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Plasmonic structures possess rich physics related to the sensitivity of plasmon resonance to the change in the environmental dielectric constant, the enhanced light scattering and optical extinction, and the local field enhancement enabled strong light-matter interactions, which have been applied in refractive-index sensors, optical feedback in various micro- or nano-cavity lasers, surface enhanced Raman scattering spectroscopy, and high-sensitivity molecular detection. However, ultrafast optical response is another important aspect of plasmons, which can be utilized to achieve switching of optical signals in different spectral bands. These optical switching designs are very important for applications in optical logic circuits and optical communication system. In this review, we summarize a series of reports on ultrafast plasmonic optical switches, where we focus our discussions on the structural and device designs, instead of on their physics. By categorizing the designs of optical switches into different groups by their featured performances, we intend to propose the development trend and the commonly interested mechanisms of such ultrafast optical switches. We hope this review will supply helpful concepts and technical approaches for further development and new applications of ultrafast optical switching devices.
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INTRODUCTION

Optical switching is indispensable in integrated optical logic circuits and optical communication systems [1–6]. High response speed, large modulation depth, and broadband acceptability or tunability are always expected for optical switching devices. Metallic nanostructures supply possibilities of ultrafast optical switching performance, where the fs-ps response time scale of surface plasmon resonance is a central mechanism [7–15]. Furthermore, incorporating plasmonic nanostructures into periodic photonic devices [16–20] enables amplification of the switching signal based on pure plasmonic spectral modulation, facilitating high-speed, high-efficiency, high signal-to-noise ratio, and low-threshold optical switching devices.

Localized surface plasmon resonance (LSPR) and surface plasmon polaritons (SPPs) are based on different forms of free electron oscillation in nanostructured metals under optical excitation. Such collective electronic oscillation has a lifetime shorter than 100 fs [5, 10, 11, 21–24], so that they supplied ideal mechanisms for ultrafast optical switching [25–52].

In this contribution, we review ultrafast plasmonic optical switching designs and devices by dividing them into a series of categories, which is based on the most important performances or intrinsic features in their constructions.



ULTRAFAST PROCESSES INVOLVED IN THE OPTICAL SWITCHING DYNAMICS

As generally accepted, plasmonic processes involve pure electronic process, electron-phonon interaction process, and pure phonon process, where the pure electronic process has coherent and in-coherent stages. For optical switching applications, we only make use of the electron-involved processes, i.e., the pure electronic process and the electron-phonon process. Thus, the speed of the switching is in a range from 100 fs to a few ps. However, depending on the pulse length and the pump-probe scheme, the switching speed may be much lowered. For instance, using pump and probe pulses longer than 100 fs, the switching signal is mostly a cross-correlation between the pump and probe pulses. Thus, the switching signal exhibits a nearly symmetric dynamic curve. In other words, the pump-probe detection cannot resolve the collective plasomic process. In such cases, the time duration of switching signal can be simply evaluated roughly by [image: image], where τp is the pulse length. Furthermore, as has been revealed that there exists an interference effect between the probe photons and the excited oscillation of plasmon electrons [7]. As shown in Figure 1A, the interference effect is a dynamics with in-phase and out-of-phase interaction between the probe pulse and the plasmon electron, resulting in alternative enhanced and reduced scattering or absorption of photons. As a result, oscillatory “fringes” can be observed in the switching signal dynamic curve. Such an effect nearly destroys the optical switching process by reducing largely the efficiency, expanding largely the switching signal or reducing the switching speed, and producing repeated on and off processes. As shown in Figure 1B, about two complete cycles of oscillation may be observed in the switching signal with a period of more than 200~300 fs. Apparently, the oscillation dynamics is actually a beat frequency oscillation between the pump and probe photons, verifying the interference nature of the interaction process.


[image: Figure 1]
Figure 1. (A) Basic principles of beat oscillation in the interference-interaction between localized surface plasmon electrons and a probe photon. (B) Experimental observation of beat-oscillation processes in the interaction within 150-fs between a probe photon at 850 nm and the LSPR electrons oscillation at a wavelength of 750 nm. Reproduced with permission [7]. Copyright © 2016, the authors.


