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The strong nonlinear optical behavior of low-dimensional materials, such as quantum dots and core-shell quantum dots, has been a topic of intense research in recent years. As quantum dots have tunable emission via changes in their sizes, they are potentially useful in photo-electronics, photovoltaic nonlinear optics, light-emitting diode fabrication, and laser protections. Variation among core and shell shape and size, along with the chemical composition of quantum dots, define their enhanced nonlinear optical properties. Some specific nonlinear optical properties, such as nonlinear refraction, optical limiting, saturable absorption, reverse saturable absorption of CdTe and CdSe quantum dots (QDs), as well as core-shell QDs and their applications, were assessed in this paper.
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INTRODUCTION
Growing energy demands in the modern era have inspired great technological advancements and the concurrent ever upcoming semiconductor industry limits have made consistent developments in new functional materials, which are one of the most demanding important challenges of today’s world. In the past two decades, low-dimensional materials such as QDs and core-shell QDs have been extensively studied owing to their valuable characteristics in practical applications and fundamental research. Significant progress has been made toward various QDs and core-shell QDs, particularly II-VI group compounds such as CdSe and CdTe, due to their high photoluminescence (PL), good quantum yield (QY), and optical nonlinearities via confining the electrons in smaller regions than their natural delocalization length in bulk.
Crystals with a nano-meter size have undue importance for the scientific society as these crystals offer opportunities to study different properties of materials concerning their sizes and vastly exciting polarizable states, and their unusual photochemical effects make a foundation for nonlinear optical properties [1, 2]. Quantum dots research has been successful since these materials were first synthesized in the 1980s [3]. Quantum dots have different electronic and optical behaviors as bulk particles on account of quantum confinement. Owing to their remarkable difference in physical properties and enhancement of third-order optical nonlinearities, they have attracted considerable attention [4–7]. Detailed reviews of the electronic properties of QDs were presented by Yoffe [8, 9] and the optical nonlinearities of QDs were reviewed by Banfi’s group [10]. Till now, numerous kinds of QDs have been studied including ZnS [11], CdSe [12], and CdTe [13]. Recently, research on quantum dots has evolved from fundamental materials science to nonlinear optical and biological applications [14–17].
Quantum dot optical properties could be tailored by changing their sizes to unlock numerous opportunities to improve photonic devices such as photovoltaic, solar cell, and photodetectors. So, it is conceivable to develop optical switches and other kinds of devices to manipulate light with light if fast optical nonlinearities of the QDs are to be used [18]. Meanwhile, in the mid-1990s, core-shell nanoparticles, also known as artificial atoms [19], have received considerable attention due to their valuable chemical and physical behaviors. Quantum dots’ photostability and photoluminescence quantum yield can be improved via growing a wide bandgap semiconductor materials shell over the core and, due to various edge alignments of valence and conduction bands, the core/shell quantum dots were classified in different categories which are explained in the following sections [20, 21]. Usage of the shell transforms QDs surface chemical [22], reactive [23], magnetic [24, 25], and catalytic properties [26]. For example, CdSe QDs coated with CdS or ZnTe and CdTe QDs coated with CdSe (type-1 core/shell QDs) have been studied for luminescent properties enrichment. ZnS is utilized as a shell material as it is non-toxic and has very favorable biocompatibility, while core CdTe QDs (type-II core-shell quantum dots) are more preferably considered QDs owing to their photoluminescence properties [27, 28]. CdSe QDs’ emission intensity rises if CdSe (or CdTe) QDs were enclosed in a shell of materials with a large bandgap, such as ZnS, to form a CdSe/ZnS (or CdTe/ZnS) core-shell QD. The experimental results of Han Pan et al [29] display the nonlinear absorption properties of CdSe/ZnS QDs and such QDs saturable absorption depicts them as potential saturable absorbers. High-quality CdSe-based QDs are used as favorable single-electron transistors for solar, light-emitting diodes and bio-imaging applications [30]. Various NLO properties of quantum dots were depicted based on their shape and size, and such kinds of properties remain closely associated with the growth time as Li et al. found growth time-dependent QDs absorption optical spectrum. During the preparation of quantum dots, the nonlinear optical properties of quantum dots are strictly associated with the growth time. For example, Li et al discovered the QDs absorption optical spectrum centered on time growth, and a longer growth time of QDs causes a progressive increase in peak values from 477 nm to 608 nm. They also found fluorescence value change (524 nm, 558 nm, 592 nm, 612 nm, and 667 nm) when the CdTe QDs growth time changes from 1 to 28 h. Amendment in QDs size and shape reflected the different nonlinear optical properties [28].
The present effort deals with CdSe and CdTe QDs NLO effects, providing an inclusive NLO characterization spectral range of these QDs by computing the size influence of these QDs on their NLO properties [31]. Low-dimensional materials, such as QDs and core-shell QDs, have generated considerable concerns due to their nonlinear optical properties [32]. CdSe QDs nonlinear absorption and nonlinear refraction were examined with the Z-scan technique in a wide spectral range through the femtosecond laser system. Particular studies led us to microscopic, macroscopic, and molecular weight NLO parameter values, which are fairly promising for further QDs applications utilizing both three-photon and two-photon absorption in the selected wavelength ranges, as explained in Ref. [31].
BASIC NLO CHARACTERISTICS
Nonlinear optical effects have been systematically investigated and exploited in the realization of commercial optical devices in various technological and industrial applications in the last two decades. After the invention of the ruby laser by Maiman et al, nonlinear optics was developed in the 1960s, which further discloses the nonlinear optical phenomenon in various materials. Nonlinear optics consider applied electromagnetic field interactions in several materials, which creates a novel electromagnetic field with changed frequencies, phases, and other physical quantities [33–37]. Particular nonlinear interactions lead to several optical occurrences, such as second-harmonic generation (SHG), third-harmonic generation (THG), high harmonic generation (HHG), four-wave mixing (FWM), saturable absorption (SA), and reverse saturable absorption (RSA). Nonlinear optical effects fall into two categories: parametric and non-parametric nonlinear effects. In the parametric nonlinear interactions, the material quantum state is not changed by the interaction with the optical field, and as a consequence energy and momentum are conserved in the optical field, making polarization-dependent and phase matching important. The parametric process includes second-order susceptibility, second-harmonic generation, sum-frequency generation, difference-frequency generation, and optical rectification. Third-order susceptibility involves third-harmonic generation and an intensity-dependent refractive index. On the contrary, the non-parametric nonlinear effects are accompanied by the transfer of populations to higher excited states. The non-parametric nonlinearities include two-photon absorption (2 PA) and three-photon absorption (3 PA) (third and fifth-order nonlinearities, respectively). When optical fields are not too large, particular nonlinearities can be described by the expansion of the Taylor series of the dielectric polarization density P(t) and time(t) in terms of an electric field E(t), as shown in Eq. 1.
Once the material is affected by an applied optical field, polarization P(t) will expand as a power series in terms of optical field strength E(t):
[image: image]
In Eq. 1, [image: image] is the [image: image] order susceptibility (material coefficient) of a given medium. Here [image: image] indicates conventional linear behavior comprising absorption plus refraction. It must be noted that P (t) and E (t) are used as scalar and [image: image] is (n+1) tensor that depicts interactions that constitute a polarization-dependent nature as well as nonlinear materials symmetries. All nonlinear optical phenomena are accompanied by a change in polarization. When a material is affected by the applied electric field, the induced polarization generates an internal electric field that modifies the subsequent polarization and the applied electric field. This interrelationship is the origin of nonlinear polarization. The higher terms for E (t) are not linear; these terms are referred to as the nonlinear polarization and give rise to nonlinear optical effects. Also note that for small fields the polarization will be nearly equal to a linear response while for stronger fields, nonlinear effects become more important.
