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In this paper, for exact determination of focal length in graded-index planar microlens (GRIN PML) after manufacturing, the 
procedure is as follows: At first, propagation of Gaussian beam in single and stacked graded-index planar microlens was 
simulated by optiwave software. By using simulation data, the focal length and beam width in focal point were obtained. 
Simulations showed that there is a linear relation between focal length and length of substrate. As a result, by choosing the 
optimum length of substrate we managed to obtain the arbitrary focal length of GRIN PML. In addition, we showed that 
beam width and focal length of stacked GRIN PML were less than GRIN PML.  
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1. Introduction 

 

Graded-Index Planar MicroLens (GRIN PML) is 

made in an  ion exchange process. The ion -exchange 

method is the most powerfu l technique due to its 

simplicity and flexibility in choosing the numerical 

aperture and dimensions. In ion exchange process , a piece 

of lithographic glass is inserted in a molten salt bath for 

certain duration at a  certain temperature. The extent to 

which the d iffusion speed can be increased depends on the 

following: (1) electric field strength, (2) ionic mobility, (3) 

glass constituency, (4) temperature, and (5) ionic source 

concentration. The refractive index can be increased or 

decreased as a result of a combination of two major 

effects, the first of which is related to the atomic size of 

the exchanging ions, and the second one is related to the 

electronic polarizability of the exchanging ions. Features 

of these GRIN PMLs include Planar Faces, less aberration 

than conventional lenses, angular characteristics, 

convenient focal lengths and numerical apertures, 

convenience of mounting and alignment. For these 

reasons, they are widely used in optical communication  

systems such as information processing and imaging  

systems [1-3]. Since light wave components are composed 

of a tandem lens waveguide, many of the components such 

as directional couplers, wavelength multip lexers, optical 

taps, etc., can  be made with a 2-D configuration. If we use 

a 2-D array of holes, we can align optical fibers in a single 

batch process; and this facilitates mass production with 

easy alignment of optical circu its. Optical devices such as 

half mirrors and d ielectric mult ilayer filters are easily  

introduced into the components [4-6].  

We need to develop this type of micro-optic elements 

in different devices. The main problem in the ion exchange 

process is reaching a certain focal length after this process; 

however, we do not reach a proper focal length after 

making microlens.  

In this work, a new simulat ion is presented for the 

propagation of Gaussian beam in a GRIN PML and 

Stacked Planar Optics by Optiwave software and the focal 

length and beam width in focal point using the simulations 

calculated and compared. W ith the simulation, we show 

there is a linear relat ionship between the substrate and the 

focal length. As a result, we can reach an arbitrary focal 

length by selecting a proper substrate length. 

 
 
2. Refractive index profile model 
 

Nowadays, the gradual refract ive index is a great  

advantage in optical systems. Although the maximum 

refract ive index changes will be limited to less than 0.27, 

this small change can lead to very useful results. The 

refract ive index can  be increased or decreased as a result 

of a combination of two major effects , the first of which is 

related to the atomic size of the exchanging ions. If a small 

ion such as Li
+
 in the molten salt replaces a larger ion such 

Na
+
 or K

+
 in glass, the glass network will collapse around 

the smaller ion to produce a more densely packed structure 

that usually has a higher refract ive index. Conversely, if a  

larger ion replaces a s maller one, the network expands to a 

less packed structure, yielding a lower refractive index. 

The second effect is related to the electronic polarizability  

of the exchanging ions. If an ion of larger electronic 

polarizability such as Ag
+
, Cs

+
, Tl

+
, Rb

+
 or K

+
 replaces an 

ion of smaller polarizability such as Na
+
 , an increase in 

the refractive index will result, and vice versa.  

After lens making, there are several methods such as 

interfering method [7], refracted near-field method [8], 

reflection method [9], imaging method [10] and near-field  

scanning method [11] for determin ing refractive index 

profile. In  several articles, manufacturing  methods [12-

14], calculat ing the refractive index profile [15-17] and 
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beam propagation in the medium with graded index [18, 

19] have been investigated.  

In manufacturing of graded-index planar micro lens, if 

the exchange time of ions between composition and 

substrate be long, the shape of the ion penetration in the 

substrate will be almost hemispherical. Consequently, the 

shape of the concentration changes or, in other words, the 

gradual refractive index profile also has a spherical 

function. 

In order to show how we can reach the exact focal 

length of GRIN PML after the manufacturing process, we 

have used a profile of GRIN PML provided by Nippon 

Sheet Glass (NSG) Company.  The gradient index profile 

of this microlens is determined by the interference 

microscopy method as expressed by Eq. (1) [20]: 
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Where, no=1.714 is the refract ive index at  the center of the 

aperture on the lens surface, 10.545g mm

 1550for nm  is a normalizat ion constant that denotes 

the lens power, 
2 2r x y  is the radius of the lens 

aperture, and z is the optical axis of GRIN PML. Fig. 1 

shows a schematic illustration of a GRIN PML where the 

refract ive index of substrate is 1.658 and the maximum 

refractive index change is 0.056. 

 

 

 
 

Fig. 1. Schematic illustration of a GRIN PML and  

its dimensions 

 

 

The curves relevant to the refract ive index expressed 

by equation (1) (for a micro-lens with hemispherical 

gradient index profile) in radial (zcut=0) and axial (rcut=0) 

directions, respectively, are shown in Figs . 2(a,b). 

 

Fig. 2.  a  Refractive index changes versus radial 

coordinates in 0z  ;  b  Refractive index changes  

versus   axial   coordinates   in   0r    c .   The   three- 

               dimensional graph of the refractive index 

 

3. Simulation of Gaussian beam propagation  

     in single microlens 
 

Simulations for the propagation of the Gaussian beam 

are performed using the Optiwave software into a glass 

with refract ive index changes according to relationship (1). 

