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This article reports the fabrication and characterization of polymeric micro-optical elements on curved substrates using 

electrostatic induced lithography. Unlike previous studies focusing upon the pattern formation on planar substrates, we have 

extended this process by adding it to the micro-transfer molding process to obtain micro-optical elements like diffractive grating 

and microlenses on curved substrates with aspect ratio greater than 4:1. The optical test results of the fabricated micro-optical 

elements show a slight deviation from theoretical values due to the effect of the curved surface. In comparison with previous 10 

reported methods, e.g. Laser direct writing or Capillary force lithography method, the method proposed here is faster and more 

flexible. More importantly, microstructures with high aspect ratio can be easily obtained, which is normally difficult for the two 

methods reported previously. Therefore, this technology can be used as an effective method for the fabrication of such 

components with microscale or even nanoscale feature size on curved surfaces. 

Introduction 15 

Applications of micro-and nano-patterned surfaces are 

widespread in microelectronics, photonics, information storage 

devices, MEMS/NEMS, sensors and biomedical devices. 

Recently, patterning technologies have been applied to curved 

surfaces with resolution down to the submicron scale. The 20 

methods researched were laser direct writing lithography [1-2], 

capillary force lithography [3], step-and-flash lithography [4] and 

others [5-8]. Laser direct writing method uses the focused beam 

spot to define the patterns point by point, which is hence very 

inefficient. For capillary force lithography, the pattern is formed 25 

by driving the fluidic polymer into the capillary cavity under 

elevated temperature. Therefore, it is also time consuming 

because normally long thermal cycle needs to be conducted 

during the process. In addition, it is difficult to achieve 

microstructures with very high aspect ratio [3]. Step and flash 30 

imprinting method and soft lithography method all suffer from 

the difficulty to separate the mould from substrate due to their 

close contact during the manufacturing process. 

EIL has attracted a lot of attention over the last ten years as this 

technology combines top-down and bottom-up approaches and is 35 

able to achieve polymeric micro/nanostructures in a single 

process step. In addition, EIL does not require expensive 

equipment and photosensitive materials in comparison with  
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traditional photolithography methods. More importantly, EIL is a 

noncontact lithographic method, which does not suffer from the 50 

contamination problem of the master mould. The underlying 

physical phenomenon responsible for this technique, the 

instability of polymer films on planar substrates when exposed to 

an external electric field, has also been intensively researched 

from the theoretical and experimental points of view, and 55 

structures including columns, ridges, holes, channels and even 

hollow structures have been demonstrated [9-22]. However, the 

stability of a thin film on a curved surface is rather different from 

the planar one. For the case of the flat surface, the electric field 

overcomes the in-plane curvature to engender structures like 60 

columns, holes, or channels on the film. However, for the case of 

the curved surface, the radial curvature force plays a role in the 

destabilization of the film as well. Recently, theoretical studies 

about the pattern formation on curved surfaces induced by 

electrostatic field were conducted by V.Anoop Kishore [23] and 65 

Bo Li [24]. In these studies, the dimension of the radius of 

curvature was in the micrometer scale and thus the resulting 

radial curvature force had a great impact on the film 

destabilization. It was demonstrated that the electric field must be 

strong enough to overwhelm this force so that ridge structures can 70 

be formed on the curved surface. Experimental work about the 

formation of three-dimensional microstructures on such curved 

surfaces was not greatly reported. In contrast we mainly study the 

pattern formation on curved surfaces with millimeter scale radius 

of curvature. The influence of the radial curvature force is 75 

relatively small so that it is easier to control the customized 

pattern formation process by simply controlling the intensity of 

the applied electric field. Specifically, we demonstrate the 

successful fabrication of micro-optical elements on curved 

surfaces with 40 mm radius of curvature by combining micro-80 

transfer molding [25] and electro-hydrodynamic instability 

patterning [26]. In particular we demonstrate the manufacturing 

of microstructures on concave and convex surfaces. Grating 

microstructures of 8.75 µm width and 36 µm height patterned on 

a concave surface have been obtained and characterized. The high 85 
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aspect ratio (4:1) concave grating has good self-focusing and 

