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Abstract: In this research work, we propose all-optical transistor based on metallic nanoparticle cross-chains geometry. The geometry of the proposed device consists of two silver nanoparticle chains arranged along the x- and z-axis. The x-chain contains a Kerr nonlinearity, the source beam is set at the left side of the later, while the control beam is located at the top side of the z-chain. The control beam can turn ON and OFF the light transmission of an incoming light. We report a theoretical model of a very small all-optical transistor proof-of-conceptmade of optical ‘light switching light’concept. We show that the transmission efficiency strongly depends on the control beam and polarization of the incoming light. We investigate the influence of a perfect reflector and reflecting substrate on the transmission of the optical signal when the control beam is turned ON and OFF. These new findings make our unique design a potential candidate for future highly-integrated optical information processing chips.
1. Introduction

The emerging of metallic nanoparticles (MNPs) systems [1-3] paves the way to creating on-chip large-scale integrated all-optical systems. When these optical metallic nanoparticles are arrayed in linear chains, it is possible to transport energy and propagate optical excitations in structures that are much smaller than the operating wavelength of the light [4,5]. This can lead to designs of novel optical circuits with sizes as small as the operating wavelengths of light. The sub-wavelength circuits are not possible by using conventional integrated optics, since the diffraction limit stands as the main challenge. In the metallic nanoparticles chain, the coherent propagation of the optical signals is conducted by dipolar resonances of a single nanoparticle and mediated by dipole-dipole coupling between neighboring nanoparticles. Along the chain, the transverse width is controlled by the particle size which is in the 100 nm range, this is much smaller than the optical wavelength, λ ≈ 350nm. Also, the strong confinement of the light plays a central role in guiding Surface Plasmon Polaritons (SPPs) in nanosized structures [6,7], as a result, the wavelength of the light propagation is shortened significantly and hence allows the SPPs to travel in a structural geometry with very small transverse dimensions [8,9]. In these MNPs structures the diffraction-limited sizes can be avoided and the realization of optical devices with extremely small mode volumes can be achieved.

The MNPs chains are based on optical devices that emerge as a promising approach for future nanosized circuits and active optical platforms that could be implemented in next generation of optical computers and ultra-high-speed photonic devices and systems. The light propagation along the metal nanoparticles chain was investigated by many researchers [10-12]. Quinten et al [13] studied modes propagation in Ag chains under longitudinal excitation. In their study, they have shown that the modes’ propagation originates from the dipole moments alignment along the Ag chain axis. The metal nanoparticles chains play a crucial role in overcoming the limitations in the miniaturization of optical integrated circuits. The use of nonlinearity in metal nanoparticles chains may lead to the design and construction of ultra-compact all-optical devices such as an optical transistor that operates in a single chip or chip-to-chip, providing communication and links in a single chip and/or chip-to-chip.

In this research, we consider two monodimensional finite chains of equally spaced metal nanoparticles of radius a, separated by a center-to-center distance
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. These two chains are arranged along the x and z-axis at the crossing region, where Kerr nonlinearity is introduced. With this proposed structure geometry we construct a proof of concept an all-optical transistor in which the output signal of an incoming light can be turned ON or OFF by controlling the beam with high contrast. Also, we show that the proposed structure allows either the amplification or attenuation of the propagating signal at the rightmost nanoparticle when the control beam is applied. To describe the optical properties such as the transmission spectra and electromagnetic response of the arrayed chains based transistor, a coupled point-dipole approximation is used [14-15].

