the vapor-phase deposition method is commonly employed for the preparation.



In the context of ZnO, pyramidal NRs have been prepared using a mature liquid-phase approach, which includes chemical bath deposition (CBD) and electrochemical deposition (ECD). CBD is conducive to a more effective entry of doped ions into the ZnO lattice, and it can be utilized in combination with continuous-flow microreactors, which have significantly advanced in recent years to allow the preparation of low-dimensional nanomaterials [143,169]. More specifically, a continuous-flow microreactor has been used to combine reactant mixing with the actual reaction, both of which take place in the small channels of the reactor to control the product quality. Importantly, this approach can also achieve the industrial production of nanomaterials by simultaneous parallel reactions in multiple reactors (Figure 8b). However, when preparing pyramidal ZnO NRs, it is desirable to realize nucleation at the bottom of the pore prior to a gradual upward growth to ensure that the ZnO NRs in each pore grow into a complete single crystal [141]. Thus, if the reactor pores are too slender, they are not conducive to the migration of the solute raw material for NR growth, and the pore wall may also become nucleation sites. Moreover, the resulting pyramidal ZnO NRs may possess many defects or be polycrystalline in nature. It is therefore necessary to reduce the number of defects in ZnO NRs to obtain high-purity single crystals.



With regards to the ECD method mentioned above, this is a coating technology based on the migration of current through the positive and negative ions present in an electrolyte solution, thereby promoting a range of redox reactions in the electrode under the action of an external electric field (Figure 9a) [170]. In the context of nanomaterial preparation, the ECD method offers the advantages of good orientation and fewer defects; therefore, it is favored by researchers. In addition, ECD can achieve nanomaterial growth under low-temperature and high-current density conditions, which accelerates the growth rate and results in a more uniform particle size. Importantly, using the ECD approach, ZnO NRs with different morphologies can be prepared by adjusting the process parameters, including the current intensity, reaction time, and reaction temperature [171]. In this context, Alimanesh et al. prepared ZnO NR arrays with pyramidal shapes and hexagonal prisms on an n-type Si(100) substrate using ECD, during which they controlled the reaction conditions to obtain these different morphologies [172]. Spray pyrolysis, which also employs a liquid-phase solution as the precursor, has also been reported for the preparation of pyramidal ZnO NRs [142]. In this case, under high temperature and vacuum conditions, nano-powders with smaller particle sizes and improved dispersions can be obtained. It is therefore clear that the spray pyrolysis approach exhibits a number of advantages over both the gas- and liquid-phase methods (Figure 9b) [173]. The preparation of some pyramidal NRs can also be achieved by adjusting the pH of the reaction solution, and the synthesis of pyramidal TiO2 NRs is a simple example [146]. As mentioned above, variation in the pH value can lead to the generation of nano-TiO2 species with different pyramidal shapes. Taking advantage of this approach, Zeng et al. prepared pyramidal ZnO NRs with diameters of <50 nm and aspect ratios of 30–40 by the addition of a surfactant (ethylenediamine) under alkaline conditions. Notably, the presence of an alkaline environment is beneficial for the surfactant to inhibit the growth of ZnO NRs at the tip [174].






3. Energy Band Structures and Electronic Properties of Pyramidal Low-Dimensional Semiconductors


3.1. Definition of the k·p Perturbation Method


Currently, research into the band structures and electronic properties of pyramidal low-dimensional semiconductors has mainly focused on narrow band gap PSQDs. For narrow band gap semiconductors, the k·p perturbation method is usually exploited to obtain the band structures. This method applies the perturbation theory and combines the requirements of crystal symmetry to study the wave function, which obtains the band structure near special symmetry points in the k space. This method uses finite parameters obtained from experiments to determine the uncertain coefficients in the band structure formula to ascertain the structural expression of the band [175]. More specifically, this method assumes that all states of Un = (0, r) (potential function) and the energy En(0) of the crystal electrons at k = 0 are known, and as a result, the expression and wave function of En(k) near k = 0 are obtained using the perturbation method according to the crystal symmetry. The band structures of special points in the k space can be determined by the band parameters, such as the band gap width, the electron effective mass, and the hole effective mass obtained experimentally, so the band structures of other points in the k space can be determined according to the k·p perturbation method [176]. Owing to the narrow band gap width, strong electron interactions, and strong electron spin–orbit interactions, these effects can be handled well by the perturbation method (Figure 10). Hence, the k·p perturbation is particularly important for narrow band gap semiconductors, as will be discussed in the following subsections.




3.2. III–V Pyramidal Semiconductor Quantum Dots


Grundmann et al. studied the electronic structures of pyramidal InAs/GaAs QDs on a base length of 12 nm [177]. By studying the ground state electron wave function in the (010) or (100) cross-section, it was discovered that 70% of the probability value of the wave function was almost entirely inside the QD. Furthermore, the application of strain was found to easily shift the energy band of the pyramidal InAs/GaAs QD heterostructure. Compared with the average valence band in the absence of strain, the shift rate reached 85%, and the ground state of the hole was squeezed at the bottom of the QD owing to the existence of the strain-induced potential. However, as the lattice mismatch of InAs/GaAs reached 7%, the effective mass and conduction band offset varied greatly when the strain was considered in the calculation. To date, a number of groups have conducted in-depth studies based on the work of Grundmann et al. [177]. For example, Kim et al. utilized the pseudopotential plane wave method to calculate the electronic structures of the {101}, {113}, and {105} planes and observed that the shape of the QD has an important influence on the electronic structure [178]. In addition, Cusack et al. exploited the multiband effective mass theory to calculate the energy levels and electronic wave function, which contrasts with the basic assumption that the conduction and valence bands are decoupled [179]. As a result, their calculations revealed that the energy levels of the first- and second-hole excited states were split in the valence band due to the mixing of the different bulk states. In another study, Wang et al. used the electronic structure of the InAs/GaAs QD (110) plane to adopt an atomic model to replace the continuum model, wherein the potential was obtained by superposition of the shielded atomic pseudopotential [180]. The strain was obtained by minimizing the atomic strain energy, and the wave function was expanded using the plane wave basis set. In the field of calculating self-consistent electronic structures, Fonseca’s group applied the effective mass approximation and localized spin density approximation to correct the calculation error of the electronic structure for pyramidal InAs/GaAs QD induced by noncompliance with Hund’s rule [181]. Recently, Klenovsky et al. discovered that the electronic structures of truncated pyramidal (InGa)(AsSb)/GaAs/GaP QDs exhibit concurrently direct and indirect transitions in both real and momentum space [182]. Therefore, such QDs have potential value for application in quantum information technology compared with (In,Ga)As/GaAs QDs. Figure 11 shows the electronic structures of (InGa)(AsSb)/GaAs/GaP QDs.



Considering the band structures of III-V PSQDs, the physical properties of the QDs can be effectively improved through doping. For example, in the case of pyramidal (In,Ga)As/GaAs QDs, the band structure was calculated by Stoleru et al. using the eight-band strain-dependent k·p perturbation method, and it was found that the band gap of the QD increased significantly due to the large hydrostatic pressure [183]. In addition, Califano et al. used the eight-band k·p perturbation method to study the band order and the conduction band effective mass of pyramidal In1−xGaxAs/GaAs QDs and SixGe1−x/Si QDs [184]. However, when studying the valence band effective mass, the valence band states Γ7 and Γ8 cannot be treated in the original method by virtue of their uncoupling with one another. With this in mind, Califano et al. developed the 14-band k·p perturbation method to obtain the non-zero matrix elements that appear in the band calculations. In another study, Lee et al. provided an alternative calculation method for solving the energy band of pyramidal InAs/GaAs QDs [185]. More specifically, they sandwiched a symmetric square pyramidal QD between two conical quantum dots to ensure that the ground-state energy of the square pyramidal QD was the average of the ground-state energies of the two conical QDs. As a result, the obtained error was within 1% of the results compared with Califano et al. [184]. Furthermore, Kapon et al. introduced vertical AlGaAs quantum wires between pyramidal GaAs/AlGaAs QDs, which acted as channels for the capture of excited electrons [186]. It was also found that the perpendicular quantum wire barrier simultaneously expanded the energy separation between the s- and p-states, whilst reducing the sensitivity of the s-state energy to size fluctuations. The electron states of pyramidal GaAs/AlGaAs QDs connected with vertical AlGaAs quantum wires are shown in Figure 12.



Nakaoka et al. utilized an eight-band effective mass model to calculate the band structures of InAs and InGaAs QDs under an external magnetic field [187]. Their calculations predicted that the absolute value of the conduction band and valence band g factor (i.e., the coefficient connecting the spin moment and magnetic moment) increases with an increase in the QD size, which is conducive to future quantum information processing. Additionally, during the calculation of the band structures of zinc-blende semiconductor QDs, Tomic et al. proposed a calculation method for InAs/GaAs QDs and InGaAsN QDs, which was based on parallel multi-band k·p program instructions [188]. In the plane wave method, the strain tensor elements given in a semi-analytical form are irrelevant and can provide effective parallel processing when setting a complete Hamiltonian matrix for direct diagonalization. Consequently, when this method is used to calculate complex QD structures, it can be regarded as a linear combination of the Fourier transforms of several simple characteristic shapes (box, cylinder, and cone), thereby constituting a continuation of the work carried out by Lee et al. [185].



