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ABSTRACT   

In this paper, we demonstrate a plasmonic planar lens structure that can achieve subwavelength focusing of the infrared 

electromagnetic radiation. The lens is composed of metallic binary slits with different dielectric fillings. The index 

modulation approach of the filling materials is used to achieve phase modulation of the wavefront of the incident wave.  

Using this approach, we could achieve a phase range of 0.43π. The structure can focus the incident infrared wave in the 

subwavelength scale. The focal length attained is 44.69 μm and the achieved Full width at half maximum (FWHM) is 

4.28 um for an incident infrared wave of wavelength 8 um. The transmission through the structure is 25.64 % at the 

design wavelength.   The used metal is copper and the dielectric filling materials are silicon and air. Copper has lower 

losses in the infrared range than the traditional metals used in visible Plasmonics.  Silicon has a higher melting point than 

the common dielectric materials used in refractive index modulation of the visible Plasmonic lenses. This temperature 

stability is a very important feature when working in the infrared domain. Besides being specifically suitable for the 

infrared range, copper and silicon are also CMOS compatible. Therefore, the proposed structure is suitable for 

integration in many potential infrared applications such as thermal imaging, medical diagnosis, thermal photovoltaic 

cells and heat harvesting. In addition, the fact that many molecules have unique absorption spectra or signature in the 

infrared range would facilitate the analysis and study of many materials and biological molecules using infrared 

miniaturized spectrometers.   
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1. INTRODUCTION  

 

In 1998, a strange phenomenon was observed where a screen of subwavelength holes transmitted more light than was 

expected from the total area of the holes. This phenomenon was known as extraordinary optical transmission (EOT) 

[1]. Subsequent studies showed that the phenomenon could be due to the excitation of surface plasmon polaritons 

(SPPs) [2, 3]. A theoretical analysis of plasmonic effects in silicon-filled metallic nanoholes is given in [4]. 

 

The EOT has opened the way to many subwavelength structures and devices such as the plasmonic lens which 

received great attention in the past few years that followed the discovery of the EOT phenomenon [5-20]. 

 

Different phase modulation techniques were employed to make subwavelength plasmonic lenses in the visible range. 

Those approaches include depth modulation [6], width modulation [8], refractive index modulation of the filling 

material [11], both width and refractive index modulation [9] and finally initial phase modulation [12].  

 

Focusing in the infrared range was reported using diffraction gratings with slight resolution and transmission [21]. 

Hyperbolic metamaterials were also used to achieve focusing in the mid IR range using InAs based semiconductor 

which is relatively expensive [22, 23] but still highly suitable for applications that might require high resolution. 



 

 
 

 

 

 

 

Generally most of the research efforts have been concentrated on plasmonics in the visible range including the attempts 

to achieve subwavelength focusing of the visible radiation. However, the knowledge we got in the visible domain 

throughout the past decades can be transferred to the infrared domain if we used the suitable materials that could 

function properly in the infrared range. This is an issue because the response of the materials differs between the two 

domains [24].  

 

The infrared range has distinct characteristics that enables it to be useful for different physical, chemical and biological 

applications [25, 26]. It can be employed in health checks. In addition, most molecules have distinct absorption spectra 

or signature in the infrared range. That’s why it would be important to build structures or devices that can manipulate 

the infrared radiation in the subwavelength scale making them easier to integrate in future applications.  

 

In this paper, we present a planar lens structure of binary slits that can focus the infrared radiation into a spot smaller 

than the wavelength of the incident wave. We use copper and silicon as design materials which are CMOS compatible 

and thermally stable in the infrared range.  

 

The paper is organized as follows: The structure and its theoretical principle are given in section 2, simulation results 

are shown in section 3 and finally the paper is concluded in section 4.  

2. THEORY AND STRUCTURE  

In our infrared structure, we adopted the technique of refractive index modulation of the filling materials in uniform 

binary   slits [11].  

