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ABSTRACT  

PNJs are non-resonant travelling beams with applications in enhanced Raman scattering, coupled resonator optical 

waveguide, high resolution microscopy, lithography and nonlinear optics. The length and beam width of the PNJ can be 

controlled by engineering the shape of the dielectric structure as well as by changing the refractive index contrast between 

the particle and the surrounding medium. The waist of PNJ moves towards the diffracting particle with increase in 

refractive index, and for refractive indices higher than 2, the waist is inside the particle. This migration of beam waist 

towards the interior of the particle is the biggest hurdle in on chip PNJ generation, because many CMOS compatible 

materials, including Silicon has refractive index higher than 2. In this study, we present the design and computational 

results of a photonic chip made of Silicon that can support PNJ outside the material boundary. We have studied the 

characteristics of PNJ including the width and length as well as the effect of surrounding medium.  
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1. INTRODUCTION  

Photonic nanojet (PNJ) is a tightly focused beam of light generated at the shadow side of a mesoscale particle when 

illuminated by a plane-wave1,2. PNJs are non-resonant travelling beam. The beam waist of PNJ is often less than the 

diffraction limit and the confinement region extends more than a wavelength. Applications of PNJ includes enhanced 

Raman scattering3, coupled resonator optical waveguide, high resolution microscopy and lithography4. The enhanced 

intensity of PNJ is also used to explore nonlinear optics4. The length and beam width of the PNJ can be controlled by 

engineering the shape of the dielectric structure as well as by changing the refractive index contrast between the particle 

and the surrounding medium5. For spheres and cylinders, the waist of PNJ moves towards the particle as a function of 

refractive index, and for refractive indices higher than 2 the waist is inside the particle which may limit the practical 

applications of PNJ6. Often this becomes a limiting factor in using PNJs on chip because many CMOS compatible materials 

—including Silicon, GaAs, Silicon nitride — have refractive index higher than 2.  

 

Earlier attempts to overcome this refractive index limit of 2 was relied on cleaving7 or shrinking5 the spherical or cylindrical 

particles to push the PNJs to the exterior. These structures pose difficulties in fabrication and integration into CMOS 

compatible platforms. Cleaved particles are also difficult to handle and difficult to align in an optical setup. Here we 

propose a design of a photonic chip consisting of hemi cylindrical domes of Silicon, which could be fabricated using grey 

scale lithography, exhibiting PNJs outside the material boundary. The PNJ generation by the proposed design was 

investigated using finite element methods. Numerical studies demonstrate that the proposed design support PNJ outside 

the Si domain and tuned by changing the radius, elipticity and surrounding refractive index. We further observed that the 

intensity of the PNJ increases with increase in the radius of the hemicylider. Length and width of PNJ also increase with 

increase in the radius. Our modelling also shows that the length and beamwidth of PNJ can be controlled by the eccentricity 

of hemicylinder. The effect of surrounding refractive index on the characteristics of the PNJ was also studied. The PNJ 

length and intensity increase with increase in surrounding refractive index. Width of PNJ decreases with increase in 

surrounding refractive index up to 1.45 and further increase broadens the PNJ. 
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2. ON-CHIP PHOTONIC NANOJET 

The proposed design consists of a hemicylinder of Si of radius 𝑎 siting on the Si substrate. To understand the PNJ, we 

modeled the structure using finite element method. The refractive index of Si substrate and Si cylinder was taken as 3.4. 

The surrounding refractive index 𝑛𝑚 was taken as 1. A TE polarized plane-wave was used to illuminate the hemi cylinder 

through the Silicon substrate. The wavelength of the light (𝜆) is taken as 1550 nm. The radius 𝑎 of the hemicylinder is 

taken as a multiple of the wavelength. The computational domains were terminated by perfectly matched layer. To further 

understand the PNJ generation, we have studied the length of PNJ (𝐿𝑃𝑁𝐽), maximum intensity (𝐼𝑚𝑎𝑥) and FWHM of the 

PNJ as functions of the radius, surrounding refractive index and ellipticity of the hemicylinder.  

