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Optical non-linearities play a crucial role in enabling efficient and ultrafast switching applications that are essential for next-generation photonic devices. ZnS phosphor material produces the best results in terms of increased luminescence quantum yield when doped with certain impurities. Nevertheless, the investigation of the third-order non-linear optical susceptibility of the phosphor materials can be exploited for various switching applications. In this regard, we review the recent advancements in the investigation of non-linear optical properties of ZnS phosphors, where the knowledge of absorption and refraction is utilized in various optical and detector applications. Furthermore, the review highlights strategies employed to enhance the non-linear optical response of phosphor materials as well as a general discussion of an attosecond optical switching scheme which can be used to fabricate devices with petahertz speeds. Consequently, we provide a solution to the unsolved problem of the significant extension of optical limiting applications to switching applications by developing design strategies to manipulate conventional ZnS phosphor material. The potential challenges and future prospects of utilizing phosphor materials for switching applications are also addressed. The strategies for manipulating ZnS phosphor can be generalized for a broad range of other materials by minimizing linear and non-linear losses, while enhancing the values of the non-linear refractive index coefficient. We propose that the figure-of-merit of ZnS material can be enhanced by using a suitable combination of pump and probe wavelength values, which can be useful for optical switching applications.
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1 INTRODUCTION
The use of phosphor materials has revolutionized scientific and industrial research due to their many applications in light-emitting diodes, optoelectronics, and television displays. Researchers have made numerous efforts to increase the photoluminescence quantum yield of phosphors by using various dopants and quantum confinement techniques. It has been suggested that the photoluminescence quantum yield of phosphors increases in the case of confined structures compared to their bulk counterparts (Sharma and Bhatti, 2007; Nag et al., 2008; Yang et al., 2008; Sharma et al., 2009a; Sharma et al., 2009b; Sharma et al., 2020). However, research in the field of luminescence-based applications of phosphor materials has already reached a satisfactory level; the idea of exploring non-linear properties and their applications is still unclear in the scientific community.
ZnS phosphor falls into the category of materials that are intensively investigated by researchers for various optoelectronics-based applications (Furdyna and Kossut, 1988; Borse et al., 1999; Norris et al., 2001; Luo et al., 2002; Pradhan et al., 2007; Pradhan and Peng, 2007; Thakar et al., 2007; Srivastava et al., 2010). For example, the UV-visible spectra of cobalt doped ZnS nanowires have shown a red shift in comparison to the spectra of pristine ZnS nanowires (Gawai et al., 2016). The photoluminescence quantum yield of cobalt doped ZnS nanoparticles is reduced because the Co-dopant creates the quencher sites in the energy band gap of the host material (Sharma and Bhatti, 2007). Photocatalytic efficiency of ZnS nanocomposites is found to be 84.49% within 180 min for a mixed sample (Dake et al., 2022). As far as the applications are concerned, the nanoparticles have shown inorganic antimicrobial agent properties which can be fabricated by co-precipitation method (Mote et al., 2015). However, there is a limited number of research reports where non-linear characteristics are investigated from an application point of view. The question of whether a good phosphor material can also be a suitable candidate for non-linear optical investigations and applications remains unanswered in the scientific community. Non-degenerate two-photon absorption was explored in a zinc blende-type ZnS single crystal by using the ultrafast pump–probe technique (Chen et al., 2013). The results of two-photon fluorescence spectroscopy and the pump–probe method for ZnS were compared using a white-light continuum as a probe beam to produce a non-degenerate two-photon absorption spectrum (Negres et al., 2002a). A correction to the two-photon absorption cross-section was proposed to account for the chirp and temporal walk-off of the laser pulses. The cross-correlation signals of ZnS were measured at probe wavelengths of 480 nm, 532 nm, and 580 nm, with the pump beam energy and beam width kept at 5 μJ and 500 μm (HW1/e2M), respectively. Semiconductor quantum dots are suitable for photonic switching applications, although the signal-to-noise ratio of photonic switches and the limited number of photons are some of the problems associated with effective implementation from an application point of view (Smith, 1984; Negres et al., 2002b; Wada, 2004; Dorren et al., 2011; Jiang et al., 2020). Optical power consumption and small cross section of the gain medium are the major issues in the development of the logic devices (Jin and Wada, 2014). The pump-probe measurements of ZnS sample are carried out by using pump and probe beam wavelengths at 800 nm and 400 nm, respectively. It has been suggested that swapping the wavelengths of the pump and probe beams in non-degenerate pump-probe measurements can provide additional information about the relaxation time of hot electrons in the conduction band. This can be explained based on group velocity dispersion, where the 800 nm laser beam travels faster than the 400 nm laser beam due to differences in the refractive index values. Therefore, the pump and probe laser beams cannot be at zero delay, as predicted by cross-correlation measurements (Chen et al., 2013).