Higher-order terms in Eq. 1 become noticeable when an intense optical field is used, creating frequencies of radiations dissimilar to incident light frequencies. Second-order NLO susceptibility [image: image] refers to second-order NLO behavior such as Second-harmonic generation (SHG), Difference frequency generations (DFG), and Sum frequency generations (SFG). In SHG, an input wave of frequency ω produces an output at double frequency 2ω, shown in Figure 1. In DFG and SFG, two input photons with two different frequencies, [image: image] and [image: image] can produce a new photon. A new photon of frequency [image: image] is known as the SFG process. However, in the DFG process, the annihilation of pump photons at the frequency [image: image] gives rise to a photon of frequency [image: image], shown in Figure 2. Third-order NLO effects include third-harmonic generation (THG) (Figure 1), four-wave mixing (FWM), and saturable absorption (SA) phenomenon, which arises due to third-order susceptibility. The [image: image] order susceptibility [image: image] (n < 5) describes the high-order multiphoton scattering/luminescence/absorption, and high harmonic generation (HHG) phenomenon. For higher-order terms, the nonlinear effect becomes weaker as higher-order represents the involvement of more photons. High-order nonlinear effects can be observed at high irradiance, since usually [image: image] and so on. In the case of third-order nonlinear effects, an increase in “n” causes a decrease in the strength of nonlinear interactions so, due to this, the third-order nonlinear effects are the most commonly utilized processes for various applications such as frequency conversion, imaging, modulators, and ultrafast lasers [38].
[image: Figure 1]FIGURE 1 | Illustration of SHG and THG process.
[image: Figure 2]FIGURE 2 | Illustration of (A) SFG and (B) DFG process.
Multiphoton absorption is a nonlinear phenomenon in which simultaneous absorption of two or more photons is observed in a single event. The most common multiphoton absorption processes are the degenerate two- and three-photon absorption process. Multi-photon absorption-based techniques have been developed to attain several photonic applications such as biological imaging, data storage, and optical power limiting. Three-photon absorption (3 PA) has several advantages such as higher spatial resolution, contrast image, high penetration ability, and reduction of scattering losses when dealing with longer wavelengths. Higher-order nonlinear optical effects have prior properties as compared to the single-photon absorption (depend upon first order susceptibility) and two-photon absorption (Third-order susceptibility) [39]. Two-photon absorption is a third-order nonlinear process that depends upon the intensity of light and can dominate over linear absorption at high intensities.
Various nonlinear optical phenomena can be applied for 3D imaging of semiconductors in which two-photon absorption charge carriers can be generated spatially confined in semiconductor devices. Another area of research for nonlinear optical phenomenon is optical power limiting in which a material that exhibits a strong nonlinear effect absorbs more light for higher intensities, such as that above a certain limit of input intensity the output intensity achieves a constant value so particular materials can be used to control noise in laser beams and also protect sensitive equipment, such as sensors, because the nonlinear absorption coefficient increases with the increase in input power. The increase of sample temperature due to absorption results in a nonlinear absorption coefficient and optical limiting effect. To behave as an active optical limiter, the nonlinear optical medium must possess high linear transmittance, low limiting threshold, fast response time, broadband response, and low optical scattering. Nonlinear optical properties also play an important role in the progress of optical limiting devices. Optical limiting has different origins: RSA which takes place due to enhanced absorption is responsible for optical limiting in metal compounds and fullerenes and 2 PA is responsible for optical limiting in semiconductor structures. One of the main sources of optical nonlinearities is the excited-state-induced process, which has potential application for optical limiting; study of these states in terms of enhanced populations of various optical nonlinear solutions is worth continuing by using variation among sizes of their nonlinear optical responses at off-resonant conditions [40]. Optical limiting behavior can be enhanced by choosing the appropriate parameters, such as detuning and the tunneling rate, from which the system will reveal good optical limiting properties in certain intensity regions which can be attributed to an RSA mechanism. The interdot tunneling can affect the system’s optical limiting performance and the threshold of the limiting behavior can be controlled by increasing the tunneling coupling; indeed, the threshold would be a function of input voltage allowing optimization of the optical limiting behavior. Particular controllable limiting behavior, associated with the high transmittance at low intensities and low threshold optical limiting behavior, makes quantum dots materials promising for optical limiting development [41].
PHYSICAL PROPERTIES AND CHARACTERISTICS OF QUANTUM DOTS (QDS)
Quantum dots (QDs) are smart materials that consume smaller radii than bulk exciton Bohr radius and their properties are transitional between bulk matter and molecules [42–44]. Consequently, QDs are recognized as the ideal basic physical material among single atom and ordinary materials [45] and they exhibit massively different electronic properties owing to their small sizes. Commonly, QDs are composed of IV, II-IV, III-V, or IV-VI group elements and their size can be precisely controlled via monitoring temperature, reaction time, and ligands. Quantum dots are usually comprised of a different number of atoms that commonly originate at the surface of nano-crystals dependent upon their sizes [46]. Quantum dots of smaller sizes depict shorter wavelengths with enormous bandgap energy for high energy levels. The emitted light is proportional to the kinetic energy and energy bandgap, as shown in Figure 3B [47].
[image: Figure 3]FIGURE 3 | Quantum dot optical properties (A, B) Bandgap energy dependency on particle size. (C) Their emission multispectral ability [47].
Quantum dots bandgap energy is correlated with their size, so when the dimension of the particle decreases, the band energy increases, and the illustration of particular dependence on QDs size is shown in Figure 4. When quantum dots size is reduced, some important properties, such as their optical properties, are drastically altered, as reduction of particle size causes a split in the band energy distribution and, therefore, higher bandgap energy is obtained. As the size of quantum dots decreases the energy spectrum will change from a continuous to a discrete spectrum. For smaller particles, as the bandgap increases (which physically means that a large amount of energy is required to separate the electron and hole to activate the material) a large amount of energy is released at shorter wavelengths when the electron and hole combine. For larger quantum dots the phenomenon is reversed, as larger quantum dots constitute a smaller bandgap or energy gap so less energy is required to activate the material through electron-hole separation. For the deactivation of the material, the electron and hole combine and releases a small amount of energy at larger wavelengths. This shows that, by controlling the particle dimensions, one can achieve different band structures that represent that QDs have size-tunable optical properties. Recently, the electronic structures that originated from interfacial effects along with quantum confinement have been massively investigated as they exhibit a fast response time and large optical nonlinearities [48, 49].
[image: Figure 4]FIGURE 4 | Diagram illustration of the solid band structures of QD size variation effect on the transition energies. CdS QDs of different sizes, such as >5.6, 5, and 2 nm, exhibit bandgap energies of 2.42, 2.57, and 2.81 eV, respectively. A decrease in the size of CdS QD caused an increase in bandgap energy anda split in the band energy distribution [48].
