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Abstract

:

In this paper, an on chip two-dimensional Newton’s ring-like plasmonic sensor is designed for differentiating the chirality of circularly polarized lights (CPLS). The structure of the plasmonic sensor consists of a circular arc slit and an array of periodic rectangular nano-grooves that are etched into a silver film. When the sensor is illuminated by CPLS with a given chirality, the surface plasmon polariton waves generated by the slit and nano-groove array will selectively interfere with each other in the near field, which results in two different transmitted light intensity distributions in the far field. The generated far-field light intensity distributions are utilized as criteria to qualitatively differentiate the concrete chirality of the incident CPLS. The finite difference time domain method is utilized to theoretically investigate the function of the designed plasmonic sensor. The simulated results indicated that the proposed sensor has the ability to visually display the chirality information in the far field, and can provide a tool to conveniently and qualitatively differentiate the chirality of CPLS in the far field.
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1. Introduction


Analyzing the specific chirality of circularly polarized lights (CPLS) is of great importance in applications such as the analysis of the physiological properties of chiral molecules and polarization imaging techniques [1]. Polarization-sensitive plasmonic devices have been realized by specifically designing artificial metal micro- or nanostructures [2,3,4,5,6,7,8,9,10,11,12,13,14,15]. By the interaction of circularly polarized light and the plasmonic structure, a chirality-dependent plasmonic sensor can be realized. When the sensor is incident by CPLS with different chirality, different patterns of surface plasmon polaritons (SPP)-based light intensity distributions are generated in the near field. SPPs are one kind of two-dimensional surface waves that propagate along the interface between metal and dielectric [16,17,18]. The generated near-field light intensity distributions have been used to differentiate the chirality of the incident CPLS [19,20,21,22,23,24,25,26,27,28,29]. However, these sensors have some limitations in practical applications. For example, in order to obtain the near-field SPP-based light intensity distributions, a time consuming and expensive near-field optical scanning microscope is usually needed.



To solve this problem, one effective solution is to convert the SPP-based near-field light intensity distributions to the far-field light intensity distribution for detection purposes [30]. There are already some chirality-dependent plasmonic devices that can generate different far-field light intensity distributions [5,31,32]. Theoretically, the structures designed in these references can be used as chirality sensors for differentiating the concrete chirality of the incident CPLS. In ref. [33], our group proposed a SPP interference-based plasmonic sensor that can quantitatively differentiate the chirality of the incident CPLS. Through Fourier transform of the obtained SPP-interference-modulated far-field interference fringes, the chirality of the incident CPLS is quantitatively differentiated by the frequency value of the interference fringes obtained in the far field. On the contrary, the purpose and significance of this paper is to provide a qualitative scheme to differentiate the chirality of CPLS in the far field.



In this paper, an on chip two-dimensional Newton’s ring-like plasmonic structure suitable for differentiating the chirality of the CPLS is theoretically designed and numerically investigated. The proposed plasmonic sensor mainly consists of a circular arc slit and an array of periodic rectangular nano-grooves, which are both etched into a thin silver film. The working principle of the designed sensor is to modulate the far-field light intensity distribution transmitted through the sensor by the near-field SPP waves interference. The function of the designed plasmonic sensor is theoretically investigated by using the finite difference time domain method. The simulated results show that, when the sensor is illuminated by CPLS with a given chirality, the SPP waves generated by the slit and nano-groove array will selectively interfere with each other in the near field, leading to two different transmitted light intensity distributions in the far field. Then, the generated far-field light intensity distributions can be utilized as criteria to qualitatively differentiate the concrete chirality of the incident CPLS. The proposed plasmonic sensor has the ability to visually display the chirality information in the far field, providing a tool to conveniently and qualitatively differentiate the chirality of CPLS in the far field.