Thus, the interference effect should be always avoided in the design and operation of the optical switching device. It is understandable that the interference effect requires similar polarization of the pump and probe pulses. Therefore, it is recommended that the pump and the probe employ orthogonal polarizations. For instance, TM-pump and TE-probe scheme is recommended for the optical switch consisting of gold nanowire gratings.

In the design of ultrafast optical switching devices, the most important photophysical mechanisms that have been utilized include the electron-electron (e-e), electron-phonon (e-p), and phonon-phonon (p-p) scattering processes. All of these processes induced redshift of the plasmonic resonance spectrum and the optical switching processes could be achieved by the differential spectroscopic response. However, high switching speed in the scale of sub-100 fs can be achieved by the e-e process, although we mostly observe the e-p processes due to the long optical pulses. The p-p process is generally much slower and has smaller spectroscopic modulation depth as compared with the plasmonic electron-involved processes, which is observed as a long tail of the dynamics of optical switching signals. In metallic nanostructures, inter- or intra-band transitions in metal atoms can also be utilized to produce optical switching signals, which involve non-plasmonic processes. Considering that the optical switching processes originate mainly from spectral shift of the resonance signal, non-linear optical processes in the environmental medium can be utilized to achieve optical switching processes. Strong optical excitation induces transient change in the refractive index of the medium surrounding the plasmonic nanostructures, which results in the spectral shifts of plasmon resonance and consequently the switching of the probing light pulse. However, optical spectroscopic modulation by the changes in both the plasmonic modes and the environmental refractive index is generally very small. Incorporating the plasmonic nanostructures into photonic devices is an effective approach to amplify the optical switching signals. For instance, Fano coupling between the broad-band plasmons and the narrow-band photonic resonance modes has been utilized extensively for high-efficiency optical switches.



DIFFERENT DESIGNS OF PLASMONIC OPTICAL SWITCHING DEVICES


Designs Based on Different Surface Plasmons
 
Localized Surface Plasmons

The simplest design is the device consisting of randomly distributed gold nanoparticles [26]. Optical excitation induced red shift of LSPR of the gold nanoparticles, so that difference spectroscopic response produced an optical switching signal. By depositing a further layer of continuous gold nanofilm, so that the isolated gold nanoparticles are connected together conductively, the spectroscopic response of the LSPR of the gold nanoparticles were much enhanced. As a result, the ultrafast spectroscopic response by femtosecond pump-probe detection showed large redshift and broadening of the resonance spectrum of the conductively connected gold nanoparticles (AuNPs) with respect to the isolated ones. The temporal and spectral dislocation between the edges of transition band is responsible for the much increased speed of the plasmonic optical switching effect.

A single Au/GeSbTe/Au nanosandwich structure was demonstrated for LSPR switching process [1]. The key mechanism is the hybridized palsmonic mode between an Au nanorod and the Au film, where a GeSbTe layer is inserted between these two plasmonic structures. The optical switching operation of the scattered light was achieved by the phase change between the amorphization and crystallization of GeSbTe when it is irradiated alternatively by picosecond laser pulses.

Plasmonic indium tine oxide (ITO) arrays (ITO-NRAs) have been utilized to achieve all optical switches in the infrared spectral band with high speed and high on/off ratios [2]. The switching operation is based on the optical excitation induced redshifts of LSPR in ITO nanorods. Significant plasmon frequency modulation and large transient bleaches and induced absorptions have been produced by strong optical excitation, which is based on the low electron density in ITO. Furthermore, the low electron heat capacity of ITO-NRAs enables sub-picosecond speed of the optical switching process.

Ultrafast optical dynamics has been revealed in nanostructured tungsten carbide (WC) [27]. Although this is not a direct demonstration of an optical switching device, the mechanisms based on LSPR in this conductive material is important for the design of all optical switches. It was discovered that strong optical excitation by femtosecond laser pulses induced transient modification on the energy-band structures in tungsten, which consequently resulted in the expansion and shift toward the Fermi level of the electronic d-band. This led to the lowering of the threshold photon energy for interband transitions, thus, producing enhanced transient absorption at a red-shifted spectrum, as shown in Figure 2. Furthermore, due to the enhanced density of states of the electronic band after transient modulation, electron density is also increased in the conduction band, which may enhance the LSPR effects. These mechanisms result in a rapid positive-to-negative transition in the transient absorption process, as shown in Figure 2D, which supplies a basis for ultrafast optical switching applications. The revealed mechanisms also apply to other metals and conductive materials.