2. The Proposed Model Structures
The proposed model, illustrated in Figure 1, consists of two perpendicular metallic (silver) nanoparticles (MNPs) chains. The first chain contains 7 MNPs placed along the x-axis (x-chain) where the source beam is set at its left side and the second one contains 4 MNPs placed along the z-axis (z-chain) where the control beam (gate) is applied at the firstmost. The MNPs of the two chains are identical and spaced at equal distances (R) embedded in a homogeneous medium with permittivity ɛL. We generate the nonlinear optical switching by introducing a Kerr medium at the fourth MNP. These chains are located at a distance (h) from a semi-infinite substrate with a permittivity ɛsub. For convenience, the schematics of the proposed model and the parameters involved in our calculations are provided in Figure 1. It is worth noting that the leftmost MNP in the x-chain is excited by the external field, whereas in the z-chain it is the uppermost MNP exposed to the external excitation. The energy transport is maintained across both chains due to the generated surface plasmon around the spherical MNPs and the surface of the metallic substrate. It is worth stressing that the intensity at the rightmost particle in x-axis depends strongly on the interaction of the source and control beams. It is expected that the control beam contributes to the amplification/attenuation of the output signal. In our structure, MNPs are assumed to have equal radii a. The external light wave E0 is chosen to have transversal and longitudinal polarizations and is used to excite both the leftmost nanoparticle in the x-chain where the source is set and the uppermost nanoparticle where the control beam (gate) is set, as shown in the Figure 1. Since we are not at this point interested in time development of the optical transmission, we focus entirely on the amplitude of the exciting field. When we shine a neutral metallic nanoparticle in the x and z chains with an external field, a dipole is created due to the induced charges at the surface of MNPs. At the crossing of the chains and precisely in the forth nanoparticle, there are two main contributions which are the plasmonic field (source and control beams) and Kerr effect. The external light wave E0 creates a dipole moment P on the leftmost and uppermost particles located in the linear medium with a dielectric permittivity ɛL. For the sake of completeness, we introduce a nonlinear medium at the crossing of the chains at the forth MNP. The nonlinear medium has a dielectric permittivity ɛNL and a dipole moment PNL.The dipole moments of thelinear and Kerr mediums are expressed as [16-18]
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where ω is the angular frequency, αKerris the nonlinear coefficient of the Kerr medium, χ is the susceptibility of the medium, ε presents the dielectric function of the Kerr medium and E is the sum of the plasmonic fields at MNP(n-l) generated by the source and the control beam

(gate) and α(ω) is the polarizability of the MNPs given by [3]:
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where 
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 stands for the polarizibility of the MNP,  ɛp(ω) is the permittivity of the MNPs, k = (ω/c) ɛ(1/2) is the wave number  in the background medium of MNPs,  c is the speed of light  and r is the position of the detector.

The E field is expressed as follows:
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The term k2/r describes the depolarization shift while 2ik3/3 accounts for the radiative damping. It is worth noting that the polarizability is strongly dependent on the frequency ω and can be negative in a certain frequency range. In present contribution, the second and third corrective terms in polarizability expression associated with weak effects are involved in our calculations. In this case, it is possible to see that the resonance of the localized surface Plasmon satisfies the condition Re (ɛ(ω)) = -2 ɛ [19]. We use the Green function to calculate the emitted electric field E generated by the dipole moment P, where E and Pare given as:
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The E field is related to the dipole moment as:  
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where G(r, r') is the Green function, r' and r represent the position of the source and the detector respectively. When the spherically oriented MNP placed in a medium are irradiated by an external field, there are various charge configurations that enable contribution to the scattered field. We particularly assume that the dipole moment is the major contributor where we replace each MNP by a simple point dipole. Among the interactions taking place in the chains, the dipole-dipole interaction is considered according to the following conditions a<<λ and (R >> 3a) where λ is the operating wavelength. With this interaction, we focus only on the fundamental mode since all excited modes are neglected [20]. The involved dipole moment is calculated using the corresponding Green's function technique. It is well known that the Green's function, for an arbitrary scattering charge system and nonmagnetic medium, can be obtained by solving (2) the wave vector equation [21]:
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As it has been shown elsewhere that for a homogenous medium the solution of Eq.7 is [22]:
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where R = │r – r’│indicates the distance from the source r' to the detection point r, I is the unit matrix  and the quantity RR is the  auto-product of two matrices.
The dipole moment of a MNP here is induced by the scattered field from the other metallic spheres in the vicinity and the substrate. With this background, the dipole moment of each MNP can be obtained by solving the following equations [23]: 
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where ri and αi are the position of the center and the polarizability of the particle number i, and GS(r, r') is a Green' tensor introduced in order to take into account the reflected wave from the substrate (MNPs-substrate interaction). GH(r, r') which is shown in eq. (8) describes the interaction between MNPs. 