A core–shell structure is obtained by growing one or more layers of nanomaterials on a seed. The most typical example is the synthesis of core–shell and core–shell–shell QDs reported by Alivisatos et al. [189,190,191], wherein such structures with different compositions and sizes can be epitaxially grown using a range of experimental methods. In one example study of pyramidal core–shell QDs, Osorio et al. studied core–shell QDs consisting of a GaAs core embedded in an AlGaAs matrix, and discovered that under the action of an external electric and magnetic field, the transitions between a large number of electronic states (transformation matrix elements) may be prohibited, while the presence of external probes and related degenerate destruction can activate some of these transitions [192]. Figure 13 shows the electron states of pyramidal core–shell AlGaAs/GaAs quantum dots, among which the external electric and magnetic field is applied along the z-direction. It has also been found that the interactions between these transitions can have an important influence on the energy levels of individual QDs. For example, Jaskolski et al. studied two vertically stacked pyramidal self-assembled InAs/GaAs QDs using an empirical tight-binding approach and observed that even if multiple atomic layers were separated between the two QDs, they still had a strong coupling effect [193]. However, when the separation distance was reduced to 3 ML, the splitting of the electron and hole energy levels was comparable to the energy-level spacing of an individual pyramidal QD, and the energy levels could cross.



In terms of the influences of external factors on the band structures of III-V PSQDs, it should be noted that the majority of energy band calculations of InAs/GaAs QDs do not consider the wetting layer. Thus, using an effective electron Hamiltonian (electron effective mass approximation depending on the energy and position), Markiewicz et al. studied the electronic structure of InAs/GaAs QDs containing a wetting layer and found that the existence of the wetting layer fundamentally affected the electronic structure [194]. This result implies that the eigenvalues in the presence of a wetting layer are substantially smaller than those in the absence of a wetting layer. Typically, InAs/GaAs QDs are encapsulated to prevent their oxidation. However, during their investigations into the electronic structures of uncapped pyramidal InAs/GaAs QDs, Saito et al. exploited tight-binding analysis to study the strain energy distribution and electronic structure of the QDs and found that the internal atoms at the bottom of the QD exhibit the largest degrees of strain, while the atomic layers near the top of the pyramid exhibit almost no strain [195]. This strain distribution results in a large energy gap (1.74–2.71 eV) due to the strong confinement effect in the internal electronic states. In another study, Williamson et al. investigated InAs QDs with independent structures [196]. They compared the electronic structures of independent spherical InAs QDs with those of pyramidal InAs QDs embedded in a GaAs substrate and demonstrated that the energy band of the independent InAs QDs exhibited a large degree of discontinuity.



The electronic properties of truncated pyramidal InAs/GaAs QDs have also been examined, with pioneering work by Pryor et al. dominating this area [197]. This group employed the strain-dependent eight-band k·p Hamiltonian operator to calculate the energy bands of truncated pyramidal InAs/GaAs QDs and observed that the energy of the electron-confined state of the QDs with 101-type planes is closely related to the bottom of the pyramid, but not highly sensitive to the height. More specifically, the conduction-band ground state changes by 250 meV with the increase in base length (5.5–20.5 nm), whereas different values of height only give energies with 5 meV of each other. The valence-band states alter by 150 meV when the base length is varied, while changing height alters the energy by ≤10 meV.



In addition to III-V PSQDs, researchers have also studied III-V pyramidal semiconductor clusters, which are relatively stable microscopic or sub-microscopic aggregates composed of dozens or even thousands of atoms, molecules, or ions bonded through physical or chemical forces. The physicochemical properties of these materials are known to be transformed upon variation in the number of contained atoms [198,199,200]. Due to the fact that clusters embrace the initial state of condensed matter and the transition states of various substances from atoms and molecules to bulk substances, they can be regarded as a new level of material structure between atoms, molecules, and macroscopic solid substances. With this in mind, Pozhar et al. applied the multi-configuration self-consistent field approximation method to study the electronic properties of pyramidal Ga10As4 and In10As4 clusters [201]. In the space outside the vacuum cluster, the charge density distribution decreased more rapidly, and the falling rate of the In-based vacuum clusters was twice as slow as that of the Ga-based vacuum clusters.



Upon the application of an external electric field to the QDs, a quantum-confined Stark effect occurs, in which the energy band of the QDs tilts (Figure 14), resulting in a decrease in the effective band gap and a red-shift in the absorption edge [202]. Fry et al. were the first group to study the Stark effect of truncated pyramidal InAs/GaAs QDs, and they observed that, under the action of an external electric field, the holes were located above the electrons and were confined to the tips of the QDs [203]. For example, in the case of InAs QDs with a GaxIn1−xAs gradient composition wherein x gradually decreases from the substrate to the top of the structure, this situation will occur. Based on the work of Fry et al. [203], Sheng et al. carried out an in-depth study using the eight-band strain-dependent k·p method [204]. They found that the linear dependence of the built-in electric dipole moment on the Stark shift was broken owing to the effects of the three-dimensional strain field distribution in the self-assembled QDs. However, the truncated pyramidal and slender lens-shaped self-assembled QDs exhibited a normal linear dependence of the Stark shift on the electric dipole moment, which reflects the two-dimensional characteristics of electron-hole confinement.



In another study, Jin et al. quantitatively investigated the Stark effect in self-assembled InAs/GaAs QDs, and discovered that the quantum-confined Stark shift of the ground-state inter-band transition was ~34 meV when the electric field intensity was increased from 105 to 308 kV/cm [205]. In addition, Wang et al. studied the quantum-confined Stark effect in interdiffusion semiconductor QDs and found that three-dimensional isotropic In-Ga interdiffusion plays a key role in determining the quantum transition energy of the pyramidal InAs/GaAs QD structure under the action of an external electric field [206]. Wang et al. also discovered that a non-zero built-in dipole moment exists in pyramidal QDs, whereas uniform Fick interdiffusion significantly reduces the built-in dipole moment to enhance the Stark shift. Moreover, Troncale et al. utilized the Stark effect of quantum confinement to study the hole characteristics and dynamic conversion of the single-photon polarization state in the dot-in-dots (DiDs) of pyramidal GaAs/AlGaAs QDs [207]. They found that the asymmetric DiD structure is particularly suitable for the conversion effect under a medium-intensity electric field (<kV cm−1), which is conducive to polarization control at the single-photon level.




3.3. III-Nitride Pyramidal Semiconductor Quantum Dots


For III-nitride semiconductors with wide band gaps, the electron spin–orbit interaction is weak owing to the large band gap energy. Therefore, when using the k·p method to calculate the band structure, the formula can be approximated [208]. Taking the truncated pyramidal GaN/AlN QDs as an example, Andreev et al. developed a plane wave expansion method using the multi-band k·p model to calculate the spectra of the carriers and the wave functions of the QDs [209]. However, the spin–orbit separation energy of wurtzite GaN and AlN is extremely small (i.e., 5–10 meV), and so the influence of the spin–orbit energy can be ignored when calculating the Hamiltonian of the energy band. In addition, it was discovered that the electron wave function of small QDs (height = 1.8 nm) is primarily concentrated in the centers of the QDs, while the hole wave function is principally concentrated in the wetting layer. The electron wave function of the large QDs (height = 3.6 nm) is generally concentrated at the tips of the QDs, while the hole wave function is concentrated in the wetting layer (Figure 15). Accordingly, with an increase in the QD size, the radiation lifetime also increases rapidly.



In this context, Marquardt et al. studied the energy bands of truncated pyramidal GaN/AlN QDs, comparing the differences between the multi-band k·p model, the effective bond orbit method, and the empirical tight-binding model for calculation of the electronic structure [210]. It was found that although the band gaps of GaN and AlN are large, the electronic binding energy calculated by the eight-band k·p model deviates greatly from the results calculated by the decoupled 6 + 2-band k·p model (the electron effective mass method). This can be attributed to the fact that for a wide band gap, the influence of the Kane matrix parameter Ep cannot be ignored in the calculation results. On the other hand, although the eliminated spin–orbit parameters enhance the degeneracy of the first two holes, and the spin–orbit separation parameters of GaN and AlN are much smaller than that of CdSe (0.4 eV), the splitting energy levels generated by these species possess the same order of magnitude. Therefore, it is not appropriate to ignore the spin–orbit parameters in the case of GaN/AlN QDs, which corrects the work of Andreev et al. [209].




