
 

 
 

 

 

 

2.5D-Patterning via i-line grayscale exposure for photonic structures 

and micro lens arrays 
 

Sebastian Schermer*a, Christian Helkea,b, Balaji Sakeb, Andrew Zanzalc, Patrick Reynoldsc, 

Stephen DeMoorc, Anja Voigtd and Danny Reutera,b 

aFraunhofer Institute for Electronic Nanosystems ENAS, Chemnitz, 09126, Germany; bChemnitz 

University of Technology, Center for Microtechnologies, Chemnitz, 09126, Germany; cBenchmark 

Technologies, 7 Kimball Lane, Building E Lynnfield, MA 01940, USA; dMicro Resist Technology 

(MRT) GmbH, Köpenicker Str. 325, 12555 Berlin, Germany 

ABSTRACT   

In this paper, a patterning approach via i-line grayscale exposure is presented. The i-line wafer stepper (NIKON 

NSR2205i11D) together with specialized grayscale reticles from Benchmark Technologies (USA), manufactured with 

half-toning technique, are used. The positive tone and low contrast grayscale ma-P 1275G photoresist is manufactured by 

Micro Resist Technology (Berlin, Germany) and used in this work; it is part of the ma-P 1200G grayscale resist series 

and can cover a thickness range of 5 µm to 14 µm. The lithographical pattering process is performed on 6-inch wafers. 

Essential parameters like the contrast curve measured in the resist as well as after the dry etching are evaluated. Different 

2.5D structures like micro lens arrays, blazed gratings, frustums and Fresnel lenses are fabricated by i-line stepper gray 

scale lithography and ma-P 1275G demonstrating its excellent behavior to generate 2.5D grayscale patterns. For the 

characterization of the generated 2.5D grayscale patterns a stylus profilometer, atomic force microscopy (AFM), 

scanning electron microscopy (SEM) and confocal microscope are used. In this paper the process of setting up a 

grayscale exposure with an i-line stepper and a grayscale reticle and the need to adapt the grayscale reticle in different 

iterations is presented and discussed. 
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1. INTRODUCTION  

Patterning technologies for 2.5D structures such as micro lens arrays (MLAs), photonic integrated circuits (PICs) and 

MEMS are in high demand1. Especially, MLAs play an important role for the integration of micro-LED arrays2. Also 

tuning the slope of the sidewalls of modern MEMS is a field of application. Those 2.5D structures can be achieved by 

using grayscale lithography, which can be done with maskless patterning technologies like electron beam lithography 

(EBL), or direct laser writing1,3. These technologies offer a high resolution, but the downside of this sequential exposure 

/ direct writing tools is low writing speeds, which hampers scalability to high volume1. To overcome these limitations 

and enable higher volume manufacturing, mask-based patterning technologies, such as i-line stepper lithography can be 

applied. I-line stepper, here the 5x tools, are mainly used in today’s manufacturing of chips with bigger nodes. The 

implementation of grayscale lithography in existing exposure tools offers new possibilities for improving the 

manufacturing without the need of buying new and expensive exposure tools, such as laser direct writing equipment. 

 

2. EXPERIMENTAL 

2.1 Reticle design and fabrication 

In this work, grayscale reticles from Benchmark Technologies (USA) are used. Each grayscale level is modulated using 

half-toning technique by filling pixelated sub resolution features to adjust the exposure dose passing through the 

reticle4,5. By using this method, it is possible to create different grayscale levels on the reticle instead of using common 
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binary reticles with 0 % or 100 % of transmittance. To optimize the reticle layout for precise on wafer results, details of 

the lithography patterning process must be integrated into the reticle design. The main parameters are the contrast curve 

of the grayscale resist and its pattern transfer selectivity (here, the etch selectivity) into the substrate, which was here 

silicon. A first grayscale reticle was manufactured based on the manually determined ma-P 1275G contrast curve by 

mask aligner lithography. For this first mask the etch selectivity was assumed to be 1:1. A dedicated contrast calibration 

field on this first reticle is used to determine both, the resist contrast curve and the etch selectivity for the more precisely 

manufacture of the next reticle generation. Once contrast and dry etch data are determined, the gray levels on the next 

reticle have to be adapted to better realize the desired 2.5D resist pattern shape on substrate. The reticle for this project is 

fabricated in a commercial mask shop using a NuFlare EBM4000 vector shaped e-beam system. Grayscale patterns were 

designed using a 1 µm grid at 5X magnification (0.2 µm at wafer).   

Figure 1 shows a typical GDS modulation for a convex lens design of a reticle and the impact on dry etch selectivity 

relative to the convex lens design on the mask transmission. 

 

 

 

 

Figure 1. Typical GDS modulation for a convex lens and impact of etch selectivity on mask transmission design. 

 

2.2 Resist processing & lithography 

For enabling grayscale lithography, a photoresist with a low contrast is advantageous/ required6. Micro resist technology 

(Berlin, Germany) developed with the ma-P 1200G series low contrast resists for grayscale lithography. Here the ma-P 

1275G which covers a thickness range of 5 µm to 14 µm is used. Even thicknesses up to 60 µm can be achieved in a 

single coating step. The resist is applied on 150 mm wafers via spin coating on an automated cluster tool (Sawatec CS-

200-4); the obtained 7.8 µm thick layer is soft-baked on a hotplate to evaporate the solvent. The exposure is done with an 

i-line stepper NIKON NSR2205i11D with a critical dimension (CD) of 350 nm. In table 1 the processing parameters are 

summarized. The spin curve of the resist is shown in figure 2.  
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Table 1. Processing parameter applied for ma-P 1275G. 