dispersion properties. Such structures could prove useful in 

optical encoding where gratings are often placed on rotating 

pieces of machinery. These preliminary results show the great 

potential of the EIL method for the fabrication of micro- and 5 

nanostructures on curved surfaces. In addition, microlens array 

with each lens has a diameter of 4 µm and a period of 10 µm has 

also been fabricated on a concave surface successfully. This 

demonstrates the flexibility of the method on the fabrication of 

various micro-optical elements for different application purposes.  10 

 

Materials and method 

The schematic of the combined process applied for the 

fabrication of Diffractive Optical Elements (DOEs) on a curved 

surface is presented in Fig. 1. The whole process has five main 15 

steps: (1) Fabrication of DOEs on a planar substrate by a 

traditional photolithographic process; (2) Fabrication of reversed 

DOEs in PDMS using soft lithography; (3) Fabrication of DOEs 

on a convex surface via the micro-transfer molding method; (4) 

Deposition of a 200 nm thick Cr layer onto the DOEs by electron-20 

beam evaporation to serve as the conductive master electrode in 

the EIL process; (5) Fabrication of DOEs in SU8 polymer via the 

EIL method. The PDMS is prepared by mixing the prepolymer 

with crosslink agent (10:1 wt ratio) and cured for 24 hrs at room 

temperature.  25 

 
Fig.1 Schematic of the combined micro-transfer molding and 

electrostatic induced lithography process: preparation of the 

gratings onto a planar surface (first five steps), gratings transfer 

on the convex surface (steps six and seven) and manufacturing of 30 

the patterns onto the concave surface by the EIL method (last 

three steps). 

The EIL experimental setup for the micro-fabrication of DOEs 

on 3D surfaces is illustrated in Fig. 2, where two conformal 

cylindrical convex/concave surfaces, separated by a uniform air 35 

gap of 60 µm thanks to dielectric spacers, are used as curved 

electrodes. The radius of curvature of the mask and the convex 

substrate is 46.512 mm and 46.572 mm, respectively. The convex 

surface of the top electrode, shown in Fig. 2(a), has been 

patterned with microscale gratings by the micro-transfer molding 40 

method. A thin layer of Cr was deposited on the top of the 

microstructures to make them electrically conductive. Fig. 3 

shows the top view image and 3-D profile of the gratings 

obtained in Fig. 2(a). The SU8 polymer film is coated onto the 

concave cylindrical surface by the dip coating method [27]. SU8-45 

5 is selected as the polymeric material due to its relatively low 

viscosity and short curing time. The whole electrostatic induced 

patterning process lasts about fifteen minutes during which the  

experimental setup is kept at 135oC and then allowed to cool at 

room temperature. During that time, a DC voltage of 102 V is 50 

applied between the two electrodes, as shown in Fig. 2(c). The 

DC voltage is switched off only after the temperature drops down 

to room temperature and the electrostatic induced microstructure 

is solidified. After the cooling-down phase, the planar-concave 

cylindrical lens is separated gently to avoid the breakage of the 55 

formed structure. Further details on a similar process applied to 

planar surfaces can be obtained in [26, 28]. The same technique 

can be applied to planar-convex lenses. 

 

 60 

Fig.2 Experimental setup used for the micro-fabrication of DOEs 

on concave surfaces. (a) The grating microstructure has been 

transferred previously onto the convex surface of a planar-convex 

cylinder lens by the micro-transfer molding method; (b) A planar-

concave cylinder lens is used as the substrate onto which a 65 

positive image of the master electrode will be grown through the 

EIL method; (c) The experimental setup for the EIL process with 

the master electrode at the top. 