The electronic and structural properties of short-lived excited states in molecules and semiconductors can be investigated with the help of transient absorption spectroscopy. These measurements are sensitive to the emission wavelength, intensity, and temperature. Transient absorption spectroscopy and stimulated emission depletion fluorescence of molecules can be combined to measure energy state perturbations of interfaces at a nanometer scale (Maly et al., 2017). On the other hand, the pump-probe technique can also be used to investigate the excited state of semiconductors, where the transmission change in the probe beam is measured as a function of the time delay. One advantage of pump-probe spectroscopy over time-resolved fluorescence is that, in the absence of an excited state, only the fluorescence signal remains, providing valuable information about photon absorption in molecules.
The present article is organized as follows: Section 2 is devoted to pump-probe measurements of ZnS phosphor samples and a discussion of the temporal walk-off of pulses in the sample. In this section, we will address the issue of chirp and temporal walk-off of the laser pulses if a white-light continuum is used as a probe beam. In Section 3, various challenges are highlighted for practical photonic switching applications using semiconductor quantum dots. In Section 4, the pump-probe measurements of the ZnS sample are investigated using pump-probe beam wavelengths at 800 nm and 400 nm, respectively. Here, we also address the question of whether swapping the wavelengths of the pump and probe beams in non-degenerate pump-probe measurements can be useful to obtain extra information about the relaxation time of hot electrons in the conduction band. The next question is whether the swapping exercise can be utilized to determine the characteristics of ZnS for application in optical switching devices. Section 5 is devoted to finding an answer to the question of whether an all-optical switch is better than other switching devices. The concept of optical transistors and the potential for optical logic circuits to revolutionize information processing are also discussed in this section at length. The question, how to obtain resolution of the order of attoseconds in optical switching scheme, is also discussed in Section 5 which can be used to fabricate devices with petahertz speeds. Section 6 highlights various strategies to enhance the figure-of-merit of semiconductor materials. The section also addresses the issue of whether the strategies for manipulation of ZnS phosphor can be generalized for a broad range of other materials. Section 7 summarizes the major contributions and future challenges in this field.
2 PUMP-PROBE MEASUREMENTS AND TEMPORAL WALK-OFF
The non-degenerate two-photon absorption of a ZnS single crystal sample is measured using the experimental configuration illustrated in Figure 1A, where the details of various components are highlighted in the caption. The transmission spectra illustrated in Figure 1B show two-photon absorption because the energies of the pump and probe photons are smaller than the energy bandgap of the ZnS material (Huang et al., 1997; Leeb et al., 1999; Yoffe, 2001; Burda et al., 2005; Erwin et al., 2005; Yang et al., 2006; Norris et al., 2008; Corrado et al., 2009). A problem arose with chirp and temporal walk-off of the laser pulses when a white light continuum was used as the probe beam. This issue was resolved by applying a correction to the two-photon absorption cross-section. The cross-correlation signals of ZnS were estimated at probe wavelengths of 480 nm, 532 nm, and 580 nm, with the pump beam energy and beam width being 5 μJ and 500 μm (HW1/e2M), respectively. The transmittance and temporal width of the signal depend on the relative velocity of the incident pulses onto the sample and the value of the non-linear optical susceptibility. It is important to note that the length of interaction of the pump and probe beams is significantly reduced due to the group velocity mismatch and different wavelengths in the white light continuum. This walk-off effect resulted in a decrease in transmittance when the difference between the frequencies of the pump and probe was increased.
[image: Figure 1]FIGURE 1 | (A) The experimental configuration of pump–probe measurements involves a femtosecond pulsed laser beam (beam 1) from the TOPAS regenerative amplifier, which is split into two parts: beam 2 and beam 3. Beam 2 and beam 3 are respectively named the pump and probe beams. Laser beam 2 is directed onto the sample through an optical delay line and a half-wave plate. Conversely, the laser probe beam 3 is directed onto the sample with the help of a pair of mirrors. A portion of the probe beam is also directed towards detector D2. The pump and probe laser beams are directed onto the ZnS sample, and changes in the probe beam are measured using detector D1. (B) Transmittance spectra of the ZnS single crystal sample (Chen et al., 2013).
The results for the non-degenerate two-photon absorption coefficient (β) in ZnS are represented in Figure 2B, with theoretical estimations included according to Refs Banyai and Koch (1986), Butcher and Cotter (1990), and DeSalvo et al. (1996). The group velocity mismatch (ρ) and non-linearity (τ) parameters of the material corresponding to the wavelengths were 16.4 and 4.5 at 480 nm, 9.9 and 1.9 at 532 nm, and 6.2 and 0.6 at 580 nm, as shown in Figure 2A. This indicates that a significant correction is required to estimate the degenerate and non-degenerate cross-section values when the pump and probe beams have a large separation of frequencies.