 

Figure 2. Spin curve of ma-P 1275G positive tone resist using semi-automatic cluster tool SM-200-4 from Sawatec and the 

corresponding heatmap (thickness variation) for 3000 rpm. 

 

3. RESULTS 

 

3.1 Resist contrast Curve and dry etch selectivity 

As mentioned in chapter 2.1 the process adjusting a grayscale reticle is a time-consuming process, at least two reticle 

iterations are necessary. The results in this work were achieved by using a first reticle generation. The reticle contains a 

dedicated contrast field where the exposure dose is modulated in a range from 1 % to 100 % in steps of 1 %. In order to 

design the second, final reticle, data from the contrast curve are required. Second and ideally, also the transfer of the 

pattern via dry etching (dry etch selectivity) into the used substrate is determined and implemented into the 2nd 

generation of reticle. By measuring the resist contrast field again, the 2nd reticle can be manufactured more precisely to 

tune the slope of the sidewalls as intended. The applied exposure dose of 430 mJ/cm2 was determined by ascertain the 

 Processing Parameter 

Substrate 

preparation 
Dehydration bake: Oven, 30 min at 200 °C 

Spin-coating, 

resist  

5 ml ma-P 1275G (for a 6inch Si substrate) at 3000 rpm, 60 s,  

7.8 µm film thickness (after softbake) 

Softbake Hotplate, 600 s at 105 °C 

Exposure 430 mJ/cm2 

Development (No post exposure bake) mr-D 532S 240 s, DI-W rinsing  
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dose to clear and adding 20 %. The reason for that is that at least the top 15 % of exposure dose (85 % to 100 %) should 

be fully cleared from resist. The actual “working area” for different grayscale transmission levels should be kept 

approximately in the 15 % to 85 % area. The contrast curve measured before and after etching is shown in figure 3 (left). 

On the x-axis, the percentage of the exposure dose, which can pass through the reticle, is displayed. The initial resist 

thickness of 7.8 µm (red line) decreases by increasing exposure dose. At 16 %, both curves show exhibit a “bump” in the 

curve, which is a result of maintaining compliance with the grid restrictions imposed by the NuFlare EBM4000 writer. 

The mid area between 20 % and 82 % is almost linear, a characteristic of a low contrast resist, which is important for 

grayscale lithography. After the dry etching process as well as the oxygen plasma to remove the residual resist, the blue 

curve demonstrating the 2.5D pattern in the substrate are obtained. The course is quite similar but on a different depth 

level. This difference can be influenced by the etching parameters and is called dry etching selectivity. By dividing 

etching depth by the initial resist thickness the selectivity can be calculated; the dry etch selectivity of resist to Si 

substrate is shown in figure 3 (right) and it is about 1 to 0.8. The dry etching results were achieved by using a modified 

Bosch process on a SPTS Rapier etch tool. 

 

 

Figure 3: Left: Contrast curve of dedicated contrast field measured before the etching (red) and after the dry etching 

(blue); Right: Selectivity of the etching process. 

 

3.2 Characterization of exposed structures 

Although the first reticle is mainly used to generate the required exact data for the design and manufacture of 

the second reticle generation, the generated 2.5D resist structures can also be characterized to show the potential 

of grayscale lithography. Figure 4 a) shows a SEM image of a Fresnel lens in 7.8 µm ma-P 1275G resist with a 

diameter of 3 mm. In b) a 3D image obtained by using the confocal microscope Confovis AOI 305 demonstrates 

the sidewall profile of the Fresnel lens. Especially the shape of those sidewalls can only be manufactured 

precisely if the adapted contrast curve is used as a basis for the second reticle. Figure 4 c) shows a SEM image 

of an arrays of frustums also in 7.8 µm ma-P 1275G resist. The intended dimensions of one frustum are a base 

width of 9.6 µm, a top width of 4.8 µm and a pixel pitch (grayscale level) of 100 nm. The actual width of the 

base of the frustums is about 9.3 µm and the top 5.2 µm. This is near to the intended dimensions. However, the 

slope if the sidewall, like with the Fresnel lens, differs from the designed structure. Next to those structures, 

micro lens arrays are commonly used in today’s photonics. In figure 5, a profilometer measurement of a convex 

lens with the Dektak 8 stylus profilometer from Veeco is shown. This lens with a diameter of 64 µm and a pixel 

pitch of 0.4 µm consist of 1903 grayscale levels. 
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Figure 4: Different structures in 7.8 µm resist ma-P 1275G; a) SEM image of a Fresnel lens with 3 mm diameter, b) 3D 

image obtained with confocal microscope Confovis AOI 305 and c) SEM image of an array of frustums. 

 

Figure 5: Profilometer measurement of convex lens with a radius of 64 µm in 7.8 µm ma-P 1275G resist. 

 

4. CONCLUSION 

Grayscale lithography for i-line stepper shows great potential for being used for PICs or MEMS applications. Here the 

first steps by setting up an exposure process for a 5x i-line stepper tool by the use of a 1st generation grayscale reticle 

manufactured by Benchmark Technologies and a low contrast positive tone grayscale ma-P 1275G resist was 

demonstrated. PIC structures like micro lenses, blazed gratings, frustums and Fresnel lenses were in the resist as well 

after dry etching as patterns transfer into the substrate manufactured and characterized.  

The evaluation of 7.8 µm thick ma-P 1275G resist were done by using the dedicated contrast calibration field of the 1st 

generation reticle design. The resulting resist contrast curve will be used to design and manufacture a second reticle 

adopted on the resist and substrate properties.  
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