 

Fabrication results and discussions 70 

Fig. 3 shows the grating formed by micro-transfer molding on the 

convex surface of the cylinder. The image of the grating obtained 

by optical microscopy in Fig. 3(a) becomes blurred on the edge 

due to the curved surface. Fig. 3(b) provides the 3D surface 

profile of the grating measured by laser scanning confocal 75 

microscopy (BX61, Olympus). The grating has a period of 9.81 

µm, a width of 2.58 µm and a height of around 5 µm, giving 

therefore an aspect ratio of around 2:1.  

 
Fig.3 (a) Optical microscope image of the fabricated grating 80 

structure on a convex curved surface by micro-transfer molding 

(top view). (b) 3D surface profile of the fabricated structure 

measured by laser scanning confocal microscopy. 

 

The convex cylindrical surface patterned with the grating 85 

structure is then used as the master electrode after deposition of a 

200 nm thick Cr layer. Fig. 4 shows the microstructures 

fabricated in polymer on the concave surface by the EIL method. 

The initial film thickness was 34 µm, the annealing time is 15 

minutes and the applied voltage is 102 V. As shown in Fig. 4, the 90 

fabricated grating microstructure has a width of 8.75 µm and a 

height of 36 µm, giving an aspect ratio of higher than 4:1. 

Although the pattern on the master electrode has only an aspect 
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ratio of about 2:1, by controlling the appropriate process 

parameters, microstructures with higher aspect ratio higher than 

the master electrode can be obtained. The fabricated grating 

microstructure has the same period as that of the grating on the 

master but the filling ratio is different. For the master grating, the 5 

filling ratio is about 25.8%, compared to 87.5% for the fabricated 

grating. Again, such a ratio can be controlled by carefully tuning 

the process parameters, which include the initial film thickness, 

the distance between two electrodes, the applied voltage, etc.  

 10 

 
Fig.4 (a) Optical micrograph of the fabricated grating on a 

concave curved surface by the EIL method; (b) 3D surface profile 

of the fabricated structure measured by laser scanning confocal 

microscopy. A 34 µm thick SU8 polymer film was annealed for 15 

15 minutes at 135
 o
C with an applied voltage U=102 V. 

 

When the two electrode surfaces are not perfectly parallel, the 

electric field distribution varies slightly across the substrate 

surface such that a grating with gradual changing profile is 20 

obtained. On the left side of the Fig. 5 and using another master 

electrode with larger feature sizes, grating microstructures with 

width of 9.16 µm and period of 20.29 µm can be clearly seen. 

However, the polymer film on the right side of the picture does 

not have the clearly defined grating microstructures seen on the 25 

left of the image. The plausible reason for this imperfection is 

that the air gap between two electrodes is not uniform so that the 

electrostatic field is not strong enough to destabilize the film in 

order to form the desired microstructure. 

 30 

 
Fig.5 Grating microstructures with a width of about 9.16 µm and 

a period of 20.29 µm. A 22 µm thick SU8 polymer film was 

annealed for 12 minutes at 135
 o
C with an applied voltage of 125 

V.  35 

In addition, the fabrication of microlens on a curved surface is 

demonstrated as well. Figure 6(a)-(b) show the microcylinder 

array fabricated by micro-transfer molding on the convex surface. 

The microcylinder has a period of 10 µm, a diameter of about 4 

µm and a height of around 2 µm. Fig. 6(c)-(d) show the microlens 40 

array fabricated in polymer on the concave surface by the EIL 

method by using the mask electrode shown in Figure 6(a)-(b). 

The initial polymeric film has a thickness of 35.15 µm, the 

annealing time is 10 minutes and the applied voltage is 400 V. As 

shown in Fig. 6(c) and 6(d), the fabricated microlens has a 45 

diameter of 6 µm and a height of 225 nm. It should be noted that 

though the surface profile of the microstructures on the master 

electrode has a binary shape, microlens with a continuous surface 

profile can still be fabricated on the curved surface. This is a great 

advantage for the combining method demonstrated in this work in 50 

that a master patterned with microstructures with continuous 

surface profile is rather difficult to be fabricated. By using a 

binary master instead, one can save the time and cost for the 

fabrication of 3-D microstructures significantly.  