[image: Figure 2]FIGURE 2 | (A) Transmittance as a function of the time delay for a ZnS sample at wavelength of 480, 532 and 580 nm. The experimental results (dashed line) are fitted with solid line curve whose details are referred to the text. (B) Non-degenerate two photon absorption coefficient as a function of probe wavelength for the ZnS sample (a) white light continuum spectral measurement without including pump–probe walk-off. (b) pump–probe walk-off correction is applied (c) calculated spectra of ZnS using theortical model. Reprinted with permission with Negres et al. (2002b) © The Optical Society.
The transmittance can be estimated by fitting the required parameters using following Eq. 1:
[image: image]
Here α, τd, W are the linear absorption coefficient, temporal walk-off parameter, temporal width of the probe and pump pulses, respectively. If n, λ, c are the refractive index at wavelength λ and speed of light, respectively, then the non-linearity can be estimated by following Eq. 2:
[image: image]
Here, L and β are respectively the sample thickness and non-degenerate two-photon absorption coefficient. n and np are the linear refractive indices for the pump and probe beams, respectively. Further, Figure 3 depicits the non-degenerate measurement results where white light continuum probe was used at λp=1.2 μm along with the degenerate two photon absorption spectrum (Garito et al., 1989; Chattopadhyay et al., 2009; Cirloganu et al., 2011; Kumbhakar et al., 2011; Olson et al., 2013). The white light continuum pump-probe technique is beneficial to obtain a database spectra of various organic dyes which can be applied to investigate structure-property relations (Zheng et al., 2017).
[image: Figure 3]FIGURE 3 | Degenerate two photon absorption cross-section is represented with help of solid circles where two photon fluorescence is taken into account. Non-degenerate cross-section is represented by using open square symbols. Solid line represents the linear absorption spectrum. Reprinted with permission with Negres et al. (2002b)© The Optical Society.
3 PHOTONIC SWITCHING APPLICATIONS
Since the reduction in particle size can affect the non-linear properties, semiconductor quantum dots and photonic cavities can be prospective candidates for photonic switching applications. Semiconductor quantum dots are suitable for photonic switching applications, although there are various challenges highlighted in Figure 4. In order to attain a reasonable signal-to-noise ratio in a particular switch for practical applications, the number of incident photons are limited to one thousand (Smith, 1984; Negres et al., 2002b; Wada, 2004; Dorren et al., 2011). On the other hand, the dashed line proposed by Wada in 2004 shows a significant step toward achieving improved performance of photonic switches based on all-optical, electronic, and optoelectronic approaches. In order to develop the practical logic devices, the optical power consumption and the cross-section of the gain medium must be kept small (Jin and Wada, 2014). The requirement for a photonic switch is that it should convert electrical signals to optical signals with a recovery time on the order of picoseconds or femtoseconds. Such photonic switches may have terahertz switching speeds with minimum loss optical waveguides, providing high switching speeds at a low cost.
[image: Figure 4]FIGURE 4 | Power per bit as a function of switching time for photonic switches (Smith, 1984).
The results depicted in Figure 5 were recorded by using the experimental configuration Figure 1A where the pump laser beam was fixed at 800 nm while the probe beam wavelength was varied from 480 to 570 nm. When pump and probe laser beams have parallel polarization, the transmission signal was found to be smaller when the probe beam wavelength was increased from 480 nm to 570 nm Figure 5A. This observation was found to similar for the case of orthogonal pump and probe beams (Figure 5B). The non-degenerate two photon absorption coefficients for parallel and orthogonal polarization were estimated by using the concept of crystal orientation and zinc blend symmetry of ZnS single crystals.
[image: Figure 5]FIGURE 5 | Probe transmission spectra when pump and probe laser beam are in (A) parallel (B) orthogonal polarization mode (Chen et al., 2013). These data are recorded by using the experimental configuration shown in Figure 1A.