CHARACTERISTICS OF CORE-SHELL QUANTUM DOTS
Quantum dots have a diameter of few nanometers, so they exhibit a very high surface-to-volume ratio (about 80% of the atoms reside on the surface). In quantum dots, a high surface-to-volume ratio (originated from imperfections and dangling bonds) results in the band structures that in turn can be utilized for the comparisons of two different quantum dot systems. These unsaturated dangling bonds act as efficient charge traps that drastically decrease the quantum yield [50]. The high surface-to-volume ratio of quantum dots is originated from imperfections and dangling bonds make particular band structures that are a basic approximation of definite QDs systems. Electronic energy states of such surface trap sites are localized in QDs bandgap, as depicted in Figure 5B. An abundance of surface states causes instability. To remove this particular instability, two or more semiconductor combinations forming hetero-junctions have been utilized with a core surrounded by a wider bandgap semiconductor shell which passivates QDs surface states, as shown in Figure 5A [48]. Structurally, core-shell QDs were prepared from the core (II-VI or III–V group atoms especially CdTe and CdSe) coated with semiconductor shells (usually ZnS) to develop optical properties. The outermost part of particular core-shell QDs is composed of ligand molecules, which are an utmost acute parameter in determining the morphology, size, solubility, stability, and distribution of QDs particles.
[image: Figure 5]FIGURE 5 | Diagram illustration of the solid band structures: (A) Within the QDs bandgap, the surface traps their electronic transitions. (B) Core-shell QD electronic structure made of two semiconductors forming heterojunctions [48].
The core is the portion of quantum dots that represents optical properties besides semiconducting behavior. To enhance quantum yield and optical properties of QDs, inorganic shells can be utilized to neutralize surface free atoms and create a physical barrier among the core and external factors that form surface defects [51–54]. As shown in Figure 6, the coating of the shell layer above the core QDs to increase quantum yield (QY) and stability has been confirmed by Hines and Guyot-Sionnest. CdSe/ZnS QDs QY is 40% at room temperature [20, 55]. Rosenthal et al. carried out widespread work and discovered that shell materials are not constantly deposited around the core [56, 57].
[image: Figure 6]FIGURE 6 | Core-shell QDs interaction functionalized with ligand molecule [54].
A specific choice of core and shell material depicts several electronic configurations dependent upon how valence and conduction band edges line up in the shell to the core. This is very important for developing efficient nonlinear optical applications [50]. Quantum dots with different NLO effects could be detected owing to the core materials’ arrangement. QDs, especially CdTe and CdSe, nonlinear optical properties have also been observed (mainly third-order optical nonlinearity) [58–61] as particular QDs optical properties, such as size-tunable emission spectra, high photostability, bright fluorescence, and broad-range ultraviolet excitation, make them suitable candidates for different applications such as imaging tools, diagnostics, photobleaching, and chemical retardation [62, 63]. Nonlinear optical properties of CdTe/CdS core-shell QDs have been investigated in the work of E. Saievar-Iranizad et al. [64]. In a particular study, the positive nonlinear refractive coefficient was obtained that displays a self-focusing effect in the sample, and a negative sign was obtained for the nonlinear absorption coefficient. D. Chauvat et al. [65] revealed coherent SHG from single core-shell CdTe/CdS QDs with a diameter of 10–15 nm. The intrinsic coherence and orientation sensitivity of the SHG process of particularly small size nonlinear active core-shell QDs are well adapted for optical near-fields ultrafast probing with high resolution as well as for orientation tracking for bioimaging applications. Desirable features of core-shell QDs, such as photostability, excellent color purity, and tunable photoluminescence (PL), make them appropriate for use in electronics [66, 67], lasers [68, 69], quantum dots light-emitting diodes (QLEDs) [70–72], medical sciences [73, 74], bioimaging, and bio labeling [71, 75].
Selected core-shell materials’ conduction band (CB) and valence band (VB) edges, along with the nature of the bandgap, defines core-shell QDs systems [76]. According to the valence and conduction bands of core and shell structures in core-shell quantum dots, they were divided into further categories. Type-I and Type-II core-shell QDs usually comprise various physical properties and different semiconductor combinations, as shown in Figure 7; Table 1. Type-1 is more favorable as compared to type-II because of their better stability, higher quantum yield, and no leakage of excited electrons. Subsequently, to develop optoelectronic properties, shells of various compositions could be utilized for passivation of an active surface of the core to diminish surface defect states and improve PL, QY, and NLO properties observed to be enhanced [77].
[image: Figure 7]FIGURE 7 | Representation of the Type-I and Type-II core-shell quantum dots based on the band alignment [77].
TABLE 1 | Physical properties of Type-I and Type-II core-shell quantum dots based on band alignment [77].
[image: Table 1]STRONG CONFINEMENT EFFECTS IN QUANTUM DOTS AND CORE-SHELL QUANTUM DOTS
In the bulk structure of semiconductors, charge carriers (electrons and holes) have a continuous distribution of energy states and their motion is not confined. However, in quantum well (QW) structures, these charge carriers are confined and their energy states are quantized in one dimension. Further confinement and quantization of energy in two dimensions is achieved in quantum structures where the motion of charge carriers is confined and energy states are quantized in two dimensions. Confinement of electrons in three dimensions and hence quantization of its energy states can be established in quantum dot structures [78]. However, as opposed to the bulk material, the size of the quantum dots greatly impacts the electronic and optical properties. This is particularly important for semiconductor QDs where the Fermi level lies between two bands and therefore the band edges are key to the electronic and optical properties.
As the band structure in materials develops fully only in the bulk limit, particle size strongly influences the bands and the bandgap and, therefore, the optical and electronic properties. So, one of the most important phenomena at the nanoscale is the quantum size effect. This effect arises when the physical dimensions of nanocrystals become smaller than the characteristics length of the charge carriers (electron and hole) quantum states in the ground or their excited states. The coulomb attraction among appositively charge carriers derives spatial localization of bound electrons-hole pairs. These effects make the optical emission and absorption properties of quantum dots size-dependent, with band peaks shifting to shorter wavelengths at smaller sizes [50]. Photon emission of semiconductor quantum dots can be generally described as a transition across their electronic bandgap. Quantum dots have a tunable bandgap due to the concept known as quantum confinement. Quantum confinement affects the absorption and emission of photons from the dot. Thus, the absorption edge of a material can be tuned by control of the particle size; as size is reduced to the nanoscale range, the exciton binding energy increases because of the electron and hole increased spatial overlap (quantum confinement) When QDs bulk exciton Bohr radius and nano-size were of equal magnitude, the movement of the hole or electron is restricted in three-dimension leading to energy level separations. Such electronic structure imbues QDs with superficial quantum confinement effects and nonlinear effects.
[image: image]
In Eq. 2 “μ” means reduced mass, “m” represents mass, “[image: image]” shows dielectric constant (size dependent), and [image: image] is the Bohr radius [79]. Quantum confinement effects of the quantum dot can be categorized into two types via utilizing Eq. 2: weak confinement regime and strong confinement regime [80]. In the case of a weak confinement regime, when the QDs radius (R) is greater than the Bohr radius [image: image][image: image], for nonlinearity weakly correlated exciton are responsible. In the case of strong confinement regime [image: image], the photoexciton electron and hole are confined. Schmitt-Rink et al. illustrates that in a strong regime state-filling effect is responsible for optical nonlinearity such as when the diameter of quantum dot is smaller in size than exciton, large optical nonlinearities will be observed [81]. Owing to the quantum confinement effect, the ability to control QDs size predicts the controlling of QDs various properties such as absorption and emission wavelengths. For example, CdSe QDs emission wavelength can be controlled from deep red to blue via reducing the dot radius from 20 nm to 0.9 nm [82]. This implies that in strong confinement regime limits, QDs have a great potential for massively enhanced optical properties and motivated the QDs study in a particular limit. The work by V. I. Klimov et al. clearly explains that, via changing the size of quantum dot, nonlinear optical properties can be enhanced. In this work, lasing in quantum dots produces high optical gain at wavelengths of the emitting transition for close-packed solids of these dots. At wavelengths that are tunable with the size of quantum dots, narrow stimulated emission with pronounced gain threshold was observed, as expected from quantum confinement effects [83].