[image: Figure 2]
Figure 2. (A) SEM image of the surface of the WC coating. (B) TEM image (left panel) and SADPs of sites A and B (right panel). (C) Schematic illustration of modulation on the electronic band structures of W by strong optical excitation. (D) Dynamics of transient absorption (ΔA) measured at 770 nm on the surface of bulk tungsten. Inset: a closer look at the TA dynamics in the first 2 ps. Reproduced with permission [27]. Copyright © 2016, Optical Society of America.


Additionally, all-optical signal manipulation has been demonstrated by ultrafast photodoping and plasmon dynamics in fluorine–indium codoped cadmium oxide nanocrystals at optical communication wavelengths [3]. Ultrafast photodoping induced increase in carrier density and LSPR excitation led to a change in carrier effective mass. Large transmission modulation was achieved at modest pump powers in such a plasmonic material.



Surface Plasmon Polaritons

Surface plasmon polariton mode can be excited by sending a light beam onto a periodically modulated continuous metallic thin film. A wavevetor along the grating surface can be excited when the corresponding diffraction condition is satisfied. In a silver film deposited on an ITO grating, two SPP modes are excited at different spectra, which correspond to the propagation along the top and bottom interfaces of the silver film with air and ITO, respectively. Both modes exhibits ultrafast optical modulation dynamics under excitation by femtosecond laser pulses [28].

Figure 3A shows the design of the structures for the optical switching device and Figure 3B shows the geometry how the femtosecond pump-probe detection was carried out. Figures 3C,D present the TA spectra of the two SPP modes. The optical switching dynamics are shown in Figures 3E,F for the two modes at shorter and longer wavelengths, respectively. The speed of the optical switching was measured to be shorter than 300 fs for the longer-wavelength SPP.


[image: Figure 3]
Figure 3. (A) SEM images of the Ag film deposited on an ITO grating. (B) Geometry of the pump probe measurements. (C) 3D plot of the TA spectra at different time delays between the pump and the probe. (D) TA spectrum at a delay of about 1 ps. (E) TA dynamics of the SPP modes at shorter wavelengths. (F) TA dynamics of the SPP mode at longer wavelengths. Reproduced with permission [28]. Copyright © 2019, Optical Society of America.


Fano coupling between a Fabry–Pérot cavity and a surface plasmon polariton (SPP) has been utilized to achieve optical switching and plasmonic modulation [8]. SPP mode was excited with a slit in a gold film and the Fabry-Pérot cavity was constructed by adding a second mirror with an adjustable separation from the bottom one, as shown in Figure 4A. Both the mechanical and electro-optical modulation have been utilized to switch the SPP emission. An ultrafast modulation with an efficiency of 30% has been achieved at a rate of ~ 0.6 THz for such a design.


[image: Figure 4]
Figure 4. (A) Geometry of the switch composed of a cavity formed by two metal films with the bottom one containing a slit and acting as an SPP waveguide. Reproduced with permission [8]. Copyright © 2016, Spinger Nature. (B) Optical switch based on the excitation of SPPs at the VO2/Au interface. Reproduced with permission [9]. Copyright © 2018, Optical Society of America. (C) Ultrafast switching of the SPP in an aluminum-coated grating. Reproduced with permission [10]. Copyright © 2017, AIP Publishing.


On the basis of the SPP excitation in the gold film using the prism scheme, a layer of VO2 was produced on the top surface of gold, as shown in Figure 4B, so that optical switching was achieved by strong optical modulation on the SPP at the Au/VO2 interface, where the signal was detected in the reflection of the probe light beam [9]. The formation of the metallic phase of VO2 layer under strong optical excitation altered the field enhancement effects and the SPP propagation length at the VO2/Au interface, modulating the reflection spectrum around the SPP resonance. Such an optical manipulation of SPP resonance has a response speed of a picosecond timescale, supplying a design of optical switching device.