The dipole moments induced in the chain of metal particles located close to the dielectric-metal interface can be determined by considering the following equations;
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Rewriting equation  (9a)  as an eigen problem expressed as:
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Where 
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 is 3N-components vector.
Here, we introduce the interaction of the control beam with the source. The effects of the Kerr medium on the output filed Eout are also taken into consideration through the calculation of the dipole moment generated at the 4-MNP in the x-chain. The dipole moment generated (at the crossing medium fourth MNP) is the sum of two contributions, which are; the source field and the control beam. The expression of the output field Eout is given by the following equation (12):
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where I is the unit matrix, Ns and Nc are the number of MNPs in the x-chain (source) and z-chain (control) respectively and rn is the position of the nth MNP. The first term, ‘m’-term, describes the contribution of the source, the second term, ‘p’-term, represents the contribution of the control beam, and the coupling of the source and control beam is described by the third term, ‘c’-term, in the above equation. 

3. Results and Discussions 
In this section, we consider two linear cross-chains along the x- and z-axes respectively. The x-chain is formed of 7 spherical MNPs most of which are embedded in a linear medium with permittivity εL except for the fourth one which is assumed to be placed in a Kerr medium with 
nonlinear permittivity εNL. The z-chain contains three MNPs identical to those in x-chain. The 
source beam is a point-dipole set at the left side of the x-chain exciting the leftmost nanosphere. The control beam is set on the top of the z-chain and similarly excites the firstmost MNP. The field at the 4th nanosphere is the sum of the fields due to all other dipoles in the x-and z-chains, the induced moment is the polarizability times the total field. To describe the optical response of the proposed device, we calculate the transmission of an optical excitation (source beam) through the chain when the control beam is turned ON and OFF. In other words, our intention is to fine-tune the control beam to increase the transmission efficiency at its maximum value when the control beam is ON and to reduce the transmission efficiency to zero when the control beam is OFF. This demonstrates the source-control beam coupling.     

In our calculations, we consider the x-chain parallel to a perfect reflector and the following parameters; the distance from the x-chain axis to the reflector (h) =50 nm, ((h ≥ 3a/2): condition to maintain the dipole approximation), the MNP spacing is (d) = 75 nm and the radius (a) = 25 nm (as shown in Figure 1).

[image: image22.jpg]
Figure 1. Schematics of the proposed transistor that consists of two perpendicular chains of identical MNPs: an x-chain contains 7 equidistant spherical MNPs embedded in a linear medium with a permittivity εL expect the fourth MNP is placed in a Kerr medium with a nonlinear permittivity εNL. The z-chain contains 4 identical MNPs, in both chains the MNPs are equidistant and spherical with a radius a = 25 nm. The x-chain is at a distance of h = 50 nm from the substrate. The source is set at the left side of the x-chain where the leftmost MNP is considered to be excited, whereas the control beam is located at the top of the z-chain, the uppermost MNP is considered to be excited. 

3.1Effect of the Polarizations 
In our calculation, the contribution of the substrate is introduced by adopting the technique of image [24]. In this approach, the substrate is substituted by an image of MNPs of the same size and placed at equal distance but in the opposite side of the surface. As a result, the substrate can be replaced by the mirror image of the induced dipole. In our calculations, in order to take into account the reflected waves from the substrate, we have introduced the Green's tensor GS(r, r') describing the chain-substrate interaction, which has the similar expression GH(r, r').
Firstly, while the source is longitudinally polarized and the control beam is transversally polarized, we calculate the transmission efficiency T for two states of the control beam: ON and OFF; the obtained results are reported in Figure 2. 
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Figure 2.  Transmission efficiency T as a function of the excitation wavelength λ for x- and z-chains of 7 and 4 spherical identical MNPs, respectively. The radius a is 25 nm, interparticle spacing d is 50 nm, and a separation x-chain-substrate of 50 nm. The source is longitudinally polarized (along x-axis) and the control beam is transversally polarized (along x-axis). 