It is difficult to understand the interactions among excitons because QDs states are often degenerate or nearly so. For example, in lead-salt QDs, a 64-dimensional exciton manifold is present and at the band edge, minor deviations from the symmetry and band anisotropy give rise to a splitting of degenerate energy levels, especially for smaller QDs. Interband coupling and exchange interactions can further split the excitonic energy levels. Linear absorption spectrum fails to explain these interactions due to broadening caused as a result of QDs finite-size distribution which hides the signals. So to study absorption spectrum, 2D photon spectroscopy is used as it achieves high spectral resolution [84].
Quantum dot properties, such as strong light absorption properties, make them valuable for several applications such as solar cells and light-emitting devices. The features, including the One- and two-photon absorption phenomenon, are the direct consequence of the quantum confinement effect [50]. A common approach for supporting QD quantum confinement includes encapsulating QDs inside organic surfactant that indicates fluorescent quantum yield decrease. A particular yield could be overwhelmed through increasing inorganic material epitaxial layers over quantum dots core material to attain core-shell QDs that aid PL efficiency enhancement of the QDs [85]. Due to large quantum confinement in the core-shell, quantum dots result in large energy bandgap difference, so as a result PL efficiency also increases. By increasing the thickness of the shell in core-shell QDs, the nonlinear absorption coefficient enhanced drastically; similar cases have also been achieved when an impurity was replaced from the core center to shell center in core-shell QDs.
In the case of weak confinement, the exciton binding energy is much higher than the individual confinement energy of an electron or hole. The nonlinear optical properties were enhanced by large oscillator strengths, which caused the confinement. The oscillator strength increases as the size of the nanocrystal increases (as long as the excited state remains coherent). However, exciton in bulk materials almost acts as a harmonic oscillator that does not show any nonlinear effect. With a decrease in size, the highest nonlinearity could be achieved. The study by Nideep et al. confirmed the quantum confinement effect of CdTe quantum dots via UV-vis absorption and fluorescence spectroscopy that shows that CdTe quantum dots exhibits quantum confinement. Third-order nonlinearity was analyzed via utilizing Z-scan measurement that indicates that quantum dots possess two-photon absorption properties. These quantum dots possess good NLO properties based on which quantum dots can be used as a potential candidate for optical limiting application [86]. Y. Hu et al. investigated the quantum confinement effect in CdSe microcrystals in a glass matrix in the nanosecond time domain. This study reveals evidence for electron-hole quantization in semiconductor microstructures. As a result of quantum confinement, distinct discrete absorption lines were obtained in the spectrum as microsatellite size was decreased [87].
In terms of a nonlinear optical property, the influence of quantum effects on QDs is mainly represented on behalf of increasing the polarizability and absorbance index that provides QDs with their large nonlinear optical parameters as compared to ordinary materials. As mentioned above, high order nonlinear effects depend upon the nonlinear polarization. The bandgap in quantum dots which determine the emitted light frequency range is inversely proportional to its size. When the size of quantum dots decreases, the energy levels split up or bandgap changes (as a result of quantum confinement) and, as a result, in smaller band gaps the sum of energy levels in the strong confinement regime is larger than the energy levels in the bandgaps in the weak confinement regime. As mentioned above, high order nonlinear effects depend upon the nonlinear polarization. Form Eq. 1 it is clear that nonlinear polarization depends directly upon electric field strength and when the electric field strength becomes stronger the polarization becomes stronger; as a result, the order of nonlinear susceptibilities also increases which depicts that nonlinear effects become prominent in this region of higher susceptibilities. Electric field strength is location-dependent, so as the radius of quantum dots decreases electric field strength increases and, as a result, nonlinear polarization components become stronger. This shows that nonlinear optical properties will also increase. When the radius of quantum dots increases the degree of polarization, due to nonlinearity of the light intensity measurement at a large distance from the entry point, becomes too noisy and becomes weak. So, it can be estimated that the nonlinear polarization magnitude decreases as distance increases. Core-shell quantum dots with a large quantum confinement in core-shell quantum dots result in a large energy bandgap difference, so as a result a strong electric field is required which in return will provide good nonlinear polarization effects and, as a result, nonlinear optical properties will also increase.
NONLINEAR OPTICAL CHARACTERISTICS OF QUANTUM DOTS (QDS) AND CORE-SHELL QUANTUM DOTS
The rapid development in nanotechnology and nanoscience has motivated researchers to introduce new nanoparticles that comprise enhanced nonlinear optical properties. In this case, the main goals that are ahead are: 1) To identify specific nanoparticles that exhibit nonlinear optical phenomena mentioned in Basic NLO Characteristics section; 2) understand the relationship between their structural properties and nonlinear optical properties; and 3) demonstrate how, by using these nanoparticles, the nonlinear optical properties can be enhanced or how nonlinear optical properties could be enhanced by changing the properties of nanoparticles. Nonlinear optical devices operating as switches, routers, or frequency converters are technically feasible, but they are still limited by existing nonlinear materials. At present, there is considerable research activity in the field of nonlinear optical materials. In recent years, the size distribution changes of QDs and core-shell QDs result in a change in their nonlinear optical properties, which was reported recently by S. Mathew et al. [88].
Similar to bulk materials, QDs exhibit non-linear optical properties such as multiphoton absorption or emission, harmonic generation, or up- or down-conversion. The most commonly observed nonlinear effect in QDs is absorption saturation and transient bleach shift at high intensities [89–92]. These non-linear optical properties have been considered potentially useful for optical limiting and switching applications [93]. Another non-linear optical phenomenon is harmonic generation, mostly based on the third-order nonlinear optical properties of semiconductor nanoparticles [94, 95]. The third-order nonlinearity is also responsible for phenomena such as the Kerr effect and degenerate four-wave mixing (DFWM) [96]. Only a few studies have been carried out on second-order nonlinear optical properties since it is usually believed that the centrosymmetric or near centrosymmetric of the spherical nanoparticles reduces their first-order hyper-polarizability (β) to zero or near zero. Using hyper-Rayleigh scattering, the second-harmonic generation in CdSe QDs has been observed [97]. Nonlinear three-photon absorption phenomenon in semiconductor quantum dots and nanocrystals has attracted major attention for various applications, such as bio labeling and imaging agents, due to the possibility of utilizing longer wavelengths for deeper penetration depths for super-resolution imaging. Three-photon absorption in semiconductors can be utilized as a limiting factor in all-optical switching applications below half bandgap. Therefore, by having accurate experimental verification of three-photon absorption in semiconductors is of great value for characterization and designing of several NLO devices. The spin-orbit coupling and intersubband transitions in quantum dots are present which may significantly alter the 3 PA process via quantum interference between different bands. To predict the spectral dependence of 3 PA of various semiconductor quantum dots it is important to account for quantum interference between different pathways and to determine the spectral shape spin-orbit coupling [98].