3.4. II–VI Pyramidal Semiconductor Quantum Dots


During their work on the energy band structures and electronic properties of pyramidal II–VI semiconductor QDs, Hong et al. focused on self-assembled pyramidal CdTe/ZnTe QDs, analyzing the influence of the strain field on the energies of the conduction band and the valence sub-band using the eight-band k·p Luttinger–Kohn Hamiltonian [211]. They found that in terms of the mechanical properties, in contrast to InAs/GaAs QDs, the strain of the CdTe/ZnTe QDs changes constantly through the wetting layer due to the different material parameters. In addition, with regards to the energy band properties, owing to the higher height of the strain-induced potential of the conduction sub-band, the valence sub-band (hole) wave function was more strongly confined to the QDs than the conduction sub-band (electron) wave function. Upon increasing the thickness of the CdTe wetting layer, the energy of the conduction band and the valence sub-band decreased due to the greater width between the two confined potentials induced by the strain field. Furthermore, although an increased wetting layer thickness causes diffusion of the strain field into the substrate and the capping layer, the valence sub-band and the band-edge energy of the conduction band move upward simultaneously. Moreover, Hong et al. compared the calculated values of the energy band with experimental data and discovered that the thickness of the wetting layer significantly changes the conduction band edge but has little impact on the heavy-hole band edge [211]. In another study, Seoung et al. investigated the Stark effect in pyramidal CdTe/ZnTe QDs using the eight-band strain-dependent k·p model [212]. Upon the application of an external electric field along the QD growth direction, they found that the transition energy underwent a red-shift. However, when the applied direction of the external electric field was opposite to the growth direction, the redshift in the transition energy decreased slightly.




3.5. Summary


To date, researchers have studied the energy band structures and electronic properties of III–V PSQDs, and the conclusions drawn from these investigations have been extremely rich, especially in the case of pyramidal InAs/GaAs QDs. More specifically, it has become clear that these features are affected by both internal (structure and composition) and external (wetting layer, electric field, and magnetic field) factors [177,178,179,180,181,193,194,195,196,197]. However, when using the multi-band k·p model to study pyramidal QDs, a number of difficulties have been identified, including the effectiveness of the method being limited to the center of the Brillouin zone and the fact that the Bloch function is not affected by the material and strain alteration. Moreover, for the envelope function across the heterogeneous interface, it has also been revealed that the selection of the appropriate boundary conditions and the relevant matching criteria is challenging. Consequently, in recent years, with the increasing refinement of research into the energy band structures of nanomaterials [213,214,215,216,217,218], the finite element simulation method has been exploited to study PSQDs in the context of computational material physics, thereby simplifying the calculation of the energy band and producing highly accurate carrier ground-state energy values.





4. Fundamental Optical Processes Based on Pyramidal Low-Dimensional Semiconductors


The intrinsic absorption properties of semiconductors are known to correspond to the physical process in which valence-band electrons absorb photons and are injected into the conduction band. The spectra of semiconductors are located over the ultraviolet to near-infrared light regions, which have high absorption coefficients. The absorption over this region coincides with the intra-band transition of electrons within the conduction band or holes within the valence band, which is also known as free-carrier absorption. In the low-energy region of the absorption spectrum, peaks associated with the lattice vibration absorption can be found, as well as peaks related to the impurity electronic state transition. In contrast, the photoexcitation process is inseparable from the participation of excitons [219,220]. The exciton is regarded as an elementary excitation that can transport energy without transporting net electric charge, and as such, it is classed as a Coulomb-correlated electron-hole pair. After absorbing a photon, the electron is excited to the conduction band, and a hole is formed in the valence band, which may rebound to generate an exciton by virtue of the Coulombic attraction between the electron and hole (Figure 16) [221]. Considering the important role of excitons in optoelectronics, the excitonic behavior related to PSQDs is now considered.



Type I heterostructures are composed of two semiconductors with different band gaps in which one material has a higher valence band and lower conduction band than the other [222]. Moreover, type II heterostructures are composed of two semiconductors with medium band gaps (>1.3 eV) where the conduction and valence bands of one material are higher than those of the other [223]. The exciton properties of charged type II Ge/Si QDs were initially studied by Yakimov et al. using electron-filling modulation absorption spectroscopy [224]. It was discovered that compared to type I Ge/Si QDs, when exciton–hole and exciton–exciton complexes are formed in type II systems, the ground state absorption peak undergoes a blue shift, which is related to the localization effect of electrons and holes, in addition to leakage of the electron wave function in the QDs. It was also demonstrated that when two excitons are excited in a QD, the electrons are spatially separated and have different single-particle quantization energies [225].



During their investigation into pyramidal InAs/GaAs QDs, Anitha et al. employed pyramidal GaAs QDs as a model to study the exciton binding energy [226]. It was found that the non-parabolic characteristics of the conduction band will affect the light-hole and heavy-hole excitons, thereby rendering them more susceptible to binding than excitons with the parabolic characteristics of the conduction band. In addition, the same study demonstrated that the dielectric screening function can affect the light-hole and heavy-hole excitons, enabling them to become more easily constrained than excitons without the dielectric screening function. Furthermore, the spatially dependent effective mass was found to affect the light-hole and heavy-hole excitons, so that their binding degrees were lower than those recorded in the absence of a spatially dependent effective mass. Heitz et al. investigated the phonon-assisted exciton transition of self-assembled pyramidal InAs/GaAs QDs using selective excitation PL and PL excitation spectroscopy, and they observed that there is no Stokes shift between the intrinsic recombination of coherent InAs/GaAs QDs, the ground state absorption, and the emission [227]. However, in a subsequent study by Heitz et al. [228], it was discovered that there is a significant correlation between the biexciton binding energy and the exciton transition energy. Additionally, a transition from binding to anti-binding appeared at ~1.24 eV, which was attributed to a decrease in the exciton localization induced by the finite barrier height. Other works in this area included a study by Jaskolski et al. [193], who elucidated the band structure and electronic properties of double-pyramidal InAs/GaAs QDs, while Schliwa et al. studied the exciton properties of a vertically stacked coupled InAs/GaAs QD pair with the same structure [229]. It was found that when the distance between the two QDs is <17 ML, the electrons produce an immensely strong distance-dependent quantum coupling, resulting in spectral term splitting between the ground state and the first excited state (Figure 17). Accordingly, the exciton absorption spectrum is strongly related to the distance from the vertical point in terms of the energy range, order, peak shape, and polarization anisotropy.



In a study investigating the exciton properties of truncated pyramidal InAs/GaAs QDs, Pohl et al. discovered that as the height of the truncated pyramidal InAs QDs increased from 2 to 9 ML, the fine structure splitting of bright excitons changed from a negative value to >0.5 meV, and the biexciton binding energy changed from anti-binding to binding [230]. In combination with the results of k·p model calculations and analyses, they also observed that the splitting trend of the fine structure was related to the piezoelectric effect. Moreover, the binding energies of the charged and neutral excitons increased due to the correlation between the rising number of binding states and the larger QD sizes.



Considering the exciton properties of pyramidal InAs/InP QDs, Kim et al. applied pyramidal InP nano-templates to regulate the exciton g-factor of QDs and discovered that the exciton g-factor strongly depends on the height change or emission energy of the QDs [231]. This is due to the fact that for smaller QDs, the change in confinement and the possible leakage of the wave function to the barrier materials no longer have a significant influence on the hole g factor; thus, the contribution of light holes reaches saturation. However, because this mechanism may not be applicable to InAs/GaAs QDs, the exciton g factor lacks a high degree of dependence. Through further research, Gawelczyk found that the excited state energy of pyramidal InAs/InP QDs is opposite to that of the ground-state emission energy, and this atypical relationship must be considered when using optical transitions involving higher exciton states [232].



In recent years, the exciton properties of pyramidal InGaAs QDs have attracted growing research attention owing to the development of novel quantum information technologies. In this context, Dufaker et al. studied the exciton–phonon coupling effects of InGaAs/GaAs and InGaAs/AlGaAs QDs [233]. They deduced that the exciton-longitudinal optical (LO)–phonon coupling of QDs with a GaAs barrier was slightly weaker than that of QDs with an AlGaAs barrier; the linear width of the phonon recombination was also found to increase. In addition, Jarlov et al. studied the properties of biexcitons in pyramidal InGaAs/GaAs QDs, and observed that the charge separation caused by the piezoelectric field is responsible for the positive/negative crossover of the biexciton binding energy upon increasing the QD size [234]. In particular, QDs showing a disappearance of the biexciton binding energy are expected to be applicable to quantum information processing. From a theoretical perspective, Dupertuis et al. proposed a method that can predict the true degeneracy and polarization decay modes of semiconductor QD exciton complexes, which is consistent with the spectroscopic observations made for pyramidal InGaAs/AlGaAs QDs [235]. Based on the study of the complex electronic structure of truncated pyramidal (InGa)(AsSb)/GaAs/GaP QDs by Klenovsky et al. [182], Steindl et al. further discovered that such QDs exhibit a significant blueshift with increasing pumping [236].