This Figure shows two peaks for both states of the control beam (ON and OFF). The left peak (the curve in red color) is more intense than the right one when the control is ON. However, in the case when the control beam is turned OFF the right peak (the curve in blue color) increases and a shift to longer wavelengths (redshift) is observed. The small peaks originate mainly from the reflecting interface. The reflected field together with the field of the nanoparticles interfere destructively which in return results in a weak coupling between those MNPs and a weak transmission of the optical excitation through the chain is observed. In the case when the control beam is ON, the intense peak is as high as 20 times the one when the control beam is OFF. Comparing the transmission spectra when the control beam is ON and OFF, as shown in Figure 2, points the effect of the control beam on the output field of the proposed device. Inspecting Figure2, in the absence of the control beam and for a parallel polarization, the dipole moments of MNPs interact with the induced image dipoles in the perfectly reflecting substrate and form quadrupoles which reduce the interaction between MNPs in the x-chain. As a result, a weak transmission is observed.

For z-polarized excitations of both, the source is transversally polarized and the control beam is longitudinal polarized, the transmission through the MNPs chain is performed and shown in Figure 3. In the presence of the control beam (the curve in red color) the peak is much more intense than that obtained when the control beam is turned OFF. Comparing the transmission in both cases, a strong dependence of the output response of the transistor on the control beam is demonstrated. The increase in the transmission spectra, shown in Figure3, results mainly from the coupling between MNPs in the source and the control beams. This coupling prevents the MNPs in source chain to form effective quadrupoles together with their induced image dipoles. The dipole-dipole interaction gives rise to a stronger coupling between MNPs along the x- and z-chains. However, the coupling between neighboring MNPs reduces the restoring forces, which in turn affects the coupling between the MNPs in the control beam and those in the source beam chain. The small peaks, in presence and absence of the control beam, originate from the fact that the dipole moment of the MNP is orthogonal to the substrate couples to the induced image dipole, in return the restoring forces are reduced and as a result, the transmission decreases.
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Figure 3. Transmission efficiency T as a function of the excitation wavelength λ for a transversal polarization for the source beam and a longitudinal excitation for the control beam two cases are considered: The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON. The number of MNPs in both chains is kept unchanged. 

Next, the polarization of the source is kept z-polarized (transversal) while the control beam is x-polarized (transversal). The dipole moment of the spherical MNPs along the x-chain is orthogonal to the substrate that interacts resonantly with the induced dipole moment. Transmission efficiency T as a function of the wavelength λ for this case is illustrated in Figure 4. Because of this strong interaction the restoring force in the control beam chain is increased by neighboring MNPs, so the net coupling from the control beam to the source beam (x-chain) is much stronger than the previous case. The MNPs dipole moments in the control chain are not cancelled out with the induced images, therefore they interact with the source beam and contribute to the optical signal propagation along the x-chain. In return, as can be seen in Figure 4, when the control beam is ON an increase in the transmission efficiency is obtained when compared to previous obtained results shown in Figure 2 and Figure 3. As it can be observed from Figure 4, the effect of the control beam in the transmission efficiency is evident. This Figure demonstrates a strong dependence of the chains transmission on the control beam. In particular, this property opens up the opportunity to design footprint devices such as optical transistors.
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Figure 4. Transmission efficiency T as a function of the excitation wavelength λ for the proposed transistor that consists of a source (x-chain)of 7 identical MNPs a control beam (z-chain) contains 4 identical MNPs, in both chains the silver particles are spherical with a radius of 25 nm and center-to-center spacing of 50 nm, for two situations of the control beam: The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON. The source is polarized along z-axis (transversal polarization) and the control beam is x-polarized (transversally polarized: excitation along x-axis). 