As discussed earlier, the optical properties of isolated QDs can be very different from those of assembled QDs. Theoretical calculations on nonlinear optical properties of QDs superlattice solids have shown that an ideal resonant state for a nonlinear optical process is the one that has a large volume and narrow linewidth [99–101]. The calculations also showed that nonlinear optical responses could be enhanced greatly with a decrease in inter-particle separation distance. For quantum dots with confinement in three dimensions, luminescence up-conversion has only recently been reported for CdSe [102]. Surface states have been proposed to play an important role in the up-conversion in QDs such as CdSe. The optical properties of nanoparticles are tunable throughout the visible and near-infrared regions as a function of nanoparticle shape, surface state, and size. It is well known that the QDs optical absorption and emission properties depend upon their chemical compositions, their dimensions, and shape, so the composition of surfaces and defect distribution are of great importance [50]. At the nanoscale level, the behaviors of defects are quite important as compared to that of bulk materials and could lead to intriguing applications. Despite the presence of defects that are growth-induced in nanostructures, electrons and ion beams can be used to create ion tracks and other radiation-induced defects in them. These defects can significantly alter the nanomaterial's electronic structures and play an important role in finding out the linear as well as nonlinear optical properties at the nanoscale. In nanostructures, a high surface state modifies the chemical and physical properties, which can reflect in NLO measurements. R. Podila et al. explored the effects of defects on the nonlinear absorption behavior of carbon and ZnO nanostructures. This study shows that tailoring the electronic structure of carbon and ZnO via using defects engineering widens the scope in NLO applications. As the number of surface states increases in particular nanostructures, it causes the enhancement of nonlinear optical properties. For example, the optical limiting response is observed in CVD-grown graphene as the number of surface states will be increased. So, varying the number of surface defects will help the nanostructures to achieve nonlinear optical properties that can be utilized to achieve efficient control over the designing and fabrication of new devices for optoelectronic applications [103].
In the case of core-shell, QDs as a result of lattice mismatch between core and shell will experience coherence strain that will cause dislocation sites and surface defects/surface states at the interface of the core-shell. These defect sites then act as trap states for photogenerated charge carriers and cause a decrease in the photoluminescence quantum yield of the quantum dots. So, to increase the photoluminescence quantum yield, core and shell materials should have fewer lattice mismatches. This will reduce the surface trap states and, as a result, the photoluminescence quantum yield of core-shell quantum dots will increase.
In semiconductor quantum dots, the increment in the Coulomb binding energy was observed as confined carriers substantially enhance the overlap among electrons and holes. Therefore, when discussing the optical properties of nanostructures it is also important to consider the excitonic effects. The quantum size effect plays a substantial role in understanding the magnitude of nonlinear coefficients so in return quantum confinement also plays an important role in it. When a quantum dot radius decreases the nonlinear absorption coefficient will increase as a result of strong quantum confinement. The physical reason is that the dipole matrix increases with the reduction of quantum dot size. Another important reason is that the resonance peak shifts toward the higher energies as the size of the quantum dot decreases. It is worth mentioning that between the ground and the first excited state the energy difference increases as the size of the quantum dot decreases.
For QDs, Raman scattering can be used to study vibrational or phonon modes, electron-phonon coupling, and symmetries of excited electronic states. Raman spectra of nanoparticles have been studied in several cases, including CdSe [104]. In order to observe large third-order susceptibility in QDs, B. Zhu reported a study of the nonlinear response of CdSe QDs [105]. Different sizes of CdSe QDs have been used to examine refraction and third-order susceptibility via the Z-scan technique. Experimental results depict positive nonlinear refraction and absorption and, in the case of resonance nonlinear absorption, substantial enrichment has been observed in third-order nonlinear susceptibility. This specifies that CdSe QDs are encouraging materials for optical devices and confirm noticeable applications in nonlinear optics (NLO) and other areas as well. Studies by H. Naderi et al. [106] depict third-order nonlinear optical properties of CdTe QDs by using the single-beam Z-scan technique. According to particular studies’ data obtained from closed-aperture z-scan, [image: image] has a negative sign that shows that particular QDs exhibits self-defocusing optical nonlinearity while results of open-aperture z-scan show a positive sign of β that displays the two-photon absorption phenomenon is dominant in the intensities used for particular studies. The studies of Ref. [86] depict via the Z-scan technique that CdTe QDs samples with various sizes exhibit two-photon absorption and hence are potential candidates of optical limiting properties. The goal is to find and develop materials presenting large nonlinearities and simultaneously satisfying various technological and economical requirements. NLO materials progressively show a substantial part in various photonics characteristics i.e. imaging, detection, transmission, and photon generation [96, 107].
NONLINEAR OPTICAL PROPERTIES ASSOCIATED WITH INTERSUBBAND TRANSITIONS IN CORE-SHELL QUANTUM DOTS
In semiconductor quantum dots structures, the electron motion is quantized in all three dimensions leading to discrete energy levels. A large number of optical nonlinearities were associated with intersubband transitions that occur in quantum dots as compared to the bulk materials. Studies of the third-order nonlinear susceptibilities that are associated with these intersubband transitions in CdSe/ZnS core-shell quantum dots were displayed in this section. Consider a system of an electron confined in CdSe/ZnS core-shell quantum dot having an inner radius [image: image] and outer radius [image: image], as shown in Figure 8. The results obtained from these studies were shown in Figure 8, where [image: image], Re [image: image] and Im [image: image] were presented as a function of photon energy ħω for different outer radii with fixed inner radii and resonant [image: image] magnitudes [image: image]. [image: image] represent direct current Kerr effect and the electron absorption process. Figure 8A shows nonlinear optical susceptibilities increases and peak shifts toward smaller energies and at large R, the peak shift is smaller while for smaller R the peak shift is more.
[image: Figure 8]FIGURE 8 | Core-shell quantum dot pictorial diagram representing that the core is made up of CdSe quantum dot of radius [image: image] and the shell is made up of ZnS having a radius [image: image]. Third-order nonlinearity of CdSe/ZnS core-shell quantum dots with different [image: image] and fixed [image: image] nm were displayed above. The modulus of (A) real part (B) imaginary part (C)[image: image] versus pump photon are represented in the above figures [108].
These results depict that, as a result of the quantum size effect, when R increases the energy distance between electronic states the conduction band becomes smaller. At larger values of R, µ dipole matrix also becomes stronger. In Figure 8B,C, the most interesting feature is observed that near the resonating frequency, [image: image] change its sign from [image: image] to [image: image] while [image: image] always keeps negative. Results show that the third-order nonlinear susceptibilities greatly depend upon the size of the core radius. Quantum dots exhibit large optical nonlinearities due to the quantum size effect and, as a result, resonant peak shifts to lower frequencies. So, via changing the radii of core in core-shell materials nonlinear optical properties can be enhanced just because of electron confinement in the core and because there is nearly no electron in the shell barrier so as a result the electronic wave function probability distribution mainly concentrates in a core part of the core-shell quantum dots. Based on these results, quantum dots nonlinear optical properties will greatly impact the optical devices [108].
CDSE AND CDTE CORE-SHELL QUANTUM DOTS NONLINEAR OPTICAL PROPERTIES AND APPLICATIONS
Quantum dots, due to their nanoscale size, are promising 0-D materials. Quantum dot specific properties allow them to act in numerous applications as NLO and electro-optical devices. The quantum confinement effect becomes substantial to surface modification and manipulation of quantum dots diameter that allows for the control of various properties of the dot. Nanoscale QDs show an important role in the reduction of optical losses among practical applications as they confirm no light scattering at visible or longer wavelengths [48]. The influence of quantum effects on QDs in terms of nonlinear optical property is mainly represented on behalf of increasing polarizability as well as the absorbance index that awards QDs larger nonlinear optical parameters than that of ordinary materials. To make SHG numerical simulation from QDs via applying density matrix, Cox et al [109] found that adjusting the electric field intensity intensified SHG signal. Thus, such types of QDs can be utilized to produce NLO nano switches. Electronic structures that have electrons or holes restricting movement in three dimensions lead to energy level separation, yields quantum confinement, superficial and nonlinear effects [84], and reveal various signs of progress among diverse areas such as sensors, medicines, photoelectric materials, and solar energy batteries [109–113].