A further optical switching design based on direct excitation of SPPs was demonstrated by depositing aluminum onto a grating structure [10], as shown in Figure 4C. Propagation SPP mode was excited by the probe beam at a required angle of incidence, which is modulated by the pump pulse, producing sub-100-fs modulation in the reflection of the probe spectrum. Coherent non-linear interaction of the optical and SPP pulses was assigned as the responsible mechanisms.



Hybrid Plasmons

Here we define hybrid plasmons by any structures that interfaced between different LSPs or SPPs. As defined in Figure 5A, hybrid plasmons are constructed between different structures (S1 ≠ S2) with different (M1 ≠ M2) or similar materials (M1 = M2) or the same structures (S1 = S2) with different materials (M1 ≠ M2). Normally metals are used as the plasmonic materials. Different structures may also be achieved by different shapes or different sizes of the same or different nanomaterials. The most important condition for the hybrid plasmons is the small separation distance between the nanostructures, which is generally required to be smaller than 20 nm for nanostructures or for plasmons resonant in the visible spectrum. Figure 5B shows some simple configurations of hybrid plasmonic structures. Such designs of hybrid plasmons largely extend the configurations of ultrafast optical switching devices. Figures 5C,D show some reported designs of hybrid plasmons of Au-Ag hetero-plasmonic dimers and Ag-Au-Ag bimetallic nanowires, respectively.


[image: Figure 5]
Figure 5. (A) Design of hybrid plasmons. (B) Some typical configurations of hybrid plasmonic schemes. (C) Au-Ag hetero-plasmonic dimers. Reproduced with permission [29]. Copyright © 2015, American Chemical Society. (D) Ag-Au-Ag bimetallic nanowires. Reproduced with permission [30]. Copyright © 2015, American Chemical Society.


The hybrid plasmonic structures have also been achieved by embedding silver nanoparticles into the hole space of a gold nanowire network [31]. Figure 6a shows the SEM image of such a structure and (Figure 6b) demonstrates the dark-field scattering image. According to the color difference in Figure 6b, the silver and gold nanostructures have different plasmon resonance performance. In particular, on the interface between gold and silver a third color can be observed, which can be taken as the response of the interfacial plasmon. Such structures are also potentially good candidates for optical switching devices.


[image: Figure 6]
FIGURE 6. Hybrid plasmonic structures consisting of god nanowire network and embedded silver nanoparticles. (a) SEM images and (b) Dark-field optical microscope images of the fabricated structures. Reproduced with permission [31]. Copyright © 2018, John Wiley and Sons.


Single plasmonic nanoantenna embedded in ITO was demonstrated as a hybrid system for achieving a nano plasmonic optical switch with a picosecond response speed [32]. Large free-carrier non-linearity of ITO was enhanced by plasmon-induced hot-electron injection from the gold nanoantenna, which is the responsible mechanism for the optical switching effect, as shown in Figure 7A [32].


[image: Figure 7]
Figure 7. (A) Time-resolved reflectivity of single nanoantennas on high-conductivity ITO. Reproduced with permission [32]. Copyright © 2011, American Chemical Society. (B) On-Chip Optical Switch Based on Plasmon–Photon Hybrid Nanostructure-Coated Multicomponeonent Nanocomposite [4]. Copyright © 2016, American Chemical Society. (C) Schematic diagram of the hybrid system composed of a semiconductor quantum dot (SQD) and a metallic nanoparticle (MNP). Reproduced with permission [33]. Copyright © 2015, Optical Society of America. (D) Schematic diagram of a hybrid system composed of gold nanoholes array and J-aggregate molecules. Reproduced with permission [34]. Copyright © 2016, John Wiley and Sons.