For a subwavelength metallic slit of width   and depth  , the plasmonic mode propagating in the slit would have a 

propagation constant   given by the relation [27] 
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where      and     are the relative dielectric constants of the metal and the dielectric material filling the slit respectively, 

   is the wave vector of the incident infrared wave in free space and   is the slit width.              

To get a focusing effect, we modulate the phase of the output wave by modulating the refractive index of the filling 

materials in the slits. The index modulation approach was found to give a larger phase delay tuning range up to π which 

achieves better focusing results in comparison to the width modulation approach which shows a limited tuning range 

[11]. In addition, the binary slit structure is easier to fabricate compared to structures using depth or width modulation 

techniques [11, 12]. That’s why in our work we chose the approach of refractive index modulation of the filling materials 

in uniform binary slits. Then with the selection of the suitable materials and design parameters, we could attain 

subwavelength focusing in the infrared range.  

Our proposed lens is made of a copper film of depth   =2 μm. The diameter of the lens aperture is  =110 μm. The 

wavelength of the plane wave incident from the left side of the lens is   =8 μm which is in the mid infrared range. The 

dielectric constant of copper is     = -2200 + i728 at the specified wavelength [28]. There are 33 uniform slits (16 slits 

on each side of the central slit). Each slit has a width  =1 μm and the slits are spaced 3 μm apart from each other. The 

filling materials are silicon and air where the refractive index of silicon is 3.42 at the wavelength of 8 μm. A summary of 

the design parameters is given in table 1. A schematic of the structure is shown in figure 1. 

 

 

 

 

 

 



 

 
 

 

 

 

     Table 1. Design parameters of the binary slit lens with 

refractive index modulation. 
 

  Parameter                                             Value            

working wavelength ( )                           8 μm 

   Slit depth (d)                                           2 μm 

      Diameter of the lens aperture (D)           110 μm                  

      Width of each slit (w)                               1 μm 

      Total Number of slits (N)                           33           

 

 

 

 

 
 

 

 
 
 

 

 

Figure 2 shows the phase versus the slit width once at     =1 (air filling) and then at     = 3.42 (silicon filling). We can 

see that there is a phase difference of 0.43π between the silicon and the air filled slits at any slit width. Therefore, it’s 

evident that using silicon and air as filling materials allows for a high phase tuning range. Silicon also has the 

advantage of being CMOS compatible and it is thermally stable at high temperatures [29] compared to the dielectric 

filling materials used in the visible range such as PMMA. It’s critical for the lens materials to be thermally stable in 

order to operate appropriately in the infrared range. The choice of copper is also suitable since it has lower absorption 

losses in the infrared range compared to the traditional metals used in visible plasmonic lenses like gold or silver. 

Table 2 gives the extinction coefficient   of copper, silver and gold at the design wavelength of 8 μm [28]. We notice 

 
Figure 1. Design schematic of the binary slit lens 

showing the sequence of the filling materials. 

 

 



 

 
 

 

 

 

that copper has the least extinction coefficient which is responsible for the absorption losses in the metal. Copper is 

also cheaper compared to gold or silver.  

 

 
            Figure 2. The variation of the phase delay with the slit width and the 

refractive index of the filling material (silicon and air in this case). 

 

 

 
Table 2. The permittivity of copper, silver and gold at the 

wavelength of 8 μm. 
  

     Metal                                              Extinction Coefficient  

    Copper (Cu)                                                     47.5 

    Gold (Au)                                                      57.6 

    Silver (Ag)                                                     57.7 

 

 

 

 

3. FDTD SIMULATION RESULTS  

 

A commercial-grade simulator based on the finite-difference time-domain method was used to perform the calculations 

[30].  Figure 3 shows the magnetic field intensity profile.  The focal length was found to be 44.69 μm and the FWHM 

is 4.28 μm which is less than the wavelength of the incident infrared wave and thus we have subwavelength focusing. 

It’s also worth mentioning that the transmission attained is 25.64 % at the design wavelength.   