2. Structure and Methods


Figure 1a shows the structure diagram of the designed plasmonic sensor at the x-y plane. The designed sensor comprises an array of spatially arranged periodic rectangular nanogrooves (named ‘G’) and a micron length circular arc slit (named ‘S’), which are both etched into a silver film with thickness of 150 nm. The two parallel columns of rectangular nanogrooves are perpendicular to each other [10]. The length, width and height of a single rectangular nanogroove are 200 nm, 40 nm and 120 nm, respectively. The spacing between two adjacent rectangular nanogrooves along the x-axis and y-axis is Δx = 0.153 μm, Δy = 0.2 μm. As the length of the circular arc slit along y direction is about 15 um, each column has about 75 rectangular grooves. The width and height of the circular arc slit are 100 nm and 150 nm. The outer radius and inner radius of the circular arc slit are Rout = 16 μm and Rinner = 15.9 μm. The center angle of the circular arc slit is θ = 40°. The minimum and maximum spacing between the right boundary of the ‘G’ and the left boundary of the ‘S’ are dmin = 0.9 μm and dmax = 1.9 μm, respectively. Figure 1b shows the schematic diagram of the optical path that was used to test the sensing function of the device. Figure 1b shows the test light path that can be selected in the actual experimental operation. a collimated CPL plane wave normally illuminates the plasmonic sensor. The transmitted far-field light intensity distributions can be collected and magnified by an objective lens with high numerical aperture, and then imaged by a CCD camera.



The commercial software Lumerical finite difference time domain solutions is utilized to numerically investigate the function of the designed plasmonic sensor. In the simulations, a perfectly matched layer-absorbing boundary condition is utilized to efficiently terminate the outer boundary of the computational region. The amplitude of the incident light is set to 1. Thus, all the results given in this paper are the normalized electric field light intensity distributions generated by the designed plasmonic sensor. The wavelength of the incident CPL is λo = 633 nm. As the dielectric permittivity of the silver at 633 nm is ε = −15.9317 + i1.07633, the corresponding wavelength of the generated SPP waves is λspp = 0.6128 μm. Thus, we can calculate that, dmin ≈ 1.47λspp, dmax ≈ 3.09λspp.



The function of the designed sensor is jointly determined by the structures of ‘G’ and the ‘S’. The structure of the ‘G’ is sensitive to the chiral characteristics of the incident CPLS, and has the function of directionally launching SPP waves [10]. Specifically, when the structure of the ‘G’ is normally illuminated by a left-handed CPL, the SPP wave generated by the ‘G’ can only propagate to the left along the metal surface (negative direction of x-axis). However, when the ‘G’ is normally illuminated by a right-handed CPL, the SPP wave generated by the ‘G’ can only propagate to the right along the metal surface. This function has also been proved in detail by our group [4,33]. On the contrary, the structure of the ‘S’ is not sensitive to the chiral characteristics of the incident CPLS. That is, whether the incident light is left-handed CPL or right-handed CPL, the SPP waves can be excited on both sides of the circular arc slit. Parts of the SPP waves generated by the circular arc slit will converge towards the center of the circular arc slit.



The different chirality responses of the structures of ‘G’ and ‘S’ to the incident CPLS make it feasible for us to design the plasmonic sensor in this paper. On the one hand, when the incident light is a collimated left-handed CPL, the SPP plane wave generated by structure ‘G’ and the SPP wave generated by structure ‘S’ will not meet on the metal surface. Thus, there will be no interference at the position of the ‘S’. At this time, the transmitted field of the ‘S’ is only determined by itself, which will form a convergent light intensity distribution. On the other hand, when the incident light is a collimated right-handed CPL, the SPP plane wave generated by the ‘G’ will propagate toward the ‘S’, and meets the SPP wave generated by ‘S’ at the position of the ‘S’, resulting in SPP interference-based near-field light intensity distributions. In this instance, the transmitted field of the sensor is modulated by ‘G’ and ‘S’ together. In short, when the designed sensor is illuminated by a collimated CPLS with different chirality, two different near-field light intensity distributions can be generated by the designed plasmonic sensor. Then, the generated SPP-based near-field light field will be reconverted back to the free space photons through the circular arc slit ‘S’ [34,35], resulting in two different transmitted far-field light intensity distributions, which here are utilized as criteria to qualitatively differentiate the chirality information of the incident CPLS.