An integrated photonic circuits design was demonstrated as an on-chip-triggered all-optical switch based on plasmon–photon hybrid nanostructures [4]. This multi-component nanocomposite design exhibits a low threshold pump intensity of 450 kW·cm−2, a fast response of 63 ps, and multiple operating wavelengths. Such a design is as shown in Figure 7B. An ultrafast optical switch is proposed in a quantum dot-metallic nanoparticle hybrid system [33], as depicted in Figure 7C. Interaction between a semiconductor quantum dot (SQD) and localized surface plasmons has been utilized to achieve ultrafast excitonic population inversion. A non-linearly chirped few-cycle pulse train excites enhanced plasmonic fields in a metallic nanoparticle and complete population inversion can be achieved in the SQD for small interparticle distance. The dynamics in population inversion exhibits a steplike transition between absorption and amplification, which may be utilized in optical switching effects.

Hybrid design of the plasmonic structures for optical switching devices have also been achieved by interactions between LSPs or SPPs and the J-aggregate excitons [11]. Transient optical Stark effects in such hybrid nanostructures have been utilized to achieve strong exciton-SPP coupling. Optical modulation dynamics in femtosecond time scales were demonstrated by transient spectroscopic response. Similar hybrid system has been reported in the coupling between J-Aggregate molecules and SPPs in subwavelength hole arrays, as illustrated in Figure 7D [34].




Materials Design
 
Noble Metals

Nanostructured noble metals, including gold, and silver nanostructures [29–34], are the main group of materials that are utilized in ultrafast plasmonic optical switches. In an earlier work, waveguide gold nanowire grating has been demonstrated as a femtosecond optical switch, as shown in Figure 8A [19]. Fano-coupling between the waveguide resonance mode and localized surface plasmon in gold nanowires has been the responsible mechanism. A sub-200 fs speed and a 6% modulation depth have been achieved for such a device.


[image: Figure 8]
Figure 8. (A) Femtosecond optical switch using a waveguide gold nanowire grating. Reproduced with permission [19]. Copyright © 2008, John Wiley and Sons. (B) Femtosecond optical switch based on the optical heating of the interfacial palsmons induced at the gaps of discontinuous gold nanowires. Reproduced with permission [35]. Copyright 2017, the authors.


Also based on the waveguide gold nanowire grating structures, the gaps on the discontinuous gold nanowires have been utilized. Interfacial plasmons induced at these gaps may be modified due to optical heating by femtosecond laser pulses, where thermal expansion of the gold nanostructures changes the gap widths, as shown in Figure 8B. The “breathing” effect of the interfacial plasmon is responsible for the optical switching effect [35]. Furthermore, silver-coated gold nanorods [12] and gold nanoprism dimer [17] have been demonstrated as ultrafast optical switching structures.



Two-Dimensional (2D) Materials

Localized surface plasmons and SPPs in 2D materials with high charge-carrier mobility have also been utilized in ultrafast optical switches. Subwavelength-structured graphene exhibits plasmonic response in the mid infrared or terahertz spectral range. However, similar plasmon resonance effects as those for metallic nanostructures can also be observed and utilized in 2D materials like graphene, which attracts particular attention because the absence of an energy gap in graphene allows plasmon polaritons to be tuned continuously.

As shown in Figure 9, in subwavelength-scale graphene ribbons optical excitation induced red-shift of the plasmon resonance, which is a signature of hot charge carriers in the graphene and can be applied in optical switching devices [36]. Furthermore, small electronic specific heat in graphene enables fast control of plasmon resonance under transient heating of the charge carriers. This is important for applications in switching with high speed. As an alternative candidate to metallic materials for plasmons in the infrared, high-mobility graphene exhibits non-equilibrium photo-induced plasmonic performance. This is the basis for activating plasmons with femtosecond laser pulses and ultrafast pump-probe plasmonic control.


[image: Figure 9]
FIGURE 9. Optical switch using subwavelength-structured graphene surfaces. Reproduced with permission [36]. Copyright © 2019, American Chemical Society.


Different from graphene, another 2D material, the black phosphorous, is a van der Waals bonded semiconductor. Ultrashort near-infrared pulses enables high-contrast interband excitation of electron–hole pairs in black phosphorous, which is a promising material in surface polaritonics for ultrafast switching. A SiO2/black phosphorus/SiO2 heterostructure was designed to achieve an optical switching device in the infrared, which exhibits excellent switching contrast and switching speed [38].