Quantum dots nonlinear optical properties depend upon their shape, sizes, and compositions. H. Pan et al. reveal NLO properties of colloidal CdSe/ZnS QDs of various concentrations using the Z-scan technique plus nanosecond pulse laser in NIR spectral band to observe QDs concentration with excitation pump energy impact over CdSe/ZnS QDs NLO properties. Outcomes of H. Pan et al. represent saturable absorption (SA) behavior of particular core-shell QDs: symmetrical peaks of each obtained normalized transmission curve signify nonlinear SA among samples. The nonlinear absorption effect becomes stronger via increasing QDs concentration, which shows that NLO responses and strong quantum confinement were observed simultaneously [114]. For instance, Du et al controlled [image: image] chemical components of three QDs and composite [image: image] QDs with various elements proportions. Through Z-scanning, they investigate specific QDs NLO properties and establish that by increasing the amount of Cd component, the nonlinear absorption coefficient increases from [image: image] to [image: image] and nonlinear refractivity increases from [image: image] to. [image: image].
Core-shell QDs with improved properties are highly functional materials and their properties can be modified via varying the core to shell ratio [115]. In a review article by Karele et al [116], various core-shell QDs applications have been summarized. Core-shell QDs have improved third-order susceptibilities as compared with bulk material structures [117]. Different applications of QDs third-order NLO effects have been examined in photonic devices and optoelectronic fields. Nanoparticle colloidal solutions inserted among various insulator matrices were also considered and established many potential applications, including as optical sensors, in the pharmaceutical industry, drug delivery, in industrial products, imaging ascribed to their optical, electrical, and thermal components, and high electrical conductivity and biological properties due to their surface to volume ratio. The development of optical gain in quantum dots is the main step toward quantum dot lasers. Lasing in quantum dots results in large optical gain at the wavelength of the emitting transitions. At wavelengths that are tunable with the size of quantum dots, narrowband stimulated emission along with a pronounced gain threshold was observed [83]. Many individual reports from various researchers also illustrate the fact that core-shell QDs are gradually attracting more and more attention from technology fields and are emerging as an important part in many fields, such as nonlinear optics [83, 118], electronic engineering [119], and enhancing optical properties [120–122], because quantum dots can control nonlinear optical properties and produce large optical nonlinearities through varying sizes.
In nonlinear microscopy, quantum dots are broadly used as photostable emitters as particular quantum dots emit two-photon luminescence. The study by D. Chauvat et al. shows that in CdTe/CdS core-shell quantum dots (10–15 nm diameter) second-harmonic generation was obtained. The excitation spectrum of particular quantum dots shows resonance in nonlinear efficiency with an overall maximum at 970 nm. Exploration of Polarization of second harmonic emission confirms the zinc blende symmetry and allows the extraction (3-dimensional) of quantum dots orientation. The quantum dots small size along with orientation sensitivity and intrinsic coherence of SHG process were well adapted for orientation tracking for bioimaging applications and for ultrafast probing of optical near-fields with high resolutions [65]. The future generation of core-shell QDs will exhibit many new properties that will surely result in new applications with improved performance.
CdSe-CdTe TYPE-II CORE-SHELL QUANTUM DOTS NONLINEAR OPTICAL PROPERTIES
Electrons and holes of type-II core-shell QDs remain in different regions that will cause an active bandgap in the material. M. Çadirci, Y. Gündoğdu, E. Elibol et al. [123] depict seven CdSe/CdTe core-shell type-II QDs of various shell thicknesses as well as different core sizes with different NLO behavior (nonlinear absorption third-order nonlinear susceptibility [image: image] to be about [image: image]) via using femtosecond laser with 90 fs pulse at 1 kHz repetition rate at 800 nm wavelength. To determine the nonlinear parameters, including Kerr coefficient [image: image] and two-photon absorption coefficient [image: image], open aperture and closed aperture Z-scan measurements were utilized to find [image: image]. Two unlike CdSe cores with dissimilar CdTe shell thicknesses were utilized in this particular study and their properties were studied and CdSe core sizes beside CdTe shell thickness were assessed through theoretical formulas specified in Refs. [124, 125]. CdSe/CdTe core-shell type-II QDs calculated [image: image] and [image: image] parameters were displayed in Table.2.
[image: image]
 CdSe/CdTe core‐shell quantum dots [image: image] have been found out via calculating values of [image: image] and β using equation 3 [127, 128]. Particular observation demonstrates that CdSe/CdTe core‐shell quantum dots nonlinear optical parameters were consistent and [image: image] have identical values for S1.1 and S1.2. Samples and values of [image: image] for samples S2.1, S2.2, and S2.3 were regularly increased with the increase in the shell thickness and CdSe/CdTe type-II QDs third-order susceptibility has been observed about [image: image] respectively [123].
TABLE 2 | List of samples with calculated parameters β, [image: image], and [image: image] by using fs laser z/scan technique [123].
[image: Table 2]HIGHLY LUMINESCENT CdSe CORE-SHELL QUANTUM DOTS NONLINEAR OPTICAL APPLICATIONS
Ultra-small QDs such as CdSe QDs display saturable absorption (SA) and reverse saturable absorption (RSA) NLO absorption properties for 5 ns pulses of 532 nm laser depending upon their compositions, size, and architectures. An effective approach to tuning CdSe-based QDs nonlinear absorption mechanism is by applying core-shell architectures. Core-shell architecture increases the nonlinear absorption as associated with particular distinct parts for local field enhancement related to core-shell structures. As input intensity of CdSe QDs rises they display SA or RSA phenomenon and particular nanostructured materials are of great use as saturable absorbers and optical limiters candidates [128].
Studies by S. Bhagyaraj et al. [128] describe nonlinear optical absorption of CdSe QDs by the Z-scan open aperture technique. Particular QDs possess strong nonlinear light transmission and, depending upon QDs size, particular QDs exhibits third-order NLO phenomenon such as SA and RSA. In particular research, core-shell QDs (CdSe-CdS and CdSe-ZnS) exhibit nonlinear absorption behavior independent of shell materials. However, the nonlinear absorption behavior could be influenced by shell thickness, as shown in Figure 9 (1)A,B, (2)A,B.
[image: Figure 9]FIGURE 9 | (1) Various shell thickness CdSe/ZnS core-shell QDs measured curves, (2) Various shell thickness CdSe/CdS core-shell QDs measured curves (In figure legends thickness increases from top to bottom): (A) Z-scan open aperture curves. (B) Normalized optical transmission curves. Experimental data was shown by symbols while solid curves display numerical fits calculated via using the absorption coefficient equation [128]. “Republished with permission of the Royal Society of Chemistry, from Ref. [128], copyright 2020; permission conveyed through Copyright Clearance Center, Inc.”
The above comparisons show that nonlinear absorption is at a maximum for thin shells and further nonlinear absorption saturation can be observed with increment in the shell thickness, which makes the material act as a saturable absorber. Local fields associated with individual counterparts are the reasons for the nonlinear absorption enhancement for the core-shell structures QDs [129]. Core-shell structures’ shell thickness effects and the QDs’ size-dependent nonlinear absorption effects are shown in Figure 10. These results show that core-shell architecture was suggested and such QDs can be used as saturable absorbers and optical limiters.