 



 

 
 

 

 

 

 
                

Figure 3. The magnetic field intensity distribution |H|
2
 of the focused 

radiation in case of using the binary slit structure. The field intensity is 

measured in arbitrary units. 

 

4. CONCLUSION  

Most of the previous literature has been concentrating on visible plasmonics and its applications that include focusing 

the visible radiation using planar lens structures. Transferring the knowledge we possess in the visible domain to the 

infrared domain could open the door for many potential infrared applications. Therefore, in this paper we demonstrated 

a planar structure of a binary slit lens that focuses the infrared radiation in the subwavelength scale.  

 

The structure is made of copper and it consists of uniform binary slits. The refractive index of the materials filling the 

slits is varied such that we obtain a phase modulated output wavefront. This phase modulation is necessary for 

achieving the focusing effect. Silicon and air were used as filling materials to give a phase range of 0.43π. The lens can 

focus the incident infrared wave into a hot spot having a FWHM of 0.53   and focal length of 44.69 μm.  
   

  Copper was suitable for the infrared range because as a metal, it’s cheaper and has lower absorption losses in this range 

compared to other noble metals traditionally used in visible plasmonics. Silicon was also a perfect choice because 

when it is used with air as filling materials, we get a phase range of 0.43π. In addition, silicon is thermally stable in the 

infrared range. The lens could be integrated in future applications because both copper and silicon are CMOS 

compatible.  

ACKNOWLEDGEMENT 

This work has been partially supported by the fund received from Egyptian academy of scientific research and 

technology (ASRT), under the grant titled “Innovation Management cluster for local manufacturing of industrial 

electronic components (DLMEI)” 

 

 

 

 



 

 
 

 

 

 

REFERENCES 

[1] Ebbesen TW, Lezec HJ, Ghaemi HF, Thio T, Wolff PA., "Extraordinary optical transmission through sub-wavelength hole arrays," Nature 

391(6668), 667-9(1998). 

[2] Yu LB, Lin DZ, Chen YC, Chang YC, Huang KT, Liaw JW, Yeh JT, Liu JM, Yeh CS, Lee CK., "Physical origin of directional beaming emitted from a 

subwavelength slit," Physical Review B 71(4), 041405 (2005). 

[3] Thio T, Pellerin KM, Linke RA, Lezec HJ, Ebbesen TW., "Enhanced light transmission through a single subwavelength aperture," Optics Letters 

26(24), 1972-4 (2001). 
[4] Azzam SI., Swillam MA, Obayya SS., "Analysis of plasmonic effects in silicon nanoholes," Optical Engineering 53(10), 107103 (2014). 

[5] Fu Y, Zhou X., "Plasmonic lenses: a review.," Plasmonics Springer US 5(3), 287-310 (2010). 

[6] Sun Z, Kim HK., "Refractive transmission of light and beam shaping with metallic nano-optic lenses," Applied Physics Letters 85(4), 642-4 

(2004). 

[7] Garcıa-Vidal FJ, Martın-Moreno L, Lezec HJ, Ebbesen TW., "Focusing light with a single subwavelength aperture flanked by surface 

corrugations," Applied physics letters  83(22), 4500-2 (2003). 
[8] Shi H, Wang C, Du C, Luo X, Dong X, Gao H., "Beam manipulating by metallic nano-slits with variant widths," Optics express 13(18), 6815-20 

(2005). 

[9] Chen Q., "A novel plasmonic zone plate lens based on nano-slits with refractive index modulation.," Springer US 6(2), 381-5(2011). 

[10] Verslegers L, Catrysse PB, Yu Z, White JS, Barnard ES, Brongersma ML, Fan S., "Planar lenses based on nanoscale slit arrays in a metallic 

film.," Nano letters 9(1), 235-8(2008). 