The non-degenerate two photon absorption coefficient is estimated to be about 7.52 cm/GW from Figure 6B which is consistent with previous reports of literature (Negres et al., 2002a). It is quite evident from the peak to valley transmission data shown in Figure 6A that there is a large phase change due to the free carrier in comparison to the bound electrons. The value of non-linear refraction coefficient is found to be positive. At zero delay there is a narrow peak for both of the intensity values which can be due to the cascading effect of second-order non-linearities. The carrier recombination time is observed to be 0.6 ns and 0.8 ns for free-carrier absorption and free-carrier refraction, respectively which can be related to the electrons, holes and hole-trapping rates in refraction and absorption. The open aperture z-scan measurements are carried at input beam energies of 10, 30, and 50 mJ which corresponds to the incident intensity values of 0.27, 0.82 and 1.37 GW/cm2, respectively, as shown in Figure 7A. Since the two photon absorption coefficient values do not vary with the increase in the intensity of incident beam (Figure 7B). The non-linear scattering can be estimated by placing a detector at an angle of 45° with respect to the incident beam while recording the scattering signal by translating the sample along the propagation direction of the beam. There is almost no change in the signal which indicate that the non-linear scattering played hardly a role in the non-linear absorption measurements. In order to obtain best options for the material showing optical limiting, the threshold value of incident laser beam intensity and reduction in the transmission play significant role (Wang et al., 1994; Jacobs and Franson, 2009; Christodoulides et al., 2010; Li, 2016; Marder, 2016; Muralidharan et al., 2016). It is quite evident that the luminescence quantum yield can be significantly increased by reduction in the particle size of doped ZnS. Nevertheless, it would be interesting to note whether the reduction of the particle size of the ZnS can also increase the optical limiting behaviour of the material. Since the transmittance of material is decreased with the increased intensity of the incident radiation, the optical limiting effect can be used in various applications where the amount of the light entering a system needs to be controlled. This example put forward a significant point in the mind of scientific community that ZnS can be a candidate for various applications in laser safety devices and protectors from intense radiation.
[image: Figure 6]FIGURE 6 | (A) Estimation of non-linear refraction from peak to valley transmission (ΔTpv). (B) Non-linear absorption from the normalized transmittance as a function of probe-beam time delay for ZnS (Sheik-Bahae et al., 1994).
[image: Figure 7]FIGURE 7 | (A) Normalized open aperture z-scan data of ZnS nanocomposites at different intensities (B) absorption coefficient βeff versus intensity I0 with units in (GW/cm2) (Divyasree and Chandrasekharan, 2017).
4 WAVELENGTH SWAPPING AND NON-LINEAR ABSORPTION
Next, the pump-probe measurements of the ZnS sample are conducted using pump-probe beam wavelengths of 800 nm and 400 nm, respectively. Here, we also address the question of whether swapping the wavelengths of the pump and probe beams in non-degenerate pump-probe measurements can provide additional information about the relaxation time of hot electrons in the conduction band. Another question we explore is whether the swapping exercise can be utilized to determine the characteristics of ZnS for application in optical switching devices.
In the first step, the pump and probe beams were kept in a similar polarization state, with wavelength values of 800 nm and 400 nm, respectively. This situation is highlighted in Figure 8A and can be considered as an example of the non-degenerate two-photon absorption process. It is easy to see that there is no transition from subband 1 to subband 2, as three-photon absorption is neglected. On the other hand, one can observe that the linewidth of the pump-probe transmission signal (Figure 8B) is significantly presented in the inset of Figure 8B. This can be explained on the basis of group velocity dispersion, where the 800 nm laser beam travels faster than the 400 nm laser beam due to the difference in the values of refractive indices. Therefore, the pump and probe laser beams cannot be at zero delay, as predicted by the cross-correlation measurements. One can estimate the non-degenerate two-photon absorption coefficient value using the following relation 3:
[image: image]
where, L, npu, npr, [image: image] are the sample thickness, linear refractive index of pump beam, linear refractive index of probe beam and peak irradiance of pump beam, respectively. In order to record the results of Figure 9A the probe beam intensity is fixed while the pump intensity is varied from 0.22 GW/cm2 to 2.24 GW/cm2. When the time delay is at 0 ps, a sharp decrease in the transmission is seen, however, the curves remain flat from 0.5 to 3 ps. After 3.5 ps the transmission increases to the original level without showing any tail effect. One can easily recall that the value of non-degenerate two-photon coefficient does not vary despite increase in the pump beam intensity, as illustrated by Figure 9B. The free carrier absorption, degenerate two photon absorption and non-degenerate two photon absorption processes are schematically illustrated in Figure 9C. When pump and probe beams are respectively kept at a wavelength of 400 nm and 800 nm, the energy bandgap of ZnS is covered by the non-degenerate two photon absorption. On the other hand, when the energy bandgap of ZnS is covered with two photons; each of wavelength 400 nm, the process is so called the degenerate two photon absorption. The free carrier absorption is represented by the excitation of electrons in the conduction band from subband 1 to subband 2. In order to find answer to question “how the hot electrons in the conduction are related to the minimum energy state,” swapping of the pump and probe beam wavelengths can be helpful which is illustrated in the transmission results of Figure 9D. The inset of Figure 9B is magnified version of the non-linear transmission around zero delay. Since the transmission signal is reduced by about 9% around zero delay, it emphasized that not only the non-degenerate two photon absorption but also degenerate two photon absorption process contributes to the overall signal. There is a long tail associated after the time delay of 4 ps which is related to free carrier lifetime of hot electrons in the subband 1. Recalling the fact that the free carrier lifetime is larger than the pulse width (200 fs) of the laser beam, the lifetime can be obtained by an exponential to the recovery time of switch to the initial state.