[image: Figure 10]FIGURE 10 | Nonlinear absorption coefficient variation as a function: (A) shell thickness and (B) QD size [128]. “Republished with permission of the Royal Society of Chemistry, from Ref. [128], copyright 2020; permission conveyed through Copyright Clearance Center, Inc.”
TWO-PHOTON ABSORPTION OF SEMICONDUCTOR QUANTUM DOTS (QDS) DEPENDING UPON SIZE
The quantum confinement effect plays an important role in the optical properties of semiconductor quantum dots (QDs) and serves as the basis for the QDs applications in optoelectronic devices and imaging. G. L. Dakovski, J. Shan et al. have studied degenerate two-photon absorption (TPA) (a third-order nonlinear optical process) of below band-gap radiation in CdSe QDs depending upon size. In this work, results from experiment and modeling have been combined for systematical study. Two-photon absorption coefficient β of CdSe QDs in a wide range of sizes (R = 1.1–3.4 nm) has been investigated by femtosecond white transient absorption spectroscopy via probing the pump induced bleaching at the first exciton transition energy at 800 nm.
TPA coefficient β and TPA cross-section [image: image] has been extracted accordingly for CdSe QDs of varying radii from experimental measurements. The results have been summarized in the below figures and compared with the simulation-based on multi-band effective mass approximation (EMA) (solid line) and with some available literature on either [image: image] and β for CdSe QDs and bulk materials. For [image: image] and β (black circles) respectively, the reproducibility and uncertainties on the QD concentration were reflected by vertical error bars.
In Figure 11A, increases in QDs radius depict the rise [image: image] and earlier results show excellent agreement with [image: image] on smaller CdSe QDs. In Figure 11B the QDs TPA properties depending upon size however can be observed in TPA coefficient β. G. Banfi et al. results for QDs (R∼5 nm) depict that the TPA coefficient β is nearly size-dependent while β increases for QDs having radii of 1–3.5 nm. So, an excellent agreement has been obtained that TPA coefficient β increases as the size of QDs increase from 1.1 to 3.4 nm (the strong confinement regime) but TPA coefficient saturates for the bulk CdSe radius as no strong confinement is present in such a case [134].
[image: Figure 11]FIGURE 11 | (A) Two-photon absorption cross-section [image: image] dependence on CdSe QD radius at 800 nm: simulation based on a multiband EMA (solid line) and experimental values (black circles). Earlier studies results from Pu et al. [130] (green square) and Liu et al. [131] (red triangles) were included for comparison. (B) Two-photon absorption cross-section β dependence on CdSe QD radius at 800 nm: experimental values (black circles), simulation (solid line). Earlier studies result from Ref. [132] on [image: image] nanocrystals in glass and (red square) and from Ref. [133] β for bulk CdSe at 800 nm (green triangles) were included for comparison.
QUANTUM DOTS (QDS) NONLINEAR OPTICAL SWITCHING AND OPTICAL LIMITING PROPERTIES
Quantum confinement effects make quantum dots a promising class for third-order nonlinear optical materials. In recent years, CdSe QDs, mainly due to their size-dependent luminescence and nonlinear optical properties, have received a great deal of interest. Quantum dots nonlinear optical switching and optical limiting are of great importance. A. Patra et al. in their studies highlighted the nonlinear optical switching and optical limiting of CdSe QDs via nanosecond Z-scan measurement at 532 nm ns pulse laser. These particular works represent that saturable absorption (SA) of nonlinear processes dominates at lower intensities while at higher intensities it changes to reverse saturable absorption (RSA). The saturable absorption process is attributed to the ground state bleaching and reverses saturation absorption is ascribed to free carrier absorption (FCA) of CdSe QDs. Such behavior of CdSe QDs makes them a suitable candidate for optical devices and optical limiting applications.
Figure 12 represents the intensity-dependent CdSe QDs open aperture Z-scan curves with 532 nm at input intensities from [image: image] to [image: image]. These figures represent that when the intensity value is increased from [image: image] to [image: image] the saturable absorption becomes stronger while the Z-scan curve broadens. Further increasing the intensity value, the transmittance decreases resulting in reverse saturable absorption (RSA). In this case, the resonant nonlinear absorption process dominates via taking excited electron of conduction band to higher conduction band states through the second photon. This process is known as free carrier absorption (FCA) which results in reverse saturable absorption.
[image: Figure 12]FIGURE 12 | CdSe QDs intensity-dependent nonlinear absorption curves at various input intensities with 532 nm, ns laser pulse [135].
At higher intensities, the saturable absorption of lower excited states and free-carrier absorption compete with each other, resulting in reverse saturable absorption over saturable absorption. The free carrier absorption and thermal nonlinearities are responsible for optical limiting behavior in nanosecond lasers. The present investigation of CdSe QDs could be useful for mode-locking laser systems as saturable absorption is obtained at lower intensities and can work as an optical limiter based on RSA behavior at high intensities. However, this behavior of saturable absorption over reverse saturable absorption can be utilized in optical pulse compressor, optical switching, and optical pulse narrowing. These results show various applications in optical-based limiting devices. If we compare the pico-second (Ref. [136]) and nanosecond laser, results clearly show that in the case of open aperture Z-scan results, a similar switch of SA to RSA is observed. However, the nonlinear absorption involved free carrier absorption under nanosecond laser excitation whereas direct two-photon absorption and free-carrier absorption/excited state absorption dominate. In the case of nanosecond laser excitation, thermal nonlinearities arise while in picosecond laser excitation electronic contribution arises. One point is also noticeable at this level that signs of nonlinearities indicate their origin as thermal nonlinearities constitutes a negative sign while electronic contribution constitutes positive nonlinearity. The optical nonlinearities in nanosecond laser excitation are always higher than that in pico-second laser excitations and their difference could be due to the pulse duration effects [135].
QUANTUM DOTS (QDS) SIZE-DEPENDENT MULTIPHOTON ABSORPTION AND REFRACTION PROPERTIES
With direct bandgap and control on the bandgap over a spectral range, QDs exhibits many applications in the fields of optoelectronics and nano-photonics. CdSe QDs are by far the most studied QDs among all quantum dots. Nonlinear optical properties of CdSe QDs were studied by Venkatram et al. with 800 nm wavelength and 110 femtosecond laser. Various sizes of CdSe QDs were utilized such as 5 nm, 10 nm, 25 nm, 400 nm. Figure 13A shows how a decrease in the size of QDs causes the shift of absorption peak toward the shorter wavelengths. Results depict that 5 nm and 10 nm CdSe QDs exhibit four-photon absorption (4 PA) while 20 nm and 400 nm CdSe QDs exhibit three-photon absorption (3 PA). Based on these studies, experimental results of open aperture Z-can measurements were compared with the multiphoton absorption coefficients in Figure 13B,C.
[image: Figure 13]FIGURE 13 | (A) CdSe QDs Optical absorption spectra of various sizes such as 5 nm, 10 nm, 20 nm, 400 nm (B) CdSe QDs (5 nm) open aperture Z-scan curve. (C) Open aperture Z-scan curve of 400 nm CdSe QDs. Lines show the theoretical fit with multiphoton absorption coefficients [137].
Figure 13B represents that 2 PA and 3 PA fitted data deviates from the experimental data for 5 nm CdSe QDs while 4 PA data fits well with the experimental data. Similar results were obtained for 10 nm CdSe QDs. For 25 nm and 400 nm, Figure 13C shows that 3 PA fits well as compared to the 2 PA and 4 PA [137]. These results show that by changing the sizes of QDs nonlinear optical effects also change. A change in size causes quantum confinement effects and, due to these effects, nonlinear optical properties among various quantum dots are enhanced and can be utilized for beneficial purposes.