[11] Gao Y, Liu J, Zhang X, Wang Y, Song Y, Liu S., "Metallic planar lens with binary nanoscale slits.," IEEE Photonics Technology Letters 24(11), 
969-71(2012). 

[12] Jia S, Wu Y, Wang X, Wang N., "A subwavelength focusing structure composite of nanoscale metallic slits array with patterned dielectric 

substrate.," IEEE Photonics Journal 6(1), 1-8 (2014). 

[13] El Maklizi M, Hendawy M, Swillam MA., "Super-focusing of visible and UV light using a Meta surface.," Journal of Optics 16(10), 105007(2014). 

[14] El Maklizi M, Hendawy M, Swillam MA., "Super-focusing using plasmonic lens based on super oscillation effect," Proc. SPIE Optical Components 

and Materials XII 9359, (2015). 
[15] Schuller JA, Barnard ES, Cai W, Jun YC, White JS and Brongersma ML, "Plasmonics for extreme light concentration and manipulation.," Nature 

Materials 9, 193–204 (2010). 

[16] Dragoman M., Dragoman D., "Plasmonics: applications to nanoscale terahertz and optical devices.," Progress in Quantum Electronics 32 (1), 

1-41(2008). 

[17] Kawata S., Inouye, Y., Verma, P., "Plasmonics for Near-Field Nano-Imaging and Superlensing.," Nature Photonics 3, 388–394(2009). 
[18] Wang Q., Zhang X., Xu Y., Tian Z., Gu J., Yue W., Zhang S., Han J., Zhang W., "A Broadband Metasurface-Based Terahertz Flat-Lens Array.," 

Advanced Optical Materials 3, 779 (2015). 

[19] Khorasaninejad M., Aieta F., Kanhaiya P., Kats MA., Genevet P., Rousso D., and Capasso F., "Achromatic Metasurface Lens at 

Telecommunication Wavelengths.," Nano Letters 15(8), 5358-5362 (2015). 

[20] Zhao Y., Lin SS., Nawaz AA., Kiraly B., Hao Q., Liu Y. and Huang TJ, "Beam bending via plasmonic lenses," Optics Express 18, 23458-23465 

(2010). 
[21] Abdel-galil  M., Ismail, Y. Swillam MA., "Subwavelength Focusing in the Infrared Range Using a Meta Surface.," ACES conference, 1-2(2017). 

[22] Desouky M., Mahmoud A., and Swillam MA., "Tunable Mid IR focusing in InAs based semiconductor Hyperbolic Metamaterial," Nature Scientific 

Reports 7, Article number 15312 (2017). 

[23] Desouky M., Mahmoud A., and Swillam MA., "Mid IR focusing in Doped-Semiconductor Hyperbolic Metamateial," Frontiers in Optics OSA 

Technical Digest (online), paper FTh3B.6 (2017).  

[24] Law S., Podolskiy V., Wasserman D., "Towards nano-scale photonics with micro-scale photons: the opportunities and challenges of mid-
infrared plasmonics.," Nanophotonics 2(2),103-30 (2013). 

[25] Stanley R., "Plasmonics in the mid-infrared," Nature Photonics 6(7), 409-11(2012). 

[26] Swillam MA., "Mid infrared applications of silicon thermoplasmonics," Photonics North, 1(2016). 

[27] Gordon R, Brolo AG., "Increased cut-off wavelength for a subwavelength hole in a real metal.," Optics Express 13(6),1933-8(2005). 

[28] Ordal MA, Long LL, Bell RJ, Bell SE, Bell RR, Alexander RW, Ward CA., "Optical properties of the metals al, co, cu, au, fe, pb, ni, pd, pt, ag, ti, 

and w in the infrared and far infrared.," Applied Optics  22(7),1099-119 (1983). 
[29] Smith WF. , Hashemi J., [Foundations of materials science and engineering] McGraw-Hill (2011). 

[30] Lumerical Inc. http://www.lumerical.com/tcad-products/fdtd/. 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 



 

 
 

 

 

 

 

 

 