[image: Figure 8]FIGURE 8 | (A) The band structure diagram of non-degenerate two-photon absorption in ZnS where pump and probe laser beams are kept at a wavelength of 800 and 400 nm, respectively. (B) Percentage change in transmission as a function of time delay when probe beam is kept at a wavelength of 400 nm. The inset shows the temporal profile of the fundamental laser beam at a wavelength of 800 nm. The full width at half maximum of the femtosecond laser beam is found to be 200 fs (Wu et al., 2014).
[image: Figure 9]FIGURE 9 | (A) Transmittance change as a function of time delay when the pump and probe beam are kept at wavelength of 800 and 400 nm, respectively. The pump beam intensity is varied from 0.22 to 2.24 GW/cm2. (B) Maximum transmission and non-degenerate two-photon absorption coefficients for various intensities of pump beam. (C) Energy subband structure diagram depciting free carrier absorption, degenerate two photon absorption, non-degenerate two photon absorption processes. (D) The relative transmission as a function of time delay when the pump and probe beams are respectively, kept at 400 and 800 nm wavelength. The inset shows the magnified view of the main level near zero delay (Wu et al., 2014).
The lifetime measurements include a sum of radiative and non-radiative transitions in the materials which can be deconvoluted to extract the various components. Multiexponential decay curves indicate more than one energy state which is responsible for the decay process. On the other hand, single exponential decay means only one state is responsible for decay measurements. Nevertheless, the relaxation processes at a scale of ns and even hundreds of ps can hinder the switch-off state which results in an incomplete switch-off state. In such cases, the switch-on state is sharp enough, however, the switch-off state is not complete, which results in reduced contrast of the switch.
Further studies are required to investigate the effect of the electron-phonon interaction in ZnS. On the other hand, the experimental result in silicon semiconductor shows that the photo-excitation leads to the decrease in the relaxation rates. This can reduce the carrier temperature through the phonon scattering. In order to get the relaxation properties of the hot electrons at relatively higher energy states, the wavelengths of the pump and probe beams are swapped. When the optical delay between the pump and probe is kept around 4 ps, the absorption of the probe photons by hot electrons dominates. We believe that the materials, in which the relaxation time is dominated by the electron-electron and electron-phonon transitions, will be relatively better candidates for switching applications because the carrier scattering occurs at sub-picosecond time scale. On the other hand, if the radiative recombination dominates then it results in the longer lifetime values (ns) of material which produces a long tail and the switch-off state is prolonged over the period of time.
Next, we discuss the question whether the non-linear absorption is affected if the ZnS nanosheet samples are annealed. The situation is highlighted in Figure 10A, where tansmission as a function of Z-position is illustrated for the ZnS nanosheet samples annealed at 400°C for 2 h. The experimental data are fiited by both of the processes; the two photon as well as three-photon absorption. Nevertheless, it is found that the two photon absorption fitting is better than that of the three-photon absorption fitting. This aspect is also validated from the straight line graph of ln(TOA) vs. ln(I), as shown in Figure 10B. There are two important results which can be drawn from the z-scan measurements of the ZnS nanosheet. The two photon absorption is found to be about 10 times higher in ZnS nanocrystal quantum dots as compared to ZnS nanosheet sample which is due to the quantum confinement effect. On the other hand, the two photon absorption coefficient values are also enhanced as a result of annealing of the ZnS nanosheet samples (He et al., 2005; Fishman et al., 2011; Kole et al., 2013; Pattanaik et al., 2013; Shcherbakov et al., 2015; Wu et al., 2019).
[image: Figure 10]FIGURE 10 | (A) Transmission vs. Z-position of ZnS-ZnO nanocomposite sample in an open aperture z-scan measurements when intensity beam is kept at 2.41 GW/cm2. The symbols represent the experimental data while the two and three photon absorption fittings are shown with the help of solid and dashed lines, respectively (B) time of annealing (TOA) as a function of the intensity (Kole et al., 2014).