To explore how the control beam affects the output of the x-chain, we reverse the polarization of the source and the control beams. In this case the source is longitudinally polarized (excitation along the x-axis), while the control beam is z-polarized (longitudinal polarization). In Figure 5, we have illustrated the transmission efficiency T as a function of the wavelength λ when the control beam is ON (shown by the curve in red color) and OFF (shown by the curve in blue color). It should be noted that the transmission of the x-chain contains one predominant peak, corresponding to the control beam effect on the propagating excitation. The other small peaks come from the fact that the dipole moment of the MNP of the x-chain longitudinally polarized is cancelled out by the induced image dipoles. As it can be seen from Figure5, there is a significant decrease of the transmission efficiency when the control beam is z-polarized. The decrease in the transmission efficiency in the presence of the control beam compared to the case where both the source and the control beam are x-polarized (the source is longitudinally polarized and the control beam is transversally polarized) is due to the weak coupling of the control beam to the light source and the weak interaction of the neighboring MNPs along the x-chain.
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Figure 5. Transmission efficiency T as a function of the excitation wavelength λ for an x-array of 7 MNPs with a radius of 25 nm, interparticle spacing of 50 nm, and a separation x-chain-substrate of 50 nm and an z-array of 4 MNPs, which are identical to those in x-chain. The excitation of the source is on the leftmost MNP with polarization along the chain x-axis (longitudinal). The excitation of the control beam is on uppermost MNP with polarization along the z-axis (longitudinal).  The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON. 

3.2 Energy Transfer and the Coupling of the Chains to the gold Substrate
The Surface Plasmons (SPs) are generated at the metal-dielectric interface, these confined elementary excitations depend strongly on the structural parameters and geometry of the metallic surface [25] and on the dielectric function of the proximate medium [26]. The surface plasmons can be delocalized and propagated when they are deposited on a metallic surface or a film [27]. In this context, when a gold substrate is placed in the vicinity of the MNPs chain, some part of the energy is not reflected and excites the surface modes creating SPPs. The dipole moment in the x-chain creates parallel and effective dipole moments on the substrate; we assume that these dipole moments have the same amplitude. The substrate is considered as an effective chain of identical MNPs and is parallel to the principal chain and located at z = -h, as it is illustrated in Figure 6.   
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Figure 6. Schematic of the proposed transistor composed of 7 MNPs arrayed in the x-chain incorporating a Kerr nonlinearity and 4 identical MNPs in z-chain located in close proximity to a metal (gold) substrate. In our model the substrate is considered as an effective chain of identical and equidistant MNPs with permanent dipole moments. The small difference between the values of plasma frequency of both metals silver (MNPs) and gold (substrate) lead to a quasi-identical interactions silver-silver and silver-gold.

To observe the influence of the chain on the performance of the transistor for different states and polarization of the source and the control beams on the transmission efficiency of the optical signal, we proceed the same way with the case of the perfect reflector. The control beam is polarized along the z-axis (longitudinal polarization) while the source beam is transversally polarized (polarized along the z-axis) and obtained results of the transmission efficiency as a function of the wavelength when the control beam is ON and OFF are illustrated with red curve and blue curve, respectively in Figure 7. 
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Figure 7. Transmission efficiency T, as a function of wavelength λ for the proposed device where the x-chain is 50 nm above the gold substrate. The source is excited along z-axis and the control beam is transversally polarized (excited along the x-axis). The transmission is performed for two states of the control beam: The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON.

It is clear from this figure that when the control beam is turned ON, the transmission is about 1 and exhibits a peak centered at λ =  367 nm, however when the control is turned OFF, it drops to around 0.05. We notice a substantial increase in the transmission efficiency compared to the perfect reflector substrate case. This is originated from the coupling of the SPPs to the MNPs. It should be stated that the SPPs are confined modes at the interface, the coupling to the MNPs allows the light to scatter into the far-field and therefore increases the output field at the last MNP of the x-chain. It should be noted that the obtained results for the perfect reflector case are illustrated in figures 2, 3, 4 and 5, and there is no excitation of surface polaritons at the surface of the reflector (substrate), however, when we have used gold as a substrate (illustrated in Figure 6 and the rest of figures (6-11)), we are able to excite the surface polariton which in turn couple to the surface plasmons of MNPs in x-chain then propagate and increase the output field, Eout.