In the context of II-VI PSQDs, Park et al. have employed the eight-band strain-dependent k·p method to study the influence of the wetting layer on the exciton binding energy of pyramidal CdTe/ZnTe QDs [237]. They found that QDs with smaller wetting layer thicknesses display greater exciton binding energies, which lead to an increased carrier confinement effect. In addition, Hong et al. investigated the optical characteristics of type II pyramidal ZnTe/ZnSe QDs and reached a number of conclusions [238]. More specifically, they described that the band bending effect in the conduction- and valence-band potential distribution principally occurs in the QDs and in the capping layer region. Furthermore, they found that the inter-band transition energy is almost independent of the thickness of the capping layer. Moreover, the sub-band energy in the valence band decreases with an increase in the pyramidal base, whereas the sub-band energy in the conduction band is essentially independent of the length of the pyramidal base.



In general, the optical properties of III–V PSQDs (mainly pyramidal InAs/GaAs QDs) are influenced by a number of factors, including the binding energy, transition energy, band structure, and phonons, while the exciton characteristics of PSQD pairs are influenced by a strong quantum coupling effect. Notably, the optical properties of II–VI PSQDs are not only related to the band structure but are also affected by the thickness of the wetting layer. Considering the applicability of pyramidal low-dimensional semiconductors in optoelectronics, the following sections examine their use in photocatalysis, photodetectors, solar cells, quantum information applications, and other fields as examples of their research applications.




5. Applications of Pyramidal Low-Dimensional Semiconductors in Optoelectronics


5.1. Photocatalysts Based on Pyramidal Low-Dimensional Semiconductors


Photocatalysis is based on the redox ability of a photocatalyst under light irradiation, and it is commonly employed in purification, synthesis, and chemical transformations (Figure 18) [239,240]. In general, photocatalysts are semiconductors, and their catalytic mechanisms can be divided into three main steps. Firstly, under the excitation of incident light at an energy larger than the semiconductor band gap, electron-hole pairs are generated. Subsequently, the electrons and holes are transported to the semiconductor surface, and finally, when the position of the conduction band edge is higher than the potential of the reduction half-reaction and the position of the valence-band edge is lower than the potential of the oxidation half-reaction, the substance adsorbed on the semiconductor surface can be catalyzed to generate new products. Figure 19 outlines some important works in this area, as detailed in the text below.



As presented in Figure 19a, Ling et al. used surface engineering to prepare a pyramidal CoO array with a size of ~5 nm on the surface of one-dimensional single-crystal CoO NRs [241]. They discovered that these CoO NRs exhibited excellent catalytic activity and durability for the redox/oxygen evolution reaction. More specifically, the electrochemical activity was found to be derived from the presence of oxygen vacancies, which are easily generated on the oxygen-terminated {111} plane. These vacancies benefit the electronic structure of CoO to ensure rapid charge transfer and optimal adsorption performance for the intermediate products. In another study, Pinkas et al. studied the catalytic properties of ZnO nanocrystals with two different pyramidal morphologies as quantum photoinitiators (Figure 19b) and found that the catalytic performance of the truncated pyramidal NRs was superior to that exhibited by pyramidal nanocrystals in water-based and solvent-free formulations [242]. This was attributed to the overall enhancement of the photocatalytic properties of the truncated pyramidal ZnO NRs, which in turn was associated with the photoinitiation process and faster oxygen consumption. Furthermore, Zhao et al. prepared pyramidal thick-shell CdSe/CdSexS1−x/CdS QDs via a combination of thermal injection and successive ionic layer adsorption reactions (SILAR), giving a quantum yield 15% higher than that of obtained for CdSe/CdS QDs [243]. Moreover, because of the spatial separation of the electron-hole wave function, these QDs possess a long radiative lifetime of up to 100 ns, in addition to significantly broadened light absorption from 500 to 700 nm; thus, the CdSe/CdSexS1−x/CdS QDs are expected to have extremely high application value in the preparation of hydrogen from water splitting (Figure 19c).




5.2. Photodetectors Based on Pyramidal Low-Dimensional Semiconductors


A photodetector is a sensor that converts optical signals to electrical signals [244,245,246]. When excess electrons and holes are generated in a semiconductor, the conductivity of the material increases; such alternation of conductivity is the basis of photodetectors. In this process, photogenerated electrons are formed, and the electrons drift to the photoconductor anode under the action of an external electric field. To meet the principle of electrical neutrality in the photoconductor, electrons are generated at the cathode and then drift to the anode, wherein the entire drift process corresponds to the average lifetime of the excess carriers. After this time, the photoelectrons recombine with the holes. Figure 20 shows the application of photodetectors.



QD-based detectors are extensively used for infrared light detection. Theoretically, QD infrared detectors exhibit excellent performances, including a normal incidence, a low dark current, a high gain, a large detection rate, good responsiveness, and the ability to operate at room temperature [247,248,249,250]. These advantages in extending the electron lifetime are derived from the three-dimensional confinement of the carriers, which is excited by the substantially suppressed electron–phonon interactions [251,252,253,254]. Another important feature of QD infrared photodetectors is their sensitivity to vertically incident infrared radiation, which is advantageous for applications in focal-plane arrays. However, because the size inhomogeneity and stress accumulation of QDs limit the number of QD layers prepared during material growth, there is still a large gap between the performance indices of QD detectors and the theoretical expectations.



Boucaud et al. were the first group to study the mid-infrared intra-band absorption effect of pyramidal self-assembled Ge/Si QDs using light-induced absorption technology [255]. They observed that the mid-infrared absorption of the in-plane polarization reached a maximum of ~300 meV, and this was attributed to the transition of QD holes between the bound and continuous states, in addition to the large absorption cross-section. These properties are conducive to the development of Ge/Si QD infrared photodetectors. In contrast, Zhang et al. employed the effective mass theory to study the intra-band absorption of pyramidal InAs/GaAs QDs [256]. They found that the in-plane polarization spectrum generated by the transition from the first excited state to the weakly confined state may possess an absorption comparable to that of z-polarized absorption. Furthermore, the in-plane polarization transition between the ground state and the weakly confined state was found to be prohibited owing to the selection rules (Figure 21). In addition, they deduced that the QD shape strongly affects the intra-band absorption, and the wetting layer not only brings about the s-polarization transition but also causes a p-polarization transition; however, the absorption spectrum is not sensitive to the width of the wetting layer. For the photodetection of normal incidence, the first excited state should therefore be filled to take advantage of these transitions.



In their work investigating the photodetection performances of III–V PSQDs, Chaganti et al. applied the eight-band k·p model to study the intra-band optical transition of pyramidal InGaAs/GaAs QDs [257]. It was discovered that for a given size of QD, the absorption frequency of the z-polarized light was ~50 meV higher than that of the x-polarized light. Upon increasing the QD, the absorption spectrum shifted to a lower energy, which adjusted the absorption frequency of the QD system. Consequently, a photodetector with an adjustable light-response frequency could be fabricated using such a system. In another study, Mohan et al. prepared site-controlled pyramidal In0.15Ga0.85As QDs on a GaAs substrate, and observed that the QDs exhibited a photoelectric response in the mid-infrared region [258]. At 120 meV (λ = 10 μm), the peak photoelectric responsivity of the QD was recorded at 0.4 mA/W (10 K, 2 V bias), and the tuning range of the photocurrent response fell between 10 and 18 μm. Additionally, when investigating III-V semiconductor QD photodetectors, Amtout et al. studied the inter-sub-band heterostructures of pyramidal InGaAs/GaAs QD well photodetectors, and reported that the wave function of the QD well heterostructure band could be expanded by the Bessel function [259]. Subsequently, Naser et al. carried out an in-depth study to calculate the spectral function of the pyramidal InGaAs/InAs QD well photodetector using Green’s function [260]; the numerical method for solving the differential equations of Green’s function is known as the tight-binding Hamiltonian method or the finite difference method.



Fazlalipour et al. studied the effects of temperature and size on infrared photodetectors using pyramidal In0.3Ga0.7As/GaAs QDs as a model [261]. They discovered that upon increasing the QD size, the peak of the absorption coefficient decreased significantly and was red-shifted. They also deduced that, under a certain applied electric field, the photodetection rate decreased with an increasing temperature. This was attributed to the fact that at higher temperatures, the degree of thermal emission is enhanced, and a greater number of electrons can easily escape from the QDs to form a dark current and noise, ultimately leading to a reduced detection rate. Additionally, Yang et al. studied the effects of strain distribution on GaAs/InAs QD infra-red photodetectors, and found that for differently shaped QDs (e.g., pyramid, truncated pyramid, and lens), the hydrostatic pressure changed slightly, while the biaxial strain changed significantly [262]. In this system, the peak value of the intra-band photocurrent of the infrared photodetector was ~170.675 meV (77 K, 0 V bias). In a later study, Mir et al. designed a pyramidal InAs/GaAs QD infrared photodetector with 10 μm double barrier resonant tunneling [263]. Moreover, considering an improved QD infrared photodetector with an asymmetric multiple barrier resonant tunneling structure, Mir et al. also observed that, compared with the QD infrared photodetector embodying double barrier resonant tunneling, the dark current of the improved infrared photodetector was reduced by approximately half an order of magnitude, and the detectivity was increased to 1.4 × 109 cm Hz1/2/W.