The non-linear optical properties of Mn-doped ZnS nanocomposites are investigated to explore the influence of Mn in the host material (El-naggar et al., 2022). Third-order non-linear optical susceptibility and non-linear refractive index values are shown for pure and doped samples of ZnS in Figure 11. It is quite evident that the doped samples have shown smaller values of the non-linear refractive index as compared to the undoped samples of ZnS, which is an opposite trend in the case of the luminescent properties of the host materials, where luminescent properties are enhanced as a result of doping.
[image: Figure 11]FIGURE 11 | (A) Third-order non-linear optical susceptibility and (B) non-linear refractive index for pure and MnS/ZnS nanocomposites (El-naggar et al., 2022).
The basic principle of the all-optical switching device based on its absorptive nature in the presence of the switching beam is highlighted in Figure 12. The situation is illustrated in Figure 12A, where the input beam is incident on a non-linear optical material, and the output beam is emitted. This state is referred to as the switch-off state of the all-optical switching device. Conversely, when both the input and switching beams are incident on the non-linear material, there is no emission of the output beam, as illustrated in Figure 12B. This state is referred to as the switch-on state of the all-optical switching device. The basic principle of the all-optical switching device based on the change in the direction of the output beam in the presence of the switching beam can also be understood in a similar fashion. Here, the input beam is incident on a non-linear optical material, and the output beam is emitted in a certain direction. This state is referred to as the switch-off state of the all-optical switching device. On the other hand, when both the input and switching beams are incident on the non-linear material, the output beam changes its direction. This state is referred to as the switch-on state of the all-optical switching device based on its directional nature.
[image: Figure 12]FIGURE 12 | Basic principle of an absorptive all-optical switching device (A) when only input beam is present and (B) when input as well as the switching beams are present. (C) Estimation of figure of merit (Ironside, 1993).
Since the transmittance of material is decreased with the increased intensity of the incident radiation, the optical limiting effect can be used in various applications where the amount of the light entering a system needs to be controlled. In this regard, the two-photon absorption process in ZnS can be useful to extract information whether the material can be a suitable candidate for detector and optical limiting applications. Higher the value of the non-linear absorption coefficient, greater is the possibility of a material to be used in detector and optical limiting applications. Two important points can be noticed from the non-linear absorption coefficient measurements; 1) if a material has high value of non-linear absorption coefficient, then it is not suitable for all-optical switching applications because the figure-of-merit is inversely proportional to the value of non-linear absorption coefficient. 2) Despite a low figure of merit, the material still remains useful for detector and optical limiting applications.
5 PRACTICAL APPLICATIONS OF ALL-OPTICAL SWITCHING DEVICES
The present section is devoted to discuss the challenges for practical applications of an all-optical switch. The concept of optical transistors and the potential for optical logic circuits to revolutionize information processing are also discussed in this section at length. The question, how to obtain resolution of the order of attoseconds in optical switching scheme, is also discussed. The attosecond optical switching scheme can be used to fabricate devices with petahertz speeds which are many orders of magnitude faster than present electronic devices.
To use optical logic for various practical applications, certain conditions must be satisfied, including cascading compatibility, fan-out capabilities, logic-level restoration, input/output isolation, absence of critical biasing, and logic level independence from loss (Miller, 2010). In the case of all-optical switching, cascading compatibility is determined by the spatial and temporal profile of the input and output laser pulses. Nevertheless, feedback stages are important for input and output signals in the case of optical transistors (Miller, 1990; Hwang et al., 2009). Regarding fan-out capabilities, the output of one stage must drive the inputs of about two or more stages in the next step in the transistors. On the other hand, there must be significant transmission even if the input beam power is low. This is in contrast to existing all-optical switching schemes in the literature, where large irradiance values of the input beam are essential to cause non-linear changes in the phase of the output beam. The logic level must be restored while the signal propagates in the medium. In the case of all-optical switching-based schemes, the group velocity dispersion of the pulses must be minimized so that we may get a clean signal after transmission.
Another important parameter is input/output isolation, which can be obtained for the transistors; however, it is difficult in optics because many non-linear processes that occur simultaneously can reduce the final contribution of the signal. In the case of optical signals, the coherent interference of the light beams at different points must be separated, which can justify the absence of critical biasing (Nazarathy et al., 2009). Another challenge is logic level independence from loss in optical switching. It has been observed that the switch-on signals are very clear in the optical switching mechanism; however, the switch-off signals are not as prompt owing to hindrance from various radiative recombination in the semiconductor materials. However, all-optical switching-based devices should have an edge over other switching devices in the future, provided practical implementations are taken into account. It is suggested that the all-optical switching needs further investigation for communication applications.