Next we investigate the inverse of the polarization on the proposed device. In this case, the source is excited along the x-axis (longitudinal) while the control beam is excited along the z-axis (longitudinally polarized). The obtained results are depicted in Figure 8. As can be seen from this figure, when the control beam is ON, the transmission efficiency is significantly higher than when the control beam is OFF, (the curve in blue color). In fact when the control beam is OFF, the transmission is almost flat (zero). Nevertheless, the transmission efficiency, when the control beam is ON, is much smaller than previous case obtained in Figure 6, and it is much higher than obtained results illustrated in figures (2, 3, 4, and 5). Furthermore, there is a major improvement on the transmission efficiency, (it is almost zero when the control beam is OFF, shown by the curve in blue color) when compared to previous obtained results in figures (2, 3, 4, 5).
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Figure 8. Transmission efficiency T, as a function of wavelength λ for the proposed device where the x-chain is 50 nm above the gold substrate. The source is excited along x-axis while the control beam is longitudinally polarized (excited along the z-axis). The transmission is performed for two states of the control beam: The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON.

Next, the source is longitudinally polarized and the control beam is transversally polarized (excited along the x-axis), and the transmission efficiency is calculated as a function of the wavelength and reported in Figure 9. In this case, we notice an increase in the transmission compared to the perfect reflector substrate case. Also, the difference between perfect and non perfect substrates, like gold, is clear when comparing the small peak (the curve in blue color). It can be observed that the amplitude increases and slightly red shifts. As expected, we observe an increase of the transmission in presence of the control gate as compared to the case of the perfect reflector. This can be explained by the fact that an amount of the light is not reflected by the substrate and excites the SPP modes, in return, the later couple to the MNPs along the x-chain and contribute to the optical signal.
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Figure 9. Transmission efficiency T as a function of the excitation wavelength λ for an x-array of 7 MNPs with a radius of 25 nm, interparticle spacing of 50 nm above the gold substrate, and a separation x-chain-substrate of 50 nm and an z-array of 4 MNPs, which are identical to those in x-chain. The excitation of the source is on the leftmost MNP with polarization along the chain x-axis (longitudinal). The excitation of the control beam is on uppermost MNP with a polarization along the x-axis (transversal). The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON. 

To gain more insight into the dipole orientations, we excite both the source and the control beams along z-direction, the source is transversally polarized while the control beam is longitudinally polarized. The calculated transmission efficiency as a function of the wavelength is shown in Figure 10. If we compare the transmission efficiency shown in Figure10 to those results obtained and shown in Figure 2 in presence of a perfectly reflecting substrate we notice that the peaks of the transmission efficiency increase in both cases when the control beam is ON and OFF. 
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Figure 10. Transmission efficiency T as a function of the excitation wavelength λ for an x-array of 7 MNPs with a radius of 25 nm, interparticle spacing of 50 nm above the gold substrate, and a separation x-chain-substrate of 50 nm and an z-array of 4 MNPs, which are identical to those in x-chain. The excitation of the source is on the leftmost MNP with a polarization along the chain z-axis (Transversal), the excitation of the control beam is on uppermost MNP with a longitudinal polarization. The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON.

This increase is due to the fact that the dipoles which are perpendicular to the gold substrate resonantly couple to the induced image dipoles, thus the restoring forces increase and the interaction between neighboring MNPs becomes stronger compared to longitudinal polarizations. Since the SPPs are excited at the surface, they will mediate the coupling between dipoles and increase the transmission efficiency. Also, the oscillating dipoles interact with both transverse electric and magnetic surface waves. This will enhance the transmission of the proposed device. Figure10 shows the transmission efficiency when both the source and the control beams are z- polarized. Compared with the reported results shown in Figure9 when the source is transversally polarized and control beam is longitudinally polarized, the transmission efficiency decreases since the dipole moments in the source chain will form with their induced dipole images quadripoles, therefore the restoring forces are reduced and the coupling between neighboring MNPs along the source are in return decreased. 

3.3 Amplification and Attenuation
In this section, we investigate how the control beam will amplify and/or attenuate the output signal when two states (situations/cases) are considered. Here we introduce the following relationship:
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where I’control and I0control represent the control beam optical signals with (when the control beam is multiplied by the factor β) and without (when the control beam is not multiplied by the factor β) action respectively, and where β stands for the amplification factor. The amplification case is considered where the control signal is multiplied by a factor of β = 1.5, β = 2 and β = 2.5. The obtained results are shown in figures 11 (a, b, c). The amplification factor β is used to increase or attenuate the output signal by action of the control beam. 