Metal Oxide

Conductive metal oxides with high charge-carrier mobility also supply alternative routes to achieve plasmonic photonic devices [2]. Nanoparticles of doped indium tin oxide (ITO) nanoparticles have been incorporated into a photonic crystal structure, which exhibits photonic bandgap in the visible and plasmon resonance in the infrared [39]. Ultrafast optical switching based on tunable plasmon resonance through photodoping can be achieved in such a structure. The design and the microscopic characterization of the device are shown in Figure 10A [39] by the left panel and the optical switching dynamics by the right panel. Two-dimensional array of ITO nanorods has been used to achieve sub-picosecond optical switching process in the full visible spectral band, as shown in Figure 10B [40]. It is a demonstration that heavily doped wide-bandgap semiconductors can be used to realize all-optical control of light at a speed even faster than that of noble metals. Furthermore, the large aspect-ratio and low thermal conductivity of ITO enabled a slow optical modulation in the microsecond regime, which was associated with the slow lattice cooling.


[image: Figure 10]
Figure 10. (A) Design of the plasmonic photonic device made of ITO nanoparticles and the optical switching performance. Reproduced with permission [39]. Copyright © 2018, Springer Nature. (B) Optical switching device consisting of an array of ITO nanorods and the transient absorption spectroscopic dynamics. Reproduced with permission [40]. Copyright © 2016, Springer Nature.





Structural Design
 
Zero-Dimensional Design

We define zero-dimensional design as a single plasmonic nanostructure, e.g., a sphere, a particle, a rod, a wire, and etc., which can be utilized to achieve optical switching effects. Wang et al. reported such a device using a single gold nanorod [41], as shown in Figure 11. Longitudinal (Lg) and transverse (Tr) surface plasmon resonance (SPR) modes were excited in the two orthogonal directions along and perpendicular to the axis of the gold nanorod, respectively. Two transient spectroscopic response signals were observed when the colloidal solution containing single gold nanorods was investigated by femtosecond pump-probe detection.


[image: Figure 11]
FIGURE 11. Dual resonance optical switching based on single gold nanorods. Reproduced with permission [41]. Copyright © 2015, American Chemical Society.




Two-Dimensional Design

Two-dimensional (2D) design can be defined as structures with plasmon resonance or plasmonic hotspots located in the same plane that is generally parallel to the substrate. 2D periodical [10, 19, 28, 35] and non-periodical [26, 27] metallic nanostructures on planar substrates are most general designs of optical switching devices. A more typical design of a 2D periodic array of gold nanostructures is shown in Figure 12 [42]. Figure 12A shows the SEM image of the fabricated structures, which consist of hemisphere gold nanoshells connected by continuous gold film covering a 2D photoresist grating. Due to the geometry of the hemispheric nanoshells, the reflection spectrum is different in the space above and below the structures, which enables uni-directional performance of the plasmons and the optical switch, as shown in Figure 12B. A dipolar (DP) and hexapolar (HP) plasmon was observed when the reflection spectrum was measured in the space on the bottom of the structures. Thus, the optical switching performance can be characterized by femtosecond pump probe using the reflection mode on the bottom surface, as illustrated in Figure 12C. The two kinds of plasmonic resonance modes can also be observed in the transient absorption spectrum, as marked by HP at shorter wavelengths and DP at longer wavelengths in Figure 12D. Due to the different mechanisms for HP and DP modes, the optical switching by DP is much faster than that by HP, as shown in Figure 12E. For the DP mode, a switching speed of shorter than 300 fs and an amplitude of larger than 135 mOD (~27%) modulation on the reflection spectrum has been achieved.


[image: Figure 12]
FIGURE 12. A 2D structure as plasmonic optical switch device consisting of an array of plasmonic hemisphere nanoshells. (A) SEM image of the plasmonic hemisphere nanoshells. (B) Design of the structures with directional spectroscopic response. (C) Reflection pump-probe scheme for the characterization of the optical switch. (D) TA spectra with a series of delay times, showing the spectral bands for hexapolar and dipolar resonance modes. (E) Normalized TA dynamics and the corresponding exponential fit curves at two typical wavelengths. Reproduced with permission [42]. Copyright © 2017, John Wiley and Sons.