USES OF CORE-SHELL QUANUTM DOTS AS OPTICAL GAIN AND LASING APPLICATIONS
In quantum dots, development of optical gain becomes an important step to achieve quantum dot lasers. Studies by V. I. Klimov et al. represent that large optical gain can be achieved as a result of lasing in quantum dots at the wavelengths of the emitting transitions. Narrowband stimulated emission with an increased gain threshold can be achieved at wavelengths that are tunable with the size of quantum dots as expected from quantum confinement effects [83]. Quantum dots, consisting of between 100 and 10,000 atoms, can now be easily synthesized based on their various properties such as their size (1–10 nm), shape (spherical, elongated, hollow, branched, etc.), and composition (IV, II-VI, I-III-VI, I-II-VI-VI grouped materials). As described earlier, core-shell QDs exhibit favorable optical properties like high absorption cross-section, quantum yields, high photostability, and high optical gain for developing QDs-based microlasers. They are interesting candidates for lasers as active materials as their surface chemistry can be modified and their structures can be precisely controlled, which allows for their efficient inclusion into solid films. Colloidal nanocrystals have been extensively studied for the realization of lasing media with broadly tunable emission wavelengths. The main property for a lasing application that has to be boosted up is an optical gain that is defined as the difference between the absorption and stimulated emission rates.
High performance and extremely stable optical gain media have been obtained for tailored CdSe core (spherical) and CdS shell (rod) QDs via one- and two-photon pumping. Using CdSe/CdS nanorod heterostructures, lasing under one and two-photon pumping has been obtained by using CdSe/CdS nanorod heterostructures that comprise a spherical CdS core (2.4 nm diameter) encapsulated in a rod-like shell (39 nm) as the optical gain media. The main advantage of this optical configuration is to realize the material variable emission wavelength (emission can be tuned by changing the physical dimension of shell and core). For 39 nm long nanorods, a two-photon absorption cross-section obtained value is [image: image] GM which is 2–4 times larger in magnitude as compared to the previously reported core-shell QDs (both core and shell are spherical).
Importantly, two-photon absorption cross-section can be adjusted independently for the CdSe core dimensions, whose size primarily determine the emission wavelength. These results depict that by changing the composition and dimensions of core-shell quantum dots, a nonlinear phenomenon that has a two-photon absorption cross-section can be achieved of greater value as compared to spherical core-shell QDs. Based on these results, particular core-shell QDs can be used for various optical devices. The size-dependent advantages afforded by quantum confined CdSe core are therefore preserved for heterostructures. Nanorods have also been used as a gain medium for two-photon pumped lasing using a spherical optical cavity. Smart Engineering of heterostructures, known as core-shell QDs, provides exciting opportunities for applications in energy technologies [50]. The usefulness and application of Quantum Dot technology continues to expand and research is striving to bring their benefits to more and more technologically applied fields. Quantum dots have extraordinary potential applications with noticeable results in various fields of sciences, such as those shown in Table 3.
TABLE 3 | Various applications of quantum dots (QDs) in different fields.
[image: Table 3]Core-shell QDs are a central focus in nanotechnology and are expressively used for the manufacturing of Nanodevices. To achieve higher quantum yield (QY), photoluminescence (PL), and upgraded nonlinearities, a strong confinement regime is necessary. Low dimensional materials, such as QDs and core-shell QDs, have been extensively studied and significant progress has been made, particularly in II-VI group compounds such as CdSe and CdTe due to high photoluminescence (PL), good quantum yield (QY), and optical nonlinearities. Efros and Brus gave the first theoretical descriptions of three-dimensional excitonic quantum confinement. These authors discussed the basic optical properties of quantum dots for different quantum confinement regimes [164]. Reiss et al. [165] reported a new method for the preparation of core-shell semiconductor nanocrystals of the A (II) B (VI) family. The photoluminescence spectra were measured and a significant increase in the fluorescence intensity of the CdSe/ZnS and CdSe/ZnSe compared to CdSe was observed. The third-order nonlinear optical properties of CdSe/ZnS core-shell quantum dots in solution with toluene were studied over a spectrum ranging from 450 to 680 nm using 225-fs pulse [166]. For calculating the 1s–1s electronic transition in spherically layered semiconductor quantum dots extended theoretical approach was introduced by A. Eychmüller et al. [167]. Venkatram et al. reported that CdSe nanoparticles of different sizes show multiphoton absorption under 800 nm excitation [168]. The particle size ranging from 4.16 to 5.25 nm of CdSe QDs exhibits reverse saturable absorption under 532 nm laser excitation and the two-photon absorption (TPA) coefficient values enhance when decreasing the bandgap [137]. D. Wawrzynczyk et al. reported the large two-photon absorption cross-section of CdSe QDs (QRs) which is of potential use for nanophotonics and bioimaging [169]. The nonlinear optical properties of CdSe QDs with 532 nm ns laser excitation are compared with 532 nm ps laser excitation, which is published in Ref. [136]. In the case of open aperture Z-scan results, it is shown that a similar switch over SA to RSA nonlinear optical behavior was observed under nanosecond and picosecond laser excitations. However, the origination of nonlinear absorption involved free carrier absorption under ns laser excitation, whereas under picosecond laser excitations, direct TPA and free-carrier absorption/excited state absorption dominate. In the case of nonlinear refraction, where the self-defocusing effect of the laser beam occurs, thermal nonlinearities dominate in the case of ns laser excitation and electronic contribution dominates during picosecond laser excitation. The optical nonlinearities in nanosecond laser excitation are higher than that of picosecond laser excitation and the difference could be attributed to the pulse duration effects [135]. These effective materials have substantial applications in the future of electronics, medicine, photonics, and optoelectronics [170]. Moreover, QDs indicate favorable progress among solar cells, as they have the capacity of changing absorbed energy to electrical energy [171].
CONCLUSION
In this review, particular characteristics, including the structure, properties, and applications of low dimensional materials, such as QDs and core-shell QDs, have been discussed. Quantum dots are among the most investigated materials because their optical properties can be controlled via their size and a large surface-to-volume ratio provides a large number of surface traps to accelerate the recovery process. Nonlinear QDs with advanced quality can be obtained by manipulating the QDs size, shape, surface, design, and chemical composition. These particular studies have taken into account some significant findings of nonlinear optical properties in CdSe and CdTe QDs core-shell QDs.
Core-shell QDs improved optical properties, including increased quantum yield (QL) and photostability of core QDs, which highlights the necessity of synthesizing core-shell QDs. Using different synthesis approaches to prepare various core-shell QDs has been utilized to observe their NLO properties, such as third-order nonlinear susceptibility [image: image] (SA as well as RSA), by using various techniques such as the Z-scan technique. Enhanced third-order nonlinearity was attained via fine controlling over core-shell QDs composition and thickness which in return plays an efficient role in optical data storages and optical switching devices. Different core-shell QDs can be used for different purposes such as optical limiters and saturable absorbers by using different core-shell architecture approaches. By different core-shell QDs architecture designs, core-shell QDs nonlinear optical behavior was enhanced so that it can be used as reliable saturable absorbers, optical limiters, and so on. With rapid nanotechnology development, QDs became a subject of great interest in biology, drug testifying, functional material, and environmental sciences. Frequent QDs investigation together with evolution provides further advancements in finer device fabrication and quantum efficiency.
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