Figure 11 shows the transmission efficiency as a function of the wavelength when the source is z-polarized and the control beams is longitudinally polarized. When the amplification factor β is gradually increased from 1.5 to 2.0 and then to 2.5, as expected, the output signal is increased as the amplification factor β is increased. The transmission efficiency exhibits a dominant peak centered at λ = 366 nm, which corresponds to the ON state, however this peak drops to 0.01 when the control signal is turned OFF, as illustrated in Figure 11 (a, b, and c). If we compare the transmission obtained in Figure 2 (section effect of the polarization) to that shown in Figure 11 (a, b, c), it is obvious that the maximum transmission efficiency increases significantly from 0.02 to 0.8 when β = 2.5. In other words, a substantial increase of the transmission efficiency is obtained when the amplification factor β is equal to 2.5. When the obtained results of the transmission efficiency in Figure 10(c) are compared with those in Figure 4, we can clearly see almost zero transmission efficiency when control beam is OFF, as shown in blue color in Figure 11 (c). In other words, the overall performance of the proposed configuration depends strongly on the control beam state as it has been improved considerably when the amplification factor β = 2.5.
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Figure 11.  Amplified transmission efficiency T of the 7 MNPs x-array with a radius of 25 nm, interparticle spacing of 50 nm, and a separation x-chain-substrate of 50 nm and in z-array of 4 MNPs. The excitation of the source is on the leftmost MNP with polarization along the chain x-axis (longitudinal). The excitation of the control beam is on uppermost MNP with transversal polarization (x-axis) for various values of the amplification factor: a) β = 1.5, b) β = 2 and c) β = 2.5. The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON. 

Next we investigate the attenuation as a function of the wavelength. In order to analyze the attenuation, we keep the same polarization of the source and control beam, and we reduce the attenuation factor β to 0.5. The transmission efficiency for β = 0.5 is illustrated in Figure 12. As it can be seen from this figure the transmission efficiency drops significantly to 0.015. The control beam changes the output signal from amplification to attenuation and this can be seen clearly in both Figure 11(a, b and c) and Figure 12. We have fully analyzed the effect of the control beam (gate) on the source and therefore on the output of the proposed model for various values, and for various polarizations and so we have finally obtained the optimized value for β= 2.5, which shows maximum transmission efficiency, as illustrated in Figure 11 (c). In other words, the best obtained results of the transmission efficiency of the proposed all-optical transistor are when amplification factor is set β = 2.5, as illustrated in Figure 11 (c).  
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Figure 12. Transmission efficiency T as a function of the excitation wavelength λ for the considered structure. The excitation of the source is along the x-axis and that of the control beam is along z-axis, the control beam after action is
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. The curve in blue color shows the case when the control beam is OFF, the curve in red color shows the case when the control beam is ON.  

4. Conclusion
In summary, we have proposed and demonstrated a proof-of-concept of all-optical transistor by considering two perpendicular silver nanoparticles chains, where the fourth metallic nanoparticle in the longitudinal chain, is placed in a Kerr medium. We have demonstrated that by turning the control beam ON and OFF, light transmission efficiency with a high extinction ratio can be obtained. We have reported that the polarization of both the source and the control beams affect, strongly, the interaction of the neighboring dipoles; when the source beam is transversally excited, the transmission increases and reaches 0.8 while this value drops to less than 0.2 when it is x-polarized. Compared to a perfect reflector, we have found that the presence of a real substrate, like gold, contributes enormously to the energy transport along the x-chain giving rise to an increase in transmission. The polarization effects of the control beam on the attenuation and the amplification of the output signal of the proposed optical transistor have been demonstrated. To the best of our knowledge, we have demonstrated a proof-of-concept of a novel all-optical transistor based on optical ‘light switching light’conceptwhich is unique and has great potential for the future to contribute to all-optical integrated ultra-high-speed devices and systems. 
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Graphical Abstract

We have proposed and developed a proof-of-concept theoretical model of an all-optical transistor where a control beam is used to turn ON and OFF the incoming light. This research reported in this paper makes our optical transistor design unique that would significantly contribute to future all-optical diode design and highly-integrated optical information processing in all-optical integrated chips. 
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