3. Results


Figure 2 shows the simulated results of the normalized electric field light intensity distributions generated by the designed plasmonic sensor. In the simulation, the amplitude of the incident light is set to 1. Figure 2a–c presents the simulated results when the incident light is a collimated right-handed CPL. Figure 2d–f corresponds to the simulated results when the incident light is a collimated left handed CPL. Figure 2a,d shows the near-field light intensity distributions at a distance of zo = −200 nm from the bottom of the silver film. Figure 2b,e shows the far-field light intensity distributions at a distance of zo = −6 μm from the bottom of the silver film. As we know, the maximum penetration depth of SPPS in the dielectric is generally less than one wavelength. Hence, the distance zo ≥ 10λspp can be regarded as the far field. In this paper, zo = −6 μm is approximately equal to 10λspp. Figure 2c shows the electric field light intensity distribution at y-z plane (i.e., x = 0 μm, −6 μm ≤ z ≤ −0.3 μm) for the case of Figure 2a,b. Figure 2f shows the electric field light intensity distribution at y-z plane (i.e., x = 0 μm, −6 μm ≤ z ≤ −0.3 μm) for the case of Figure 2d,e.



As demonstrated in Figure 2, no matter in the near field or far field, two different types of light intensity distributions can be generated. Under the illumination of right-hand CPL, the light intensity distributions similar to ‘2D hollow cone’ are generated (see Figure 2a,b). Figure 2c shows this ‘2D hollow cone’ light field distribution more intuitively at the y-z plane. As the light field propagates in the negative z direction, there is always a hollow (or dark) light field in the central region of the light field. In contrast, under the illumination of left-hand CPL, the light intensity distributions similar to ‘2D solid cone’ are generated (see Figure 2d,e). Figure 2f also shows this ‘2D solid cone’ light field distribution more intuitively at the y-z plane. As the light field propagates toward the negative z axis, there is always a solid (or bright) light field in the central area of the light field. The reason for the formation of such ‘2D hollow cone’-type light intensity distributions can be explained by means of the formation principle of 3D Newton’s ring interference fringes. According to the conditions for the formation of dark rings in Newton’s rings, the following formula can be used to explain why a ‘2D hollow cone’-type light intensity distribution can be formed: d = (k + 0.5)λspp, in which d is the spacing between the right boundary of the ‘G’ and the left boundary of the ‘S’, dmin = 0.9 μm and dmax = 1.9 μm, λspp = 0.6128 μm and k indicates the interference order. As mentioned in Section 2, dmin ≈ 1.47λspp and dmax ≈ 3.09λspp. It can be deduced that the values of k are k = 1 (i.e., d = 1.5 ∗ 0.6128 = 1 μm) and k = 2 (i.e., d = 2.5 ∗ 0.6128 = 1.5 μm). That is, two dark bands can be generated at the position of the ‘S’. Among them, d = 1.5 ∗ 0.6128 = 1 μm corresponds to the first order dark bands given in the white rectangular dashed frame shown in Figure 2a. The interference weakening phenomenon occurs here. Thus, weak intensity at the center of arc ‘S’ is generated in the transmitted field, which is called ‘2D hollow cone’-type light intensity distribution. According to the forming conditions of bright rings in 3D Newton’s rings, i.e., d = k’λspp, it can be deduced that the values of k’ are k’ = 2 (i.e., d = 2 ∗ 0.6128 = 1.2 μm) and k’ = 3 (i.e., d = 3 ∗ 0.6128 = 1.8 μm). That is, two bright bands can also be generated at the position of the ‘S’. The two dark bands and two bright bands can be seen from Figure 2a. As we know, Newton’s ring is a three-dimensional light field composed of a series of bright and dark rings. Figure 2a,b can be seen as a cut plane of the three-dimensional Newton’s rings (i.e., they make a cut plane along a certain diameter of the Newton’s ring). From Figure 2a–c, it can be clearly seen that there are two dark bands and two bright bands. Thus, these theoretical explanations are in perfect agreement with the simulated results.