Most of the findings of researchers in the sub-picosecond all-optical switching domain are in the transmission mode through the target sample, which can attain terabit-rate modulation of the incident signal (Qi et al., 2021; Jiang et al., 2022; Wang et al., 2022; Zhang et al., 2022; Saha et al., 2023; Sun et al., 2023; Wang et al., 2023; Xu et al., 2023). The main challenge with these types of switches lies in the fact that the intensity of the transmitted signal is quite low, while the switch-off state of the device is not as sharp as that of the switch-on state. One particular advantage is that most of these devices in the sub-picosecond switching time domain have been tested for practical applications at the telecommunication wavelength of 1.55 μm.
An example of a recent switch is illustrated in Figure 13A, where the basic principle of an attosecond reflective optical switching device is demonstrated. Reflectivity changes are introduced in the dielectric medium due to the incident pump beam. The pump and probe beams are directed onto the fused silica sample, which is followed by monitoring the reflected probe beam with the help of a photodetector (Figure 13B). The switch-on and switch-off states of the device are shown with attosecond resolution. The attosecond switching as a function of the optical time delay is realized in Figure 13C. The switching signal is shown in Figure 13D when the contribution of the probe beam is subtracted from the overall signal. The switch-on and switch-off states of the attosecond switch are marked with the help of vertical lines using maximum and minimum intensities, respectively. The reflected modulated signal as a function of the optical time delay is shown in Figure 13E. The intensity as a function of wavelength without the pump beam and with the pump beam at zero delay, as well as at an optical delay of 0.9 fs are illustrated in Figure 13F. Therefore, reflectivity-based modulation is demonstrated in the fused silica sample under the influence of a highly intense beam, resulting in attosecond optical switching. Furthermore, this information has been used to obtain a data binary encoding system (Alqattan et al., 2022; Hui et al., 2022; Hui et al., 2023). These original research findings can be used to fabricate devices with petahertz speeds, which are many orders of magnitude faster than present electronic devices.
[image: Figure 13]FIGURE 13 | (A) Basic principle of an attosecond reflective optical switching device where pump and probe beams are directed onto a sample of fused silica. (B) The reflected probe beam is monitored with the help of a photodetector. The switch on and switch off states of the device are shown with attosecond resolution. (C) Attosecond optical switching as a function of the time delay. (D) Switching signal when the contribution of the probe beam is subtracted from the overall signal. (E) The reflected modulated signal as a function of the optical time delay. (F) Intensity as a function of wavelength without pump beam and with pump beam at zero delay as well as at 0.9 fs (Hui et al., 2023).
In the visible region, MnS-ZnS (0.5%) not only shows high photocatalytic efficiency (Dake et al., 2022) but also the higher values of non-linear optical parameters which can be useful to obtain fast optical switching in communication systems (Dake et al., 2022). The chalcogenide materials can be used in switching applications where the phase-changes are coupled to the cycling ability and non-volatile nature of the material. In addition, low power consumption and reduced losses are among several other advantages of these materials which demonstrate their potential for future switching applications (Boltasseva and Atwater, 2011; He et al., 2022). On the other hand, ZnS quantum dots can be utilized in various applications in the field of ultrafast photonics and non-linear optics. As an example, in the case of the lasers, the InP/ZnSeS/ZnS quantum dot saturable absorber is used to obtain mode-locked laser pulses with a pulse width of 635 fs. The InP/ZnSeS/ZnS quantum dots fabricated in the presence of hydrogen fluoride can be used to reduce defects which leads to a reduction of the carrier recovery time. The pulse width of the laser is shortened from 635 fs to 450 fs by using InP/ZnSeS/ZnS quantum dots (Lou et al., 2022).
6 STRATEGIES TO ENHANCE FIGURE-OF-MERIT
In the photonic devices, the higher power consumption and thermal losses hinder most of the practical applications. All-dielectric meta-materials were investigated for the switching applications because these photonic devices consume less power and the thermal losses are minimal (Boltasseva and Atwater, 2011; Behrens et al., 2019). In this regard, ZnS/SiO2 was considered as one of the material which can be embedded in photonic devices (Li et al., 2011; Wang et al., 2016). These all-dielectric switches can attain picosecond switching speed which can be further increased to femtosecond switching speed with smart selection of the incident beam wavelength and manipulation of the material by doping (Hosokawa et al., 2012; He et al., 2022; Latif et al., 2022; Balaei and Naseri, 2023; Mandal et al., 2023). The linear absorption can be kept low in case of the non-resonant optical non-linearity, therefore, the transmission of light is increased. In case of the non-resonant optical non-linearity, non-linear refractive index, n2, and the non-linear absorption coefficient, α2, values can be related to the Kramers-Kronig relation for a broad range of solids, as illustrated in Figure 6A. It has to be emphasized that the response time of the semiconductor to the incident field is of the order of 10–15 s which can be considered as an instantaneous response.