In addition to pyramidal QDs, the photodetection properties of PSNRs have been studied. For example, Lv et al. investigated the optical absorption effects of cylindrical GaN NRs and pyramidal GaN NRs (Figure 22) and reached a number of conclusions [264]. Firstly, they found that a cylindrical structure with an uneven radius enhances the light capture efficiency of nanoarrays. As a result, the absorption efficiencies of nanoarrays composed of different NR radii were significantly optimized (>90%), and the absorption bandwidths of the non-uniform radius cylindrical nanostructures were broadened. It was also deduced that for a hexagonal unit cell structure, GaN nanostructures were obtained with different filling ratios of the array units, leading to inhomogeneous light absorption (~99%). Furthermore, in the axial mode, the cylindrical nanostructures with a hemispherical tip and the GaN NRs with a conical tip compensate for the sinking of the single cylindrical nanostructures in the long-wavelength spectrum, thereby significantly improving the photon capture efficiency under long-wavelength conditions. Therefore, based on the concept of resonance absorption in the radial mode, Lv et al. used the light capture mechanisms of different structural resonance modes to achieve uniform broadband light absorption in the ultraviolet band, which is conducive to the preparation of high-performance ultraviolet photodetectors [265].




5.3. Solar Cells Based on Pyramidal Low-Dimensional Semiconductors


Solar cells directly convert light energy into electrical energy through photoelectric or photochemical processes [266]. The basic principle of a solar cell involves the formation of a new electron-hole pair upon the absorption of solar energy by a semiconductor P-N junction. Under the action of the built-in electric field of the P-N junction, the photogenerated holes flowed to the N region, and a current was generated within the circuit (Figure 23). In current research, both PSQDs and PSNRs have been used, and theoretical studies have confirmed that the photoelectric conversion efficiencies of QD superlattice solar cells should exceed 70% [267]. Thus, to obtain efficient QD solar cells, one of three possible conditions must be met. Firstly, the diffusion length of the minority carrier in the solid QD array must exceed the absorption length of the band edge by >1 μm. Alternatively, significant densification of the QD solid can be employed to reduce the absorption length of the photons near the band edge. Moreover, advanced photonic strategies can be used to increase light absorption in the active media with only single-pass absorbance.



In the context of III–V PSQD solar cells, Rashidinejad et al. studied the effect of the electro-elastic field on quantum nanostructured solar cells and discovered that the coupling between nanostructures in pyramidal InAs/GaAs QDs has a great impact on the induced strain, and maximum alternation of ~37% is present close to the boundary [268]. They also found that the induced strain and piezoelectric barrier are highly dependent on the geometry of an InAs QD, wherein the initial mismatch strain of a pyramidal InAs QD system significantly increases the induced strain by up to 52%. In contrast, Jaouane et al. studied the influence of the QD density on the photovoltaic conversion efficiencies of InAs/GaAs QD intermediate band solar cells and reported that the efficiency strongly depended on the confinement effect, the number of QDs, the QD density, and the coupling strength [269]. More specifically, in the case of InAs/GaAs QDs exhibiting the smallest barrier width, tallest QDs, and highest QD density, the photovoltaic conversion efficiency increased to 17.8807%. In addition, Sun et al. used a numerical simulation method to study the photoelectric properties of GaAs nanostructures with different shapes and observed that an increase in the bottom diameter of the nano-cone structure can significantly enhance the optical absorption performance of the GaAs nanoarray [270]. In fact, compared with the nano-cone structure, the truncated nano-cone structure exhibits a superior photoelectric conversion ability, which can facilitate the development of novel high-performance solar cells. In another study, Dash et al. exploited the finite element method to examine the influence of the wetting layer on the electronic intrinsic state of InP/InGaP QD solar cells [271]. They found that the ground state energy of the QDs can be calculated using the time-independent Schrodinger equation with the effective mass approximation, and this energy is affected by the size of the QD and the wetting layer of the quantum well that is associated with the QD. Indeed, the ground state is a confined intrinsic energy state without any nodes in the z-direction, which represents the real QD state. In contrast, the nodes of the higher excited state are in the r- or z-direction, which does not represent the real QD state.



To develop III-nitride PSQD solar cells, Arefinia et al. studied the intrinsic loss of InAs(1−x)Nx QD intermediate-band solar cells [272]. They found that when the concentration of N was <1%, the minimum total loss of the InAs(1−x)Nx QD intermediate-band solar cells was ~27%. Since the encapsulation of an inorganic shell on the QD core can eliminate the discontinuity of the core/ligand interface, partially eradicate surface defects, and protect the interaction between the core and surrounding environment, these core-shell QDs tend to possess improved physicochemical properties and stabilities [273]. Consequently, in recent years, researchers have focused on the photoelectric properties of pyramidal core-shell QDs. In this context, Jing et al. prepared a pyramidal InP/ZnSe QD light-emitting solar concentrator with a core-shell structure via the hot-injection method and studied its exciton dynamics [274]. It was discovered that a thicker ZnSe shell could stabilize the 1Pe energy state of the InP core and reduce the spectral overlap over the entire QD, which is conducive to the preparation of an efficient light-emitting solar concentrator (Figure 24). Moreover, under simulated sunlight irradiation, the optical efficiency reached 2.5%, and the power conversion efficiency reached 2.0% (5 × 5 × 0.5 cm3).



In addition to PSQDs, researchers have studied the properties of PSNR solar cells. For example, Chandrakala et al. employed a hydrothermal method to synthesize one-dimensional pyramidal rutile TiO2 NRs, wherein the absorption band edge of the pyramidal NRs was 377 nm and the band gap was 4.7 eV [275]. Importantly, they observed that the total solar cell efficiency of three-dimensional TiO2 nanoflowers composed of pyramidal NRs was approximately five times higher than that of the pure NRs. This difference was attributed to the enhanced light response performance of the TiO2 nanoflowers compared to that of pyramidal NRs, which in turn is due to the superior light scattering ability of the TiO2 nanoflowers, which imparts them with an excellent light capture ability. In another study, Huang et al. employed plasma in the preparation of high-quality pyramidal ZnO NR arrays as anti-reflection layers for c-Si solar cells [276]. They reported that the resulting solar cell achieved a photovoltaic conversion efficiency of 20.23%, which is conducive to improving the photoelectric performances of solar cells in practical applications. Furthermore, Wang et al. studied the performances of perovskite solar cells based on pyramidal TiO2 NRs co-doped with rare earth ions (i.e., Er3+ and Yb3+) [277]. As a result, the current density of the upconversion Er3+ and Yb3+ co-doped devices increased by 25%, the photon-electron conversion efficiency increased by 17%, and the optimal efficiency of the solar cell reached 10.02%. In addition, the Er3+ and Yb3+ co-doped devices exhibited near-infrared effects and achieved a conversion efficiency of 0.1% under infrared light irradiation (800–1100 nm). This property is beneficial for broadening the photoelectric responses of solar cells in the near-infrared region to ultimately improve the rate of sunlight utilization. It is worth mentioning that the presence of rare-earth ions inhibits the growth rate of the TiO2 NRs along certain crystal planes, such that the tip of the TiO2 NR appears pyramidal in shape. This feature is similar to the growth mechanism of the doped pyramidal ZnO NRs described in Section 2.2.1 [143,144]. In their investigation into the performances of InP NWR solar cells with different pyramidal shapes, Agnihotri et al. found that the optical short-circuit current density (Jsc) of a hybrid hexagonal pyramidal NWR solar cell was 34.2 mA/cm2, which is higher than that of the corresponding hexagonal NWRs (32.5 mA/cm2) and hexagonal nano-cones (32.86 mA/cm2) (Figure 25) [278]. Moreover, the energy conversion efficiency of the hybrid hexagonal pyramidal NWR solar cell was also superior to those of the hexagonal NWRs and the hexagonal nano-cones, with values of 19.15% (P-N junction) and 23% (P-I-N junction) being reached, respectively. This can be attributed to the fact that the optimized InP hybrid hexagonal pyramidal NWR solar cell exhibits a superior level of light capture in the absorption layer. In another study, Mishra et al. used carbon QDs and N-doped carbon QDs to modify pyramidal Si NWR arrays [279]. They found that the N-doped carbon QD-modified pyramidal Si NWR heterostructure exhibited significantly improved light absorption properties (i.e., 1.6 times stronger) than Si NWRs that were coated with carbon QDs on their surfaces. This effect is caused by the N-doped carbon QDs acting as a good absorption layer, thereby enhancing the light absorption ability of the pyramidal Si NWR array.




5.4. Luminescent Devices Based on Pyramidal Low-Dimensional Semiconductors


When electrons are transferred from the high-energy state to the low-energy state in the conduction band, the systemic energy decreases. If systemic energy is released in the form of photons, it is known as a radiation transition. This corresponds to the luminescence process of the semiconductor and is essentially the recombination of electron-hole pairs. Electrons can be excited to a high-energy state via electrical and light excitation; therefore, the characteristics of semiconductor luminescence can be divided into electroluminescence (EL) and PL, among which EL is mainly associated with light-emitting diodes (LEDs) and lasers [280,281,282]. More specifically, an LED is a semiconductor device that can emit visible or invisible radiation when a forward current is applied to a P-N junction. QD-based LEDs have the advantages of possessing a narrow emission bandwidth and a band gap that can be tuned by changing the size, chemical composition, and internal structure (Figure 26) [283,284].