In contrast, under the illumination of left-hand CPL, the light intensity distributions similar to ‘2D solid cone’ are generated, see Figure 2d–f. At this time, the generated SPP plane waves by the structure ‘G’ can only propagate to the left along the metal surface, which will not meet the SPP waves generated by the structure ‘S’. The transmitted light field of the structure ‘S’ will not be affected and modulated by the SPP plane waves generated by the structure ‘G’. The transmitted light intensity distribution of the designed sensor is a convergent light intensity distribution on the x-y plane, which is only determined by the circular arc slit itself.




4. Discussion


The influences of the center angle θ and the radius R of the ‘S’ on the transmitted electric field light intensity distributions are discussed in detail, when the incident light is a collimated right-handed CPL.



Figure 3 shows the results of the influences of center angle θ of the ‘S’ on the transmitted electric field light intensity distributions for the cases of (a)(b)θ = 30° and (d)(e) θ = 56°. In the simulation experiment, all structural parameters and simulation parameters involved in the results of Figure 2 remain unchanged, except for the center angle θ of the ‘S’. The change of the center angle θ will only lead to the change of the maximum spacing dmax, which denotes the maximum spacing between the right boundary of the ‘G’ and the left boundary of the ‘S’. The amplitude of the incident light is set to 1. Figure 3c shows the electric field light intensity distribution at the y-z plane (i.e., x = 0μm, −6 μm ≤ z ≤ −0.3 μm) for the case of Figure 3a,b. Figure 3f shows the electric field light intensity distribution at the y-z plane (i.e., x = 0μm, −6 μm ≤ z ≤ −0.3 μm) for the case of Figure 3d,e. Figure 3a,d corresponds to near-field light intensity distributions at zo = −200 nm. Figure 3b,e corresponds to far-field light intensity distributions at zo = −6 μm. As mentioned earlier, Figure 2a–c shows the simulated results of the near-field and far-field light intensity distributions generated by the designed plasmonic sensor, when the incident light is a collimated right-handed CPL, for the case of the center angle of θ = 40°.



It can be seen from Figure 3 and Figure 2a–c that, the larger the central angle θ is, the more interference orders k are included in the light intensity distributions, and the greater the number of corresponding bright or dark bands. At the same time, with the increase of the center angle θ and the interference orders k, the intensity value of the transmitted light field of the slit will also increase. It can be seen from Figure 2c and Figure 3c,f that the dark area of the corresponding ‘2D hollow cone’ is not changed as the central angle θ increases, as the distance of the dmin remains unchanged.



The influences of the radius R of the ‘S’ on the transmitted electric field light intensity distributions are also discussed, when the incident light is a collimated right-handed CPL. Figure 4 shows the simulated results of the influence of the radius R of the ‘S’ on the transmitted light intensity distributions for the cases of (a)(d) Rout = 9 μm, (b)(e) Rout = 16 μm and (c)(f) Rout = 21 μm. Among them, (a)(b)(c) denote the simulated results for right-handed CPL incidence; (d)(e)(f) denote the simulated results for left-handed CPL incidence. In Figure 4, only the simulated results of the near-field light intensity distributions are given. The corresponding simulated results of the far-field light intensity distributions are not given, as they have the same characteristics as the near field. In the simulation experiment, the central angles corresponding to the three circular arc slits with different radii are equal, that is, θ = 40°. The minimum spacing between the right edge of ‘G’ and the left edge of ‘S’ also remains unchanged, which is dmin = 0.9 μm. Therefore, when the radius R of the ‘S’ changes, the position of the center of the circular arc slit will simultaneously change. It can be seen from Figure 4a–c that, for the case of right-handed CPL incidence, the larger the radius R is, the more interference orders k are included in the light intensity distributions. At the same time, the larger the radius R is, the larger the dark area of the corresponding ‘2D hollow cone’. Hence, in order to increase the dark area of the ‘2D hollow cone’, the radius of the circular arc slit can be appropriately increased. In contrast, it can be seen from Figure 4d–f that, for the case of left-handed CPL incidence, the larger the radius R is, the larger the area of the ‘2D solid cone’. A concentrated light field intensity distribution will always be formed.