The schematic evolution of the idea of switching in the present investigations is depicted in Figure 14, where pristine ZnS shows very weak luminescence, which can be considered to originate from defects, band-edge energy states, and excitonic energy levels. The weak emission peak is centered around 420 nm and exhibits luminescence lifetime values of the order of microseconds. This situation is highlighted in Figure 14A. However, luminescence quantum yield is significantly increased when using Mn dopant, owing to the introduction of 4T1 and 6A1 energy states in the host (Figure 14B). The strong luminescence peak is centered around 585 nm, with luminescence lifetime values on the order of milliseconds. Thus, the phosphor nature of ZnS is significantly enhanced by the incorporation of dopants, which can be utilized in various optoelectronic applications. Nevertheless, the situation is drastically altered when the irradiance value of the incident beam on ZnS is high enough to cause non-linear optical effects. Specifically, when the energy bandgap of ZnS is covered with two photons of the same wavelength, the process is called degenerate two-photon absorption, which is used for various optical limiting applications, as illustrated by Figure 14C. Recalling the fact that two-photon absorption contributes to material losses, it is undesirable in the case of switching applications. In the search for schemes to achieve a high figure-of-merit, losses are reduced by using the wavelength of incident radiation where one-photon and two-photon absorption processes are avoided, as shown in Figure 14D. The idea can be extended to a broad range of materials by using the scheme shown in Figure 14E, so that the non-linear refractive index coefficient values are increased. The all-optical switching mechanism in nanocrystal quantum dots is highlighted in Figure 14F, where the spin polarization concept is used.
[image: Figure 14]FIGURE 14 | Schematic evolution of the idea of switching in the present investigations: (A) Pristine ZnS has a very low luminescence quantum yield, which can be considered to originate from defects, band-edge energy states, and excitonic energy levels. (B) Luminescence quantum yield is significantly increased when using Mn dopant, owing to the introduction of 4T1 and 6A1 energy states in the host. (C) When the energy bandgap of ZnS is covered with two photons of the same wavelength, the process is called degenerate two-photon absorption, which is used for various optical limiting applications. (D) In the search for schemes to achieve a high figure-of-merit, losses are reduced by using the wavelength of incident radiation where one-photon and two-photon absorption processes are avoided. (E) The idea can be extended to a broad range of materials, increasing the non-linear refractive index coefficient values (Ironside, 1993). (F) The all-optical switching mechanism in nanocrystal quantum dots, where the spin polarization concept is used.
7 SUMMARY
In summary, we have answered the question of whether an all-optical switch is a better candidate than other switching devices. However, all-optical switching-based devices should have an edge over other switching devices in the future, provided practical implementations are taken into account. The concept of optical transistors and the potential for optical logic circuits to revolutionize information processing are also discussed. The pump-probe measurements and temporal walk-off of pulses in the ZnS sample are discussed, addressing the issue of chirp and temporal walk-off of the laser pulses if the white-light continuum is used as the probe beam. Various challenges are elaborated for practical photonic switching applications using semiconductor quantum dots. The pump-probe measurements of the ZnS sample are investigated using pump-probe beam wavelengths at 800 nm and 400 nm, respectively. Here, we have addressed the question of whether swapping the wavelengths of the pump and probe beams in non-degenerate pump-probe measurements can be useful to obtain extra information about the relaxation time of hot electrons in the conduction band. The following question is answered regarding whether the swapping exercise can be utilized to determine the characteristics of ZnS for application in optical switching devices.
In the present paper, we have reviewed the non-linear refraction and absorption mechanism in ZnS phosphors which can be further used to obtain higher figure-of-merit values in order to decide the suitability of materials for the switching applications. The next step will be to extend the present investigations for the study of the non-linear properties of the organic molecules by borrowing the idea from semiconductor materials discussed in the present manuscript. The off-resonant (degenerate), free space optics and Mach–Zehnder interferometer based all-optical switching configurations are already demonstrated by many researchers to test various semiconductor and non-linear organic materials (Sharma et al., 2021). The next challenge is to check the semiconductor and organic materials for realistic applications using a silicon organic hybrid waveguide (Pattanaik et al., 2016). The future road map is to incorporate organic and semiconductor materials in slot waveguide geometry (Sharma et al., 2021). It is to be noted that the figure-of-merit value of about ≥1 is reasonable for the switching applications; however, it is reported that the theoretical estimate of figure-of-merit of the YZ-V-69 organic molecule has attained a value ≥400 (Nalwa, 1993; Marder, 2016). Consequently, these organic materials can be tested for the switching applications by using free space Mach–Zehnder interferometer configuration which can be further extended to design waveguides in the telecommunication sector by embedding the high-figure-of-merit material in the slot wave-guide geometry.
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