Compared with organic molecules, semiconductor QDs have no inherent limitation on the maximum EL efficiency imposed by the spin selection law, and they ordinarily display only a small dark–bright exciton splitting (1–15 meV), thereby ensuring that efficient thermally excited dark excitons enter the bright state at room temperature [285,286,287]. Accordingly, semiconductor QDs are not affected by the statistical limitations of organic LEDs. Baier et al. initially prepared pyramidal multilayer heterostructure QDs on a GaAs(111)B substrate [288]. By studying the EL performance of a QD-based LED, it was found that the EL of a single pyramidal QD could be realized in a P-I-N junction with an injection current as low as 150 nA. Moreover, selective carrier injection into 20 nm-wide self-growing vertical quantum wires in the QD was able to suppress the emission of the parasitic lateral barrier, thereby significantly improving the device efficiency. Chung et al. also prepared pyramidal QDs on a GaAs(111)B substrate and reported that a micron-sized P-I-N junction composed of these QDs could be utilized as a spatially ordered and scalable electrically driven polarization-entangled photon source array with high entanglement quality [289]. Moreover, Chua et al. prepared a phosphorus-free pyramidal InGaN/GaN QD white-light LED and discovered that the internal quantum efficiency of the QD reached up to 50% at room temperature [290]. In another study, Rokhi et al. evaluated a ridge waveguide super-radiance LED based on truncated pyramidal GaN QDs and observed that QDs with an uneven size distribution produced larger spectral widths, thereby leading to higher output powers [291]. They also found that the output power of the ridge waveguide super-radiance LED decreased with an increase in temperature (Figure 27).



Lasers are another luminescent device that excite the electrons of atoms and molecules to higher energy levels. In recent years, the development of lasers has evolved into the field of nanosecond lasers, which are often based on QD systems [292]. QD lasers are particularly advantageous due to their low threshold currents, high characteristic temperatures, large differential gains, and large modulation bandwidths compared to conventional quantum well lasers [293]. Figure 28 shows two typical laser structures.



In terms of the laser properties of III–V PSQDs, InAs/GaAs and InGaAs/GaAs QDs have received particular attention [294]. For example, Asryan et al. found that the general relationship between the gain and the spontaneous emission spectrum holds for any number of radiation transitions and any distribution of QD sizes in the equilibrium-state filling of QDs [295]. In addition, depending on the separation between the transition energies, any inhomogeneous broadening, and the maximum gain value of the transition, the lasing wavelength can change either smoothly or in a stepwise manner upon variation in the loss. Because of the small overlap integral of a pyramidal InAs QD transition along with the large spontaneous emission lifetime, the single-layer mode gain is low, thereby rendering it impossible for the shallow cavity to achieve lasing through the ground state transition. With these considerations in mind, Qasaimeh et al. studied the influence of non-uniform spectral line broadening on the gain and differential gain properties of InAs/GaAs QD lasers [296]. They found that when the size fluctuation increased, the gain peak appeared to be red-shifted. More specifically, with a 130 Å average base length for the pyramidal QD and a standard deviation of 7 Å, the energy detuning between the gain peak and the differential gain peak is ~12 meV. Thus, nonuniform spectral broadening leads to early gain saturation and has a strong effect on the differential gain and optimal operating point of the laser. In another study, Vukmirovic et al. investigated the application of InAs/GaAs QDs in the field of mid-infrared pump lasers [297]. Using the eight-band k·p model and taking into account the interactions between the electron–longitudinal optical and acoustic phonons, they found that compared with quantum well-based pump lasers, the long carrier lifetimes of the QDs led to a lower pump flux, wherein both surface emission and edge emission were possible, and the spectral range of the laser emission reached 13–21 μm. Furthermore, Bhattacharya et al. investigated the laser properties of pyramidal InGaAs/GaAs QDs and found that the typical threshold current of the 200 μm long wavelength room temperature laser ranged from 6 to 20 mA, while the small signal modulation bandwidth range of the ridge waveguide laser increased from 5–7.5 GHz at 300 K to >20 GHz at 80 K [298]. Nevertheless, owing to the effect of electron-hole scattering, the modulation bandwidth is limited to ~6 GHz (300 K) and >20 GHz (80 K), severally. Furthermore, Borji et al. evaluated the band tunability of truncated pyramidal InxGa1−xAs/GaAs QD lasers and reported that an increase in the In content led to a reduced band gap and lower recombination energy for the electron-hole pairs; notably, this decreasing trend was nonlinear (Figure 29) [299].




5.5. Quantum Information Applications Based on Pyramidal Low-Dimensional Semiconductors


The quantum information theory is based on a novel method that employs the alteration of different states of a quantum system to realize information transmission [300]. More specifically, by taking advantage of the various coherence characteristics of quantum systems (i.e., quantum parallelism, quantum entanglement, and quantum no-cloning properties), new information methods for computing, coding, and information transmission have been developed [301,302,303]. Indeed, quantum information primarily involves the use of quantum computing. Moreover, the manipulation of single-photon quantum states using the unique physical properties of low-dimensional nanomaterials is currently a popular research topic. In the context of single-photon emission, Baier et al. were the first to discover this phenomenon in pyramidal InGaAs QDs [304]. Subsequently, other research groups reported the observation of single exciton peaks in InAs and GaN QDs [305,306]. In addition, Perez et al. studied the near-red light emission of pyramidal InGaN QDs and found that the PL emission energy of the QDs was ~2.03 eV, while the decay time was 1.4 ns [307]. They also noted that the stable behavior of the radiation attenuation confirmed the zero-dimensional characteristics of this system. The single-photon emission of truncated pyramidal GaN/AlN QDs has also been demonstrated at temperatures up to 350 K [308]. In recent years, the work of Kim et al. on the single-photon emission of QDs has attracted the most attention [309]. They discovered that the site-controlled InGaN formed at the apex of the Ag-coated GaN nano-cone structure can produce bright and unidirectionally emitting QDs, whereas the majority of light extracted from the QDs is directed toward the bottom of the pyramid (Figure 30a). Subsequently, Zhang et al. fabricated a structurally optimized single-quantum emitter that exhibited an enhanced extraction efficiency of 97.2% (from an initial value of 91.3%) at a wavelength of 520 nm [310]. This emitter exhibited ultra-brightness, good optical stability, and directional emission characteristics (Figure 30b). Moreover, with the introduction of a ZnO layer on the original quantum emitter to directly modify the surface structure into rough conical patterns, the extraction efficiency was improved compared with the original device.



The quantum entanglement effect based on PSQDs is expected to have important applications in the field of quantum information. In a theoretical study of entangled photons, Gershoni analyzed the entangled photon states of pyramidal QDs (Figure 31a), and discovered that the splitting of the exciton energy levels of pyramidal QDs is equivalent to the radiation width [311]; this is an important prerequisite for realizing an observable entanglement between the polarization state of the biexciton photons and that of the exciton photons. Moreover, they reported that when the exciton radiation width is significantly larger than its energy-level splitting, the interaction between light and matter is enhanced, thereby improving the performance of the semiconductor QDs. In another study, Juska et al. discovered that polarized entangled photons in pyramidal QDs violate Bell’s inequality, thereby indicating their strong potential for applications in integrated quantum information processing devices [312]. Furthermore, Huang et al. studied the controllable exciton-cavity mode interactions mediated by pure dephasing in a single spatially ordered quantum dot-nanocavity system, and found that upon varying the degree of detuning, Purcell-enhanced dynamics and phonon-assisted cavity feeding dominate the exciton-cavity mode interactions [313]. Additionally, during their investigation of PSQD material systems, Juska et al. found that high-density pyramidal InGaAs1−xNx QDs can emit polarized entangled photons without external manipulation of the quantum states (Figure 31b) [314]. Indeed, a region containing at least 15% entangled photon emitters was easily discovered. Subsequently, the same research group has studied the polarization entanglement conditions required to achieve photon emission from pyramidal In0.25Ga0.75As QDs (Figure 31c) [315]. It was deduced that a number of limitations affect the performances of high-density entangled photon emitters, such as the splitting of a small fine structure. In addition, effective QD charging under non-resonant excitation conditions was found to greatly reduce the number of useful biexciton–exciton recombination events. Consequently, Juska et al. solved the charging problem associated with QDs using dual-wavelength excitation technology, which will be essential in the further design and optimization of the spatially ordered QD structure for optical quantum information processing.