 

1.1 Effect of radius of hemicylinder 

Previous studies shown that, the PNJ generated by spheres and cylinder depends on the radius5,6 and generally the Intensity 

and the length of PNJ increase with radius of curvature.  To understand how our proposed design behave with change in 

the radius, we have varied the radius of the hemicylinder from 2λ to 10λ. Figure 1a shows the PNJ from a hemicylinder  

of radius 𝑎 = 6𝜆 located on silicon substrate and figure 1b shows the PNJ generated with a hemicylinder of radius 10λ. 

The intensity and the length of PNJ generated by our design increase with increase in the radius of hemicylinder (figure 

1c). Figure 1d shows the FWHM of PNJ as a function of the radius of hemicylinder. The FWHM increase with increase 

in radius. 

 

Figure 1. PNJ generated from a Si hemicylinder on a Si substrate is shown in (a-b). The radius of the hemic cylinder is 6 λ (a) 

and 10 λ (b). The normalized intensity and length of PNJ as a function of radius of the hemicylinder is shown in (c). FWHM as 

a function of radius is shown in (d).   

1.2 Effect of ellipticity of the cylinder. 

To understand how the PNJ generated by a flattened hemicylinder on the Si substrate vary as a function of the ellipticity 

of the hemicylinder, we have simulated a flatted hemicylinder. Figure 2a shows the geometry of the simulation. The 
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radius c is taken as 5λ and a is gradually increased. Figure 2a shows the EM field intensity of PNJ of a hemicylinder a/c 

ratio of 0.8 and figure 2b shows the EM field intensity of a flattened hemicylinder with a/c ratio of 2.25. Figure 2c shows 

the normalized maximum intensity and length of PNJ as a function of a/c ratio. The maximum intensity of PNJ with a/c 

=2.25 is used as the normalization factor. The intensity and length of PNJ increase as the cylinder flattens. The FWHM 

of PNJ also increases as the cylinder is flattened (figure 2d). 
 

 

 
Figure 2. Variation of EM field intensity of PNJ of a hemicylinder with ellipticity a/c ratio=0.8 is shown in (a) and a flattened 

shape with a/c ratio=2.25 is shown in (b). The normalized intensity and length of PNJ as a function of a/c ratio is shown in (c). 

The variation of FWHM as a function of a/c ratio is shown in (d).  

 

1.3 Effect of surrounding refractive index on the PNJ 

PNJ is sensitive to the surrounding refractive index5,8. To understand the effect of surrounding refractive on the PNJ of 

proposed design, we have varied the refractive index of the surrounding medium from 1 to 2.1. Figure 3 shows the effect 

of the surrounding refractive index.  The relative intensity of EM field of PNJ with surrounding refractive index 𝑛𝑚 = 1 

is shown in figure 3a and 𝑛𝑚 = 1.75 is shown in figure 3b. A clear increase in intensity and length of PNJ can be observed 

from these figures. The normalized maximum intensity of PNJ and length of PNJ as function of surrounding refractive 

index is shown in figure 3c. Both Intensity and length of PNJ increase with increase in surrounding refractive index upto 

1.45 and levels up after that. The FWHM decrease with increase in refractive index upto 𝑛𝑚 = 1.45 and increase if the 

surrounding refractive index increase above 1.45(figure 3d). 
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Figure 3 EM field intensity of PNJ generated with refractive index of the surrounding medium 1(a) and 1.75 (b). The 

Normalized intensity and the length of PNJ as function of surrounding refractive index is shown in (c). The variation of FWHM 

as function of surrounding refractive index is shown in (d). 

  

 

3. CONCLUSIONS 

We presented a 2D FEM study of on-chip PNJ generation in Si photonic chip. The simulations show that the 

hemicylindrical silicon structure placed on top of the silicon substrate support PNJ outside despite the refractive index 

being 3.4. The PNJs generated by the proposed structure shows an increase in intensity, length of PNJ and FWHM with 

increase in the radius of hemi-cylinder. We have also demonstrated that the length and intensity of PNJ can also be tuned 

by tuning the ellipticity the cylinder. Simulations also demonstrate the increase in surrounding refractive index leads to 

the elongation of PNJ. The PNJ intensity increase until the surrounding refractive index reach a value of 1.45 and stay 

stable after that. The FWHM of PNJ decrease with increase in surrounding refractive index upto 𝑛𝑚 = 1.45 and increase 

if 𝑛𝑚 is higher than 1.45. 
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