According to Fig. 1, in this simulat ion, glass has the cross 

section of 0.98mm 0.98mm and length of 5 mm. The 

area of hemispherical index d istribution has a diameter of 

980 m and a maximum d iffusion depth of 400 m . 

Glass surrounding medium is air. Fig. 3(a) shows the input 

intensity distribution of Gaussian beam to GRIN PML 

(with half width of 200 m  and maximum intensity of 1 

2.W m
). Fig. 3(b) shows the intensity distribution of 

Gaussian beam after passing through the lens . By  using 

this figure, the focal length can be obtained. Since the 

substrate length is 5 mm and maximum intensity is in  

position of 12.283 mm, the back focal length of GRIN 

PML will be 7.283 mm. The curve of radial intensity 

distribution at the focal point (z = 12.283 mm) is shown by 

Fig. 3(c). According to this figure, the beam width is
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32.88 m , showing that this lens is usable in optical 

fibers. Fig. 3(d) shows the two-dimensional d istribution of 

Gaussian beam intensity at the focal point (with maximum 

intensity of 10.16  2.W m ).  

 

 

Fig. 3. (a) Input intensity distribution of Gaussian beam 

to GRIN PML in x-y cross section; (b) Two-dimensional 

intensity distribution of Gaussian beam in simulated 

area; (c) Intensity curve of Gaussian beam simulated in 
the  focal  point;  (d)  Intensity distribution of   Gaussian  

    beam focused by the GRIN PML in x-y cross section 

 
 

4. Simulation of Gaussian beam propagation  
     in stacked graded-index planar microlens 
 

The stacked graded-index p lanar microlens is an  array  

of two-dimensional waveguide. Here, Gaussian Beam 

Propagation through the stacked graded-index planar 

micro lens has been simulated. First and second Length of 

lens, 2 and 5 mm, respectively, and its diameter of 0 .98 

mm are selected. Similar to the previous simulation, 2D-

1D intensity distributions of the same Gaussian beam, 

when passing and after passing through the stacked 

graded-index planar microlens and also in focal point, are 

provided as shown in Figs. 4(a-d). According to these 

figures, the back focal length and beam width are obtained 

1.377 mm and 17.34 m , respectively. The simulations 

show that by using the stacked graded-index p lanar 

micro lens, the focal length and the beam width of the 

GRIN PML can be reduced.  

To make changes in the large refractive index during 

ion exchange process, the electric field is applied  to the 

substrate [1]. The electric field is due to low mobility of 

some elements such as Tl
+
 is applied on the one hand to 

the other side of the substrate which causes the thermal 

penetration and mobility of most of the ions in  the glass. 

The electric field applied to a very small aperture on the 

substrate often results in a hemispherical refract ive index 

profile. But our goal in this paper is to simulate Gaussian 

beam propagation from a pre-made lens type and changing 

the length of the lens bed to obtain a specific focal length. 

 

 

Fig. 4. (a) Input intensity distribution of Gaussian beam 

to stacked GRIN PML in x-y cross section; (b) Two-

dimensional intensity distribution of Gaussian beam in 

simulated area; (c) Intensity curve of Gaussian beam 
simulated in the focal point (d) Intensity distribution of 

Gaussian beam focused by the stacked GRIN PML in x-y  

                                      cross section 

 

5. Selecting a certain focal length by  
    choosing a proper substrate length 
 

To select the specific focal length, all of the 

simulations are repeated for different lengths of substrate 

(l=2, 3, 4, 5, 6, 7, 8, 9 mm) when Gaussian beam is 

incident to front surface of single and stack gradient index 

region. The relevant results are listed in Table 1, 2. 

 

Table 1. Simulation results of back focal length single  

GRIN PML 
 

Substrate length 

(mm) 

2 3 4 5 6 7 8 9 

Effective focal 

length (mm) 

11.95 12.04 12.15 12.28 12.35 12.46 12.55 12.62 

back focal 

length (mm) 

9.951 9.044 8.155 7.28 6.35 5.46 4.55 3.62 

beam width at 
the focal point 

 m  

32.88 32.88 32.88 32.88 32.88 32.88 32.88 32.88 

 

Table 2. Simulation results of back focal length stacked  
GRIN PML 

 

Substrate length (mm) 2&2 2&3 2&4 2&5 2&6 

Effective focal length (mm) 8.080 8.189 8.377 8.385 8.484 

back focal length from incident 

surface (mm) 

4.080 3.189 2.377 1.385 0.484 

beam width at the focal point  m  17.34 17.34 17.34 17.34 17.34 
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The curve of focal length in terms of substrate length 

for two cases is plotted in Fig. 5. According to this linear 

curve, to obtain the arbitrary focal length, one can 

determine the optimum length of the substrate. 

 

 

Fig. 5. Back focal length in terms of substrate length 

 
 

6. Conclusion 
 

In the present work, we showed that the relat ion 

between the substrate length and the focal length is linear 

for each of the two cases. Therefore, we can obtain  the 

precise special focal length by determining the focal length 

in terms of substrate length by simulation and cutting of 

the end lens. 

With regard to the fact that maximum variat ion in  

refract index happening by exchanging ion in glasses is 

0.27, fabrication of microlense with short focal length is 

unreachable; however, by combining two micro lenses , we 

can reach less than focal length and low beam width. 

Moreover, we showed that focal length and Gaussian 

beam width of stack Graded-Index micro lenses decrease in 

comparison to single planar micro lens approximately 5.8 

mm and 15.54 m  respectively. Decrease in the focal 

length and Gaussian beam width increases the usability of 

the stack Graded-Index microlenses in a single mode fiber. 
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