6. Summary and Perspectives


Pyramidal low-dimensional semiconductors are widely used in various fields of optoelectronics, including photocatalysis, photodetection, solar cells, light-emitting diodes (LEDs), lasers, and quantum information devices. To date, the photoelectric properties of type III–V pyramidal semiconductor quantum dots (PSQDs) and type III-nitride PSQDs have received the greatest amount of research attention. Although type II–VI PSQDs have received less attention, their excellent photoelectric performances are beginning to emerge. It has been deduced that the photoelectric properties of PSQDs are closely related to their structures and shapes, wherein variations in the base width/height ratio have been demonstrated to exhibit an enormous influence on the separation of electron-hole pairs (excitons). However, the large-scale preparation of high-quality PSQDs remains an ongoing issue that must be addressed to achieve the diversification of PSQD structures to further improve their room temperature photoelectric performances (including the photoelectric responsivity, quantum efficiency, photoelectric conversion rate, photocatalytic efficiency, photon extraction rate, and gain coefficient of PSQDs). In the context of pyramidal semiconductor nanorods (PSNRs), nanomaterials based on ZnO, CoO, GaN, TiO2, InP, and Si components have received significant attention. Compared to PSQDs, PSNRs and pyramidal semiconductor nanowires (PSNWRs) exhibit larger specific surface areas, greater absorbance properties, and higher quantum efficiencies; therefore, the application of such materials as light receptors (e.g., photocatalysts, photodetectors, and solar cells) is currently a hot research topic. However, the preparation of PSNRs and PSNWRs often requires exceptional conditions, such as a specific pH, a carefully tuned doped-ion concentration, and an applied electric field. Similar to the problems encountered with PSQDs, the large-scale preparation of PSNRs remains a key bottleneck in achieving the practical application of these materials.



In the future, the leading research direction for pyramidal low-dimensional semiconductors will be related to the integration of optoelectronic devices, among which nanomaterials are expected to contribute to the most important progress in the fields of quantum information and solar cells. With the rapid development of information technology, humans require computers with greater computing power. PSQDs are among the main candidates for quantum-information materials owing to their superior optical quantum properties. Therefore, optimizing the structure of QDs, improving the manipulation of optical quantum states, and achieving truly effective applications are key challenges that researchers must solve. Because the research and development of solar cells are related to energy transformations, the superior photoelectric conversion performances exhibited by pyramidal low-dimensional nanomaterials are a key driving force that has attracted researchers to delve deeper into this field. Consequently, improving the photoelectric conversion efficiencies, realizing large-scale preparations, and prolonging the lifetimes of solar cells must be achieved. It is known that photodetectors based on pyramidal low-dimensional semiconductors possess higher intra-band absorption properties and stronger photon capture rates, which can allow the light response frequency to be adjusted. Therefore, array detectors composed of this material have become a novel evolution trend. For pyramidal photocatalytic nanomaterials, it is necessary to focus on the construction of composite structures and the optimization of preparation technologies to obtain low-cost nanomaterials with high catalytic efficiencies. In the context of light-emitting diodes, PSQDs are advantageous due to their lower injection currents, and the integration of multiple PSQDs can improve the output power and save energy. However, compared with spherical and plate QDs, the development of PSQDs is slow in lasers. Therefore, it is a great challenge to realize the faster radiative and slower Auger recombination times of PSQDs. In this review, new requirements related to the design, size, and performance of devices based on pyramidal low-dimensional semiconductors were proposed in terms of the materials and structures to promote their synergistic development.
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Figure 1. Different pyramidal low-dimensional materials: (a) a pyramidal semiconductor quantum dot (PSQD) [31]; (b) a truncated pyramidal semiconductor quantum dot (truncated PSQD) [32]; (c) a pyramidal semiconductor nanorod (PSNR), or a pyramidal semiconductor nanowire (PSNWR) [33]; and (d) a truncated pyramidal semiconductor nanorod (truncated PSNR), or a truncated pyramidal semiconductor nanowire (truncated PSNWR) [34]. 
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Figure 2. Growth morphology of a SiGe quantum dot [94]: (a) Pyramid, (b) dome, and (c) barn. 
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Figure 3. Schematic outlining the growth process of InAs/GaAs(001) QDs [100]. (a–j) These images show that as the volume of these QDs increases, their shapes are constantly changing. 
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Figure 5. (a,b) Pyramidal GaN QDs with 12 ML and truncated pyramidal GaN QDs with 8 ML [111]. (c) AFM image of a pyramidal InGaAs QD scanned in cross-section [112]. (d) A pyramidal InGaAsN QD is connected with lateral quantum wires (QWRs), among which the distribution of N atoms is depicted by white dots [113]. 
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Figure 6. Different growth morphologies of the ZnO nanorod: (a) truncated pyramidal and hexagonal ZnO nanorods [141]. (b,c) Pyramidal ZnO nanorods [142]. 
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Figure 7. Different morphologies of a ZnTe nanorod [148]: (a) cone and (b) cylindrical morphologies. 
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Figure 8. (a) Schematic representation of magnetron sputtering [164]. (b) Schematic representation of a microfluidic reactor [169]. 
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Figure 9. (a) Preparation of nanomaterials via electrochemical deposition (ECD) [170]. (b) Schematic representation of the spray pyrolysis method [173]. 
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Figure 10. Calculation of the electronic band structure using the k·p perturbation method with bulk GaAs as an example [176]: (a) zinc-blende (ZB), (b) wurtzite (WZ). 
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Figure 11. The electronic states of (InGa)(AsSb)/GaAs/GaP QDs [182]: (a) the confinement potentials. (b) Electron and hole probability densities. (c) The structure of truncated pyramidal QD in [001] direction. 
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Figure 12. Model of the electron states in a pyramidal quantum-dot heterostructure [186]: (a) a definition of the geometrical parameters, among which VQWR and LQWs denote that vertical quantum wire and lateral quantum wells, respectively. (b) The s-like (e1) ground state. (c,d) The p-like (e2) doubly degenerated first excited states. (e) The second excited state. 
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Figure 13. Electron states of the core–shell AlGaAs/GaAs quantum dots [192]: (a) structural diagram of the pyramidal core–shell quantum dot. (b) Energy of the lowest thirteen confined electron states (1–13) in a GaAs–Ga0.7Al0.3As pyramidal core-shell quantum dot as functions of the innermost height (h1). Calculations correspond to F = 0, B = 0, θ = π/2, h2 = 20 nm, and h3 = 30 nm. The inset shows the energies of the three lowest confined states when h1 approaches h2. (c) Energies of the lowest thirteen bounded states (1–13) for an electron confined in a GaAs-Ga0.7Al0.3As pyramidal core–shell quantum dot as a function of the applied electric field (F). Calculations correspond to B = 0, θ = π/2, h1 = 5 nm, h2 = 20 nm, and h3 = 30 nm. (d) Energies for the first thirteen confined electron states (1–13) in a GaAs-Ga0.7Al0.3As pyramidal core–shell quantum dot as a function of the applied magnetic field (B). Calculations correspond to F = 0, θ = π/2, h1 = 5 nm, h2 = 20 nm, and h3 = 30 nm. 
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Figure 14. Tunneling in different heterostructure designs with the Stark effect [202]: (a) device designs considered for observation of the Stark effects exhibited by single quantum dots in a vertical electric field, including I, II and III QD heterostructures; (b) tunneling rates for the electrons (I and III QD heterostructures) and holes (II and III QD heterostructures) in the designs presented in part (a); and (c) the proportion of carriers that tunnel out of a state with a fixed 1 ns lifetime state. 
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Figure 15. The probability density distribution (|Ψ|2) of truncated pyramidal GaN/AlN quantum dots [209]: (a,c) The electron wave function of a large quantum dot; (b,d) the electron wave function of a small quantum dot; (e,g) the hole wave function of a large quantum dot; and (f,h) the hole wave function of a small quantum dot. 
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Figure 16. Exciton dynamics in semiconductor nanocrystals [221]: (a) illustration of the quantum confinement effect in different systems ranging from atoms to clusters to particles and finally to bulk materials; (b) illustration of key dynamic processes in a quantum dot and in a related pump-probe transient absorption measurement. The excitation or pump is represented as a green arrow and the probe is represented as fuchsia-colored arrows. Different dynamic processes shown include the following: (1) electron relaxation through electron–phonon coupling within the conduction band following excitation across the band gap; (2) trapping of electrons/holes into trap states due to defects or surface states; (3) radiative and nonradiative band-edge electron-hole (or exciton) recombination; (4) radiative and nonradiative trapped electron-hole (or relaxed exciton) recombination; and (5) nonlinear and nonradiative exciton–exciton annihilation. (c) Schematic illustration of strongly bound (left) and weakly bound (right) excitons in a semiconductor nanocrystal. 
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Figure 17. Exciton properties of the vertically stacked coupled InAs/GaAs quantum dot pairs [229]: (a) electron and hole energies in the vertical quantum dot pairs with respect to the GaAs matrix band edges for varying the spacer thickness, among which E1, E2, H1, H2, and H3 denote that ground state electrons, excited electrons, ground state holes, the first excited holes, and the second excited holes, respectively. The symbols refer to states with similar wave function shapes, and the lines are guides to the eye. (b) Probability density isosurfaces (p = 65%) of the electron and hole levels. 
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Figure 18. The basic principle of photocatalysis: (a) processes involved in photocatalytic water splitting on a heterogeneous photocatalyst [239]; (b) schematic illustration outlining the probing charge kinetics in existing photocatalytic systems, and the steering of the kinetics based on the design and fabrication of new photocatalytic systems at the intersection between materials synthesis, characterization techniques, and theoretical simulations [240]. 
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Figure 19. A pyramidal low-dimensional semiconductor photocatalyst: (a) catalytic mechanism of a micro-pyramid on the surface of a CoO nanorod [241]; (b) photocatalytic mechanism associated with pyramidal ZnO nanomaterials [242]; and (c) schematic representation and approximate band alignment of CdSe/CdS quantum dot-sensitized TiO2 photoanodes [243]. 
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Figure 20. Application of photodetectors: (a) schematic representation of an InAs photoconductor nanowire operating in the visible-to-near infrared regime [244]; and (b) schematic representation of a BP photodetector operating at 3.39 μm [245]. 
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Figure 21. Intra-band absorption (solid lines: from the ground state; dashed lines: from the first excited state) in the InAs/GaAs QDs (180/25, 140/41, and 117/59) on a 1.5 ML wetting layer (WL) for x-(left column) and z-polarized (right column) light, among which 180/25, 140/41, and 117/59 denote the different ratios of base lengths to the heights with the same volume, respectively. (a,e) The intra-band absorption in 180/25 QDs. (b,f) The intra-band absorption in 140/41 QDs. (c,g) The intra-band absorption in 117/59 QDs. (d,h) The two plots at the bottom represent the corresponding results obtained with 180/25 dots on a 2.5-ML-thick WL. The letter C denotes the GaAs continuum state [256]. 
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Figure 22. GaN nanorods with different morphologies [264]: (a) schematic representation of a three-dimensional simulation model of a GaN nanoarray; (b) cylinder; (c) cone; and (d) hemisphere. 
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Figure 23. Basic principle of solar cells [266]: (a) schematic representation of a working solar cell; and (b) orbital hybridization of the donor (D) and acceptor (A) units in a D–A conjugated polymer of an organic solar cell. 
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Figure 24. Exciton dynamics in a pyramidal InP/ZnSe quantum dot solar concentrator [274]: (a) energy level diagram of the InP/ZnSe quantum dots consisting of three layers; (b) energy level diagram of the InP/ZnSe quantum dots consisting of nine layers; and (c) schematic representation of the method used to prepare InP/ZnSe quantum dots. 
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Figure 25. Structures and photoelectric performances of different InP nanowires [278]: (a) a hexagonal nanowire; (b) the absorption spectra for hexagonal nanowires of different diameters (D) at a fixed filling ratio (FR) of 0.5. The corresponding optical Jsc plot is shown in the inset; (c) absorption spectra for hexagonal nanowires at an optimized D of 180 nm and with different FRs (0.3–0.9). The corresponding optical Jsc plot is shown in the inset; (d) A hexagonal nanopyramid; (e) the absorption spectra for hexagonal nanopyramids of different diameters (D) at a fixed FR of 0.7. The corresponding optical Jsc plot is shown in the inset; (f) absorption spectra for hexagonal nanopyramids at an optimized D of 260 nm and with different FRs (0.5–1.0). The corresponding optical Jsc plot is shown in the inset; (g) a hybrid hexagonal pyramidal nanowire; (h) the absorption spectra for hybrid hexagonal pyramidal nanowires of different diameters (D) at a fixed FR of 0.6. The corresponding optical Jsc plot is shown in the inset; and (i) generation rate profiles of InP hybrid hexagonal pyramidal nanowire solar cells with different diameters over two wavelength ranges (i.e., λ = 300–700 nm and λ = 700–950 nm). 
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Figure 26. Typical light-emitting diode (LED) structures: (a) schematic illustration of the proposed structure of an AM-QLED display [283]; and (b) schematic representation of the cross-sectional structure of an LED device [284]. 
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Figure 27. Electroluminescence characteristics of truncated pyramidal GaN quantum dots [291]: (a) schematic representation of the ensemble of truncated pyramidal quantum dots in a cubical matrix; (b–d) plots of the output power as a function of the applied current for different cavity lengths (L), the curvature radii (R), and the power losses (αb), (a) R = 1200 μm, αb = 0.0596 m−1, (b) R = 900 μm, αb = 210.3342 m−1, and (c) R = 600 μm, αb = 3200.12 m−1; (e) plot of the output power as a function of the applied current for different curvature radii, where the length of the cavity was considered equal to 600 μm; (f) plot of the output power as a function of the bias current over five different temperatures for the GaN/AlGaN quantum dot super-luminescent light-emitting diode. Inset: output power versus temperature at a fixed current of 550 mA. 
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Figure 28. Typical laser structures [292]: (a) schematic representation of a lattice plasmon laser based on the gold bowtie array; and (b) scheme representation of a real-time tunable plasmon crystal laser. 
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Figure 29. Band tunability of truncated pyramidal InxGa1−xAs/GaAs quantum dot lasers [299]: (a,b) variation in the conduction and valence band edges at different indium ratios; and (c,d) variation in the energy gap and recombination energy (photon energy) of the ground state (GS) as a function of the indium ratio together. 