5. Conclusions


In conclusion, a two-dimensional Newton’s ring-like plasmonic sensor, which consists of a circular arc slit and an array of periodic rectangular nano-grooves that are etched into a silver film, is designed for differentiating the chirality of CPLS. To realize the function of this planar plasmonic sensor on the chip manipulation of the SPPS, interference is of crucial importance. The generated far-field light intensity distribution is modulated by SPPS interference-based light intensity distributions in the near field.



The finite difference time domain method is performed to simulate the function of the designed plasmonic sensor. The simulated results show that, when the sensor is illuminated by the CPLS with different chirality, two different types of the SPPS interference-modulated light intensity distributions can be formed in the far field. For instance, when the sensor is illuminated by a right-handed CPL, the sensor can form a light intensity distribution similar to a ‘2D hollow cone’. When the sensor is illuminated by a left-handed CPL, the sensor can form a light intensity distribution similar to a ‘2D solid cone’. These two far-field light intensity distributions are completely different. The chirality information of the incident CPLS is hidden in the far-field light intensity distributions, and can be conveniently inferred from these two different light intensity distributions. Thus, direct visualization of the chirality information of the incident CPLS can be achieved in the far field.



In the end, the obtained results indicated that the proposed sensor can provide a tool to conveniently and qualitatively differentiate the chirality of CPLS in the far field. This is the main motivation for developing this plasmonic sensor in this paper.
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Figure 1. (a) Structure diagram of the designed plasmonic sensor at x−y plane, two parallel columns of spatially arranged rectangular nanogrooves (named ‘G’) and a micron length circular arc slit (named ‘S’) are etched into a thin silver film with thickness of 150 nm, Δx = 0.153 μm, Δy = 0.2 μm, dmin = 0.9 μm, dmax = 1.9 μm, θ = 40°. (b) Schematic diagram of a reference functional testing optical path for detecting the chirality of the incident CPLs in the actual experiment. 
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Figure 2. The simulated results of the (a) near field at zo = −200 nm and (b) far field at zo = −6 μm electric field light intensity distributions generated by the sensor for the case of right−hand CPL incidence. The simulated results of the (d) near field at zo = −200 nm and (e) far field at zo = −6 μm electric field light intensity distributions for the case of of left−hand CPL incidence. (c,f) show the electric field light intensity distribution at y−z plane (i.e., x = 0 μm, −6 μm ≤ z ≤ −0.3 μm) of the cases of (a,b) and (d,e), respectively. The amplitude of the incident light is set to 1. 
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Figure 3. The simulated results for the influence of the center angle of circular arc slit on the transmitted electric field light intensity distributions for the case of (a,b) θ = 30°, (d,e) θ = 56°. The plasmonic sensor is illuminated by right−handed CPL. (a,d) correspond to near field at zo = −200 nm, (b,e) correspond to far field at zo = −6 μm. (c,f) show the electric field light intensity distribution at y-z plane (i.e., x = 0 μm, −6 μm ≤ z ≤ −0.3 μm) for the cases of (a,b) and (d,e), respectively. The amplitude of the incident light is set to 1. 
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Figure 4. The simulated results of influences of the radius R of the ‘S’ on the near field electric field light intensity distributions zo = −200 nm for the cases of (a,d) Rout = 9μm, (b,e) Rout = 16μm and (c,f) Rout = 21μm. (a–c) for the simulated results of right−handed CPL incidence. (d−f) for the simulated results of left−handed CPL incidence. The amplitude of the incident light is set to 1. 
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