Three-Dimensional Design

Three-dimensional (3D) design can be defined as structures having multiple layers with each layer parallel or non-parallel to the substrate, where plasmon resonance or plasmonic hotspots are located in different layers or on the interface between different layers. Such a configuration was achieved in the two layer device consisting of cross-stacked gold nanowire gratings, which is shown in Figure 13 [43].


[image: Figure 13]
Figure 13. (A) A 3D structure consisting of cross-stacked gold nanowire gratings. (B) Interfacial plasmon excited between two cross-stacked gold nanowires. (C) Interaction between multiple resonance modes induced narrow-band spectroscopic response. (D) Optical switching performance characterized by transient absorption spectroscopic response. Reproduced with permission [43]. Copyright © 2015, the authors.


Figure 13A shows the practically fabricated structures by the SEM and AFM images. The central mechanism for such a design is the interfacial plasmon at the crossing point between the two perpendicularly arranged gold nanowires with a separation of d< 20 nm, as shown in Figure 13B. Meanwhile, there are multiple further resonance modes: waveguide resonance mode in the gold nanowire grating on the ITO waveguide, Rayleigh anomaly in the gold nanowire grating on the top layer, and Fano coupling between Rayleigh anomaly and the interfacial plasmon. Interaction between all of above resonance modes produces a sharp spectrum in the transmissive optical extinction, as shown in Figure 13C, which favors high-efficiency optical switching. The femtosecond transient absorption spectroscopy verifies an excellent optical switching device with a speed faster than 280 fs and an on/off modulation depth of about 22.4%, as shown in Figure 13D.




Spectral Bands Design
 
Device Working in Visible Spectrum

Most of the reported ultrafast plasmonic optical switches have been working in the visible spectral range [39, 40, 44–46]. This is because plasmonic resonance of most nanostructured noble metals has spectroscopic response in the visible band. Such structures are more easily designed and fabricated, as compared with those in the infrared or at even longer wavelengths. Therefore, there is a large overlap between the plasmonic optical switching devices operating in the visible spectral range with those categorized into material designs [39, 46], structural designs [40, 44], and plasmonic mode designs [45] in above sections. Thus, we do not need to make more discussions on this category of devices.



Device Working in the Infrared

Shifting the plasmonic resonance spectrum to the infrared may be realized in the following ways: (1) Using large-sized metallic nano- or even micro-structures, where these structures generally need to have small aspect ratios. (2) Embedding the plasmonic nanostructures in a medium with large dielectric constants. (3) Constructing plasmonic nano- or micro-structures using conductive materials with relative lower charge mobility, e.g., using nanostructures of metal oxides or 2D materials, other than metals. (4) Combining metallic structures with dielectric or semiconducting materials to achieve hybrid structures, e.g., metal-isolator-metal (MIM) structures.

An optical switching device with a sub-ps speed has been achieved in colloidal nanocrystals of epsilon-near-zero materials working in the near- to mid-infrared with a spectral range from 1.5 to 3.0 μm [47]. Such solution-processed nanocrystals exhibit interestingly different spectroscopic performance under intra-and inter-band excitation. Intraband excitation induces red shift of the plasmon features due to the low electron heat capacities and conduction band non-parabolicity of the oxide, however, interband excitation pulls the plasmon resonance to the blue due to the transient increase in the carrier density. These performances enable promising applications of such materials in ultrafast all-optical switching. Also using solution-processed oxide nanoparticles, all-optical switching devices have been reported in the mid-infrared [48]. Broadly tunable mid-infrared (MIR) plasmons have been exploited in solution-processed and degenerately doped oxide nanoparticles. Such a switch shows a sub-ps speed in the mid-infrared spectral band extending from 3.0 to 5.0 μm.

An ultrafast plasmonic optical switch was proposed in the near infrared using the combination of plasmonic structures with Kerr materials [5]. The device was supposed to be constructed using a Kerr non-linear ring resonator on a metal–insulator–metal (MIM) nanoplasmonic waveguide. Simulations show an optical bistability and a switching process with a femtosecond-scale feedback time. Another optical switch using Au nanostripes has been demonstrated to work in the near infrared [49].