Figure 29. Band tunability of truncated pyramidal InxGa1−xAs/GaAs quantum dot lasers [299]: (a,b) variation in the conduction and valence band edges at different indium ratios; and (c,d) variation in the energy gap and recombination energy (photon energy) of the ground state (GS) as a function of the indium ratio together.



[image: Photonics 11 00370 g029]







[image: Photonics 11 00370 g030] 





Figure 30. Pyramidal quantum dot single photon emitters: (a) the maximum intensity value of the upper hemisphere (0.03) is normalized by that of the lower hemisphere [309]; and (b) schematic illustration of light ray incident at various angles from a quantum dot with a GaN/ZnO/ZnO conical surface [310]. 
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Figure 31. The quantum entanglement effect of pyramidal semiconductor quantum dots: (a) a biexciton (XX) decays through the intermediate exciton (X) state to the ground (G) state by means of emitting two photons with opposite circular polarizations (L, left; R, right). If the exciton level is non-degenerate (dashed levels), then the two photons (dashed arrows) are collinearly polarized and the paths can be distinguished by their energies (indicated by different colors). Consequently, they are not entangled. In a symmetric quantum dot, the exciton level is degenerate (solid levels). The two photons (solid arrows) are cross-circularly polarized and so their decay path is not revealed by their energies. Consequently, they are entangled [311]; (b) Typical photoluminescence spectrum of a quantum dot. The exciton, biexciton, and generic charged exciton transitions are identified as X, XX, and X*, respectively [314]; and (c) micro-photoluminescence setup arranged for the polarization entanglement measurements [315]. 
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Table 1. Maximum PLQYs with different semiconductor QDs and shapes.
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Shape

	
Material

	
Size

	
Maximum PLQY

	
Reference






	
Sphere

	
Si

	
3–4 nm

	
85%

	
[62]




	
CdTe/CdS/ZnS

	
10 nm

	
73%

	
[63]




	
CdSe/CdS/ZnS

	
3.6 nm

	
37.3%

	
[64]




	
PbTe

	
2.6–8.3 nm

	
52%

	
[65]




	
PbSe/CdSe

	
6.2 nm

	
70%

	
[66]




	
InP/ZnS

	
10 nm

	
66.5%

	
[67]




	
InAs/ZnSe

	
2.8 nm

	
20%

	
[68]




	
Plate

	
CsPbBr3

	
27–33 nm

	
65%

	
[69]




	
CH3NH3PbBr3

	
4–10 nm

	
80%

	
[70]




	
Cu-doped CdSe

	
34–40 nm

	
95%

	
[71]




	
CdSe/CdS@CdS

	
12.7–16.1 nm

	
90%

	
[72]




	
Pyramid

	
CdSe/CdS

	
5.5–6 nm

	
94%

	
[73]




	
AgInSe2

	
7–12 nm

	
21%

	
[74]




	
CdSe

	
4.9–5.7 nm

	
41%

	
[75]




	
CuInS2/ZnS

	
4.8–7.2 nm

	
76%

	
[76]











 





Table 2. Some PSQDs with different preparation methods.
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Preparation Method

	
Material

	
Reference






	
MOCVD

	
AlGaAs/GaAs

	
[103]




	
InGaAs/AlGaAs

	
[104]




	
InGaAs/GaAs

	
[105]




	
CdS/ZnS

	
[115]




	
InGaAsN

	
[112]




	
InAs/InP

	
[108]




	
In0.25Ga0.75As/GaAs/GaP

	
[106]




	
(InGa)(AsSb)/GaAs/GaP

	
[107]




	
MBE

	
SiGe/Si

	
[94]




	
InAs/GaAs

	
[100]




	
PbS

	
[121]




	
PbSe

	
[120]




	
CdSe/ZnSe

	
[116]




	
GaN

	
[111]




	
GaAs/AlGaAs

	
[132]
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