 55 

 

 
Fig.6 Optical micrographs and 2D surface profiles of the 

fabricated microcylinder on the curved surface. (a) microcylinder 

fabricated by micro-transfer molding; (b) 2D surface profile of 60 

the fabricated microcylinder of (a) measured by laser scanning 

confocal microscopy; (c) microlens obtained by the EIL method; 

(d) 2D surface profile of the fabricated microlens of (c) measured 

by laser scanning confocal microscopy. 

 65 

Optical test results and discussion 

To characterize the optical properties of the fabricated grating 

obtained on the convex surface (Fig. 3) and the concave surface 

(Fig. 4), a He-Ne laser with 1.5 mm beam diameter is used to 

illuminate the microstructures to generate the diffractive patterns 70 

as shown in Fig. 7. As shown in Fig. 7(a), the 10 µm period 

grating displays more than ten diffraction orders. The asymmetric 

distribution of the pattern is the result of the oblique incidence of 

the laser beam. The diffractive efficiency of the first seven orders 

has been measured by a power meter with a resolution of 0.01 75 

µW and an effective detecting area of more than 100 mm2. The 

detecting area of the power meter is large enough to cover the 

diffracted spots although the beam spot of some higher orders is 

not well focused into a small spot. To the best of the authors’ 

knowledge, a theoretical model does not exist for the calculation 80 

of the diffraction efficiency of a grating obtained on a curved 

surface. Using rigorous coupled wave analysis, the diffraction 
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efficiency model for a planar grating of similar period and step 

height was therefore used. The calculated and measured 

diffraction efficiency results of the first seven diffraction orders 

are listed in Table 1. A slight deviation between the theoretical 

and experimental results is witnessed, which might be due to the 5 

appropriateness of the model. In order to accurately simulate the 

diffractive grating on 3-D curved substrates, a new model would 

need to be developed. 

 

 10 

Fig.7. Diffractive patterns of the fabricated grating with period 

about 10 µm on (a) the convex surface shown in Fig. 3 and (b) 

the concave surface shown in Fig.4. 

 
Table 1. Measured diffraction efficiency of the fabricated 15 

microstructures with 10µm period. 

Diffraction 

order 

-3 -2 -1 0 1 2 3 

Measured 

diffraction 

efficiency 

(Fig. 7(b)) 

0.004

6 

0.01

43 

0.039

2 

0.071

4 

0.037

1 

0.016

4 

0.009

3 

Calculated 

diffraction 

efficiency 

(Fig. 7(b)) 

0.001

4 

0.00

29 

0.005

7 

0.051

1 

0.005

7 

0.002

9 

0.001

4 

 

Conclusions 
We have successfully demonstrated the feasibility of patterning 

diffractive optical elements at micrometer scale on concave 20 

surfaces using the EIL method. The resulting DOE was also 

characterized and fair agreement between the theoretical 

calculations and experimental results of the diffraction efficiency 

of the grating was obtained. The preliminary results indicate that 

this method has great potential for the micro and even 25 

nanofabrication on 3D curved surfaces such as those required for 

optical encoding [28-29]. In comparison with methods reported 

previously, EIL method provides a rather simple, flexible and yet 

cost-effective route for the micro-fabrication of microstructures 

with a high aspect ratio. More importantly, it is a noncontact 30 

lithographic method and does not suffer from the mould 

contamination problem, which allows the reuse of the mould and 

therefore saves process costs further. We believe it can be applied 

for the fabrication of microstructures on 3D curved surfaces for 

applications including microelectronics, photonics and MEMS. 35 
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