THz Device

Recently, plasmonic optical control in the terahertz region has been extensively reported. This is based on the rapid development and the extended applications of THz techniques. However, in such optical switching schemes, pumping the plasmonic materials or structures using ultrashort laser pulses in the visible or infrared have been the mostly employed designs.

An optical switching of THz pulses has been achieved using an array of Bi2Se3 micro ribbons, which is a topographic insulator [50]. A modulation depth as large as 2,400% has been achieved at 1.5 THz, which was measured at an optical fluence as low as 45 mJ/cm2. A THz plasmonic switching device was demonstrated using a 2D micro-nanostructured metal film with hole arrays [51] The construction of the device is based on a 2D aluminum hole array above a layer of silicon, where the device was fabricated on a sapphire substrate. Excitation of the silicon layer using different colors of light enabled different ultrafast switching of the THz waves. The color-sensitive performance extends the application of such a THz modulation device.

An artificial material made of split-ring resonators have been demonstrated as an optical pumped THz switch [52]. The blue-shift and band broadening of the transmission spectrum under optical excitation is responsible for the switching process. The change in the refractive index and conductivity of the semiconductor substrate induced by photoexcitation is the basic mechanism for the blue-shift effect.

Furthermore, Au/CdTe plasmonic crystals have been constructed by fabrication a plasmonic grating of Au nanostripes on a substrate of telluride-based II-VI semiconductors. Femtosecond optical pulse excitation induced segregation of Te and produced a tellurium layer at the interface between Au and the substrate. Surface plasmon polaritons under optical excitation was responsible for the formation of the tellurium layer. The lattice vibrations caused a shift of the phonon frequency in the nm-thick segregated tellurium layer. Thus, in the femtosecond pump-probe measurement a THz modulation dynamics was observed. It needs to be noted that this is in fact not a switching of THz waves, instead, it is a modulator of optical pulses with a frequency of THz. This can be taken as another aspect of the optical switching performance [49].





OUTLOOK

Ultrafast optical switching devices based on plasmonic nano- or micro-structures possess multifold advantageous features, including high speed due to the fast collective electron scattering process, high stability and high damage threshold based on metallic nanostructures, and high signal contrast due to the generally narrow-band resonance modes through interaction between plasmonic and photonic processes. However, femtosecond optical pulse excitation implies high pump fluence, so that it is always important to reduce the excitation threshold for the optical switches. Ultrashort laser pulses produced by laser amplifiers with a pulse energy fluence in the scale of 100 μJ-mJ/cm2 have been employed in most of the reported devices. For more practical applications, ultrafast optical switching using femtosecond laser pulses with an energy in nJ or sub-μJ is more desired, where mode-locked laser oscillators, instead of amplifiers, are strong enough to supply the excitation.

Miniaturization of the optical switching devices is another important aspect of further development. Plasmonic nanostructures with multifold functions or hybridization of various nanostructures or nanomaterials should be considered in the designs and constructions. Such considerations are important for on-chip optical circuits or integration of the optical logic device onto large-scale optical calculation systems. Integration of the optical switch devices onto end facets of optical fibers is also an important development route for the application in optical communication systems.

Optical switching devices in the infrared and the THz spectral bands are more fascinating and becoming more interested for applications. In these designs, due to the low intensity of the THz waves, ultrashort laser pulses in the visible or infrared are usually used as the pump. However, the detection and manipulation of the THz waves are still a challenge for such applications. Therefore, the corresponding development is dependent more on the progress in the THz generation and detection techniques.



CONCLUSIONS

We review a variety of ultrafast optical switching devices based on plasmonic structures. We summarized a series of designs by categories of different plasmons, different conductive materials, different dimensions of the structures, and different working spectral bands. These structural and device designs supply ultrafast optical signal control techniques for different applications. Thus, extensive strategies are potentially applicable for incorporating plasmonic nanostructures into optical logic circuits and optical communication system. This review also intends to excite more innovative investigations on new plasmonic materials and structures in the design of ultrafast optical switching techniques.
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